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In the absolute universe all events can be regarded as absolutely
deterministic, and if we can’t perceive the greater structures, it's

because our vision is faulty

Robert Silverberg, The Stochastic Man (1975)
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ABSTRACT

Moloney, Coleen ‘L. 1988. A size-based model of carbon and nitrogen flows in plankton
communities. Ph.D. Thesis, Marine Biology Research Institute, University of Cape Town,
Rondebosch 7700, South Africa, (ix)+256pp. ‘

A generic, size-based simulation model is developed to investigate the dynamics of carbon and
" nitrogen flows in plankton communities. All parameters in the model are determined by body size
using empirically-determined rélationships calculated from published data. The model is robﬁst
with respect to most parameters and assumptions. Because the model is based on general ecological
principles, it can be used to simulate microplankton community interactions in any planktonic
ecosystem. Two éoastal ecosystems from the southern Benguela region in South Africa are
simulated; one typical of the relatively stable surface waters on the Agulhas Bank and one typical of
upwelling plumes, usually found off the west coast of South Africa. Simulated communities
compare well with field observations in terms of standing stocks and size composition, and
simulation results indicate that the small-scale structure of the two ecosystems and the processes
- occurring within them are relatively well understood. Consequently, the dynamic functioning of the
two systems is investigated at the ecosystem level, using the simulation results. Hypothetical
carbon flow networks are constructed, and the average importanbe of different flow pathways at
different times is assessed. In both ecosystems, the vast majority of carbon flows pass through
short, cfﬁcicnt—transfef pathways, although longer pathways are potentially possible. Simulation
analyses are extended from coastal to oceanic food webs, and the model results are consistent with
the hypothesis that oceanic _phytoplanktoh have rapid rates of primary production. At-sea sampling
of a phytoplankton bloom is mimicked by "sampling" from simulation output, and interpretation of
the data using standard techniques is compared with the model output. The dangers of extxﬁpolating
from snapshot measurements is hi_ghlighted, and thc'expen'ment emphasizes the importance of size-
fractionated sampling of phytoplankton. A hypothetical pelagic food web is described, consisting
of at least five different trophic pathways from phytoplankton to pelagic fish. It is suggested that
coastal waters probably have all the different pathways, and the relative importance and efficiency

of the different pathways will determine the total fish production in an ecosystem.



SUMMARY

The dynamics of carbon and nitrogen flows in planktonic food webs can be adequately
simulated using a size-based simulation model. Such a model is developed, and is unique in
that it is not based on any specific data set or ecosystem; all parameters are derived from
empirical body size-relationships that were calculated from published data.

Simulation results are presented for two coastal areas in the southern Benguela region off
South Africa. The Agulhas Bank simulation describes the dynamics of a microplankton
community in conditions typical of the stable, stratified waters of the Agulhas Bank, in
which nitrate-nitrogen is assumed to diffuse into the euphotic zone across the thermocline.
The resulting community consists of an initially fluctuating phytoplankton crop, which
stabilizes to a pico-phytoplankton-dominated assemblage. This steady state probably does
not occur in nature, because physical- and other factors continually disrupt the steady-state
conditions.

A second simulation describes the development of a phytoplankton bloom after an upwelling
event, characteristic of the west coast. The results depict a typical "net-phytoplankton”
bloom, which lasts for approximately seven days. However, this simulated bloom is
preceded by rapid blooms of pico- and nano-phytoplankton, which have not been recorded
in the field. It is suggested that such blooms may have been overlooked, or may be
depressed by other factors such as light, which are not included in the simulation model.
Output from the two simulations is used to investigate the dynamics of the systems from a
whole-system perspective. The average pathways of carbon flow through the two systems
are assessed, by integrating the flows over time. The results suggest that short trophic
pathways (i.e. those with a minimum number of trophic steps) are responsible for
channelling most energy through planktonic systems, even though long pathways are
present.

In the simulations, much carbon is lost from the two systems through respiration, chiefly
because temporal mismatches occur between predators and prey. Predator populations do
not utilize all prey efficiently, because nutrient- or food-limitation often retards prey-
population growth before predators have had time to respond. This occurs as a result of
differences in growth rates between small prey organisms and their larger-sized predators.

A simple oceanic community in warm, oligotrophic, surface waters is simulated, assuming a
small, continuous input of new-nitrogen into the euphotic zone from depth. The results are
consistent with the hypothesis that oceanic phytoplankton have fast primary production
rates, and community P:B ratios of up to 5 d-! occur in the simulation. However, despite
their fast turnover rates, the model populations do not grow maximally, because ambient
nitrogen concentrations are too low to support their very rapid potential growth rates.
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10.

A numerical experiment is carried out to assess whether current methods of analysing and
interpreting'field data are valid. The results emphasize the importance of size-fractionated
sampling of phytoplankton production. Under conditions mimicking a typical incubation
experiment, it is shown how the total model community production is almost entirely due to-
pico-phytoplankton, which have a very small biomass, whereas the large standing stock of
model net-phytoplankton depletes its carbon rcscfves, and has a negative production.

The dangers of extrapolating from snapshot measurements are highlighted. It is very difficult
to extrapolate to system processes and dynamics from such measurements, because
appropriate averaging procedures are not known. The use of simulation models to assist in
constructing and testing working hypotheses should be an integral part of any field program,
because they force one to consider the total dynamics of the whole system. '

An average planktonic / pelagic food web is described, in which up to five trophic pathways
are possible. It is suggested that eutrophic coastal waters have more complex food webs than
oligotrophic oceanic waters, because a number of different pathways for carbon transfer are
possible in coastal waters which support a diverse assemblage of cell sizes. In oceanic
waters, only the long pathways are possible, because phytoplankton cells are generally
small, and cannot be grazed by large zooplankton such as copepods.

It is suggested that upwelling food webs have productive fish stocks because of very
efficient, short food chains, even though much of primary production may not be directly
utilized. Trophic efficiencies can be as high as 50 % at times, because the dense food
aggregations that can occur in these regions favour efficient feeding by predators, resulting
in efficient trophic transfers.
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GENERAL INTRODUCTION

The role of bacteria and other micro-organisms in carbon transfer and nitrogen cycling in
planktonic ecosystems is a topic currently invoking much debate. There is controversy as to where
most of the primary production is channelled. Some studies have implicated bacteria as a link from
phytoplankton production to zooplankton and fish (e.g. Cole er al. 1982, Laake er al. 1983),
whereas others have placed emphasis on the role of large herbivores (e.g. Falkowski er al. 1983, _
Holligan et al . 1984). The role of these different-sized organisms in the remineralization of
nitrogen is also uncertain. Bacteria traditionally are regarded as remineralizers, and some studies
have implicated them in the remineralization of nitrogen in the water column (e.g. Harrison 1978,

-Billen 1984, Newell and Linley 1984). More recently, this has been questioned, and other
microheterotrophs (especially bactivores) have been suggested as being the main remineralizers
(e.g. Goldman ez al. 1985). The role of macrozooplankton also is controversial (e.g. Holligan er

al. 1984, Newell and Linley 1984).

There is little consensus as to how planktonic ecosystems function (cf. Williams 1981). The
tendency has been for field workers to collect and analyse data from their areas of interest, and
then use these data to support or refute one of the conflicting hypotheses regarding the roles of
different micro-organisms. Thus there is a plethora of data, but few coherent hypotheses to explain
the different fesults obtained. As with all controversies, many of the differences arise from the
fact that different workers view the ecosystem from different perpectives, and thus reach different
conclusions from their data. These above approaches typify reductionist models, in which attempts
are made to explain system properties from detailed studies of components of the system. This
thesis adopts a whole-system approach, and general system properties are used to analyse the
functioning of planktonic ecosystems. In this regard, the systems model developed here
synthesises some currenf understanding of planktonié ecosystem processes and functioning;
predictions made by the model allow rigorous tests of hypotheses. More pragmatically, model

predictions can be used to direct field research, to either invalidate or further strengthen current

theory.



The most universally applicable system property that has been identified is the influence of
organism size on rates of processes in and interactions among planktonic (and other) organisms
(Peters 1983, Dickie et al. 1987). Consequently, I have developed a size-based model of a
generalized plankton community to address the controversies regarding carbon and nitrogen flows

through plankton communities.

The thesis is divided into three sections. The first section, consisting of two chapters,
formalizes and quantifies the most important body-size relationships from empirical observations
gleaned from the plankton literature. In Chapter 1 the allometric relationships describing the
influence of body size on maximum specific nitrogen uptake rates, maximum specific ingestion
rates and specific respiration rates are standardized with a common scaling factor, and allometric
parameters are calculated. This allows these relationships to be used to predict rate parameters for a
wide variety of sizes in general ecological models. In Chapter 2 four other factors affecting carbon
and nitrogen flows in the plankton are related to organism size and quantified. These are 1)
predator : prey size ratios, 2) parameters affecting the ability of phytoplankton and
bacterioplankton to take up nutrients at low ambient concentrations, 3) parameters affecting the
predation pressure on organisms when present in small numbers, and 4) sinking velocities of

phytoplankton and faecal material through the water column.

The second section describes the development of the simulation model and presents some
results. The section consists of four chapters. In Chapter 3 the model functions are described in
detail, and a standard simulation is executed to demonstrate the output from the model and to serve
. as a basis for a sensitivity analysis. The sensitivity analysis is used to identify areas in v-vhich the
model output is particularly sensitive to parameter values or the structure of the model. In Chapter
4 the model is used to simulate two contrasting plankton communities in the southern Benguela
| region; an Agulhas Bank community and a community off the west coast in an upwelling area.
Having simulated the two Benguela communities, the model is used to analyse the functioning of
the ecosystems in Chapter 5. In particular, the partitioning of primary production between the
different sizes of heterotrophs is estimated, and the roles of different components in regenerating

nitrogen is investigated. The model output is used to assess the trophic position of pelagic fish in
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the two food webs. In Chapter 6 a food web of oligotrophic oceanic waters is simulated, to

investigate the rate of primary production in such areas, based on a systems approach.

The third section uses the simulation model to derive general principles governing carbon
and nitrogen flows in plankton communities. Chapter 7 uses the model in a numerical experiment,
in which "snapshot samples" Are taken from the simulation model output, analogous to current
field measurements. The "results" are then compared with what actually occurs in the model
system, where all of the procésscs are known. Problems arising from using current data-analysis
techniques are identified. In Chapter 8, the different controversies regardling carbon and nitrogen
flows are examined in the light of simulation model output. These controversies include the role of
bacterioplankton as carbon consumers and nitrogen remineralizers in the plankton, and the
“efficiencies" of different food webs. An attempt is made to resolve these controversies by
showing that they result primarily from artefacts of snapshot sampling and inappropriate
extrapolations, rather than fundamental differences in the functioning of the different systems. A
general descriptive model of plankton food webs is presented, which summarizes the main

conclusions resulting from the dynamic simulations described in the thesis.



SECTION 1

BODY-SIZE RELATIONSHIPS



CHAPTER 1

GENERAL ALLOMETRIC EQUATIONS FOR RATES OF NUTRIENT UPTAKE,
INGESTION AND RESPIRATION IN PLANKTONIC ORGANISMS

ABSTRACT

~General allometric equations are derived for rates of nutrient uptake, ingestion and respiration by
planktonic organisms. Previous studies commonly calculated parameters g and b in the allometric
equation R =aW? by linear regressions on log-transformed data. This results in variability
between data sets in estimates of both g and b, making meaningful comparisons difficult. To
overcome this problem, the mass-specific form of b is assumed to be -0.25, based on accumulated
empirical evidence. Values of a are then re-calculated from published data by power-transforming
all body masses by this exponent. Resulting functional regressions predict values of a (£ 95 %
C.L) (in pg C 025 d-1) at 20°C as follows: 5.1 £ 0.3 for nutrient uptake by phytoplankton and
bacteria; 78 £ 8.0 and 15+ 1.5 respectively for ingestion and respiration by particle-feeding
heterotrophs. In addition to standard statistical proofs, theoretical arguments are used to support
calculated values. The validity of separating unicellular from multicellular organisms for allometric
respiration models is questioned. Instead, it is hypothesized that organisms that take up dissolved
nutrients from solution (autotrophs and osmotrophs e.g. phytoplankton and bacterioplankton)
have lower specific respiration rates (i.e. smallér a) than do organisms (either unicellular or

multicellular) that ingest particulate material.



INTRODUCTION

Body size is an important determinant of many physiological and ecological rates
(Blueweiss et al. 1978, Peters 1983, Calder 1985, Dickie et al. 1987). Allometric equations have
been derived inter alia for metabolic rates (Kleiber 1932, 1947, Brody et al.1934, Hemmingsen
1960), respiration rates (Ikeda 1970, Banse 1976, 1982, Humphreys 1.979, Ivleva 1980),
ingestion rates (Dagg 1976, Ikeda 1977, Lampert 1977, Cammen 1980, Ross 1982a), excretion
rates (Brody er al. 1934), photosynthetic rates (Banse 1976, Taguchi 1976) and growth rates
(Fenchel 1974, Banse 1976, 1982, Baldock et al. 1980, Schlesinger et al. 1981, Taylor and
Shuter 1981) for a wide variety of organisms, ranging in size from viruses to large mammals
(Blueweiss et al.1978, Peters 1983). As a consequence of the many studies estimating allometric
equations, there are several different allometric models, often for the same process and group of
organisms (see Table 1.1). This can lead to distracting arguments as to which model is "best"
(Economos 1979, Heusner 1982a), as well as making it difficult to decide which model to use.
- Rather than emphasizing differences between models, there is a need to synthesize existing
information and derive general allometric equations which highlight similarities in allometric

processes, and make the models useful for predictive purposes (Platt 1985).

This chapter aims to simplify comparisons among published allometric regressions for
planktonic organisms, by using literature data to derive general allometric equations and calculate
' confidehce limits for estimates of rate coefficients. A novel approach is adopted in fitting
~parameters to Allometric equations; body masses are pow'er-tra'nsformed by an unchanging

exponent, in keeping with theoretical and empirical evidence as to the power-form of the general
allometric equation. Rate coefficients are then calculated. This proccdure avoids the problem of
obtaining dissimilar estimates of both allometric parameters for different data sets, and allows

.comparisons to be made between rate coefficients for different allometric processes.



Table 1.1. "General" allometric equations for different groups of organisms. Parameters were converted to values

compatable with carbon masses (pg C) and mass-specific rates (d-1)at 20°C.

Parameter Organisms a b Reference
Growth Virus - mammals 20 -0.25 Fenchel (1974)
Growth Virus - mammals 16.5 -0.26 Blueweiss et al. (1978)
Growth Ciliates & amoebae 9.45 -0.311 Baldock et al. (1980)
Growth Ciliates ' 12 -0.247 Taylor and Shuter (1981)
Growth Copepod 9.2 -0.15 . Ross (1982)
Ingestion ~ Marine amphipod 68 025 Dagg (1976)
Ingestion : Detritivores 76 -0.258 Cammen (1980)
Ingestion Invertebrates 54 -0.306 Capriulo (1982)
Respiration Rat - steer - -0.25 Kleiber (1932)
Respiration Mouse - elephant - -0.266 Brody et al. (1934)
Respiration Bacteria - mammals - | -0.25 Hemmingsen (1960)
Respiration ~ Marine plankton 33 -0.309 Ikeda (1970)
Respiration Unicellular algae 04 -0.10 Banse (1976)
Respiration Marine amphipod 11.6 -0.225 Dagg (1976)
Respiration Daphnia 10 -0.15 Lampert (1977)

| Respiration Zooplankton 154 _ -0.312 Ikeda and Motoda (1978)
Respiration Crustacea 16 -0.268 Ivleva (1980)
Respiration Copepod 17 -0.25 Ross (1982)

METHODS AND DATA

-General allometric equation

The earliest work in quantifying allometric processes was done chiefly on body size-
metabolic rate relationships (e.g. Kleiber 1932, Brody et al. 1934 and Hemmingsen 1960). These
studies found that a simple power function best described the relationship; the general allometric

| equation has the form



where R can be one of many rates, W is body mass, a is the rate coefficient and b is the scaling
parameter. R has dimensions [T]-! for mass specific rates, W has dimensions [M] and b is

dimensionless, therefore a has dimensions [T]-1[M]-b.
Derivation of b

“There is considerable debate as to the "true" value of b. Attempts have been made to derive
b theoretically, initially from the now discredited surface law (for a review see Schmidt-Nielsen
1970), but more recently from the results of dimensional analysis and the theory of biological
similitude (Economos 1979, Platt and Silvert 1981, Heusner 1982b). The latter studies are based
on the theorem that all natural laws can be expressed as relationships between dimensionless
quantities (Stahl 1962). Using this theorem, Heusner (1982b) calculated a value of -0.33 for b as a
mathematical consequence of homomorphism, but Platt and Silvert (1981) calculated vaiues of
-0.33 for aquatic organisms and -0.25 for terrestrial organisms. Empirical evidence, however,
chieﬂy indicates a value of -0.25, both for aquatic; and terrestrial organisms (e.g. Brody ez al.
1934, Kleiber 1947, Hemmingsen 1960, Fenchel 1974, Blueweiss et al.1978, Cammen 1980). In
the absence of consensus as to the true value of b or its underlyihg theoretical basis, the value
supported best by real data should be used (Lavigne 1982). Estimated values of b range between
about -0.1 and -0.4 (Table 1.1). However, most valbues of b are close to -0.25, thus a value of

-0.25 for b has been used in all calculations described below.

Calculation of a's

Most studies have been primarily concerned with estimating b, with little attention bcing
paid to a (Platt 1985). Literature estimates of a are influenced by the corresponding estimates of b,
because of the practice of estimating these two parameters simultaneously (by using linear
regressions on log/log transformed data). To obtain ecologically useful allometric models,
appropriate data were extracted from the literature, body .weights transformed by the exponent

-0.25, and regression estimates of a were calculated independently of b.



Data were obtained from a number of sources, in some cases second-hand, having been

converted to different units and temperatures by other authors. Some data were obtained from

- figures, which may have resulted' in some error in estimation, especially because axes are usually
logarithmic. Calculations were done to two significant figures throughout. Units were not always

comparable between studies. Where necessary, data were converted to standard units of mass (pg |

C) and specific rates (d-1) using the conversions presented in Table 1.2.

Table 1.2. Conversions used to standardize all body mass data to units of pg C. esd = equivalent spherical

" diameter, RQ = respiratory quotient (see text)

Conversion ' Reference
1 p.m3 = 1 pg wet Fenchel and Finlay (1983)
lpgdry = 04pgC | Peters (1983)
lpgwet = 0.07pgC ' Peters (1983)
1pgC = 1plO2x12+224xRQ Parsons et al. (1977)
InJ = 005plOy Peters (1983)

The respiratory quotient (RQ) (Table 1.2) was assumed to equal one (Parsons et al. 1977),
- because the majority of the respiration data were for unstarved animals (Ikeda 1970, Ross 1982a,
Fenchel and Finlay 1983). Hourly rates were converted to daily rates by multiplying by 24, and all
data were standardized to 20°C using Q1 values from the appropriate sources (see below). Where
practical,ldata were combined into a single set. Often the raw data were not readily available (not
présented or difﬁcult‘to extract from graphical representations). When this occurred and the
published exponent was close to -0.25, the published rate coefﬁciénts were comparéd to the ones

calculated below. Data sources are described in detail below, and summarized in Table 1.3.



Maximum uptake rates (Vmax)

Bacteria and phytoplankton are grouped together in this study, because both take up
dissolved nutrients from solution (Azam et al. 1983); they are distinguished from particle-feeding
heterotrophs (see DISCUSSION). Growth rates (1) of phytoplankton and bacteria are often
limited by nutrient availability (Eppley 1981, McCarthy 1981, Laake ez al. 1983b, Fenchel 1987).
Uptake rates (V) of the limiting nulrien; therefore may be equated approximately to growth rates on
an ecological time scale. Data for calculated maximum values of V and H with corresponding cell

sizes were used to estimate the uptake coefficient in the allometric equation.

Cell dimensions (tm) and maximum specific growth rates (d-1) for four strains of bacteria
(n = 4) at 2°C were taken from Tables 1 and 3 respectively of Laake et al. (1983b). Cell volumes
were estimated using the formula for a cylinder, and converted to carbon masses using the
relationship 1 um3 = 0.121 pg C (Laake et al. 1983b). Growth rates were standardized to 20°C
using a Qqq of 2.45. In pure cultures, bacterial isolates of these strains followed the Arrhenius
curve from 5°C to > 15°C (Laake et al. 1983b), so the extrapolation to 20°C is justified. Cell
carbon (pg C) and specific growth rates (h-!) of unicellular algae (n = 14) were read from Fig. 1 of
Banse (1976), who used data from .a number of sources and standardized them to 20°C. Cell
carbon (pg C) and maximum specific growth rates (h-1) for freshwater green algae (n = 26) were
similarly read from Fig. 1 of Schlesinger ez al. (1981). All these data span a size range from 0.3 -
100 um esd (equivalent spherical diameter); and were combined into a single data set (N = 44)
for parameter estimation (Table 1.3). Data from Taguchi (1976) for specific phytosynthetic rates of
marine diatoms, converted to 20°C using a Q1 of 2.0, were an order of magnitude faster than
those for similar-sized phytoplankton cells in the data sets described above, and therefore were

omitted from the regression.
Maximum ingestion rates (Ijmay)

Maximum specific ingestion rates have been shown to decrease with increasing bodylsize
both within species (Dagg 1976) and between species (Fenchel 1980b, Paffenhofer 1971, Ikeda
1977, Ross 1982a, Capriulo 1982). Maximum ingestion rates (h-1) and cell volumes (tm3) for 17

10
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Table 1.3. Sources of data used in calculating rate coefficients (a) in allometric equations (R=a W b) for rates of nutrient uptake, ingestion and respiration

Approximate size Original units
Rate range (um esd) Organisms Rate w Temperature Q10 n Reference
Vinax 03-0.5 Bacteria dl pm3 2°C 2.45 (Laake et al. 1983) 4 Laake et al. 1983b
Vinax 4-32 Unicellular algae bl pg C 20°C - 14 Banse 1976
Vmax 5.3-100 Freshwater algae h-! pg C 20°C - 26 Schlesinger et al. 1981
Inax 8-340 Ciliates bl pm3 20-22°C - 18 Fenchel 1980
Imax 208 - 985 Copepod d! pg C 15°C 3.0 (Ross 1982) 5 Paffenhéfer 1971
Imax 190 - 420 Marine copepods a! pg dry 20°C - 24 Tkeda 1977
Imax 390 - 4 450 Copepod pg C.d-1 pg C 12°C 3.0 (Ross 1982) 27 Ross 1982
Ry 5-620 Ciliates nl Og.h-1 um3 20°C - 48 Fenchel & Finlay 1983
Ry 960 - 4 600 Marine plankton ul 0g.d-1 mg dry 5-30°C 2.0 (Ross 1982) 103 Ikeda 1970
R 340 - 1430 Copepbds ul 07.mg-1.h-1 mg wet 20-25°C 2.14 (Gaudy & Boucher 1983) 16 Gaudy & Boucher 1983
Ry 330 -3 880 Copepod ug C.d-1 pg C 12°C 2.0 (Ross 1982) 92 Ross 1982




species of ciliates at 20-22°C (n = 18) were 'rcad from Fig. 2 of Fenchel (1980b). Daily rations and
body masses (g C) for the copepod.Calanus helgolandicus at 15°C (n = 5) were taken from
Table S of Paffenhofer (1971), and rates were standardized to 20°C using a Qg of 3.0 (Ross
1982a). Maximum daily rations (d-1) and dry masses (ug) for five species of marine copepod at
2_O°C (n = 24) were obtained from Table 2 of Ikeda (1977). Ingestion rates (1g C.d-1) and body
masses (g C) for the e_uphausiid Euphausia pacifica at 12°C (n = 27) were read from Fig. 2 of
Ross (1982a) and standardized to 20°C using a Q1¢ of 3.0 (Ross 1982a). All these data were
combined into a single data set (N =74) with‘ingestion rates for body sizes raﬁging from 8 -

4 450 um equivalent spherical diameter (esd) (Table 1.3).
. Respiration rates (R, and Ry)

Banse (1982) presented allometric equations for respiration rates of unicellulaf organisms
from data in Hemmingsen (1960) (for prokaryotes and eukaryotes combined) and Dewey (1976)
(for eukaryotes). These equations yield estimates of b of -0.24 and -0.26 respectively, which is
very close to the value of -0.25 adopted here. The mean (1.7) of the two estimated values of a
(1.54 and 1.89) was therefore used as the respiration rate coefficient (Ry) for phytoplankton and

bacteria.

Data for respiration rates (Rp) and body masses of particle-feeding heterotrophs over a wide
range of body sizes were taken from the literature and combined into one data set (see Table 1.2).
Respiration rates (nl Oz.cell'l.h'l) and cell volumes (um3) for growing, free-living protozoa at
20°C (n = 48) were extracted from Table 1 of Fenchel and Finlay (1983), and converted to
standard units of mass and specific rates. Respiration rates (Lg C.d-1) and body masses (ug C)
for the euphausiid Euphausia pacifica at 12°C (n = 92) were read from Fig. 2 of Ross (1982a)
and a Q¢ of 2.0 (Ross 1982a) was used to convert the rates to 20°C. Respiration rates (il 0,.d1)
and dry masses (mg dry) for marine plankton (n = 103) were obtained from Table 3 of Ikeda
(1970). The measurements were made at temperatures ranging from 5.1 to 30.3°C; they were
standardized to 20°C using a Qg of 2.0 (Ross 1982a). Specific respiration rates (il O3.mg-1.h-1)

- and body masses (mg wet) for 27 species of marine copepods were taken from Table 1 of Gaudy
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and Boucher (1983), and converted to 20°C using their Q¢ of 2.14. These four data sets
(N =270) cover a range of body sizes from 5 to 4 600 um esd (Table 1.3).

Regression procedure

Body masses were power-transformed by the exponent -0.25. Straight line regressions
through the origin were fitted to specific rate versus power-transformed body mass data.

Regression slopes were calculated as:

(Zar 1984)

Because both X and Y variables are subject to estimation error, functional regressions are required;
functional regression slopes a were calculated by dividing a* by correlation coefficients r (Ricker
1984). These slopes provide estimates of rate coefficients for each data set. Significance of
regressions was investigated using ANOVA, and 95 % confidence limits for a were calculated

using the t distribution (Zar 1984).

RESULTS

Allometric equations calculated for rates of nutrient uptake, ingestion and respiration are
presented in Table 1.4. All regressions are statistically significant (p < 0.001). Exponents b were
fixed at -0.25, and calculated values for rate coefficients a are presented with 95 %bonﬁdence
infervals‘_ The estimated rate coefficient for uptake rates of phytoplankton and bacteria Vipax is an
order of magnitude smaller than that for ingestion ratés Imax of particle feeders. Similarly, the rate
coefficient for phytoplankton and bacterial respiration rates (Ry) is much smaller than the
coefficient for réspiration rates of particle-feeding heterotrophs (Ry). The implications of this are

discussed below.
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Table 1.4. Allometric equations for maximum nutrient uptake rates (Viax) Of phytoplankton and bacteria, and
maximum ingestion rates (Imax) and respiration rates (Ry) of particle-feeding heterotrophs. The equation for

respiration rates of phytoplankton and bacteria (Ry), modified from Banse (1982), is also preéented. Significance
of regressions (p) was calculated using ANOVA (Zar 1984). Units of a are pg C0-25.d-1

Equation N r P
Vmax (@1 = 5.1(x0.3) W (pg C)-0-25 44 0.98 < 0.001
Imax @1 = 78 (£8) W (pg C)-0-25 74 0.89 < 0.001
Rj@l = 15 1.5) W (pg C)-0-25 270 0.56 < 0.001

Ry@) = 1.7 W (pgC)0-25 | - - -

Regression plots are presented of specific rates against power-transformed body masses for
uptake rates (Fig. 1.1a), ingestion rates (Fig. 1.2a) and respiration rateé of particle-feeding
" heterotrophs (Fig. 1.3a). The relationship between cell size and respiration rates of phytoplankton
and bacteria, modified from equations presented by Banse (1982), is presented graphically in Fig.
14. Ttis apparent that there is much scatter about the regression lines. This appears exaggerated
when compared with similar studies, because linear scales are used here for the Y axes. The scatter
is partially due to natural variability; not all organisms are exactly alike, and cells in different
physiblogical states vs;ill have different reaction times for physiological processes (see Fenchel and
Finlay 1983). Some of the variability is also probably due to measurement error and errors in
estimating body carbon using general conversions (Table 1.2). Similar conversions are used by
most authors (e.g. Finlay 1977, Banse 1982, Fenchel and Finlay 1983, Peters 1983) because it is
not always possible to take measurements in units that are useful for ecological interpretation, and
the same limitations and potential sources of error probably apply to many physiological studies.
Despite this, the forms of the allometric relationships remain remarkably consistent, giving some

confidence in the "average" rate constants calculated here.

If log scales are used in plotting the data, as is usually the case (Peters 1983),' the scatter

appears reduced (Figs 1.1b to 1.3b), and resembles more closely "usual” plots presented in the
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literature (e.g. Fenchel 1974, Blueweiss et al. 1978, Banse 1982). This can be misleading (see
Smith 1980), and the lineér vertical scale is preferred. Regression lines shown on these plots (Figs
1.1b, 1.2b and 1.3b) are log-transformed versions of those presented in Table 1.4, and shdw
reasonable fits to the data. Linear regressions for log-transformed data were not calculated (see

below for discussion of appropriate regression techniques for allometric equations).

n
o

a)

A4, -0.25
vV @")=51W(pgC)’

-y
($))
[

Maximum uptake rate (d 1)

0- Y T v T v
0 1 2 3
Body mass (pg C) 02

10°

Log V g, @ 71)

107

102 4+
102 10" 10° 10" 102 10® 10* 10°

T T Ty LN A L0 B AL S SR AL BN R AR | TT T rem|

Log body mass (pg C)

Fig. 1.1. Size dependence of maximum specific uptake rates (Vmax) of phytoplankton
and bacteria. a) Power-transformed body masses with functional regression line. b) Log

axes and log-transformed functional regression line.

15



40

Ay -0.25
304 'max @ )=78W(pgC) +

20

Ingestion rate (d ')

l.

0.0 0.1 0.2 03 0.4

Body mass (pg C) RN

107" 4
10% 10" 102 10% 10* 10° 10% 107 10% 10°10'%10""

Log body mass (pg C)

Fig. 1.2. Size dependence of maximum specific ingestion rates (Imax) of particle-
feeding heterotrophs. a) Power-transformed body masses with functional regression line.

b) Log axes and log-transformed functional regression line.

16



25
— ] A a)
T 20" +
T ' -
g 1571 R, @' )=15wW(pgcC) 025
c
R
<)
a
(7]
[}
o«
0.0 0.2 0.4 0.6 0.8
Body mass (pg C) 025

107 5
i-é 101‘;
2 :
T 10° 5
c 3
0 ]
g 107 ;
Q 3
a ]
o> 107 3
3

107 -

107"10%10" 102102 10% 10°10% 107 10° 10°10'%0" 102
Log body mass (pg C)

Fig. 1.3. Size dependence of specific respiration rates of particle-feeding héterouophs
(RD). a) Power-transformed body masses with functional regression line. b) Log axes and
log-transformed functional regression line. Note that the steep slopes are due to the use

of functional regressions with small r values.

17



5
= 4] Ry @7 H=17wg0) OB
) l
g 3
o
c
9o 27
g
a
2 1
o 1
0 . . oy r '
0 1 2 3

Body mass (pg C) 0.25

Fig. 1.4. Phytoplankton-bacterial respiration model, modified from Banse (1982), and
plotted on the same axes as Figs 1.1 to 1.3. Specific respiration rates (Ry) are presented

as a function of power-transformed body masses.

DISCUSSION
Limitations of previous studies

When allometric equations-calculated in previous studies are compared (Table 1.1), it is
evident that there is not always agreement between parameter estimates. This is not unexpected,
taking into account potential sources of error in measurements and conversion factors used. In
most studies in which @ and b values have been estlmated this has been done by least squares
linear regression on log -transformed values of body masses and the corresponding rates. Such
transformations are not statistically ideal (Zar 1968); neither are the standard predictive regressions
that have been employed (inws and Archie 1981). A functional regression is recommended for
analysrng such data (Ricker 1973, 1984), but it has only recently come into general use (e.g.
Humphreys 1979) and is seldom applied (Laws and Archie 1981, Peters 1983, Ricker 1984).
Ideally, non-linear regressions would be preferred (Zar 1968), but readily available statistical

packages with the necessary capabilities are a relatively recent occurrence. All these factors
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confound the problem of deciding which allometric model is appropriate for use in mass budgets

and energy balance equations in ecological studies of plankton communities.
Effect of using constant b

Complications in applying allometric fnodels arise from the fact that allometric equations for
different rate processes for the. same group(s) of organisms often have different values for the
exponent b (Table 1.1). For example, the model of Capriulo (1982) for ingestion rates of
invertebrates has an exponent of -0.306 and the model of Ivleva (1978) for respiration rates of |
crustaceans has an exponent of -0.268. For two animals with body masses of 10 and 106 pg C,
these models predict maximum specific ingestion rafes of 27 and 0.39 d-! respectively, and
specific respiration rates of 8.6 and 0.21 d-1 respectively. Percentage respiration relative to
ingestion for the smaller species is thus 32 %, and for the larger one 54 %, with this difference
becoming larger as the size difference increases. This implies that growth and réspiration do not
change among species in the same fashion with body size, which is unrealistic because growth
efficiencies are generally size invariant from species to species (Humphreys 1979). It should be
noted that these arguments do not apply to ingestion, respiration and growth efficiencies within
species, because changes‘ in physiological relationships during growth result in characteristic
growth curves within individual species. By standardizing the value of b to -0.25 in this study,
this unrealistic source of interspecific variation has been removed. A similar procedure was
advocated by Smith .(1984) to ahalyse allometric data. He discussed a number of problems
associated with allometric techniques, and suggested some alternative methods, dmong which was
the use of a priori models (e.g. setting the exponent to a constant value) instead of post priori ones

derived solely from the data.

Validation of estimates of a's

Values of rate coefficients for particle feeders calculated in regressions in Table 1.4 can be
compared with literature values (estimated from data not used in the regressions) after these have
been converted to standard units and a temperature of 20°C. These values are all associated with

exponents of (or very close to) -0.25. The rate coefficient for ingestion rates was estimated to be
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66 (ug C9-25.d-1) by Dagg (1976) for a marine copepod, 54 (g C9-25.d-1) by Capriulo (1982) for
arange of invertebrates, and 82 (ug C025,d-1) by Cammen (1980) for benthic deposit feeders and
detritivores. The second value was associated with an exponent of -0.306, and the value of a
would increase above 54 if the true value of b is -0.25. Our estimate of 78 + 8 (ug C0-25.d-1) is
comparable to these estimates. The rate coefficient for respiration rates of particle feeders was
estimated to be 15+ 1.5 (ug C025.d-1) (Table 1.4). Values of 13.7 (ug C0-25.d-1) for
poikilotherms (Banse 1982) and 16 (ug C0-25.¢1) for crustaceans (n = 247) (Ivleva 1980), are

similar to this estimate.
Net and gross growth efficiencies

Values of rate coefficients (a's) are important in ecological models and mass budgets.
Relative magnitudes of a's for different processes affect growth efficiencies. Comparisons of
relative values of a's (calculated in this study) with theoretical and measured growth efficiencies
make it possible to assess how realistic the calculated values are. For the discussion below, only
organisms growing maximally are considered, because intraspecific growth efficiencies change as
. individuals age, usually peaking and then decreasing as organisms reach maturity (Parsons et al.
1977). Therefore, all relationships described are for maximum rates and are intended for use in
interspecific comparisons among a large size range of organisms. In growing organisms, a
substantial proportion of the daily carbon mass balance is comprised of consumption and

reSpiration:_
PRODUCTION = CONSUMPTION - RESPIRATION .......cccociieeenn. (1.3)

All three above processes are body-size dependent. Equation (1.3) can be rewritten in

allometric terms:

apWh = acwb - AR WY e (1.4)

If it is assumed that the scaling parameter b is the same for all rates for organisms growing
maximally, it follows that the rate coefficient for production (a p) depends on the difference

between the rate coefficients for consumption (a ¢) and respiration (a R):

20



ap = ac - A Revereririniininiiiiinnennnnns (1.5)

Values of a's for rates of uptake and respiration (Table 1.4) can be substituted into (1.5).
Therefore, for a phytoplankton or bacterial cell growing under optimal conditions at 20°C in the
absence of grazing, maximum net carbon production wiil be (5.1 - 1.7) + 5.1 = 67 % of gross
. carbon production, i.e. maximum net growth efficiency (MNGE) for carbon will be 67 %. This is
supported by theoretical arguments; Fenchel and Finlay (1983) propose that MNGE should be 67
% for prokaryotic micro-organisms, and Penning de Vries et al. (1974) theoretically derive general
MNGE Qalues between 60 % and 70 % for autotrophs. These relationships are appropriate for
cells growing optimally, and NGE will decrease as conditions become sub-optimal. Measured
NGE's for bacteria growing on a variety of substrates range from 26 % to 70 %. (Linley and
Newell 1984, Lucas 1986), and phytoplankton respiration is generally accepted as comprising
- some 10 % to 45 % of photosynthesis (Raymont 1980), which ranges include values estimated

using equation (1.5).

For grazers and predators similar calculations can be made, although efficiencies of
. heterotrophs should be greater than those of autotrophs and osmotrophs, because autotrophs and
osmotrophs incur extra metabolic costs in assembling organic monomers from their inorganic
constituents (Calow 1977). Particle-feeding heterotrophs grazing optimally with abundant food

supply, have MNGE's for carbon calculated as:

: : b
R I ar w
U aIW
where R] is respiration rate, I is ingestion rate, U" is assimilation efficiency and aRr and gy are rate
coefficients estimated empirically above for respiration and ingestion of particle-feeding
heterotrophs. Because body mass terms in allometric equations for Rj and I cancel, the equation

reduces to

MNGE = 1 - R ... TS T USSR (1.7)
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Substituting values of aj and ag (Table 1.4) in (1.7) and assuming U™ = 90 % (Dagg 1976,
Barthel 1983, Miller and Landry 1984), MNGE is calculated to be size-independent, and has a
value of 79 % for particle-feeding heterotrophs growing optimally at 20°C. This vaiue is larger
than that calculated for autotrophs and osmotrophs, in keeping with the prediction of Calow
(1977). He estimated that "the best possible efficiency" that can be expected from any growing
heterotroph is between 70 % and 80 %, which theoretical range includes the value estimated here.
These theoretical estimates are also supported by measured values. Ross (1982b) measured
NGE's of up to 74 % for larval stages of Euphausia pacifica. The copepod Eurytemora affinis was
predicted to have a gross growth efficiency (GGE) of 60 % when growing at 15°C (Ikeda and
Motoda 1978), and maximum GGE for Daphnia pulex was estimated to be 60 % at 20°C
(Sushchenya 1970). Assuming 90 % assimilation efficiency, these GGE's are equivalent to

NGE's of 67 %.
Comparing the two respiration models

It has frequently been stated that respiration rates for similar-sized unicells and multicellular
poikilotherms differ by a factor of eight or nine (Hemmingsen 1960, Banse 1982), with unicells
believed to have slower rates. In this study, two different allometric equations for respiration rates
have been presented. One was obtained from the literature, and can be applied to unicellular
phytoplankton and bacteria (Fig. 1.4). The other was calculated from combined data of unicellular
protozoa and marine invertebrates (Table 1.1, Fig. 1.3). These equations thus do not conform to
the usual unicell-multicell division. The grouping of protozoan respiration rates into a "unicell" line
has recently been questioned by Fenchel and Finlay (1983), because the majoﬁty of the protozoan
respiration rates were faster than predicted for unicells. After selecting only those data for actively
growing protozoa, these authors showed that the protozoan line is similar to that calculated by
Hemmingsen (1960) for multicellular organisms. Ciliate assimilation rates can be calculated from
ingestion rates Iax (Table 1.4), using the calculated rate coefficient (@ = 78), and an assimilation
efficiency of 80 % (Stoecker 1984). If one adopts the "unicell" respiration equation with a
coefficient of 1.7 (Table 1.3), NGE's are calculated from equation (1.7) to be 97 %, an
impossibly large value (Calow (1977) predicted theoretical maximum efficiencies of 90-95 %).
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Fenchel (1980) questioned the application of a "unicell” respiration rate to ciliates by Laybourn and
Finlay (1976), because their estimates were an order of magnitude too small. Therefore, when the
mass balance of organisms is taken into account, it is clearly unrealistic to describe all unicell

respiration rates by a single "unicell" respiration model.

It is proposed that respiration rates for planktonic organisms be distinguishcd'on the basis
of method of food uptake. On the one hand, organisms that rely chiefly on dissolved nutrients
from solution (autotrophs and osmotrophs, €.g. phytoplvankton and bacterioplankton) conform to
the traditional "unicell" model and have slower respiration rates than similar-sized organisms that
feed mainly on particulate material. On the other hand, unicellular predators such as ciliates and
phagotrophic flagellates have fast respiration rates (Fenchel and Finlay 1983), similar to the size-
specific rates observed for multicellular animals. They are therefore grouped with other particle
feeders. This grouping resolves the problem of apparently un:ealistically large net growth
efficiencies of ciliates, and is consistent with the hypothesis that maximum net growth efficiencies
for organisms grazing under optimal food conditions, whether ciliates or copepods, remain

constant (Humphreys 1979).

23



CHAPTER 2

SIZE-DEPENDENCE OF SOME FACTORS
AFFECTING MATERIAL FLOWS IN PLANKTON COMMUNITIES

ABSTRACT

Data from the literature are used to develop empirical models which relate 1) prey sizes to predator
zooplankton sizes, 2) half saturation constants for nitrogen uptake to phytoplankton and baéterial
cell sizcs, 3) half saturation constants for ingestion by predators to prey Sizcs, and 4) sinking
velocities to phytoplankton cell masses and faecal peilet volumes. In general, zooplankton eat prey
organisms roughly 4 to 13 % of predator size expressed in linear dimensions, or 0.002 to 0.06 %
of predator mass. Half saturation constants for nitrogen uptake are described as a function of cell
size by a hyperbolic relationship, Kg (ug N.I'1) =73 W pg C/ (W + 940) pg C), with maximum
predicted Kg values of 73 g N.I-1. A power function is used to predict half saturation constants
for ingestion of prey organisms, such that K (ug C.I'1) = 54 W (pg C)0-08, Thus, for a wide range
of predator and prey sizes, small prey items are more susceptible to predation at low
concentrations than are large prey items. Sinking velocities of phytoplankton cells and faccalb
pellets increase with increasing size, and these relationships are described by power functions.
Faecal material sinks at a much faster rate than live cells, which have maximum sinking velocities
of approximately 2 m.d-1, compared with > 3 km.d-1 for large faecal pellets. Relating these
factors to body size allows objective parameter estimation and generalization for use in dynamic

simulation models of a wide range of planktonic organisms.
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INTRODUCTION

Particle size can be used to predict many physical and ecological processes (Chapter 1,

Peters 1983). Chapter 1 estimated allometric equations for body size - rate process data of

planktonic organisms. However, other factors cannot be described by the general allometric

- model, because they are not related to intrinsic processes and do not scale in the same fashion with
body mass. Such factors often depénd on the organism's interaction with its environment. This

chapter uses puvblished data to derive empirical models relating particle size to four ecological

processes in the planktonic environment. By quantifying the relationships, I attempt to make the

estimation of parameters for use in ecological models a more rigorous process than has been used

in the past.
Predator-prey size relationships.

In the marine pelagic environment, body size usually determines an organism's position in
the food chain (Sheldon et al. 1972). This characteristic of pelagic food webs has been used in
biomass spectrum models, whefe it is assumed that predators are roughly an order of magnitude
larger than prey items (Sheldon and Kerr 1972, Sheldon ez al. 1977, Azam et al. 1983, Moloney
and Field 1985). However, in practice, predators are capable of ingesting a range of prey sizes,
and relationships between predator sizes and minimum, optimum and maximum prey sizgs can be

determined for planktonic organisms.
Half saturation constants for nitrogen uptake

Phytoplankton and bacterioplankton rely on the uptake of dissolved nutrients for growth.
The uptake process often is describcd by Michaelis-Ménten models_ (Monod 1949, Maclsaac and
Dugdale 1969), although this is probably an oversimplification for detailc\ed understanding (see
~ Shuter 1978, Eppley 1981, Morita 1984, Nissen et al. 1984). However, for the purpose of
general ecological models, the Michaelis-Menten model is sufficient. The model has two
parameters, the maximum uptake rate Viqy and the half saturation constant K. It has been shown

that V., is body-size depéndent, with small organisms having faster mass-specific uptake rates
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than large organisms (Chapter 1). The ability to take up nutrients at low ambient nutrient
concentrations is determined by K which also is dependent on body size; small cells are more
proficient (i.e. have smaller K) than are large cells (Eppley et al. 1969, Gray et al. 1984). This is

important in environments where nutrients are scarce (Gray et al. 1984).
Half saturation constants for ingestion

Ingestion rates are a function of prey concentration and prey size. Various models have
been used to relate ingestion rates to prey densitiés (see Mullin ez al. 1975). Most of these models
have a maximum or saturation rate at high prey densities, and a density-dependent rate at low prey
densities (Mullin et al. 1975). In Michaelis-Menten ingestion models (e.g. Fenchel 1982b),
ingestion rates at low prey densities are determined by half saturation constants K (equivalent to
K, above, but termed K throughout to avoid confusion). X is the ratio of the maximum uptake rate
to the maximum clearance rate for filter feeders (Fenchel 1980b). Because both these rates scale to
predator body size, the effect of predator size on K cancels (Fenchel 1980a), and X is predator-
size independent. However, there is evidence to suggest that K is affected by prey size, and it may

be possible to predict this parameter from prey-size data.
Sinking velocities

The rate at which organisms and particles sink through the water column depends to some
extent on particle size, although sinking velocities are also affected by factors such as buoyancy, |
~ shape, orientation and physical features of the water column (Anderson et al. 1985). Measured
sinking ratés of live phytoplankton cells (Sp) are much slower thé.n those of faecal and detrital
material (Sf), presumably because of buoyanéy mechanisms operating in live cells (Smayda
1970). The effect of particle size on sinking velocities will be investigated here, both for

phytoplankton and for faecal pellets.
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DATA SOURCES
Predator-prey size relationships

Prey sizes for different sizes of predator were obtained from the literature, and average
esd's (equivalent spherical diameters) were estimated for each predator and prey species. "Prey" in
this context is assumed to comprise a;ll potential food items, and includes autotrophs, heterotrophs
and detritus. Data used are summarized in Table 2.1. The esd of the copepod Pseudocalanus
minutus (Table 2.1) was estimated by assuming a wet mass : carbon conversion of 7 %v (Chapter
3, Peters 1983), and approximate volumes of the three copepod species obtained from Cowles

(1979) were calculated using dimensions estimated from diagrams in Newell and Newell (1963).
Half saturation constants for nitrogen uptake

No half saturation constants for nitrogen uptake with corresponding cell sizes were found
for bacteria. Most published half saturation constants for bacterial uptake‘of a variety of substrates
are in the uM range, but the data are generally not collected from low-nutrient waters (Morita
1984). Because bacteria can have more than one K (Nissen ez al. 1984), these calculated values
probably do not reflect the ability of bacteria to function in low-nutrient conditions (Morita 1984).
Thus it is assumed that the phytoplankton model can be extrapolated to bacterial-sized organisms.
Cell diameters (um) and K values (ug at.l'l) for NO3 and NH4 uptake were obtained from Table
2 of Eppley et al. (1969). Cell volumes were calculated using the formula for a sphere, and
converted to pg carbon using the equations of Strathmann (1967). K values for NO3 and NHy

were averaged, giving one K value for 'nitrogen uptake per species.
Half saturation constants for ingestion

A half saturation constant of 5 x 109 bacteria.rr‘ﬂ'1 was estimated for microflagellates
feeding on bacte_ria (Fenchel 1982b). Using an average bacterial cell size of 0.11 um3 and a
conversion of 1 um3 = 0.121 pg C (Laake ez al. 1983b), this is equivalent to a K value of 55 ug
C.I-1, Prey sizes (um esd) and half saturation constants (um3.1-1) of ciliates were obtained from

Fenchel (1980c). Only prey larger than 2 pm were used, because ciliates probably do not feed on
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Table 2.1 Summary of predator sizes (um esd) and estimated minimum, optimum and maximum food-particle sizes (um esd). Ratios of food size : predator size are given as
ratiomin, ratiogp; and ratiopy. WFlag = microflagellates, Ci = ciliates, Co = copepods and Met = other metazoa

9202 8

Predator Predator size minimum optimum maximum : 1atiomin ratiogpy ratiomax
prey size prey size prey size

Monosiga sp. (UFlag) 38 0.28 - - 0.07 - -
Actinomonas sp. (UFlag) 58 1-28 - - - 0.2-04 - -
Cyclidium glaucoma (Ci) 10f 0.2d 0.44 o 002 0.04 0.2
Colpoda steini (Ci) of 0.4¢ L.if 2 0.03 0.09 0.2

* Colpoda cucullus (Ci) 18f 0.2¢ 0.4f 1€ 0.01 | 0.02 0.06
Glaucoma scintillans (Ci) 35t 0.1 04f 4 0.002 | 0.01 0.1
Colpidium campylum (Ci) 3sf 0.14 0.4f A ' 0.002 0.01 0.06
Colpidium colpoda (Ci) a0f . 0.4f . _' ; 0.01 ;
Euplotes moebiusi (Ci) s0f 1d 5t 104 0.02 0.1 0.2
Stylonychia mytilus (Ci) S0f - 10f - - 0.2 -
Blepharisma americanum (Ci) 60f 14 6f 108 0.02 0.1 0.2
Paramecium caudatum (Ci) -70f - 0. 1f & 0.003 0.01 0.09
Bursaria truncatella (Ci) 400f 104 35f 80d 0.03 0.09 0.2
Pseudocalanus minutus (Co) 570b 4b 25-57° 1000 0.01 0.04-0.1 0.2
Calanus chilensis (Co) 8802 12¢ - 57 0.01 - 0.06
Centropages brachiatus (Co) 8802 10° - 50°¢ ' 0.01 - 0.06
Eucalanus inermis (Co) - 57¢ 0.01 - 0.06

a Newell and Newell (1963); b Poulet (1973); ¢ Cowles (1979) d Fenchel (1980b, Fig. 6); e Fenchel (1980b, Fig. 7); f Fenchel (1980c); g Fenchel (1984)



‘'small, free-living bacteria in open waters (Fenchel 1980c). Food particle sizes and their half
saturatlon constants for 1ngest10n were obtamed for copepods (Calanus paczﬁcus (Frost 1972)
Euchaeta elongata (Yen 1983) andOlzthomlz nana (Larrtpltt and Gamble 1982)), and a euphausnd

(Euphausm lucens (Stuart 1986)) All prey sizes are expressed as pg C us1ng Strathmann s
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(1967) conversions from volume to carbon when necessary Half saturation constants are -
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Data were partitioned mto live cells and dead or detrital material. Sinking rates (m.d-1) of
iin R . . l l 4

partlculate organic carbon and phytoplankton in three discrete size classes were obtained from

' Bums and Rosa (1980). Geometric mean sizes were esttmated for each size class, and sizes were

“converted to carbon masses (pg 'C) using an’ avérage conversion of 1 pm3 = O 07 peC (Chapter

3). Sinking rates of parnculate carbon (Btenfang 1985) were smularly treated (n = 4), and cell

carbon (pg)and smklng rates (m.d-1) of 29 species of nutnent-replete marme phytoplankton were

o ‘obtained from Bienfang and Hamson (1984): The data for hve cells were combmed into one data

set(N'= 36) Loganthnuc values of sinking rates (m. d-l) and particle volumes (um3) for faeces of

gelaunous zooplankton (n = 232) were read from Flg 2 of Bruland and Sllver (1981) and the

data were converted to a linear scale.

F

ANALYSIS AND RESULTS
Predator-prey size r_el_a“t'i"’o‘h’s"hipsr

Relationships between"individual predator and prey sizes were established as simple

b proportions (Table 2.1). Minimum, opumum and maximum prey:predator size ratios (mean * 95%

CL) were calculated as 004 004 (n‘_= 15) 006 0.04 (12) and O 13 004 (13)

LA &

KRS N [

. respectlvely Thus each predator 1ngests, on average prey orgamsms rangmg from 4 % to 13 %
of its body s1ze calculated 1n lmear d1mens1ons or from 0 002 % to 0 06 % of predator mass the

_ latter range spanning some two orders of magmtude Opttmum prey sizes are estlmated to be 6 %

,At.ult"' i

of predator linear drmenstons or 0.006 % of body mass.
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There are obv1ous drawbacks to generahzmg blologlcal and ecologlcal processes For

__ every general rule that is formulated there w1ll always be a spe01es or group of organlsms Wthh
_ have spec1a11zed in such a fashion as to negate the' ru_le. Thus the relatlonshlps presented here‘ will
not apply to all cases. However, the'y dre not intended for usé by‘b"iel'()giSts:stinyihg details of ‘the
blology of 1nd1v1dual specwsu They have ‘been’ developed to 4ssist ecologlsts in estimating
parameters for use in ecologlcal models of plankton commumtles fsaacs (1973) déscribed
unstructured'f'ood webs as ones in which orgamsms _fe‘e‘d on‘what’ever avaﬂable food is suitable in
terms of sizé and their mode of feeding. This concept can be used to develop flow‘pathways of
 carbon and nitrogen in sizé-based models. Maximur rates of transfer processes can bé calculated

- using allometric equations (Chapter 1), and factors modifying the makimum rates are also body-

these factors, it is possible to construct a size-based model of a microplanktonic food web which
allows uribiased assessment of food web stricture 4nd interconnections, ‘and is not dependent on
trophic levels or preconceived ideas of how specific systems funétion, apart from the géneral size:

dependency. Such a model can be used to explf)re community striicture; and identify properties of
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Half saturation constants for ingestion.

There has been no previous attempt to relate half saturation constants for ingestion to prey
sizes over a large range of organisms. The relationship used here was calculated primarily on an
empirical basis, because no a priori theoretical basis for the form of the function was intuitively
obvious. The curve levels off at about 300 pg C.I'l, and K values from literature studies of large
copepod predators generally range between 200 and 300 pg C.I-1 (O'Connors et al. 1976,
Lampert 1977), indicating that this ceiling is realistic. For small prey organisms such as bacteria,
natural densities are about 0.5 to 2x106 cells.ml-! (Azam ez a/.1983) or 5.5 to 22 pug C.I-1, and
seldom exceed 200 pg C.1-1, which implies that half saturation constants for in gesﬁon by
predators should at least be of this order of magnitude. Thus we would expect smaller values of K

for small prey than for large prey.

In contrast to the function derivcd heré, intraspecific feeding studies have shown that large
prey items are more susceptible to predation at low concentrations than are small prey items
(Paffenhofer 1971, Frost 1972; 1975, Boyd 1976, Cowles 1979, Fenchel 1980a, Capriulo 1982,
Quetin and Ross 1985). A similar trend was found for the threshold feeding response of the
copepod Calanus pacificus, the response occurring at progressively smaller concentrations as the
sizes of food particles increase (Frost 1975) . This implies that K should decrease as prey size
increases, which is the reverse of the pattern found here for a range of species (Fig. 2.2).
Individuals apparently utilize prey items at the large end of their prey size range more efficiently
than small prey items, but for the general interspecific trend K values increase as prey size
increases. This implies that small predators generally are more proficient than are large ones when

prey are scarce.
Sinking velocities

Many workers rélating sinking velocities to particle volumes have fitted a linear regression
to log-transformed data (e.g. Bruland and Silver 1981, Arashkevich et al. 1986). When
considering a large range of particle sizes, sinking velocities of large particles tend towards a

maximum value (Figs 2.3 and 2.4), as expected from physical theory of sinking bodies in a fluid
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medium when gravitational forces are the most important component affecting the sinking velocity.
A viscous or drag component is more important in small particles than large particles, small
particles having a low Reynolds number and thus sinking more slowly than large particles
(Anderson et al. 1985). Most data sets cover only the small end of the size range and/or a limited

range of sizes, and thus do not detect this trend.

The maximum sinking velocity of live cells (approximately 2 m.d-1) is some three orders
of magnitude slower than that of detrital material (approximately 3 000 m.d-1). Thus only big
phytoplankton cells will be important in the loss of material through sinking out of the euphotic
zone. Conversely, only very small faecal pellets (e.g. minipellets produced by protozoans,
Gowing and Silver 1985) will be important as sources of nutrients regenerated by bacteria in the
euphotic zone, because big particles rapidly sink out of the system. Very fast sinking rates of
faecal material have been measured for pellets produced by salps (Madin 1982), copepods (Turner
1977, Small et al. 1979) and mysids (Arashkevich et al. 1986). Robison and Bailey (1981)
present a range of sinking rates of a variety of particles, including faecal pellets from crustaceans
and fish, carcasses of different organisms and dead phytoplankton cells. The maximum sinking
 rate they found is 1 200 m.d-1 for fish faecal pellets, which falls in the range of values presented
above for faecal pellets of gelatinous zooplankton. All of the detrital material has sinking velocities
much faster (range from 15 to 2700 m.d-1) than those calculated here for live cells.

Anderson et al. (1985) measured sinking rates of marine dinoflagellate cysts; mean
velocities ranged from 6 to 11 m.d-1. This is faster than the maximum of 2 m.d-1 calculated from
Fig. 2.3, because the cysts are denser than most vegetative phytoplankton cells, presumably as an

adaptation to sink rapidly (Anderson et al. 1985).

CONCLUSIONS

The size of organisms is prdbably the most important factor affecting their roles in pelagic
ecosystems. I have demonstrated (Chapter 1, this chapter) that quantitative relétionships can be
derived which relate important parameters used in modelling interactions and processes in plankton
communities to organism size. These size relationships are objective estimators of ecological
parameters, and therefore have wide-ranging applications in the study and understanding of

pelagic ecosystems.
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SECTION 2

MODEL DEVELOPMENT AND OUTPUT
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CHAPTER 3

DEVELOPMENT OF A SIZE-BASED SIMULATION MODEL OF A
GENERALIZED MICROPLANKTON COMMUNITY

ABSTRACT

A dynamic simulation model is described of carbon and nitrogen flows in a generalized
microplankton community. The model is size-based, with community structure and transfer
processes all size-dependent. Major flows include carbon fixation, release of photosynthetically-
produced dissolved organic carbon (PDOC), nitrogen uptake, respiration, excretion, predation and
sinking. A standard simulation is produced which serves as the basis for comparing output from a
sensitivity analysis. The model is robust with respect to most parameters. Importémt factors to
which model output is sensitive include estimates of PER (percentage extracellular reléase), factors
affecting ingestion rates, shapes of initial biomass distributions (seeding effects), wet mass to
" carbon conversion functions, and the form of the ingestion function. The model caﬁ be used to

simulate microplankton community interactions in any planktonic ecosystem.
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- INTRODUCTION

Planktonic ecosystems commonly are described by compartmental models, each
compartment representing a trophic level or taxonomic group (e.g. Steele 1974, Wroblewski
1977, Kiefer and Atkinson 1984, Newell and Linley 1984, Jones and Hendersbn 1987). Such
models primarily are descriptive, because the most important components of the ecosystem are
represented by compartments, and interactions are described by linking compartments. However,
when using these models as the basis for dynamic simulation models (e.g. Moloney et al. 1986), a
number of problems are encountered. For example, unrealistic lumping of all phytoplankton sizes
with widely disparate rates of growth and metabolism often results in the use of inappropriate rate
parameters. In a model of a planktonic ecosystem in an enclosed water column, Andersen et al.
(1987) found it necessary to divide the phytoplankton compartment into diatoms and flagellates,
which in turn necessitated subdividing zooplankton herbivores into copepods and
appendicularians. Despite this added complexity, they concluded that further subdivision probably
was necessary to make model output more rea_listic. This is a problem commonly encountered with
trophic-level-based compartment models, and has the effect of making models increasingly
unwieldy and parameter estimation very difficult, especially if there are not sufficient data available

from which to estimate the parameters.

An alternative to the above reductionist approach is to use an holistic approach to modelling
planktonic ecosystems (Platt et al. 1981). The structure of marine pelagic food chains is largely
dependent on organism size (Chapter 2, Sheldon et al. 1972, 1977, Platt and Denman 1978,
Silvert and Platt 1930, Cousins 1985, Platt 1985). Furthermore, rates of many processes
occurring in planktonic ecosystems are body-size dependent (Chapter 1). Problems of parameter
estimation are obviated to a large extent by the fact that an independent criterion, viz. body size,
may be used to estimate nearly all parameters. Organism size thus serves as a convenient

theoretical and practical basis for developing a system model of a marine plankton community.

Cousins (1980) developed a trophic continuum model (Fig. 3.1) in which an ecosystem is

divided into three basic components: autotrophs, heterotrophs and detritus. Each component
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represents a size continuum ffom small to large organisms or particles, and links between
components are represenfed by a double cylinder (Fig. 3.1). This model can be used to describe
processes occurring in planktonic/pelagic ecosystems (Cousins 1985), and appears to be
universally applicable as a descriptive model. However, system dynamics of planktonic
communities throughout the world's oceans vary. Simulation models are required which can be
used to investigate factors affecting community structure and dynafnics, and thus serve as a basis

for understanding marine planktonic ecosystems.

Fig. 3.1. Double cylinder representation of a trophic continuum of a pelagic ecosystem. The three components are
autotrophs (A), heterotrophs (H) and detritus (D). Subscripis refer to different sizes within the continuums, with
smallest particles on the left and largest on the right. The arrows represent the flows of energy through and between
the three continuums. Single arrows represent growth (from small to large organisms in the autotroph and
heterotroph continuums), breakdown of particulate material (from large to small particles in the detritus continuum),
_and production of detrital material by autotrophs and heterotrophs. Double arrows represent trophic interactions.

This chapter describes the structure and functioning of a dynamic trophic continuum model.
In contrast to size-based energy flow models (Silvert and Platt 1980, Parkin and Cousins 1981),
the model simulates flows of carbon (C) and nitrogen (N) through a microplankton community.

The double curréncy is necessary because, although N is usually believed to be the limiting
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nutrient, C can also limit growth of bacterioplankton, and there are close couplings between
growth of bacterioplankton and phytoplankton. Output from the model is validated against real .

data from planktonic ecosystems in Chapter 4.

MODEL DESCRIPTION
In the model, microplankton communities are represented as a trophic continuum (Fig. 3.1)
(Cousins 1985). Cousins' (1985) model represents energy flows, whereas my model simulates
flows of C and N. To accommodate material flows, the model has been adapted to include

dissolved C and N pools in addition to the detrital pool (Fig. 3.2).
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Fig. 3.2. Modified trophic continuum representing carbon and nitrogen flows in a generalized microplankton
community. The autotroph continuum is extended to include a PDOC pool, and the heterotroph continuum is
divided into convenient trophic categories. The solid arrow represents the excretion of PDOC by autotrophs. The
stippled areas represent flows of dissolved nitrogen between the nitrogen pools and the living components. Solid
arrow-heads represent carbon and nitrogen flows within the trophic continuum, through growth (single horizontal
arrow-heads), ingestion (double arrow-heads) and death/sinking (single vertical arrow-heads). Respiratory losses are
not shown. ’
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Living organisms are assigned to two major gfoups: autotrophs and heterotrophs. Some
~ organisms are ambiguous in life-style, and apparently fall into both groups; e.g. phagotrophic
phytoflagellates and photosynthetic ciliates. Until mechanisms governing such modes of life are
identified and quantified, these organisms cannot be accommodated in the model. Within groups
all further classification is done on the basis of body size. The size continuums are divided into
discrete size classes; the model is essentially a compartmental model (conﬁa the continuous trophic
continuum described by Cousins 1980, 1985, Parkin and Cousins 1981). The discrete form of the

‘model was chosen to reduce mathematical complexity.

In this chapter, autotroph and heterotroph continuums are assumed to comprise organisms
in size ranges from 0.2 to 200 um esd (equivalent spherical diameter) and 0.2 to 2 000 um esd
respectively (Table 3.1).

Table 3.1 Categorization of the model community on the basis of size and trophic function

Category Size range (um esd) No. of size classes

Autotrophs 0.2 - 200 3
Pico-phytoplankton 02 -2 _ 1
Nano-phytoplankton : 2 -2 1
Net-phytoplankton 20 - 200 1

Heterotrophs - 02 -2000 4
Bacterioplankton 02-2 : 1
Bactivorous protozoa ' 2 -2 1
Micro/mesozooplankton 20 - 2000 ‘ 2

For simplicity, large zooplankton and fish have not been included. Large fauna are difficult to
incorporate, because of the large temporal and spatial scales required to adequately describe their
behaviour (Field et al.1985, Fenchel 1987). Microplankton populations fluctuate many times in a

time period during which large zooplankton and fish will gro'w slowly. If the entire size range
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from bacteria to fish is included in a deterministic simulation, it is found that the time horizon is
either too short to adequately simulate large organisms, or, if their standing stocks are initially
large, they exert an unrealistic controlling force on the phytoplankton, preventing these from
increasing (pers. obs). Consequently, it is inappropriate to include the entire size spectrum in a
deterministic simulation model. Large mobile organisms may be better represented by a stochastic

model with a longer time horizon. The role of large organisms is discussed in Chapter 5.

Within the heterotroph size continuum, three sub-groups are distinguished (Fig. 3.2).
Smallest organisms are bacterioplankton (approxifnately 0.2-2 um esd). These are preyed on by
bactivorous protozoa (2-20 pum esd), which also ingest the smallest autotrophs (0.2-2 um). All
heterotrophs larger than 20 pm are placed in the micro-mesozooplankton group. These three sub-
groups are designated as non-overlapping segments along the continuum, and allow for

comparison of model output with traditional trophic categories in the literature.

A double currency of C and N is used in the model. Major flow pathways are represented
diagrammatically in Fig. 3.3. Autotroph C is obtained by carbon fixation during photosynthesis,
and N through uptake from solution. C is released as PDOC (photosynthetically-produced
dissolved organic carbon), and further losses occur as a result of respiration, grazing, Sinking,
death and growth (Fig. 3.3). Uptake and ingestion by bacterioplankton and grazers respectively
results in autotroph C entering the heterotroph continuum. Bacterioplankton obtain C and N from
solution, whereas large heterotrophs obtain them by ingesting paxtigulate material. Hetérotrophs
incur losses as a result of egestion, respiration, excretion, predation and growth. The detrital pool
receives inputs from faecal material and senescent phytoplankton cells, and loses material as a
result of sinking and utilization of organic material by attached (epi-) bacteria. The PDOC pool is
supplied by autotrophs and sustains losses to bacterioplankton. The dissolved N pool is separated
into new N (chiefly nitrate-N) and regenerated N (e.g. ammonia, urea) pools. Both lose N to
autotrophs and bacterioplankton. New N is the only external input to the model system, whereas
regenerated N results from the cycling of reduced N by heterotroph size classes. The forms of all

functions describing fluxes are described below.
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DEVELOPMENT OF THE SIMULATION MODEL
Logarithmic scale and size classes

All organism sizes are expressed in linear dimensions as equivalent spherical diameters
(esd's). Autotroph and heterotroph continuums are divided into size classes using a logarithmic
scale. In executing the model, the user is able to set the value of the base used for the logarithmic
scale. In this chapter the base is set to ten, because the resulting size classes are similar to
traditional categories described by Sieburth et al. (1978), and the total number of size classes is
manageable for the sensitivity analysis (see below). However, the log-10 scale does nbt separate,
for example, heterotrophic ﬂégellates and ciliates, and a smaller scale to the base five is used in
subsequent chapters. The logarithmic base used has the effect of increasing or decreasing the

number of size classes and consequently the mean size of organisms per size class.

An average size is calculated for each size class using a geometric mean:

esd = W @S0 1 X ESU 1 ggevververerenseennnreenarrnnnerinrennnereessrnnesnnns (3.1)

average

Spherical volumes are calculated and the conversion from volume to wet mass is 1 pg=1
um3, assuming a specific density of one. Peters (1983) used factors of between 0.1 and 0.3 to
convert from wet to dry mass, and 0.4 to convert from dry mass to C mass. His conversions from
“wet mass to C mass were thus between 0.04 and 0.13. An intermediate factor of 0.07 is used

here. However, it should be noted that the equations of Strathmanh (1967) for marine
| phytoplankton do not predictra linear conversion as assumed above, but one of body mass to the
power 0.75. Taguchi (1976) estimated a similar relationship for marine diato_ms. No equivalent
relationship presently exists for bacterio- or zooplankton, and the effect of these dissimilar

conversion factors will be investigated in the sensitivity analysis.
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Relating carbon and nitrogen flows

Because the model uses a double currency of C and N, it is necessary to relate the fluxes of
the two. This is done by assuming constant C:N ratios for different trophic categories; 6 for
autotrophs, 4 for bacteria, and 4.5 for bactivorous protozoa and micro/mesozooplankton. This
may not always be realistic, but mechanisms causing different rates of uptake and/or release of C
and N are complex and poorly understood (Terry 1982, Syrett 1981). Furthermore, the Redfield
ratio for phytoplankton is commonly used to convert C estimates to N and vice versa (e.g. Probyn
and Lucas 1987), indicating that many ecologists implicitly assume constant C:N ratios in their

calculations. Mass units are mg C and mg N.
Modelling procedure

Rates of change of standing stocks for biotic and abiotic compartments. are determined by
rates of input and output of C and N to and from each compartment. All instantaneous rates are
averaged over one day, and diurnal effects are not included in the model. Mass flows are described
by mathematical functions (described below), and the rates of change of standing stocks are
described by differential equations (Table 3.2) which are solved numerically using a second order

Runge-Kutta method (Lapidus and Seinfeld 1971).

Table 3.2 Differential equations describing rates of change of state variables. AC = autotroph carbon, AN =
autotroph nitrogen, HC = heterotroph carbon, HN = heterotroph nitrogen, DET = detrital carbon and nitrogen,
NEWN = new nitrogen, REGN = regenerated nitrogen, PDOC = dissolved carbon pool, j = size class subscript

dACj/dt = carbon fixation - PDOC - respiration - grazing - sinking + growth in - growth out
-dANj/dt = nitrogen uptake - grazing - sinking + growth in - growth out '
dHCj/dt = ingestion/uptake - egestion - respiration - predation + growth in - growth out
dHN; /dt = ingestion/uptake - egestion - excretion - predation + growth in - growth out
dDET/dt = sinking/death + faeces - ingestion - sinking '
dPDOC /dt = PDOC production - uptake
ANEWN /dt = (Upwelling / diffusion) - uptake
dREGN /dt = excretion - uptake
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Primary production

Many factors can limit phytoplankton growth (see Raymont 1980). In the model described
here, it is assumed that only nitrogen is limiting. Thus the model describes the carbon and nitrogen
flows of a hypothetical microplankton community in a small, closed body of water, in which light
and other nutrients are not limiting. This should be borne in mind when extrapolating from the
simulation results to field conditions, because other factors (such as light) will be important in the
field, and will modify the results accordingly. Primary production rates are assumed to be limited
by N uptake rates, which are governed by Michaelis-Menten kinetics (Maclsaac and Dugdale

1969):

-3
Vi) = Vg @) Nmgm ) s (3.2)

-3 .3
Ksj(mg.m )+ N (mgm ")

Where Vj is the ‘mass-specific uptake rate for size class j, Vimaxj is the maximum mass-specific
uptake rate for size class J» Ksjis the half saturation constant for size class j, and N is the ambient
N concentration. Vjand N are variables, and Vmaxj and Ksj are size-dependent parameters. N
uptake rates are thus modified by ambient N concentrations; if N is large Vj tends to Vaxj, and if
N is small Vj is slower than Vma,;j. Net C fixation rates (P;j) are calculated as the specific uptake

rate (Vj), calculated in equation 3.3, times the C standing stock (B;) in each size class j

Pj (mg C.m-3.d°1) = V;j(d1) x Bj (mg Cm3) oo, (3.3)
C fixation rates are thus determined by N uptake rates.
PDOC production

Phytoplankton exude some fraction of primary production as PDOC (Berman and Holm-
Hansen 1974). The percentage of primary production released in this fashion is believed to be
relatively large, some authors believe as much as 70 % (Johnson et al. 1981, Lancelot 1983),
although it is very difficult to measure, because the labile fraction of PDOC is rapidly taken up by
bacteria. PER (percentage extracellular release) has been related to ambient N concentrations, with

large PER associated with small concentrations and small PER with large concentrations (Azam ez
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al. 1983). The implication is that phytoplankton fix C at an optimal rate, but under N-limiting
conditions insufficient N is taken up to meet the demand, and excess C has to be excreted.
However, the situation is far more complex. PER is affected alsb by light levels, age of cells, etc
(Lancelot 1983). N concentrations and PER are correlated (Azam et al. 1983), but the relationship
cannot be interpreted as being causative, so N levels alone cannot be used to predict PER. Many
authors assume a constant value for PER. Although this is probably not realistic at all times, a
constant fraction has been used in the model. This fraction refers only to the labile portion,
because the refractory material has a much longer residence time (Lucas 1986). It is assumed that
only the labile fraction is important on the time scales that are used in the simulations. The effect of

varying the value of PER is investigated in the sensitivity analysis.
Heterotroph uptake / ingestion

Two sources of input to heterotroph compartments are simulated. Bacterioplankton take up
N from solution (organic and inbrganic N) in much the same way as do phytoplankton, and are
- assumed to obtain C solely from the PDOC pool. Particulate carbon (POC) such as faecal material
and senescent phytoplankton cells sinks rapidly (Chapter 2). Consequently, it is assumed that
bacterial utilization of POC occurs below the euphotic zone, and a pathway from POC to attached
bacteria is not included in the model. Uptake of both C and N is governed by Michaelis-Menten
models; equation (3.2) for N (Monod 1949) and equation (3.4) for C (Parsons and Strickland
1962):

. 23 _
V(@) = Vi @) FDOC@mEM ) s (3.4)

Ksj(mg.m's) + PDOC (mg.m'3)

where Vjis the mass-specific growth rate of bacteria as determined by C availability, Vmaxj is the
size-dependent maximum uptake rate as in equation (3.3), PDOC is the ambient dissolved C
concentration and Kg; is the size-dependent half saturation constant for PDOC uptake (assumed
equal to Kgj for N uptake times the C : N ratio for bacterioplankton). Bacterioplankton growth

(P*j) is thus limited by C or N, depending on which uptake rate V; (3.2 or 3.4) is slower:
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P'j (mg C/N.m-3.d-1) = Vj(d!) x Bj (mg C/N.m3) ooovvnee, (3.5)

- When nitrogen is limiting, carbon uptake may be underestimated by the model, because bacteria
often do not modulate their rates of carbon uptake sufficient just to meet their biosynthetic or

bioenergetic demands (Tempest and Neijssel 1978), and "excess" carbon is frequently taken up.

Particle-feeding heterotrophs obtain C and N by ingestion of autotrophs or heterotrophs.
Food available to each size class of predator is calculated on a size basis; predators may ingest a

range of food-particle sizes, dependent on their own sizes. The ingestion model is of the form:

- . B :
Ingestion; (™) = @ X I @) ——5—— e, cerens(3.6)

where the specific ingestion rate of size class k by size class j is determined by the maximum
rhass—speciﬁc size-dependent ingestion rate of size class j (Imaxj), modified by a prefereﬁce index a
which takes a value between 0 and 1. The optimum prey size class for each predator size class is
assigned a value of 1 for q, and a decreases by a pre-determined factor (aj) with each additional
size class separating it from the optimum class. For example, if ¢ is the position of the optimum
prey size class and the factor aj is 2, ag = 1, ag41 and ag-1 = 0.5, ag+2 and ag.2 = 0.25 and so on.
B\k is the standing stock of size class k available to size class j, and r represents the range of size
classes available to each predator class j. Ksk is the half satur_ation constant dependent on the size

of the prey k (see Chapter 2).
Egestion

Heterotrophs do not assimilate all they ingest. A proportion of ingested material is released
as faeces. Hall<et al. (1976) were not able to show any size-dependence of absorption efficiencies,
which are assumed.to be 90 % for all particle-feeding heterotrophs (Dagg 1976, Barthel 1983,
Miller and Landry 1984), and 100 % for bacteria. "
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Respiration

C losses as a result of respiration are modelled as a constant fraction of size-class standing

stock:
Respiration (mg C.m3.d"1) = Rj(d'!) x Bj (mg C.m3) ....ccceorvrrneee, (3.7)

where R; is the mass-specific size-dependent respiration rate, and B; the C standing stock of size
_class j. Respiration rates change during feeding and other activities, but these effects are not
included in the model. This may result in an underestimate of respiratory iosses, but is probably
only important for large size classes of heterotrophs, because motility of protozoans requires an

insignificant fraction of their energy budget (Fenchel and Finlay 1983).
Excretion

Metabolic C losses through respiration are matched by equivalent N losses in order to

mamtam constant C:N ratios for heterotrophs. The required excretion rates are calculated as:
Excretion (mg N.m3.d-1) = Rj (d']) x Bj (mg N.m3) ..coccoiiriniciccnccns (3.8)

where R; is the same as for equation (3.7), and Bj is the N standing stock in size class j. For
bacteria this may not be realistic. Bacteria can take up N and C separately, because the dissolved
pools consist of both inorganic and organic material, and a variety of different substrates. Bacterial
C and N uptake rates are therefore not necessarily coupled, as is assumed here. When N is
limiting, bacteria may conserve this nutrient. An alternative approach to modelling this process
would be .to consider only the net uptake of N, i.e. assume that bacteria only take up sufficient N
for their requirements, and ekcrete none. However, this approach makes the a priori assumption
that bacteria excrete no nitrogen at all. The real situation is probably intermediate between these
two extremes. As it stands (equation 3.8), the model will probably overestimate nitrogen excretion

by bacteria (see Chapters 4 and 5).
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Sinking
C and N losses through sinking of phytoplankton and faecal material are calculated as:

S;m.d™)

Sinking 1 C/NdYy=21""_"
inking losses (mg C/ ) D (m)

xBj(mgC/N)...ovrveenn.. (3.9)

where S; is the sinking velocity of size class j, D is the depth of the water mass / euphotié zone in

question, and Bjis the C/ N standing stock of size class j.
Growth through size classes

Growth along the continuums is a complicated process to model. Not all organisms in a
size class will grow into the next size class - some will divide and remain in the same size class.
Also, bacteria do not grow into whales (Cousins 1985), so restrictions are required. The simplest
way to model growth is as a simple proportion (G) of standing stock (B) growing out of each size

class (j) and in to the next.
Growthj (mg C/N.m3.d1) = G (d'1) x Bj (mg C/N.mr3) .ccvvnvirrcninne, (3.10)

However, equation (3.10) does not take into account faster growth rates in smaller size classes,
and also does not include the effect of food availability on growth. For simplicity, growth was not

included in the standard simulation, but its effect is investigated in the sensi'tivity analysis.
ESTIMATION OF MODEL PARAMETERS

Many of the processes descﬁbed above are size-dependent and parameters thus vary
between size classes. General allometric equations relating body size to mass-specific rates were
calculated in Chapter 1, and empirical relationships between body size and other factors of
importance to.ecological processes and interactions were calculated in Chapter 2. Equations
derived in these two chapters are used to calculate size-dependent parameters for each size class.
Allometric and other parameters used in the computer program are presénted in Table 3.3.
Resulting size-dependent parameters of autotrophs and heterotrophs (Table 3.4) are presented with

associated size classes and C masses. There is a large difference in rate parameters
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Table 3.3. Parameter values used in the standard simulation (size-dependent parameters in

bold). See equations (3.1) to (3.9) for explanations of symbols.

Process Size-dependent Parameter Values Units
parameters ,
Upak BV N v W a 51403 pgc®®y!
take = —_— =aW. :
P maxJ vK, J+N max ; i b -0.25 i
-3
K. = K Wi WK, 73 mgNm
VK¢ = e )
> K, + W K, 940 mgCm”>
B S i W a 78480 pgC Pa!
Ingestion = —_ =aW!
5 Jmaxy K, +S maxy b -0.25 .
I K 54 pgC-008
Il(sk= ﬂ(SI WKSZ Sy
J K;, 0.08 -
| 0.25 -1
Resplranon =Ry Bj 1.7 pgCd
J R v.=4a WJb
(phytoplankton and bactenoplankton) ) b -0.25 -
| 0.25,-1
iration = : 15+1.5 Ccd
ResI.)uatlon . RIJB j R, = aWJ-b pg
particlefeeding heterotrophs o -0.25 -
S 042 -1
Sinkingp ) iomass; Sp,=Sp, W Se, .
(live phytoplankton cells) Sp, 0.42 -
-0. 30
S g !
SinklngF = %— Volume] Sp S F, 2 2 (um3)
: . ) S F f = S Fl -
(faecaland detrital materal) Sg 0.30 )
. 2
Absorption = A x Ingestion - A 0.90 -
PDOC = PER x primary production - PER 0.30 -
Minimum prey size = Ijn X pred size .- ~ Tmin  0.125 -
Optimum prey size = ropg X pred size - : Topt 0.125 -
Maximum prey size = Imax X pred size - Tmax  0.125 -
Preference index for ingestion - a 1 -
Preference index factor for ingestion - aj 1 -
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between the smallest and largest organisms, highlighting the necessity for some forni of size
differentiation among system components. For example, phytoplankton comprise four size
classes, with thirty-fold differences in rate parameters (Table 3.4). Such differences are realistic.
Specific growth rates of 8.9 d-1 have been calculated for pico-phytoplankton (Douglas 1984),
whereas net-phytoplankton growth rates are usually < 1 d-1 (Parsons et al. 1977). Prey-size
dependent half saturation constants (equation 3.6) for prey size classes (autotrophs and
heterotrophs) are presented in Table 3.5, together with the predator size class ingesting each prey

size class.

Table 3.4. Autotroph and heterotroph size classes, size-dependent parameters and initial standing-stocks

Size class ~ Average  Carbon Vmax” /lmax’ Resp Kg(uptake) Sinking Initial values
(m) | esd (um) mass(pg) @) @l (mgNm3) mdl) mgcm3)

Autotrophs _

Pico-phytoplankton (0.2-2)  0.63  0.0093 16* 55  0.00072 0004  0.00001
- Nano-phytoplankton (2-20) 6.3 9.3 2.9% 0.97 0.72 0074  0.008
Net-phytoplankton (20-200) 63 9300  0.52% 0.17 66 1.3 59
Heteroirophs ,

Bacterioplankton (0.2-2) 0.63 0.0093 ~ 16% 55 000072 - 0.00001
" Bactivores (2-20) 6.3 9.3 45" 8.6 - - 0008
Microzooplankton (20-200) 63 9300 8.0" 1.5 . . 5.9

Mesozooplankton (200-2000) 632 9.3x106 1.4 0.27 ; - 4.2
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Table 3.5 Prey-size dependent half saturation constants (mg C.m-3) for ingestion of prey (columns, autotrophs
and heterotrophs) by predators (rows, heterotrophs) '

PREY SIZE CLASSES

Picoplankton Nanoplankton Microplankton
(02 -2 um) (2-20 um) {20 - 200 pm)
Nanozooplankton 371 - ' -
PREDATOR (2 - 20 pum) ' '
SIZE  Microzooplankton - 64.5 -
CLASSES 20 - 200 pm)
Mesozooplankton - - | 112

(200 - 2000 um)

INITIALIZATION OF STATE VARIABLES

Values assigned to standing stocks in each model compartment at the start of a simulation to
some extent determine the behaviour of the model system. A general functional form is used to

calculate initial biomasses (B) in each size class (j) from body masses (W):

- 3 2
Bj(mg Cm™) = yxWjmg C.m™) " oooooirririinnnn (3.11)

If 9y is made zero, initial biomasses are set to 1y, and if 2y is made 1, initial biomasses are
calculated as a linear function of size class body mass. An equation of this form, relating steady-
state biomasses in subtropical oceanic waters to organism size was calculated by Rodriguez and

Mullin (1986):
Bj (mg Cn3) = 0.108 Wj(ug O1016 oot (3.12)

This relationship (3.12) predicts that, on average, small organisms will have larger standing stocks

than large organisms. However, in executing simulations, it was found that large organisms
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generally had to be initialized with higher standing stocks than small organisms, to prevent small
organisms from dominaﬁng. The values of the initial standing stocks in the autotroph and
heterotroph size classes were therefore arbitrarily designated (Table 3.4). PDOC and regenerated
nitrogen concentrations are started at zero, and new-nitrogen concentrations, which effectively
“drive" the model, are set to different starting values, depending on the kind of water body that is
simulated. The effect of changing initial values of standing stocks is investigated in the sensitivity

analysis.
MODEL EXECUTION

The simulation model consists of two computer programs. The first sets up the structure of
the model community. It quantifies certain attributes of model compartments, calculates parameters
and initializes state variables, which consist of C and N standing stocks in each biotic size class
and in the abiotic pools.The second program simulates the dynamics of the model system. It traces
changes in standing stocks over time, resulting from the movements of C and N within- and
between- components of the trophic continuum. Both programs are written in FORTRAN V for
use on the Sperry 1100 Series mainframe computer at the University of Cape Town. Copies of the
programs and associated documentation are presented in Appendices I and II. Details of

calculations performed by the two programs are described below.

The simulation rﬁodel is executed by running the two computer programs in sequence.
Example runstrea;ms are presented in Appendix II. A number of options are available when
executing the simulations. These were included to allow some system complexity, and are selected
by setting pre-defined values to program parameters. They include a parameter which sets the
method of new-N input at a constant unchanging value, a continuous input simulating diffusion
into the euphotié zone, or a single initial input followed by zero input which simulates upwelling
and subsequent stratification of the water column. Similarly, by changing a second parameter,
PER can be changed from a constant to a variable propbrtion of primary production. Although
diurnal effects are not included in sirmnulations, a diurnal structure has been incorporated into the

model. This is "activated" by setting a parameter to a pre-defined value, which results in carbon
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fixation being made zero for half the day, with all other processes left unchanged. Output resulting

from using the diurnal effect is presented in the sensitivity analysis.
STANDARD SIMULATION

A standard simulation is exercised to serve as a basis for comparing output from a
sensitivity analysis. For simplicity, new N concentrations are set to an unchanging value of 200
mg N.m-3 (15 mg-at.m-3). Although this is unrealistic, the purpose of the standard simulation is to
assess model output, not to validate it, and simple systems are easiest to use for comparisons.

Realistic simulations are described in Chapters 4, 5 and 6.

Standing stocks in each autotroph and heterotroph size class are initialized using equation
(3.11), with y1 = 1000 and y2 = 0.95, except for the largest heterotoph size class (200-2000°
pum), which had y1 = 1. Regenerated N and PDOC pools are initialized with zero concentrations,
and the pools later receive inputs from biotic compartments during growth. The standard
simulation is kept as simple as possible by assuming that PER is constant, and by not including

sinking of phytoplankton cells and growth through size classes.
Output of the standard simulation

Changes with time of the standing stocks of model compartments in the standard simulation
are presented in Fig. 3.4, The biotic size classes are divided into three groups to facilitate
presentation of the results. Populations of pico-phytoplankton, bacterioplankton and
nanozooplankton (zooflagellates) cycle within 3-5 days (Fig. 3.4a), and are plotted on different
axes from the nano-phytoplankton and micrbzooplankton (Fig. 3.4b) and net- phytoplankton and
mesozooplankton (Fig. 3.4c). There is a succession fromv small to large organisms with time in the
standard simulation. The sensitivity analysis will assess to what degree the results depicted in Fig.

3.4 depend on the parameter values and model assumptions.

56



—~ 300
@ a)
E
O .
> 200 Picophytoplankton
E
P ) \ Zooflageliates
S
v -
o 100 Bacterioplankton
=
c
o
» 0 — — —
0.0 . 0.5 1.0 1.5 2.0 2.5 3.0
Time (days)
1200 '
—~ | b)
@
1000 1
g ]
: % 800 - Nano-phytoplankton
E 1 Microzooplankton
x . 6001
O 4
e
[/} -
o 400J |
<
2 200
o 4
» . O T T 1 T M
0 2 4 6 8 10
Time (days)
1000
— i c)
@
g 8001
o
g 600 1 . ' Net-phytoplankton —————>
%: 4 v
S 4001
Z ] Mesozooplankton
€ Ll
BT 200
c
‘.Cg o
n 0
0 10 20 30 40

Time (days)

Fig. 3.4. Output from the standard simulation. Changes in standing stocks with time of a) pico-phytoplankton
(0.2-2 um), bacterioplankton (0.2-2 um) and predators of both (zooflagellates, 2-20 um), b) nano-phytoplankton (2-
20 pm) and their microzooplankton predators (20-200 pum), c) net-phytoplankton (20-200 pum) and their
mesozooplankton predators (200-2000 pm).
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SENSITIVITY ANALYSIS

Platt et al. (1981) list four areas in which model sensitivity should be testéd: 1) sensitivity to
parameters, ii) sensitivity to initial values, iii) sensitivity to functioﬁal form and iv) senSitivity to
model structure. In the sensitivity analysis described below, all four areas of sensitivity are
explored to some extent. A "brute-force" approach is used, whereby parameters are varied one at a
time and the effect on output of the standard simulation assessed (Platt et al. 1981). This is done
descriptively, using graphical displays of output. As aresult, a number of different qualitative'
responses of the simulations have been identified, and some factors that may produce these

responses are summarized in Table 3.6.

i) Sensitivity to parameter values
Allometric equation parameters

Values of parameters are halved and doubled for each parameter in turn. Changes in output
resulting from varying the values of allometric equation parameters are presented in Fig. 3.5, and
the major effects are summarized in Table 3.6. All results are compared with those of the standard
simulation (Fig. 3.5a). The succession of size classes observed in the standard simulation is
repeated in the sensitivity analysis output, but the time scales and magnitudes of standing stocks
vary. Most of the changes are predictable and are not substantial. For example, doubling the value
of the nitrogen uptake rate, Vmay, results in phytoplankton and bacterial standing stocks increasing
faster than in the standard simulation (Fig. 3.5b), and the converse is true when Vs is halved
(Fig. 3.5¢c). Doubling the ingestion rate, I ax, of predators allows small predatoré to attain large
standing stocks (Fig. 3.5d, left panel), but largé predators do not flourish, because the fast
predation rate prevents their phytoplankton prey from increasing. When I, is halved (Fig. 3.5¢),
the durations of the phytoplankton and bacterioplankton blooms increase. Similarly, when the
respiration rates of predators are doubled, the durations of the blooms of their prey ihcrease (Fig.
3.5f). Increasing respiration rates retards predator growth; thus the parameters that affect predation

rates or predator standing stocks influence the time scales of prey population fluctuations. The
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magnitudes of standing stocks are affected by the values of the respiration rate parameters Ry and
Ry (Figs. 3.5f-i), as would be expected. Altering the value of the allometric exponent from the |
assumed value of -0.25 (Chapter 1) has a small effect on standing stocks. When b is increased to -
0.17 (Fig. 3.5j), small organisms are favoured, because their rate parameters are fasfer relative to
those of large organisms. The reverse is true when b is decreased to -0.33 (Fig. 3.5k). Largest
organisms then have the fastést relative rates, and standing stocks of net-phytoplankton and

microzooplankton increase, whereas the other biotic components decrease.

Half saturation constant parameters

The half saturation constants in the nitrogen uptake function (equation 3.2) aﬁd the
ingestion function (equation 3.6) are calculated using two parameters for each function (Table
3.3). The effects of doubling and halving these parameters are presented in Fig. 3.6. Changing the
nitrogen uptake parameters has very little effect (Figs. 3.6b-¢), whereas altering the values of the
ingestion parameters has a pronounced effect. When these parameters are altered in such a way as
to make the net effect one of increasing ‘predation rates (i.e. [Kg1 and {Ks» are halved), the most
obvious effect is to decrease the standing stocks of net-phytoplankton and their mesozooplankton
predators (Figs. 3.6f-g, third panel). When these parameters are doubled, the standing stocks bf
net-phytoplankton and mesozooplankton increase (Figs. 3.6h-i, third panel). Only these two
components are affected substantially, indicating that grazing can be an important factor limiting

net-phytoplankton growth.
Absorption efficiencies

Absorption'cfﬁciencies determine the proportion of ingested food that may be used for
maintenance and growth. When the absorption efficiencies (A) of heterotrophs are altered, the
effects are predictable (Fig. 3.7). A reduced efficiency of 45 % slows down predation rates
because predator standing stocks take longer to increase. Furthermore, the maximum standing

stocks of predators are reduced (Fig. 3.7b). Conversely, an almost perfect absorption efficiency of
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Standing stocks (mg C.m-3)

Percentage extracellular release (PER)

Changing the value of PER affects only the bacterioplankton population (Fig. 3.8), whiéh
increases when PER is increased, because more carbon is made available. Nitrogen does not limit
bacterioplankton growth at the start of the standard simulation, because nitrogen concentrations are

high, and there is little cdmpetition for nitrogen, because all stzinding stocks are low.
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Fig. 3.8. Effects of altering the value of PER in the standard simulation.
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ii) Sensitivity to initial values

| Initial values assigned to standing stocks at the start of each simulation may be important in
determining model output. A number of simulations have been executed in which the initial
biomass spectra were altered (Fig. 3.9). There are some marked differences (mainly quantitative)
- between the different simulations. These include changes in magnitudes of standing stocks and in

the time scales of model-population increases.

~ In the first two simulatiohs, the initial biomass spectra were flat, with standing stocks of 1
and 10 mg C.m-3 respectively (Figs. 3.9b-c).. The standing stocks of the small components of the
quel community increase rapidly in these two simulations, and their blooms are shifted to the left
relative to those of the standard simulation, but standing stocks are smaller. The initial values of
the small size classes in Fig. 3.9b and ¢ afe larger than those in the standard simulation, whereas

those of the large phytoplankton and zooplankton are relatively unchanged.

In the third simulation (Fig. 3.9d), the biomass spectrum is initialized with a positive slope,
and the output is very similar to that of the standard simulation (Fig. 3.9a), although the time
scales are slightly different. In the remaiﬁing five simulations the standing stocks of different
components are altered relative to those of Fig. 3.9d. The initial standing stocks are increased by a
factor of 10 for pico-phytoplankton and bacterioplankton (Fig. 3.9¢) and nano-phytoplankton and
zooﬂagellateé (Fig. 3.9f), and decreased by a factor of 10 for mesozooplankton (Fig. 3.9g). In all
three cases the output is similar to that of Fig. 3.9d, except for differences in the magnitudes of

standing stocks.

The initial standing stocks of Bacten'opla.nkton are increased by a factor of 100 (Fig. 3.9h)
and 1000 (Fig. 3.9i), to assess whether bacterioplankton standing stocks in the simulations are
depressed due to the control of predators. However, similar results are obtained to those of Fig.
3.9d, suggesting that some other factor (probably carbon limitation) retards the growth of

bacterioplankton at the start of the simulations.
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iii) Sensitivity to functional form
Wet mass : carbon conversions

Linear conversions have been used to convert wet mass to C for autotrophs and
heterotrophs in the standard simulation. However, volume : carbon relationships for

phytoplankton are non-linear, and the following relationships have been estimated for diatoms:

0.758

WpgC = 0378V (um3) (Strathmann 1967).......cceeevvieeeennnn. (3.13)
_ 3, 0.74 .
WpglO = 026 V(um™) (Taguchi 1976)....ccuuuvvervevvrerrrennnen. (3.14)
and for non-diatom phytoplankton:
3, 0.866 ‘

W (g C) = 0347 V (um™) (Strathmann 1967)............cccccu..... (3.15)

The non-linear equations of Strathmann (1967) are widely used to calculate phytoplankton C from
cell volumes, whereas linear conversions are used for all heterotrophs (e.g. Rodriguez and Mullin
1986). Because the model uses size classes and not weight classes, it is confusing to use different
conversions. Heterotrophs could then ingest autotroph and heterotroph prey of the same physical
size but with different C masses. Furthermore, allometric equations typically use C masses as an
indicator of organism size, and autotrophs and bacteria of the same physical size would have

different C masses and thus different physiological rates.

The effect of using the assumed linear conversion for all groups is compared with a
simulation in which equation (3.13) is used for autotrophs and heterotrophs (Fig. 3.10). It is
apparent that the standing stocks of small organisms increase, whereas those of large organisms
are depressed. The non-linear conversion results in bigger C masses for small organisms, whereas
large organisms are assigned smaller C masses, the changeover occurring at 1066 um3 (12.7 um
esd). If a non-linear conversion were used for phytoplankton and a linear conversion for all
heterotrophs, as is usually the case, this would substantially affect the differences in uptake rates

between similar-sized autotrophs and bacteria.
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Fig. 3.10. The effect of using non-linear wet mass to carbon conversion functions in the standard simulation.

The complexity that woﬁld be introduced to the model structure if apparent differences
between wet mass to C conversions for autotrophs and heterotrophs were accommodatcd, does
not warrant their inclusion (Starfield and Bleloch 1986), and simple linear conversions are used
throughout. Thus C masses in the model may be underestimated for small autotrophs and
overestimated for large autotrophs. The reason why autotrophs shbuld display this non-linearity
between volume and C mass whereas heterotrophs apparently do not is unclear. It is possible that
. a non—lineai' conversion should be applied to all organisms, but has not yet been calculated for

heterotrophs, because a large enough size range has not yet been studied.
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Varying percentage extracellular release (PER)

Phytoplankton production and bacterioplankton growth are believed to be closely coupled
(Azam et al. 1983). Bacterioplankton compete with phytoplankton for dissolved N, but at the same
time rely on phytoplankton for PDOC, resulting in a paradoxical situation (Bratbak and Thingstad
1985), in which phytoplankton supply bacteria with one nutrient while competing With them for
another. A number of studies have attevrripted to elucidate the relationship between phytoplankton
production of PDOC and its subsequent utilization by bacterioplankton (e.g. Azam and Hodson
1977, Bell 1980, Bell and Sakshaug 1980, Cole ez al. 1982, Jensen 1983, Laake et al. 1983a; b,
Hagstrom et al. 1984), but PER is.very difficult to estimate, largely because PDOC is rapidly
taken up by bacteria. The problem becomes even more complex when oné considers that PER is
probably not a constant proportion of primary production, but varies with a number of factors

(Lancelot 1983)._

A constant PER of 30 % for labile PDOC is assumed in the standard simulation. The effect
of halving. and doubling this value has been shown (Fig. 3.8), and this parameter has been
identified as being important in determining the standing stocks of bacterioplankton. The effect of
using a variable PER determined by ambient N levels, as suggested by Aiam et al. (1983), is
investigated in this section. Azam et al. (1983) presented a plot of PER versus ambient N
concentrations, and calculated a linear relationship. However, the linear function is not realistic
because at nitrate concentrations greater than about 480 mg.m-3 PER becomes negative. I fitted an

exponential decay function to the data to give the following relationship:
PER (d'1) = e0004 X N s (3.16)

where N is nitrogen concentration measured in mg.m-3, and PER changes as ambient nitrogen
concentrations change. The result of making PER variable was similar to having constant PER
(Fig. 3.11), because new-N levels in the standard simulation are set to be constant, and do not
decline to zero. PER thus does not become very large, varying between 13 and 44 %. Initially,
PER is greater than 30 %, resulting in a larger bacterioplankton standing stock than that observed

in the standard simulation (Fig. 3.11). The importance of PER is manifested through its effect on
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bacterioplankton, because PER determines the amount of C available for bacterioplankton growth.

The assumption of constant PER is valid for the standard simulation, but may not be valid in a

dynamic system.
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Fig. 3.11. The effect of making PER a variable in the standard simulation, dependent on the ambient nitrogen
concentrations ’

Threshold densities for ingestion of prey

Predators often display a threshold response in their feeding behaviour; feeding may cease

when the density of prey items falls below é threshold value (e.g. Frost 1975). Such a functional

response has been included in the structure of the ingestion functions in the simulation model (see

Appendix II), but the threshold concentrations were set to zero in the standard simulation, to

reduce model coniplexity. The effect of including a threshold density of 10 mg C.m3 for ingestion
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of all prey size classes is demonstrated in Fig. 3.12. It is evident that the simulation output
stabilizes when threshold densities are included. This result may be more realistic than that of the
standard simulation, but the values of the threshold concentrations -are not knewn for all size
classes. The strength of the model lies in the fact that all of its parameters are estimated objectively,
using size-dependent relationships. Rather than lose this objectivity by including subjective
estimates of threshold parameters the threshold densmes were reset to zero for all subsequent
simulations. However the effect of including threshold densmes in the model (Table 3.6) should

be borne in mind when interpreting "realistic" simulations in Chapters 4, 5, and 6.
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Fig. 3.12. The effect of including a threshold concentration of 10 mg C.m™3 for ingestion in the standard
simulation for all prey size classes.
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iv) Sensitivity to»model structure

Growth

In the standard simulation, growth along the continuums was ignored. The effect of

allowing a linear transfer of standing stock from small to large size classes is investigated. A

transfer of 10 % per day results in increases in magnitudes of heterotroph standing stocks (Fig.

3.13b), and a greater transfer of 30 % per day causes a greater relative increase, and results in

stable populétions of the largest heterotrophs (Fig. 3.13c). By growing into a larger size class, an

- organism slows down all process rates, so the net effect is for standing stocks to increase. This

may be important in systems in which food is not abundant.
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Fig. 3.13. The effects of including growth from small to large size classes in the standard simulation. a) Standard
simulation, no growth. b) Growth factor of 10 % per day. ¢) Growth factor of 30 % per day.
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Sinking

Sinking losses are included in the standard simulation by aésuming a 1 m deep zone, and
calculating the amount of autotroph C and N that would be lost thfough sinking (equation 3.9).
" Inclusion of sinking losses from the autotroph continuum has very little effect on standing stocks
of autotrophs less than 20 um (Fig. 3.14b, first two panels), and changing the values of the
'sinking parameters has no further effect (Figs. 3.14c-f, first two panels). This is because the small
autotrophs have very slow sinking velocities (Table 3.4). However, the large-celled autotrophs
and their grazers are affected dramatically by thé inclusion of sinking losses in the simulations
(Fig. 3.14b-f, third panel), with standing stocks barely increasing before decreasing to zero,
except in the last simulation (Fig. 3.14f), in which the effect of increasing the exponent in the
power function (Chapter 2) results in slower sinking velocities. These sinking velocities are
applicable in a water column in which water densities are uniform and there is no upward
transport. This is obviously unrealistic, and in nature sinking velocities will change as the physical

and chemical structure of the water body changes.
Diurnal effects

All processes in the model are assumed to occur continuously, i.e. there are no diurnal
effects. Obviously this is not realistic. Assuming that photosynthesis is averaged over a day, gives
an indication of the magnitude of primary production, but does not reflect the true dynamic pattem.
The effect of including a simple diurnal pattern is shown in Fig. 3.15, in which it has been
assumed that carbon is fixed for one half of every day, but all other processes remain unchanged
throughout the day. This results in a jagged pattern of standing stocks with time, which is more
pronounced for small size classes than for large size classes. The pico-phytoplankton (Fig. 3.15,
left panel) oscillate more frequently than in the standard simulation. Because no carbon is fixed
during the "night" but respiration continues, the autotroph standing stocks take longer to increase

than in the standard simulation, which also affects the rate of increase of heterotroph grazers.

72



1000 a) Standard - No sinkln§ l

300 a) Standard - No sinking a) Standard - No sinking
1000 1
2001 Pico-phytopl. { Nano-phytopl. 500 - Net-phytopl. .
] Zooflags.
Bact. 5001 Microzoopl. 4 / Mesozoop!.
1001 V{ .
1 ] : 0 RN § v ¥ 4 14 v T
0 f T 0T 0 10 20 30 40
0 1 2 3 0 2 4 6 8 10 B
300 - . 1000 b) Sinking included
| b) Sinking included 1000 - b) Sinking included | :
200 ] 5001 |
1001 5007 o
o: i 0 0 w-—E—8—— T T T 4
-0 10 20 30 40

0 1 2 2 4 6 8 10

3007 c)Spix2 1000 - c)Sp1x2 . c)Spix2
200 ' | ,
500 -
100 _ ]
0 ’ R e — r r

W
(=4

Standing stocks (mg C.m-3)

0 1 2 3 0 2 4 6 8 10 0 10 20 30 40
\ )
00 d) Sp1x0.5 1000 - d) Sp1 x0.5 1000 d) Sp1x 0.5
200 1 ] :
. 500
100 500 : v |
0 0 0 -aerau-g-—a— p—r—— &
0 R 2 3 c 2 4 6 8 10 0 10 20 30 40
300
} e)sSp2x2 10004 © Sp2x2 1000 6) Sp2x 2
2001 1
1 500 1
100
E
04 0 o0 oe——p———1—r
0 1 2 8 0 2 4 6 8 10 0 100 20 30 40
300
T hsp2x0s 1000 NSp2x05 1000 TSz %05
200+ 1
1 . . 500 1
100 500
0 . 0 04—0—1—4—4@
0 1 2 3 0 2 4 6 8 10 0 10 20 30 40

Time (days)

Fig. 3.14. The effect of including sinking losses of phytoplankton cells in the standard simulation (a-b). The values
of each of the two sinking parameters in turn are doubled and halved(c-f).
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Fig. 3.15. The effect of including a simple diurnal cycle in the standard simuiation.

Number of size classes

The number and size range of size classes in the model community is variable, and is set at
the start of each simulation, when the total size ranges of autotrophs and heterotrophs are defined
and the log scale is set. In the standard simulation, the log scale was set to 10, but in subsequent
chapters a scale of 5 is used, resulting in more size classes. By incfeasing the number of size
classes within a fixed size range, the structure of the model becomes more complex. Predators are
able to utilize more than oné size class, and competition for nitrogen between phytoplankton size
classes become more pronounced. Successions involving different sizes of organisms still occur,
but not necessarily in a strict sequence from small to large organisms. In nature, it appears that a
log scale of 5 is more realistic than one of 10, because it allows for the separation of, for example,
heterotrophic flagellates and ciliates. Heterotrophic flagellates are generally < 5 um (Fenchel
1982a), whereas ciliates can range from approximately 10 to greater than 50 um (Fenchel 1980c).
These two groups play different roles in the marine pelagic environmgnt, and it is useful to
separate them on a size basis. Adopting a log scale smaller than 5,. e.g. 2, results in an
unmanageable number of sizes classes. Organism size is probably not continuous in nature. In

benthic environments, it has been fo_und that sizes of organisms fall into discrete size categories
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(Schwinghamer 1983, Warwick 1983), and this may also be true for pelagic environments (e.g.
Sprules er al. 1983). A log scale of 5 appears to be realistic in separating trophic categories in the

plankton, although further, detailed studies are required.

Table 3.6. Summary of some of the different effects thaf may be achieved in simulations by altering the values of
certain parameters, or changing certain assumptions of the model. Note that the "desired effects" may occur in nature
if some factor other than those included in the model were to influence the "sensitive" parameters.

Desired effect Sensitive parameter(s) and/or assumptions

Change the absolute magnitudes of standing stocks Values of respiration rates
Values of absorption efficiencies A
Change organism growth parameters
Diurnal effects

Change bacterioplankton standing stocks Values of PER
: Include "refuge" densities (threshold densities for
ingestion by bactivores).

Change the relative magnitudes of standing stocks Values of the half saturation constants for ingestion of
different sized organisms (chiefly affects predators
larger than 200 pum and their prey)

Starting values

‘Wet mass : carbon conversion functions
Include organism growth through size classes
Change organism growth parameters

Include sinking losses

Accelerate or delay the rates of bloom "increases” Values of nitrogen uptake rates Viax
Factors affecting nitrogen uptake rates V
Values of absorption efficiencies
Starting values
Diurnal effects

Change the durations of population "blooms” Values of maximum ingestion rates Imax
Factors affecting ingestion rates I
Values of respiration rates of heterotrophs Ry,
Factors affecting respiration rates Ry
Values of absorption efficiencies A
Diurnal effects

Stabilise predator-prey oscillations ‘Include growth through size classes
' Include threshold densities for ingestion
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CONCLUSIONS .

The model is robust with respect to many of .its parameters, because most changes that
occur on altering parameter values are quantitative, not qualitative, and are predictable. The model
appears to be sensitive to ingestion rates, to the value of PER, to the shape of the initial biomass
spectrum at the start of each simulation, and to wet mass:carbon conversion functions (Table 3.6).
Parameters such as these, identified as being important in affecting model output, can be used to
analyse system behaviour, and to try to isolate factors that may be instrumental in structuring

plankton communities.

Model structure is largely hypot};etical; the model is essentially a synthesis of hypotheses_.
describing processes occurring in microplankton communities. Functions describing flows of C
and N through the model comniunity are not necessarily linear. This is in contrast to most othér
whole-system models, which usually abandon non-linearity because linear transfers between state
variables are easier to handle. However, this may result in over-simplification, and it is believed

that non-linearity is an integral part of complex systems (Prigogine 1987 ).

This model, based primarily on body size criteria, obviates many of the problems of
parameter estimation common in ecological modelling. As a result, model output can be validated
against any system study or data series, because parameters in the model are not specifically
related to any ecological system. The model can therefore be applied to any microplankton
community, to test ideas on structure and functioning of different systéms. This is. a major
advantage over most previous models which are largely area- or system-specific, and whose

predictive capacities are often in question.
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CHAPTER 4

MODELLING TWO CONTRASTING SOUTHERN BENGUELA FOOD WEBS.
I. STANDING STOCKS AND SIZE STRUCTURE

ABSTRACT

‘Size-based models are used to simulate planktonic food webs of the .Agulhas Bank and an
upwelling area off the west coast in the southern Benguela region. In both models the
phytoplankton are divided into four size categories, and the microzooplankton into five size
categories, and all parameters are determined using body-size relationships. It is assuined that
nitrogen is limiting in both ecosystems, and other physical factors such as light are ignored. A
continuous small input of new nitrogen into the Agulhas Bank model simulates diffusion into the
euphotic zone across the thermocline, whereas an initial large pulse of new nitrogen in the west -
coast model simulates upwelling. Simulated model communities coﬁpme well with field
observations in terms of standing stocks and size cdmposition. The Agulhas Bank simulations
depict an initially fluctuating standing stock of phytoplankton, which stabilizes to a pico-
phytoplankton dominated community. This steady state probably never occurs in naturé. The west
coast model predicts that net-phytoplankton blooms after upwelling will be preceded by rapid
blooms of pico-phytoplankton, and it is suggested that such blooms may have been overlooked in
field studies, or may be depressed by other factors such as light. Simulation results indicate that
understanding of the structure of the two ecosystems and the processes occurring are relatively
well understood. The models provide useful tools for exploring the relationships between different

components of the plankton communities.
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INTRODUCTION

The Benguela system is situated off the west coast of southern Africa (Shannon 1985). It
- is dominated by a coastal upwelling system which, in common with upwelling systems in other
eastern boundary current regions, supports productive commercial fisheries (Cushing 1971). The
| Benguela system generally is divided into northern and southern sections (Shannon 1985), the
southern Benguela extending offshore between Hondeklip Bay and Cape Agulhas (Shannon 1985)
(Fig. 4.1). This southern area supports an important pelagic fishery, with pilchard Sardinops
ocellatus and anchovy Engraulis cabensis dominating purse-seine catches at different stages in the
history of the fishery (Crawford et al. 1987). At present, both species spawn on the Agulhas Bank
(Fig. 4.1), but larval development takes place chiefly on the west coast, in the upwelling region of

the southern Benguela.
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Fig. 4.1. Location of the two model ecosystems off South Africa
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The spawning and recruitment areas have markedly different physical and biotic
environments, which display variations on a number of time scales. During summer, the period
during which spawning of pelagic fish takes place, the water column of the Agulhas Bank is
characterized by strong thermal stratification with a well developed chlorophyll maximum at the
thermocline (Carter et al. 1986). Primary production is limited by nitrogen availability and by light
when self shading occurs in the chlorophyll maximum (Shannon and Pillar 1986, Carter et al.
1987). Nitrate is believed to enter the euphotic zone by diffusion from nitrate-rich water below the
thermocline (Carter et al. 1986, 1987). The structure of the water column and its associated
phytoplankton community appears to be stable compared with that of the active upwelling areas off
the west coast (Carter et al. 1987), and it is believed that this structure is important to anchovy

spawning success (Carter et al. 1987).

In contrast, the upwelling region of the southern Benguela is characterized by episodic
upwelling events during spring and summer (Brown and Hutchings 1987a), and has a cold,
variable and unpredictable environment. Nitrate is the limiting nutrient in this system (Andrews
and Hutchings 1980). Nitrate-rich water is brought to the surface during upwelling, allowing the
rapid development of phytoplankton blooms, usually of short duration (Olivieri 1985, Brown and
Hutchings 1987b). The upwelling region generally supports larger standing stocks of
phytoplankton than are found on the Agulhas Bank (De Decker 1973), and has a larger primary
production than the Agulhas Bank (Shannon and Field 1985).

The pelagic ecosystems in these two regions of the southern Benguela are subjects of
research aimed at understanding trophic processes affecting pelagic fish. Seasonal and monthly
variations in phytoplankton and zooplankton standing stocks have been demonstrated in both
regions (see Shannon and Pillar 1986 for a review). However, shorter time scales than these are
probably required to understand trophic processes, of the order of days and weeks. "Snapshot"
measurements are difficult to extrapolate, and existing time series of data (e.g. Carter et al. 1987,
Brown and Hutchings 1987b, Lucas et al. 1987, Painting et al. 1988, Verheye-Dua and Lucas
1988) allow for the construction of working hypotheses as to how the ecosystems function, but

cannot be used to test these hypotheses. In this chapter I test the hypothesis that differences in the
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mechanics of nutrient supply to the phytoplankton populations on the Agulhas Bank and the
upwelling area are responsible for the different communities that occur in the two regions. I use a
generalized model of a microplanktor} community, developed in Chapter 3, to simulate food webs
and processes for the two regions. Output from the simulations is compared with field data, to
assess whether model communities are realistic. A detailed analysis of the functioning of the model

ecosystems is discussed in Chapter 5.
SIMULATIONS

Nutrient dynamics of microplankton communities are simulated for hypothetical food webs
at the chlorophyll maximum on the Agulhas Bank (AB) and for an upwelling area on the west
coast (W C). Identical size-based simulation models are used for both regions. Details of the model
structure are described elsewhere (Chapter 3), as are the derivations of model parameters
(Chapters 1 and 2). vThe simulations are executed over a time horizon of up to 50 days, with time

increments of 0.05 days.

The model microplankton communities consist of four phytoplankton and five zooplankton
size classes (Fig. 4.2). To facilitate discussion the zooplankton size classes are categorized
according to familiar groups of animals that fall in those size classes, but it should be remembered
that these categories are not exclusive, and the representative taxa are not necessarily the dominant
ones in that size category. Transfers of carbon and nitrogen are simulated within the communities.
Carbon is assumed to enter the system through carbon fixation by phytoplankton, and to leave the
system as a resﬁlt of éinking of faecal material and dissipation through respirétion (Fig. 4.2a).
Carbon flows into and out of compartments occur through uptake of PDOC (photosynthetically-
produced dissolved organic carbon) and ingestion of carbon as biomass. Nitrogen inputs into the
system occur through upwelling or diffusion of new nitrogen into the new nitrogen pool, and
nitrogen is lost from the system through sinking of faecal material. Nitrogen flows within the
communities occur by uptake, ingestion and excretion (Fig. 4.2b), with soluble excretc:d nitrogen

being recycled into the regenerated nitrogen pool.
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The models are kept as simple as possible by assuming optimal light conditions in the euphotic
zone, with only nitrogen limiting phytoplankton growth. Simulations of AB and WC
environmental conditions differ only in terms of two factors: 1) method and amount of new
nitrogen input to the systems and 2) ambient temperatures, which affect the values of rate

parameters (see below). All parameters are presented in Table 4.1.
Agulhas Bank (AB) model.

Carter et al. (1986) estimated that a daily nitrate flux of 6.2 mM.m-2.d-1 was necessary to
sustain primary production in the euphotic zone on the Agulhas Bank. The chlorophyll maximum
for which this flux was estimated is approximately é m thick. Most primary production occurs in
the chlorophyll maximum (Carter et al. 1986, 1987), and the nitrate flux is thus equivalent to 3.1
mg-at.m-3.d-1 or 42.3 mg N.m-3.d-1. In the AB model, new nitrogen is introduced continuously at
a rate of 20 mg N.m-3.d-1 (1.5 mg-at N.m-3.d-1), simulating diffusion into the chlorophyll
maximum layer. This rate is less than that estimated by Carter et al. (1986), but larger values
resulted in unrealistically large phytoplankton standing stocks. Temperatures of the surface waters
on the Agulhas Bank are xjelatively warm (19-22°C, Swart and Largier 1987), and an ambient
temperature of 20°C is assumed for the model system. Initial phytoplankton and zooplankton
biomass spectra are set with large organisms dominating (Table 4.1). Simulation output for only
10 days is presented for the AB model, because the system stabilizes to a steady state from day 10

onwards.
West coast (WC) model

In the WC model, upwelling of nutrient-rich water into the euphotic zone is simulated by
introducing a large initial concentration (350 mg N.m-3 or 25 mg-at N.m?) of new-nitrogen at the
start of the simulation, after which new-nitrogen input is zero. This value corresponds to the
largest measured concentrations of nitrogen in newly upwelled water off the Cape Peninsula
(Armstrong et al. 1987, Brown and Hutchings 1987a). Conditions in cold upwelled water are
simulated by assuming an ambient temperature of 10°C (Brown and Hutchings 1987a). A Qg of

2.0 is assumed, and rate parameters for uptake, ingestion and respiration are half those of the
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. Agulhas Bank simulation (Table 4.1). As upwelled water ages, its temperature increases, which

affects the values of rate parameters, but this effect is ignored in the simulation to reduce model

3 complexny However, 1gnor1ng temperature changes may underestrmate productlon rates. The |

phytoplankton and zooplankton blomass spectra are 1mt1ahzed W1th large orgamsms dommant (as

| for the AB model), srmulatmg the seedmg of newly upwelled water (Table 4.1). Zooplankton

larger than 25 pm are set to very small startmg values, because 1t is beheved that organisms in

| these size classes probably are not abundant in newly upwelled water and grazing losses from |

phytoplankton blooms are esttmated to be as httle as 2% of total productlon (Ohv1er1 1985)

Table 4.1. Values of parameters used to simulate carbon and nitrogen flows through microplankton communities
in the Agulhas Bank model and the west coast upwelling model. 1 x 105 mg C.m-3 is the smallest standing stock
by default in the model community (Appendix I)

Agulhas Bank size classes (um)

West coast size classes (.um)

‘021 15

525

25-125125-625

(mg C.m™3)

Parameter | 021" 15 52525125125635
AUTOTROPHS
Maximum growthrate (&) 21 © 64 19 057 -
Respiration rate (d-1) 71 21 064 019 -
. Half saturation constant | 0.00026 0.032 38 64 -
* for N uptake (mg N. m‘3) )
PDOC productionrate @l) 03 03 03 03 -
*Initial standing stocks  1x105 1x105 2 . 36 -
(mg C.m3) ‘ |
' HETEROTROPHS
Maximum uptake rate (d'1) 21 - - - -
Maximum ingestionrate (1) < 98 29 87 26
‘Respiration rate (d-1) 119 56 17 50
. Half saturation constant ~ 0.00026 - - - .
for N uptake (mg N.m3)
Half saturation constant - 34 50 - 74 - 110 - 160
for predation (mg C.m™3) '
Faecal productionrae @) - 01 01 01 0.1
Initial standing stocks ~ 1x105 1x105 2 36 12

o 32

36 1.1
~0.00026 0.032

03 03

1x10°  1x10°3

11 -
- 49
3.6 94
0.00026 -
34 50
-0

1x10°5 1x10-5

.l'.O
0.32
3.8

03

2

15
2.8

74

2

029 -
009 - -

03 -
36 -

- 44 13

084 0.2

110 160

0.1 01

'lx10‘5 1x10-3
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RESULTS AND DISCUSSION

Agulhas Bank
Autotrophs.

The model system initially'has a distinct cyclical nature due primarily to predator-prey
interactions, but then stabilizes after 10 days. The steady state is artificial, because conditions in
the water coiumn change conﬁnually. Thus the changes displayed up to the steady-state will be

v(.liscussed in detail to assess the dynamics of thé system, and the stable system is regarded as the
underlying structure upon which fluctuations are imposed. Pico-phytoplankton (0.2-1 pm),
increase rapidly at the start of the AB simulation (Fig. 4.3a), and cycle approximately 8 times
during the 10-day simulation. The maximum standing stock of this size class is 30 mg C.m-3,
From day 9 onwards, this size class stabilizes at approximately 20 mg C.m-3, when it dominates
the phytoplankton assemblage. The second smallest phytoplankton size class (1-5 um) does not
increase during the 10-day simulation. The main phytoplankton bloom which occurs from days 6
to 9 is comprised of the phytoplankton size class 5 to 25 pum, and is grazed down by zooplankton.
Although the biggest phytoplankton size class (25-125 um) is initialized with a relatively large
standing stock, its standing stock decreases slowly throughout the duration of the simulation (Fig.

4.3a).

Heterotrophs

Bacferioplankton standing stocks (size class 0.2 to 1 um) display the same trends aS the
smallest phytoplanktoh size class, changing 8 times during the 10-day simulation, but have smaller
standing stocks, attaining maximum values of about 1.6 mg C.m3 (Fig. 4.3b). In the steady-state
system the bacterioplankton ilave standing stocks of 1.1 mg C.m-3. Bactivorous "zooflagellates"
(1-5 pm) increase at day 1 to a maximum standing stock of 13 mg C.m-3, and then decrease by
day 3, and remain at very small standing stocks for the remainder of the simulation. "Ciliates" (5-
25 um) feed on the two smallest phytoplankton size clésses as well as bacterioplankton and

zooflagellates. The ciliates increase after day 3, and undergo regular fluctuations until day 7, after
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which time they remain stable at 20 mg C.m‘3. There is a small peak in the standing stock of the
zooplankton size class 25-125 pm between days 8 and 9, and the biggest zooplankton size class

(125-625 pum) increases from day 7 to a maximum persistent standing stock of 150 mg C.m3.
Dissolved nutrients

Changes in the concentrations of dissolved nitrogen in the new and regenerated nitrogen
pools in the AB model are shown in Fig. 4.3c. New nitrogen concentrations increase and then
stabilize at the input level of 1.43 mg-at N.m-3, Because the concentrations do not increase, it can
be concluded that all of the new nitrogen is taken up at each time step in the simulation, and that
the ambient concentrations merely reflect the instantaneous input at the start of each time step. In
practicai terms this means that measurable new nitrogen concentrations would be zero.
Regenerated nitrogen concentrations increase from zero to approximately 3.26 mg-at N.m-3, and
remain at this concentration in the steady state system. The nitrogen concentrations fluctuate as

zooplankton standing stocks fluctuate.

Although concentrations in the dissolved nitrogen pools are relatively stable during the
simulation (Fig. 4.3c), the PDOC pool concentrations (not shown in Fig. 4.3) increase steadily
from zero concentrations throughout the simulation. Phytoplankton produce PDOC continuously,
but model bacterioplankton do not utilize all the PDOC that is produced, allowing it to accumulate
in the PDOC pool. This implies that carbon is not limiting to bacterioplankton, except perhaps in
the initial stages of the simulation when PDOC concentrations are zero. This result is probably not
correct, because in nature the PDOC concentrations will not continue increasing. Our knowledge
of the factors affecting the production of PDOC under natural conditions is very poor and not
quantitative, and this is reflected in the unrealistic result in the simulation output, in which constant

percent extracellular release (PER) is assumed.

A number of different time scales operate in the model system before steady state.
Picoplankton (< 1 um) operate on time scales of hours (Table 4.1), and this is reflected in the
periodicity of their fluctuations, which occur approximately every 0.8 days. The most important

phytoplankton size class in terms of magnitude of standing stocks, the size class 5-25 pm,
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"blooms" for 3-4 days. In steady state the pico-phytoplankton apparently are able to outcompete all
- other sizes. However, steady states are not reflected in field measurements (see below), and

probably never occur in nature.
Comparison with field data.
Autotrophs

. The dynamic nature of the Agulhas Bank has not been sufficiently emphasised in field
studies, which have concentrated mainly on a snapshot approach to sampling programs. However,
there are siinilarities between the data of Probyh and Lucas (1987) and different time segments of
the sim;ﬂation model output (Fig. 4.4). Largest standing stocks occur at station 133, and are
estimated to be approximately 150 mg C.m3, based on the cell counts of Probyn and Lucas
~ (1987), concentrated mainly in the size class 5-25 pm. This size class dominates at both stations
where total standing stocks are relatively large ('Fig., 4.4a). The maximum estimated standing stock
is similar to the maximum simulated by the AB model (Fig. 4.4b), where the model size class 5-25
pm also dominates. The biggest phytoplankton size class (25-125 pm) is present in relatively large
quantities in the simulation output only because it is initialized with a large standing stock. After 9
days standing stocks of this 'size class decrease to zero in the simulation (Fig. 4.4b). This is
supported by field data, which indicate that larg_e phytoplankton cells are not an important
contributor to total phytoplankton biomass on the Agulhas Bﬁnk. This should be expected,
because if nitrogen concentrations are as low as indicated by Carter et al. (1986) and the simulation
output above, large cells will be at a disadvantage due to relatively slow uptake rates. The
observed standing stocks of cells smaller than 5§ pum range from practically zero to about 14 mg

| C.m-3.(based on cell counts, Fig. 4.4a), which is of the same order of magnvitude as the standing
stocks of cquivalen't sizes in the simulation results (Fig. 4.4b). Phytoplankton cells smaller than 15
um are difficult to identify and enumerate (Davis and Sieburth 1982), and there are no field data of

pico-phytoplankton on the Agulhas Bank.
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Fig. 4.4. Comparison of standing stocks of phytoplankton size classes from a) stations

sampled at the chlorophyll maximum (not a time series) on the Agulhas Bank (based on

cell counts from Probyn and Lucas 1987) and b) results of the Agulhas Bank simulation
The fluctuations in standing stocks simulated by the AB model are supported to some
extent by a short time series of field observations from the Agulhas Bank presented by Carter et al.
(1987). These data indicate that maximum measured chlorophyll concentrations at a sub-surface
chlorophyll maximum fluctuated between 5 mg.m-3 (about 335 mg C.m-3) and greater than 10
mg.m-3 (about 670 mg C.m3) over a period of 3 days. Two "peaks" occurred during this time.
The first lasted for at least 1.5 days and the second for 0.5 days, and they were separated by an

interval of approximately 0.5 days. This time scale is very similar to that shown in simulation
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output (Fig. 4.4b), where pico-phytoplankton primarily are responsible for the rapid fluctuations

in standing stock.

Heterotrophs

No time series are available of field measurements of heterotroph standing stocks on the
Agulhas Bank. However, the range of standing stocks that have been estimated are similar to the
ranges of values simulated by the model. At the chlorophyll maximum at a number of stations
sampled on the Agulhas Bank, Probyn and Lucas (1987) present cell counts for heterotrophs < 5
Hm ranging from 1017 to 48302 cells.ml-1. Assuming most of these are 3 tm in diameter (Probyn
and Lucas 1987), I converted these counts to approximate standing stocks of 1 to 50 mg C.m-3.
The simulated standing stocks of sizes < 5 pim in the sirhulation reach maximum values of 1.5 mg
C.m-3. I estimated that standing stbcks of organisms 5-15 um were approximately 2 to 90 mg
C.m-3, and standing stocks of ciliates (assumed to be 30 wm in diameter) were approximately 0.2
to 4.5 ug C.m-3, based on the cell counts of Probyn and Lucas (1987). Thus estimated maximum
standing stocks of heterotrophs < 30 um were approximately 145 mg C.m-3, The simulated
maximum for these sizes is about 40 mg C.m-3. However, all of the different sizes do not peak at
the same time so instantaneous standing stocks should be smaller. The flagellate standing stocks
are much larger in the field data than in the model, indicating that the bacteria and flagellates are
underestimated by the Agulhas Bank model. This is probably due to predator control by the ciliate
size class (5-25 um), which is persistently present in the simulation and does not allow the

heterotrophs < 5 pm to increase.

Counts of copepod nauplii from the Agulhas Bank are also presented by Probyn and Lucas
(1987). When present in samples, they range from 0.1 to 1.6 nauplii.ml-1, and rough conversions
~ result in a biomass estimate of approximately 1 to 16 mg C.m-3, assuming 150 pim length and the
length-weight conversions of James (1987). The model size class 125-625 pm has a maximum
standing stock of 170 mg C.m-3. Pillar (1986) estimates average copepod standing stocks on the
Agulhas Bank to be 610 mg dry wt.m2 or 244 mg C.m-2. If the simulation estimates are
extrapolated to cover the depth of the chlorophyll maximum (about 2 m), the simulation results

give potential integrated standing stocks of 340 mg C.m-2. The model does not allow for increased
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metabolic rates during activities such as feeding (see Chapter 3), and will underestimate respiratory

losses and thus overestimate standing stocks in motile organisms.
West Coast
Autotrophs.

| As expected from field observations, a phytoplankton bloom develops in the model system
as a result of the input of a pulse of new nitrogen (Fig. 4.5). However, the structure of the bloom
_is more complex than has previously been observed. The model phytoplankton bloom displays a
number of peaks (Fig. 4.5a). The first peak occurs at day 2, and is dominated by pico-
phytoplankton (0.2-1 um). This‘peak reaches a maximum standing stock of approximately 400 mg
C.m3, before decreasing rapidly. It is followed by a bloom of nano-phytoplankton (0.2-5 Hm) at
day 4.5, and another bloom of pico-phytoplankton from days 7 to 9, after which the pico-
‘phytoplankton increase only slightly_from days 13 to 18. A protracted bloom of phytoplankton of
sizes 5-25 pm occurs from approximately day 6 onwards, reaching a maximum standing stock at
day 10 of approximately 300 mg C.m-3 (Fig. 4.5a). The largest phytoplankton size class (25-125
Hm) is essentially predator;free in the model systém (their predator size class remains at véfy small
standing stocks due to long generation times), and therefore does not exhibit the same rapid
decreases in standing stock as do the three smaller phytoplankton size classes over a 20-day

| period.

Heterotrophs

Standing stocks of different size classes of heterotrophs show cyclical pattems in response
to phytoplankton blooms (Fig. 4.5b). These cycles often have very short periods (often less than 1
day for a complete cycle), making it unlikely that they would be adequately recorded if they occur
in.the field, given that most sampling periods are longer than one day and that field studies are
integrated over time and space. However, the durations of bacterioplankton (0.2-1 pm) and nano-
zooplankton (1-25 pum) blooms were shown to increase if parameters affecting ihgestion rates
were altered (Chapter 3), so the time scales shown in simulation output may alter if some other

factor, not included in the model, affected ingestion rates.
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In general, in the model system there is a succession from small to large zooplankton with
time, reflecting predator-prey relationships in the model, where small prey are eaten by large
organisms (Fig. 4.2). Bacterioplankton (0.2-1 pum) increase first (Fig. 4.5b), reaching a peak of
approximately 20 mg C.m-3 by day 2, and then decrease. They increase again at day 4.5 and day
8, and display a small peak at day 10 and a protracted but small bloom from day 13 to 20. These
trends are similar to those displayed by the pico-phytoplankton, but the initial bacterioplankton
peak is much smaller than that of the pico-phytoplankton, presumably because bacterioplankton
are carbon limited at the start of the bloom, because PDOC concentrations in the model are started
at zero. The zooflagellates (1-5 pm), which ingest bacterioplankton and pico-phytoplankton,
increase when the pico-phytoplankton increase. During the nano-phytoplankton (1-5 pm) bloom
when bacterioplankton also increase (days 4-5), zooflagellate growth is retarded by predation
pressure from ciliates (5-25 pm), which dominate at that time, feeding on bacterioplankton and
phytoplankton < 5 pm. The microzooplankton (25-125 pm) increase from day 11 to 13, then
decrease because all of their phytoplankton é.nd zooplankton prey are grazed down (Figs 4.5a and
b). The largest heterotrophs in the model community (125-625 pm) are initialized with a small
standing stock, and this size class does not increase to significant levels in the simulation (not

shown in Fig. 4.5b).
Dissolved nutrients

New nitrogen is introduced only once at the beginning of the upwelling simulation, and
concentrations consequently decrease to zero with time. The new nitrogen pool initially decreases
slowly (Fig. 4.5¢), but after day 2 this process accelerates as a result of uptake by phytoplankton
and bacterioplankton. The depletion of the new-nitrogen pool is stepped, because predators reduce
picopl:;inkton standing stocks during the initial stages of the bloom, and nitrogen uptake at these
times is negligible. New-nitrogen concentrations are zero by day 10. However, the nitrogen pool
is supplemented by regenerated nitrogen (Fig. 4.5c), excreted by all heterotroph size classes. The
regenerated nitrogen pool becomes important after day 2, but is subsequently depleted by
phytoplankton and bacterioplankton, decreasing to zero by day 20. The PDOC pool increases from

initial concentrations of zero to a concentration of 400 mg C.m-3 after 2.5 days, and then fluctuates
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between about 400 and 600 mg C.m3 for the remainder of the simulation. These fluctuations
correspond to increases in phytoplankton standing stocks (which replenish the pool) and in
bacterioplankton standing stocks (which deplete the pool). The accumulated carbon in the PDOC
pool is potentially utilizable by Bacten'oplankton, because only the production of labile carbon is
simulated by the model. This carbon is not utilized because bacterioplankton are nitrogen-limited at
the end of the simulation. Except for the PDOC pool, all other compartments in the model system
eventually decline to zero, because some nitrogen (and carbon) continually is lost in faecal

material, which rapidly sinks out of the system.
Comparison with field data.

Autotrophs

The counts of phytoplankton cells Which I carried out on samples obtained from a
phytoplankton bloom after an upwelling event were converted to carbon masses, and this time
series is presented in Fig. 4.6a, together with simulation results (Fig. 4.6b). The field data have
* been shifted along the time axis so that the peaks in standing stocks coincide at day 11. Carbon
estimates from cell counts (Fig. 4.6a) are presented as shaded areas, and the difference between
these estimates and the total carbon estimated from chlorophyll measurements (Painting et al.
1988) is presented as the unshaded area. There are obvious discrepancies between the two
standing stock estimates. A relatively small djsorepancy occurs from about day 10 onwards, but
prior to this the difference is large, indicating that a large proportion of phytoplankton crop may
have been overlooked in the cell counts. The method used to count cells is not accurate for cells
less than 15 um (Davis and Sieburth 1982), and small cells were probably underestimated in the
field bloom. This is consistent with simulation results, which show that small cells typically
increase rapidly at the beginning of a phytoplankton bloom. Standing stocks in the simulation are
of the right order of magnitude when compared to those of the real data (Fig. 4.6), as are the time
scales for bloom duration. Large numbers of Noctiluca sp., a unicellular phagotroph (B. Mitchell-
| Innes, pers. comm.), were present in most samples, and these and other zooplankton probably

were responsible for the decline of the bloom.
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series of stations sampled in the southern Benguela, with standing stocks based on cell
counts and b) results of the west coast simulation (note that the scales are different on the
vertical axes)

The development of phytoplankton blooms after upwelling in the 'southem Benguela has
been studied in detail by Brown and Hutchings (1987a, b). Their results for five different blooms
indicate that these typically take about 3 days to develop and 3-4 days to decline, making total
bloom duration about 7 days. Recent microcosm work by G. Pitcher (Sea Fisheries Research
Institute, pers. comm.) has extended this period to 10-12 days, because of a much longer
development time. This can be compared with simulation output, which depicts a bloom that lasts -

about 13 days. The simulation results are more consistent with the microcosm results than the field
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measurements, probably because physical conditions in a microcosm more closely resemble those

that are assumed for the simulation model.

It is probably not valid to compare quantitative aspects of the simulations in too much detail
with field data, because time scales and standing stocks can change if, for example, different size
categories are used. Also, the model does not include the effect of factors such as light and, at
time_s, these factors may be more important than the effect of nitrogen in determining
phytoplankton growth. This should be remembered when extrapolating from the model output to ’
the field, where other factors may reduce the effects of certain phenomena produced in simulation
results. Thus the two initial, rapid blooms of phytoplankton cells <1 im in the simulation may be
an artefact of a model system in which the effects of light-limitation and photo-inhibition have been
ignored. Alternatively, because the initial blooms are composed of very small cell sizes, they may
have been overlooked in "snapshot” sampling, especially if their magnitude is somewhat less than

that predicted by the model.

- If these initial blooms are ignored, the "main" bloom in the simulation occurs from day 6 to
13 (i.e. a duration of 7 days), which conforms well with field obsevations (Brown and Hutchings
1987a,b), and the size composition of this bloom is similar to that observed in field studies
(Olivieri 1985). There is some evidence to suggest that initial rapid blooms may have been
overlooked in field studies. One of the field-observed blooms (series D, Brown and Hutchings
1987b), had an initial decrease in nitrogen concentrations without a concomitant increase in
chlorophyll concentrations. The authors were unable to explain this phenomenon, but results of
the simulation offef a plausible explanation. A rapid pico-phytoplanktoh bloom may have
occurred, but would not have been detected because the authors used relatively large-pore sized
(0.7 um) glass fibre filters, which are believed to underestimate the chlorophyll in the < 1 pm size

fraction (Takahashi and Bienfang 1983).

-~

Heterotrophs

A number of measurements have been made of bacterioplankton and zooplankton standing

stocks in the west coast upwelling region. Model bacterioplankton standing stocks range from
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very small values to approximately 60 mg C.m-3 (Fig. 4.5). The minimum values appear to be
unrealistic, probably because the ingestion function does not include a threshold concentration
. bélow which feeding stops (Chapter 3), allowing very small densities of bacterioplankton to be
grazed, albeit at a very slow rate. The maximum value is comparable with estimates ranging from
10 to 80 mg C.m3 (Lucas ez al. 1986), 30 mg C.m-3 (Armstrong et al. .1987), 3.5 to 47 mg C.m3
(Probyn 1987) and < 20 to 50 mg C.m3 (Verheye-Dua and Lucas 1988), all of which were
measured on the west coast. In addition, microcosm studies depicting the changes in bacterial
standing stocks with time are presented by Lucas ez al. (1987) and Painting et al. (1988), and these
data are plotted with simulation data in Fig. 4.7. Although the short éycles depicted in the model
output are not obvious in the microcosm data, the frequency of sampling may have precluded their
detection. Some fluctuations may occur at days 3, 5 and 7, but it is difficult to decide whether

these are significant or not.
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Fig. 4.7. Comparison of bacterioplankton standing stocks predicted by the west coast
simulation with those from microcosm studies (after Lucas et al. 1987)

Zooflagellate (< 5 um esd) standing stocks of up to 100 mg C.m-3 were observed by
Lucas et al. (1987) and Painting er al. (1988) in the microcosm, which compares well with the
maximum standing stock of the model size class 1-5 um, approximately 150 mg C.m-3 at day 2

(Fig. 4.5). Standing stocks of large zooplankton are usually presented per unit sea surface area,
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because they are sampled by mean of net hauls. Hutchings ez al. (1984) present zooplankton data
collected at monthly intervals over a number of years, and these standing stocks range from 1 to 5
g dry wt.m 2 or 400 to 2000 mg C.m2. Pillar (1986) estimated mean standing stocks of copepods
and euphausiids in different areas of the southern Benguela, and his estimates for the Cape
Peninsula area are 590 mg C.m2 (1485 mg dry wt.m"2) and for the Cape Columbine/St Helena
Bay area 980 mg C.m2 (2455 mg dry wt.m"2). Zooplankton size categories were sampled by
Verheye and Hutchings (1988), and they estimate standing stocks of 170 mg C.m-2 (200-500
pm), and 1400 mg C.m-2 for all zooplankton > 200 um. Model zooplankton > 125 um do not
reach large standing stocks in the simulation, because they are initialized with small values. If their
initial standing stocks are increased, they exert an unrealistic controlling effect on the growth of
model phytoplankton of sizes 25-125 um and microzooplankton (25-125 um), possibly because
of the absence of a threshold feeding concentration in the ingestion function (see Chapter 3 ), and

the time scale of the simulation is too short to adequately simulate their growth.
System behaviour
Agulhas Bank model.

The results of altering initial biomass spectra are summarized in Table 4.2 for the AB
model. Results are similar to those depicted in Fig. 4.3, although there are differences in values of
standing stocks. The largest phytoplankton size class (25-125 pum) always decreases in the
simulations, even when initialized with large standing stocks (Table 4.2). On the other hand, pico-
phytoplankton (0.2-1 um) are always present, increasing and decreasing a variable number of
times in the 10-day sirhulations. The nano-phytoplankton (1-5 pm) occur sporadically in blooms,
but only dominate when they are initialized with a large standing stock (Table 4.2). In most
simulations, the main bloom comprises the phytoplankton of sizes 5-25 um. The fluctuations in
phytoplankton crop that occur in the first 10 days of the AB simulation occur in all of the
simulations. The pico-phytoplankton (1-5 um) and the nano-phytoplankton (5-25 pm) increase at
different times, and comprise the most important constituents of total phytoplankton standing

stock. The pico-phytoplankton are controlled by predators, and fluctuate regularly when the model
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Table 4.2. The effect of altering initial standing stocks (mg C.m-3) of phytoplankton size classes in Agulhas Bank simulations. Results are for 10-day

simulations, and the biomasses are the maximums attained by each size class in each simulation

0.2-1pum 1-5um 5-25um size compo-

Initial phytoplankton standing stocks (um esd) no. of  Biomass no. of Biomass Biomass duration sition of the

02-1 1-5 5-25 25-125 blooms (mg C.m3) blooms (mg C.m-3) (mg C.m3) (days) main bloom
0.00001 0.0003 0. 37 9 30 1 23 110 6 5-25um
0.00001  0.0003 37 0.1 7 32 0 - 90 4.5 5-25um

0.00001 37 0.1 0.0003 5 43 3 275 5 2 1-5pum

37 0.0003 0.1 0.00001 8 50 0 - 95 4.5 5-25pum
0.00001 0.1 37 37 8 37 0 - 60 6.5 5-25um
1.2 1.2 1.2 1.2 6 31 0 - 75 4 5-25pum
12 12 12 12 4 60 0 - 18 5 02-1pm




001

Table 4.3. The effect of altering initial standing stocks (mg C.m-3) of phytoplankton size classes in west coast upwelling simulations. Results are for

25-day simulations. "Pre-" and "post-" blooms refer to rapid blooms, dominated by pico- and nano- phytoplankton, which occur before and after the

main net-phytoplankton bloom.

No. of

/ Maximum No. of Duration of
Initial phytoplankton standing stocks (um esd) | biomass pre- post- main Dominant size classes
02-1 1-5 5-25 25-125 (mg C.m-3) blooms blooms bloom (days)

0.00001  0.0003 0.1 37 450 3 0 6-13 5-25pum, 25 - 125 pm persists to end
0.00001  0.0003 37 0.1 | 850 1 3 0-6 5-25pum
0.00001 37 0.1 0.0003 450 3 4 4-12 5-25pum

37 0.0003 0.1 0.00001 400 3 1 6-14 5-25pm, 25 - 125 pm persists to end
0.00001 0.1 37 - 37 900 1 3 0-6 5-25um

1.2 1.2 1.2 1.2 500 3 2 4-11 5-25pum

2 12 12 12 750 2 4 17

5- 25 pum, 25 - 125 um persists to end




system is not in steady state, whereas the largest size class never dominates in the simulations

(Table 4.2).
West coast model.

The effects of altering initial biomass spectra in the WC model are presented in Table 4.3.
Simulation results show an underlying trend, despite variations in standing stocks. A "main"
bloom consisting of phytoplankton 5-25 pum occurs in all simulations (Table 4.3), and the duration
of this bloom is generally 6-8 days. Superimposed on this bloom are a number of rapid pico- and
nano- phytoplankton blooms ("pre-" and "post-" blooms, Table 4.3), the number, magnitude and
duration of which are determined by initial biomass spectra. These pre- and post- blooms are the
result of predator-prey oscillations; predator control prevents very small phytoplankton from
dominating and using all of the available nitrogen before larger size classes can increase. The
largest phytoplankton size class (25-125 pm) never dominates in simulations (Table 4.3), and only
becomes abundant if present in large initial quantities. The magnitudes of maximum standing
stocks depend on the initial biomass spectra (Table 4.3). The largest standing stocks occur when

| large phytoplankton (> 5 pm) are initialized with large standing stocks, and in these simulations

the number of pre-blooms is reduced (Table 4.3).

SUMMARY AND CONCLUSIONS

The two models simulate general features of the Agulhas Bank and the west coast
* communities that are supported by data from field studies, although the model output is not totally
realistic, because only the effect of nitrogen on phytoplankton growth has been simulated. Thus,
hypothetical features that have not been explicitly described in field studies have been identified,
but may reflect artefacts resulting from unrealistic assumptions e.g. ignoring the effects of light.
On the Agulhas Bank, it appears that a "steady-state” community dominated by pico-
phytoplankton serves as a baseline community, but the system probably is continually disrupted,
* so that fluctuations of the type depicted by the model are often found. This is similar to the

situation described by Joint and Pomroy (1983) as being typical of a stratified water column on the
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continental shelf in temperate regions in summer. These authors believe that pico-phytoplankton

are probably important in many more areas than have thus far been reported.

The west coast simulation depicts a bloom consisting of a succession of phytoplankton of
different sizes after upwelling. Traditionally, this succession has been viewed from a taxonomic
viewpoint, and individual species and higher taxa have been used to describe the succession e.g.
diatoms to dinoflagellates (Sukhanova et al. 1978). The simulation results show that, at least on
one level, the succession can be described by size-dependent effects. Species-dependent effects
will probably also be important, but these should be considered only after the size-effects have
been accounted for when attempting to explain the succession phenomenon. The phytoplankton of
the southern Benguela have been regarded as being diatom-dominated (Shannon and Pillar 1986).
However, recent studies have shown that nano- and pico- phytoplankton may also be important,
and may dominate both standing stocks (Hutchings et al. 1984, Probyn 1985, Mitchell-Innes and
Winter 1987) and primary production (Norris 1983 quoted in Shannon and Pillar 1986, Probyn
1987). The dynamics of these different size fractions of phytoplankton only recently have been
studied (e.g. Probyn and Lucas 1987). The simulation models can provide a framework within
which future field programs in the two regions can be planned, illustrating the time scales required

and the possible manifestations of interactions through the entire plankton community.

In both model systems, competition for nitrogen sets limits to phytoplankton growth,
favouring dominant size classes unless some other factor limits their growth. Large cells are not as
efficient as small cells in utilizing dissolved nitrogen at small concentrations, and the simulation
results indicate that this is sufficient to restrict large-celled' phytoplankton (25-125 pm) in the
Agulhas Bank model. However, increased storage capacity and reduced metabolic demand of large
cells relative to small cells (Laws 1975) may allow large cells to survive periods of reduced
nutrient concentrations, and then capitalize at times when nutrient concentrations are enhanced, for
example during sporadic and localized upwelling or mixing events. Such effects were not included
in the model, and this is probably why pico-phytoplankton dominate the Agulhas Bank model

community, when other sizes should probably also be present.
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This chapter demonstrates the applicability of size-determined relationships and parameters
for modelling microplankton communities in different physical and biotic environments. A
. frequently expressed and often valid criticism of simulation models is that the models can be made
to produce almost any result; model parameters often are unknown, and choices of different
parameters can affect model output. The models presented above are free from this criticism,
because an independent criterion (body size) is used to estimate almost all parameters, and these
are essentially the same for both models. Thus, even though no data of the two ecosystems were
used in developing model parameters, by altering only the frequencies and amounts of new
nitrogen input, and the values of rate parameters as determined by temperature, two totally
different microplankton communities have been simulated. These communities are very similar to
those observed in field studies, implying that many of the interactions that occur are well explained
using size-criteria. The structure of the communities depends on the interplay of biotic
(competition and predation) and abiotic (nutrient supply) influences, with the time scaies of
importance depending mainly on body-size. In Chapter 5, output from the models is used to

analyse the functioning of the planktonic communities.
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CHAPTER §

MODELLING TWO CONTRASTING SOUTHERN BENGUELA FOOD WEBS.
II. ANALYSIS OF THE FLOW NETWORKS AND TROPHIC STRUCTURE

ABSTRACT

Hypothetical carbon and nitrogen flow networks are constructed for food webs in the chlorophyll
maximum in the surface waters of the Agulhas Bank and the surface waters of an upwelling area
on the west coast of southern Africa, using output from simulation models. The importance of
different flow pathways is assessed at different times in the two model systems. Average primary
production is estimated to be approximately 0.54 g C.m-2.d-! on the Agulhas Bank and 2 g C.m-
2d-1in the upwelling area. The sizes of autotrophs responsible for primary production vary with
time, although the smallest sizes generally are responsible for the greatest proportion of
production in the models. Similarly, it is shown that different size classes of hegerotrophs are
important at different times in nutrient regeneration. On the Agulhas Bank, regenerated production
is generally greater than new production. In the west coast model, new production is replaced by
regenerated production aé the phytoplankton bloom mafures and the new nitrogen is used up.
Competition between bacteria and phytoplankton for dissolved nitrogen may be important at times
in the upwelling system, although control by predators generally prevents bacteria from
"outcompeting" phytoplankton. Although a five step "food chain" may occur, neither model
system has more than three effective trophic categories. The "inefficient microbial loop”
hypothesis is of little consequence in the two systems, because the vast majority of flows pass
through shorter, more efficient pathways. The importance of size- fractionated sampling of
phytoplankton is emphasized, and the dangers of extrapolating from snapshot measurements is
highlighted. It isv recommended that field data be collected and analysed within a framework

supplied by simulation model output.
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INTRODUCTION

Much of marine ecological research is directed towards understanding the factors that affect
the prdductivity of fish (Fenchel 1987). This is a centrél theme of the Benguela Ecology
Programme, where the species of interest is the Cape anchovy Engraulis capensis, which forms
the basis of an important purse seine fishery in the upwelling region of the southern Benguela.
Extensive feeding studies by James (1987) indicate that anchovy selectively feed on meso-
zooplankton, especially calanoid copepods and euphausiids. These zooplankton depend on
phytoplankton for growth, but it is not known what proportion of primary production ends up as

zooplankton carbon and is ultimately eaten by anchovy.

In the southern Benguela area, two regions are important to anchovy populations; the
Agulhas Bank where anchovy spawn and the west coast upwelling area where anchovy recruit to
the fishery (Crawford et al. 1987, Chapter 4). The structures of the food webs in these two areas
are reasonably well understood (Shannon and Pillar 1986). Furthermore, a number of studies have
been carried out on the important processes occurring in the plankton. Measurements have been
made of primary production (Brown 1984, Brown and Field 1985, Brown and Hutchings 1987a;
b, Carter et a(. 1987), bacterioplankton production (Lucas et al. 1986; 1987, Painting et al. 1988,
Verheye-Dua and Lucas 1988), microzooplankton regeneration rates (Probyn 1985; 1987, Probyn
and Lucas 1987) and grazing by large zooplankton (Verheye and Hutchings 1988). However,
although many of the components of the system have been studied in detail, it is still unclear how
the whole system functions, because it is impossible to measure all of the processes occurring at
all times. Different temporal and spatial scales in sampling programs make it inappropriate to treat

all of the data as a "system sample”.

In this chapter I use a systems approach to analyse the trophic structure of the food webs in
the two systems. I attempt to assess the relative importance of different flow pathways through the
- food webs, and try to answer the question of how much of primary production eventually reaches

pelagic fish, and the relative importance of different pathways, especially in recycling.
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ANALYSES
Estimates of flow rates

Carbon and nitrogen flow networks were obtained from outputs of the Agulhas Bank and
the west coast simulations described in Chapter 4. At each time step (0.05 d) in the simulations,
the rates of carbon and nitrogen entering and leaving each model compartment were estimated.
Primary production rates were estimated as the difference between carbon fixation rates and
respiration rates, and production rates of bacterioplankton as the differences in rates between
carbon taken up from the PDOC pool and carbon lbst through respiration. Nitrogen regeneration
rates are the rates at which nitrogen is excreted by heterotrophs as a result of metabolic activity,
and were estimated as the nitrogen equivalents to carbon respiratory losses; although this may not
be realistic for bacterioplankton (see Chapter 3). All rates are instantaneous, and are given in units
of mg C / N.m-3.d-1. Note that it is not valid to assume that these instantaneous rates represent
total daily production or excretion, because such a procedure assumes that the instantaneous rate is
constant for the whole day. This assumption is incorrect, because the instantaneous rates can

undergo substantial changes in less than one day.
Trophic structure

The program NETWRK3 of Ulanowicz (1986) is used to analyse the trophic structures of
the flow networks at different times in the two simulations. The food webs are condensed into
one-dimensional "food chains" termed Lindeman spines (Ulanowicz and Kemp 1979), by
apportioning model compartments to integer trophic categoriesf These effective trophic categories
describe the average trophic function of each model compartment (Levine 1980), and allow for the
description of complex food webs in terms of steps in a food chain. They are particularly useful in
identifying the most important pathways of material flows in the food webs. Inputs to the program
are in the form of carbon and nitrogen flows integrated over quarter-day periods. In addition, all
inputs and outputs are summed over the total simulation time horizon (14 days for the west coast
model and 9 days for the Agulhas Bank model), and these flows are used to estimate a "time-

averaged" trophic structure for each ecosystem.
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RESULTS AND DISCUSSION

In the discussion below, the simulated output described in Chapter 4 is discussed in a
systems context, i.e. the relative importance of different components and pathways in the total
system -are assessed. It is recognized‘that some features of the simulation output are not realistic
when compared with field observations, e.g. the pico-phytoplankton blooms described in Chapter
4 for the west coast model. This is not surprising, because a large number of physical and
biological effects operate under natural conditions, whereas the simulation models concentrate only
on the nitrogen and carbon environments of the two model systems. Even in these simplified
systems, further assumptions regarding the functional forms of different processes had to be made
(Chapter 3). The simulation models cannot reproduce accurately all that occurs in the field. It is.
possible to change parameter values and model assumptions to produce output that is consistent
with field measurements. However, a numbef of different factors may produce the same response
(see Table 3.6, Chapter 3), and it is difficult to decide which factors to alter. Rather than -
increasing the complexity of the model, assuming causal effects which may not be correct, the
output has been left unchanged for the analyses described below. The "problem areas” will be
restated where necessary, as a reminder of why certain results apparently deviate from those
observed in nature. The factors in the field that prevent the "ahomalies" from occurﬁng need to be

identified.
Carbon flows
Primary production

The pdtential importance of small phytoplankton in primary production is demonstrated by
simulation results. However, the model probably overestimates the role of pico-phytoplankton for
natural conditions (Chapter 4), because the effects of factors other than nitrogen supply have not
been simulated. In the simulated phytoplankton bloom after upwelling there are four production
peaks (Fig. 5.1a) corresponding to the four peaks in standing stocks (Fig. 5.1b). Rates of
production are fastest when small phytoplankton comprise most of the standing crop, even thougﬁ

standing stocks may be relatively small. During the main bloom from day 6 to 13, when standing
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Fig. 5.1. The phytoplankton community of a simulated phytoplankton bloom after
upwelling. a) Changes in primary production and the potential contribution by different size
classes of phytoplankton. b) Changes in the size composition and standing stocks. Average
daily production (mg C.m-3.d-1) is shown for selected time periods. Note that pico-
phytoplankton standing stocks and production rates are probably overestimated for natural

conditions, because the effects of factors other than nitrogen supply have not been
modelled. ‘

stocks are large, the rates of primary production are relatively slow, because the standing crop is
dominated by large-celled phytoplankton. The maximum instantaneous rates in the model are
compared with field measurements in Table 5.1. The model production rates fall within the range

of measured primary production rates, but appear to be too low in mature upwelled water. This is
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- probably because nutrients in the model system are not replenished from an outside source after
the single input of new nitrogen, whereas in reality mixing processes and diffusion can cause the
advection of new nitrogen into the euphotic zone after the initial upwelling pulse. The additional
input of new N would enhance primary productivity of the net-phytoplankton which typically

dominate in mature upwelled waters.

Table 5.1. Comparison of maximum instantaneous rates of primary production in surface waters of the west coast
upwelling region with model estimates. Water types are classified according to nitrate concentrations and
temperatures after Barlow (1982). o

Primary Production ‘ Water type : Reference

(mg Cm3nly
86 Newly upwelled | Brown (1984)
93 ' Mature upwelled (Oudekraal) " ‘
147 Mature upwelled (Robben Island) "
167 Aged upwelled (Oudekraal) : "
181 ' Aged upwelled (Robben Island) "
120 | Mature upwelled Brown and Field (1985)
147 Mature upwelled Brown and Field (1986)
167  Aged upwelled "
34.5 - Lucas et al. (1986)
22 Mature upwelled ' Armstrong et al. (1987)
142 _ Newly upwelled - This study, day2
50 Mature upwelled N day 4.5
28 Aged upwelled " day 7
24 ' Aged upwelled " day 13

The total primary production in the west coast model over the 14-day simulation is the total
shaded area in Fig. 5.1a, and is estimated to be 2 800 mg C.m-3 or an average daily production

of approximately 200 mg C.m-3-d-1. Assuming a 20 m deep productive zone, this equals an
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average daily production of 4000 mg C.m2.d-1, which can be compared with the estimate of
Brown (1984) of 4052 mg C.m2.d-1. Obviously the depth factor that is used influences the
production estimate, so the values are only rbugh approximations. They do, however, indicate that
the model estimate of primary production, although variable in the short term, is similar to field
estimates of primary production when averaged over time and space. Average daily production
during each of the prqductién peaks is presented in Fig. 5.1a. During the period when the size
class 5-25 um dominates (day 8.5 to 13), average production is approximately 125 mg C.m-3-d-1,
some six times smaller than when the size class 0.2-1 pm dominates (day 1.5 to 3). This indicates
that the pico-phytoplankton may be important primary producers, although their role is probably
overestimated in the. simulation output. Furthermore, additional inputs of new nitrogen would

boost nutrient concentrations and enhance the productivity of net-phytoplankton (see above).

Primary production in the Agulhas Bank model (Fig. 5.2a) is relatively constant when
compared with that of the west coast model. Small cells dominate primary production over most of
the 9-day simulation (Fig. 5.2a). Instantaneous rates of primary production range between about
100 and 300 mg C.m-3-d-1. The total primary production for the 9-day simulation is
2 400 mg C.m3, corresponding to an average daily production of 270 mg C.m3.d-1, which is
larger than the daily average estimated for the west coast model. However, this production is
confined to a 2 m thick chlorophyll maximum, so that total, integrated production (540 mg C.
m-2.d-1) is less than that of the west coast model. Carter et al. (1986) estimated that primary
production in the chlorophyll maximum was 630 mg C.m-2.d-1, which is similar to the model
prediction. Much of the simulated primary producﬁon (> 90 %) is due to very small cells, so this
production is not directly available to large zooplankton and fish. In general, only two size classes
are important in primary production in the Agulhas Bank simulation (0.2-1 pm and 5-25 ym),
with pico-phytoplankton (< 1um) comprising between 40 % and 98 % of total production during

the 9-day simulation.
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Fig. 5.2. A simulated phytoplankton community in the chlorophyll maximum layer of
stratified waters on the Agulhas Bank. a) Changes in primary production and the potential
contribution by different size classes of phytoplankton, b) Changes in the size composition and
standing stocks. Average daily production (rhg C.m-3.d-1) is shown for selected time periods.

Bacterioplankton production

Bacterioplankton production and standing stocks in the west coast model are roughly two
orders of magnitude greater than those in the Agulhas Bank model (Fig. 5.3). The maximum
bacterial production rate in the west coast model is estimated to be approximately 180 mg C.m3,

d-1 (Fig. 5.3), comparable to measured rates of 54 to 90 mg C.m-3.d-! (Lucas er al. 1986) and 120
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mg C.m-3.d-1 (Armstrong et al. 1987) in surface waters on vthe west coast. There are no field data
for the Agulhas Bank. Thé temporal variations in bacterioplankton production and standing stocks
differ in the two model systems. In the west coast model there are large fluctuations, with péaks in
standing stocks and production lasting for about 1 to 1.5 days, whereas in the Agulhas Bank
model the fluctuations are much smaller, and can have a cycle length of only 0.5 days. It should be
noted that these fluctuations are overemphasised in the models, because threshold densities for

predator ingestion are not included (Table 3.6, Chapter 3).
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Fig. 5.3. Simulated standing stocks and potential production rates of bacterioplankton.
Note that the fluctuations to zero are a model artefact, arising from the absence of a
"refuge from predation” for bacterioplankton.
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Thus the baseline of zero standing stocks and consequent zero production rates are uﬁrealistic,
because predators do not continue ingesting prey organisms when densities are very low, as |
occurs in the models. Production generally lags behind standing stocks, because production rates
are fastest when standing stocks are still increasing, and are zero when standing stocks are at their

peak.
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Fig. 5.4. Comparison between simulated production rates of phytoplankton and
bacterioplankton in the two model communities.
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Bacterioplankton production appears to be related to primary production in both models
(Fig. 5.4), but this relationship is indirect,v because it reflects predatory control of pico-
phytoplankton (responsible for much of the primary production in the models) and
bacterioplankton by the same size class of predators (zooflagellates). Nitrogen and not carbon
limits bacterioplankton growth during most of the simulation periods, so one would not expect a
direct (causal) relationship between primary production and bacterioplankton production in the
model output. Maximum bacterial production rates are about 10 % of maximum primary
production rates, but these maximum rates occur at different times; day 2 for primary production
and day 8 for bacteria (Fig. 5.4). Primary production peaks get progressively smaller with time in
the west coast model, whereas bacterial production peaks get progressively larger. This is related
to the fact that carbon initially limits bacterial growth, because the PDOC pool is initialized with
zero concentrations (Chapter 4), whereas towards the end of the bloom both phytoplankton and
bacteria are limited by nitrogen. In the Agulhas Bank model there is little bacterioplankton

production, reflecting their small standing stocks.
Nitrogen flows
Production of regenerated nitrogen

The proportion of regenerated nitrogen contributed by different heterotroph size classes
changes with time in both model systems, reflecting the changing abundances of the size classes in
the communities (Figs 5.5 and 5.6). These results are compared with data of Probyn (1987) and
Probyn and Lucas (1987) respectively for the west coast area and for the Agulhas Bank. Model
results are consistent with the conclusions of these authors that the sizes < 15 pm are the most
important remineralizers, due to their rapid régeneration rates. However, the small organisms are
not consistently important, and the temporal variations suggested by the models of Moloney et al.
(1986) and Newell et al. (1988) are apparent. These temporal variations result in apparently
conflicting evidence from "snapshot" sampling as to which size categories of heterotrophs are
most important. In general, the smaller the organism, the shorter the duration of the period when

that organism contributes most to regenerated nitrogen. Consequently, the contribution of small
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organisms to the regeneration of nitrogen may be missed in some field studies, although the

contributions of bacterioplankton may have been overestimated in Figs 5.5 and 5.6 (Chapter 3).
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Fig. 5.5. Contributions of different size fractions of heterotrophs to regenerated
nitrogen in the west coast upwelling region. a) Simulated regeneration rates. b) Field
measurements of ammonium exé_retion rates (after Probyn 1987). Note that there is no
time scale on the horizontal axis in b).

115



0.15 —
Agulhas Bank model ~a)

-

0101 M o2-1ym
5-25 ym
B 25-125pm
Bl 125-625 pm
0.05 1

N Regeneration (mg-at N.m -3.h T

0.00 -
o 1 2 3 4 5 6 7 8 9
Time (days)
0.15 T— - —
Field data . b)
4 ' .
M <tpm
0107 B 1-5um
5-15 pm
B 15-200um.

88 107 60 16 37 119
Agulhas Bank Stations

NH ,Regeneration (mg-at N.m -3.h - )

- Fig. 5.6. Contributions of different size fractions of heterotrophs to regenerated
nitrogen on the Agulhas Bank. a) Simulated regeneration rates. b) Field measurements of
ammonium excretion rates (after Probyn and Lucas 1987). Note that there is no time
scale on the horizontal axis in b). ‘ A

Competition for dissolved nitrogen

The relative uptake of niirogen from the dissolvcd pool by phytoplankton and bacteria in the
“two models is presented in Fig. 5.7. In the west coast model, relative uptake by bacteria may at

times equal that by phytoplankton, whereas in the Agulhas Bank model bacteria take up < 10 % of

116



- the total nitrogen utilized. The uptake pattern with time is more variable in the west coast model

" than in the Agulhas Bank model, where bacterial uptake is slow but persistent.
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Fig. 5.7. The relative uptake of total dissolved nitrogen by phytoplankton and
~ bacterioplankton in simulations of plankton communities. a) West coast upwelling
model. b) Agulhas Bank model. ’

There has been some speculation in the literature about bacteria outcompeting phytoplankton
for dissolved nitrogen (Gray er al. 1984), because of the fast uptake rates of bacteria and their

ability to utilize nitrogen at small concentrations. Both of these attributes have been related to the -

‘small size of bacteria, and consequently their large surface : volume ratios (Gray er al. 1984,
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Moloney et al. 1986). This line of argument overlooks the role of pico-phytoplankton, which are
the same size as bacterioplankton and tﬁerefore havev similar uptake capabilities. The competition
~between phytoplankton and bacterioplankton for nitrogen is probably less important than the
competition between different sizes of phytoplankton, as hals been demonstrated by the model

output.
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The simulated uptake of regenerated nitrogen by different phytoplankton size fractions is

compared with field data from the upwelling area (Fig. 5.8) and the Agulhas Bank (Fig. 5.9).
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Fig. 5.9. Uptake of regenerated nitrogen by different size fractions of phytoplankton
in the chlorophyll maximum layer on the Agulhas Bank. a) Simulated uptake rates. b)
Field measurements of ammonium uptake rates (after Probyn and Lucas 1987). Note
that there is no time scale on the horizontal axis in b).

In both model systems, pico-phytoplankton dominate nitrogen uptake. This is not supported by

field studies on the west coast. Probyn (1985) found that pico-phytoplankion only accounted for
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10 % of the nitrogen taken up by the total phytoplankton community in coastal waters, and in a
more recent study (Probyn 1987) the uptake of ammonia by pico-phytoplankton was estimated to
be small compared with that by phytoplankton > 5 um (Fig. 5.8b). The west coast model has been
shown to overestimate the contribution by pico-phytoplankton (Chapter 4), so the magnitudes of
the uptake rates are probably overestimated. However, it is not known whether these peaks in
uptake rates (corresponding to production peaks) occur in a more depressed form, or not at all,
because their short duration makes it likely that they could be missed in field studies, which
typically have been directed at larger cells. Very little is known of the short time-scale patterns of

nitrogen uptake and regeneration (Probyn 1985).

The field data from the Agulhas Bank (Fig. 5.9b) agree with model predictions regarding
the important rolev played by pico-phytoplankton in nitrogen uptake. Large-celled phytoplankton in
the model appear to flourish only when nutrient concentrations are large enough to support
growth. Large cells utilize food reserves under conditions of scarce nutrients, and then replenish
reserves when nutrients are again abundant. The model does not include inactive, resting stages of
large cells in the community; neither does it simulate variable physical conditions that presumably
give large cells an advantage. It will thus underestimate the role of the large cells, as is indicated by
the fast nitrogen uptake rate measured for the size fraction 15-200 um, which is not duplicated in .

model output.
New versus regenerated production

The proportion of total primary production due to the utilization of new nitrogen (Dugdale
and Goering 1967) is termed the f ratio (Eppley and Peterson 1979). This ratio provides an index
of the degree of recycling in the euphotic zone. The changes with time of the relative proportions
of new and regenerated production in the model systems are shown in Fig. 5.10. In both model
systems regenerated nitrogen concentrations are started at zero, so regenerated production
increases with time. In the west coast model the nitrogen pool is not replenished with new
nitrogen, so regenerated nitrogen comes to dominate as the new nitrogen is used up, and after 14

days all of the primary production is regenerated production. This result is supported by the work

120



of Verheye-Dua and Lucas (1988), who estimated that regenerated production comprised < 26 %
of primary production in newly upwelled waters, but in mature upwelled water the proportion
increased to 65 %. The model does not incorporate diffusion and mixing processes, and new

. production is consequently underestimated during the latter stages of the simulated bloom.
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Fig. 5.10. Changes with time of the relative proportions of simulated new and
regenerated production in the two model systems.
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In the Agulhas Bank model new production comprises roughly 35 % of total production at
the end of the simuiation, similar to the value of 30 % estimated for inshore waters (Eppley and
Peterson 1979). Although regenerated nitrogen produced by large zooplankton and fish is not
included in the two models, the contributions by these large organisms are probably small
compared to the contribution by micro-organisms (Azam et al. 1983), and this should not be a

significant source of error.
Food web structure

Five Lindeman spines are presented from the west coast simulation (Fig. 5.11),
corresponding to the four phytoplankton standing stock peaks (days 2, 5, 8 and 11) and a period
of bloom decay (day 14). The Agulhas Bank model is used to produce four Lindeman spines (Fig.
5.12), corresponding to peaks in phytoplankton standing stocks (days 1, 3, 7 and 9). The

importance and efficiency of different flow pathways changes considerably between days.
Trophic categories

In a traditional representation of a food chain, it is customary to place different species or
groups of species into each trophic level, and in such a representation the trophic structure of the

two models would be:

Phytoplankton -> Bacteria (0.2-1 um)-> Flagellates (1-5 pm) -> Ciliates (5-25 um) ->
Microzooplankton (25-125 pm) -> Mesozooplankton (125-625 pim)

In the west coast model, there are five effective trophic categories on all days except day 11, when
there are only four. The compositions of the model trophic categories are shown beneath the
boxes, as percentage contributions of the different model size classes to each trophic category
(Fig. 5.11). These categories can be contrasted with the traditional series above. Trophic category
I consists only of phytoplankton and the PDOC pool (produced by phytoplankton and utilized by
bacterioplankton). The second trophic cétegory comprises some fraction of all of the heterotroph

size classes, assuming omnivory in the plankton. This is very different to the traditional "food
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Fig. 5.11. Lindeman spines showing the collapsed carbon food webs of the west coast at selected times in the
simulation. The flows represented in the diagram have been integrated over quarter-day periods, ending at the times
shown in days. Roman numerals represent trophic categories. The distributions of the model compartments in the
different trophic categories are given in percentages, which represent the relative dependence of that compartment on
the previous trophic category. Within the boxes, italicized figures are the trophic efficiencies, calculated as the
percentage of the input into each category that enters the next category. Arrows represent carbon flows (ingestion,
export of faeces by sinking, and respiration), and the internal cycling within category I represents the production of

PDOC by phytoplankton, which two model compartments both occur 100 % in category I.
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chain" represented above. Bacterioplanktoh always occur only in the second trophic category,
because in the model all of their carbon is obtained from the PDOC pool. Zooflagellates (1-5 ytm)
chiefly occupy categories II and I, and generally obtain half of their éarbon from phytoplankton
and half from bacteria. However, at the start of the simulation (day 2, Fig. 5.11) they obtain 92
% of their carbon from phytoplankton, because bacterial standing stocks are much smaller than
those of pico-phytoplankton at that time (Chapter 4). "Ciliates" (5-25 pm) occur in categories II, '
01 and IV in varying proportions, ranging from 94 % in1Il, 6 % in III and a very tiny fraction in
IV (day 2, Fig. 5.11) to 4 % in Il and 48 % and 47 % respectively in categories III and IV (day 8,
Fig. 5.11). The two largest zooplankton size classes (25-125 and 125-625 um) occupy all four
consumer trophic categories. Much of the time they appear to occur almost entirely in category II,
but it must be remembered that the results are only snapshot representations, and a different result
may be obtained at different time periods. In general, the planktonic food web for organisms <
625 um'in the west coast model consists of five trophic categories, but only the first three appear

to be consistently important in carbon flows.

In the Agulhas Bank model a maximum of five trophic categories is also obtained (Fig.
5.12), but for some periods in the simulation there are only three or four. Phytoplankton and the
PDOC pool compn'se the first trophic category, and bacterioplankton occur only in the second
trophic category, as is the case in the west coast model. Zooflagellates (I-Svum) occupy categories
I and I1I, but occur in greater proportions in category II. This is not unexpected, because bacterial
standing stocks in the Agulhas Bank model are consistently much smaller than are those of pico—
phytoplankton, both of which are preyed upon by zooflagellates. "Ciliates" (5-25 ym) also fall
almost exclusively into category II, indicating that they obtain most of their carbon from
phytoplankton. Again, this can be explained by the small standiﬁg stocks of their zooflagellate
prey compared with that of similér-sized phytoplankton cells. The two largest zooplankton size
classes (25-125 and 125-625 um) occur in categories II, I1I, IV and V, but are mainly found in
categories I and III, thus utilizing chiefly phytoplankton and small zooplankton prey.
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Fig. 5.12. Lindeman spines showing the collapsed carbon food webs of the Agulhas Bank at selected times in the
simulation. The flows represented in the diagram have been integrated over quarter-day periods, ending at the times
shown in days. Roman numerals represent trophic categories. The distributions of the model compartments in the
different trophic categories are given in percentages, which represent the relative dependence of that compartment on
the previous trophic category. Within the boxes, italicized figures are the trophic efficiencies, calculated as the
percentage of the input into each category that enters the next category. Arrows represent carbon flows (ingestion,
export of faeces by sinking, and respiration), and the internal cycling within category I represents the production of
| PDOC by phytoplankton, which two model compartments both occur 100 % in category 1.
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Trophic flows

Flow pathways in the Lindeman spines are represented by arrows. Input into category I
represents carbon fixation, and the cycling of I into itself is the production of PDOC by
phytoplankton. All other horizontal flows are due to grazing. Upward flows are carbon exports
from the system, and in the examples in Figs 5.11 and 5.12 they are due entirely to the sinking of
fageal material. The export flows from the two systems are generally small, because absorption
efficiencies of zooplankton are assumed to be large (90 %, Chapter 3). Additional exports
realistically should encompass the sinking of phytoplankton cells at times, but this pathway was
not included in the models. Downward arrows represent respiratory carbon losses, and at times
these losses are quite large. For example, at day 8 of the west coast model (Fig. 5.11), respiratory
losses are 98 % of carbon inputs into trophic category II, and at day 3 of the Agulhas Bank
simulation (Fig. 5.12) respiration of trophic category II exceeds carbon inputs by a factor of 4.5.
Clearly such an imbalance cannot persist, and exists because inputs on previous days exceeded

metabolic expenditure.

At each time period shown, the flows through the west coast food web do not always
decrease with increasing trophic category, as would be expected from theory based on steady
states (e.g. day S, Fig. 5.11). This indicates that mismatches in time occur between production at |
two different trophic categories. This is realistic, because there will always be a time lag between
photosynthesis and the passage of a molecule of carbon through the food web, which passage will
be further delayed if storage products are synthesized (not modelled here). Similarly, the trophic '
efficiencies may be small at the start of the Lindeman spine but largér further along, again
indicating lag effects. In dynamic systems the flows should always be considered together with the
standing stocks because, for example, a large input into a trophic category can be interpreted in a
different way if the receiving standing stock is large, rather than when the receiving standing stock
is small. Also, oﬁtputs can exceed inputs (e.g. day 5, category I, Fig. 5.11), because grazers do

not only utilize production but also biomass, which results in estimated trophic efficiencies greater

than 100%.
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In the early 1980s, the importance of measuring rate processes in ordef to understand the
dynamic functioning of ecosystems was stressed (e.g. Platt er al. 1981). As a consequence, some
studies consider only the flows when analysing data sets. This is only applicable when the
systems are in steady state (probably seldom) or if integrated measurements over a time period are
available. Few such data sets exist. In dynamic systems, both standing stocks and production
measurements should be used in constructing hypothetical flow networks of the systems.
Information about "past production” is contained in the standing stocks, as is the current "state" of
the system. It is the standing stocks that the predators ‘perceive at any time, whereas the probable
future state is described by the instantaneous flows. Using this argument, on day 8 in the west
coast model (Fig. 5.11), the respiratory loss from trophic category II relative to the inputs is not

98 % as indicated by the flows, but 47 % if the average standing stock is taken into account.

The trophic position of pelagic fish

The two simulated plankton communities contain only microplankton (< 625 um). It is not
* realistic to include large, motile zooplankton and fish in a deterministic model in which the time
scales are in days. Also, the spatial extent of the simulated systems is that of a cubic meter of water
in the euphotic zone. Large-scale features of the water column have been ignored e.g. vertical
migrations by zooplankton. The model systems are thus too small and have too short a time scale
to be applicable to pelagic fish. An alternative approach is adopted here, in which the simulation

results are integrated over time, in order to increase the time scale to that applicable to pelagic fish.

The flows in the west coast simulation were integrated over 14 days, and those of the
Agulhas Bank simulation over 9 days. Average trophic structures of the two systems are presénted
in Fig. 5.13. The west coast model has three effective trophic categories, and the "trophic
efficiencies” in these categories are large; 62.5 % for category I and 48.7 % for category IIL.
Trophic categories further down the food web are far less important, and trophic efficiencies are
very small. This Lindeman spine can be compared with that of the Agulhas Bank simulation. Here

the trophic efficiencies in categories I and IT are much smaller than those of the west coast model,
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whereas the trophic efficiencies at categories III and IV are relatively large. There are effectively

four trophic categories in this model.

Important pelagic fish in the southern Benguela region feed primarily on zooplankton
(James 1987), possibly because most phytoplankton are too small. It is relatively simple to assess
the trophic position of anchovy in the food web on the basis of where their food occurs. Assuming
that they feed on the largest zooplankton size classes (125-625 pm), anchovy occupy trophic
categories I, III, IV, V and VI in both model systems. However, most of their trophic function
would be concentfated in category III, because their prey size class occurs mainly in category II

(Fig. 5.13).

The proportion of primary production that reaches pelagic fish can also be assessed. In the
simulations described above for the west coast and the Agulhas Bank microplankton communities,
the integrated carbon flows have been summarized, and the relative proportions moving along
various pathways are presented in Fig. 5.14. The flows from the pico-phytoplankton (0.2-1 ufn)
and bacterioplankton to heterotrophs of sizes 1-5 and 5-25 pm are overestimated, because during
predator-prey population fluctuations an excess of carbon available is ingested. This unrealistic
result does not affect model output drastically, because predator and prey populations go to zero
immediately after this occurs. However, the cumulative effect of these excess flows are apparent in

the integrated flows, which have therefore been corrected for them (figures in parenthéses, Fig.

5.14).

The carbon flows are standardized to relative units, assuming that 100 units of carbon is
fixed by autotrophs durin g the two simulations. In the west coast model, of the 100 units fixed
during photosynthesis, a total of 83 units are respired by autotrophs and heterotrophs (Fig.
5.14a). 30 units enter the PDOC pool, of which 16 are passed on to bacterioplankton.
| Heterotrophs ingest 21 units of autotroph carbon, but most of this is respired. A small proportion
moves along the heterotroph size continuum through ingestion, but only a tiny fraction eventually
reaches the microzooplankton size classes (25-625 m) in the simulation, making very little of the

primary production available to pelagic fish. However, these results are incomplete, because large
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Fig. 5.14. Summary of simulated carbon flows through the microplankton communities of the west coast
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Agulhas Bank model. The flows have been standardized to 100 units of carbon.
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zooplankton standing stocks are deliberately set to low values in the simulation, as they probably
are of little importance in newly upwelled water (Olivieri 1985). In reality, zooplankton may
encounter a dense phytoplankton patch after a bloom has developed, and the proportion of primary
production moving into large organisms in the food web would obviously increase. Thus the

model representing the west coast system represents an extreme example.

The results of the Agulhas Bank model are probably more representative than those of the
west coast model, because the Agulhas Bank has a more stable physical environment. Stochastic
processes are probably important on the west coast, where the environment is dynamic and
unpredictable. In the Agﬁlhas Bank simulation, 64.7 of the 100 units of carbon fixed by
autotrophs are respired by autotrophs and heterotrophs. The PDOC pool receives 29.7 units, but
only three of these are taken up by bacterioplankton, the remainder accumulating in the PDOC
pool. 35.3 units pass from the autotroph tb the heterotroph continuum, but only 6.2 units of
autotroph carbon are ingesté,d by microzooplankton of sizes 25-625 pum, and an even smaller -
amount (0.04 units) reaches this size range by predation within the heterotroph continuum. In this

example (Fig. 5.14b), less than 6.2 % of primary production would be available to pelagic fish.

Although these results represent only one of a large set of possible conditions in the two
systems, they are useful because they attempt to scale up from temporal and spatial scales relevant
to microplankton, to scales that are required to understand the dynamics of larger organisms such
as pelagic fish. In so doing, the carbon flows in the model systems have.been integrated over
relatively short time periods during which complex, non-linear interactions have occurréd. It has
been shown that most primary production in the two model systems occurs in pico- and nano-
phytoplankton, and most primary production in these simulations does not reach large organisms.
This is mainly due to temporal lags in food web flows. Because all of the consumer compartments
do not occur in the system at the same time in the simulations, respiratory and other losses reduce
the amounts available for trophic transfer, and respiratory losses are a relatively large proportion of
total carbon flows in the two simulated systems (Fig. 5.14). This is an important effect which is
often overlooked when extrapolations are made from snapshot samples to develop whole system

models.
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Despite the apparently small proportion of primary production reaching pelagic fish, the

southern Benguela supports a relatively large pelagic-fish production (Crawford et al. 1987). The

efficiency of transfer appears to be greater in the west coast model than in the Agulhas Bank model

(Fig. 5.13), and this may be important for the total productivity of the system. Possible reasons

10.

11.

12.

.for the efficient transfer are discussed in Chapter 8.

'SUMMARY AND CONCLUSIONS

Primary production occurs in "bursts” in the west coast model, whereas it is more constant in the Agulhas
Bank model. |

Pico- and nano- phytoplankton are potentially important primary producers in both model systems. As a
consequence, much of primary production is not directly available to large metazooplankton and fish.
Bacterioplankton production is larger in the west coast model than in the Agulhaé Bank model.

The relationship between primary production and bacterioplankton production is not causative in the model
systems, because it reflects predatory control of both populations by the same predators.

A relatively large proportion of primary production goes to heterotrophs of sizes 1-25 pum in the two model
systems, but this transfer is chiefly through phytoplankton and not bacterioplankton. )

The smallest heterotrophs are the most important in nitrogen regeneration, although temporal vayiations occur,
reflecting changes in standing stocks of dominant heterotroph size classes.

Competition for dissolved nitrogen between bacterioplankton and phytoplankton is probably not extensive.
The "competitive advantage” of bacterioplankton is probably fallacious, because pico-phytoplankton
presumably have similar uptake capabilities.

New production is estimated to be > 60 % in the west coast model, and approximately 35 % in the Agulhas
Bank model. .

The structures of the two model food webs change considerably with time. This highlights the dangers of
extrapolating from snapshot sampling. It is recommended that both standing stocks and flow rates be used to
analyse snapshot samples of dynamic systems, and not just one or the other as is sometimes the case.

In the southern Benguela region, anchovy probably only utilize a small proportion of primary production,
because most of it is channelled through small organisms, and lost through respiration.

The actual quantities of primary production that reach pelagic fish are difficult to estimate, because these wili
change with time and for different phytoplankton assemblages.

The exact role of pico-phytoplankton is not known from field studies, and the model predictions regarding the
small cells need to be tested with field measurements of the appropriate time scales.
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CHAPTER 6

PHYTOPLANKTON GROWTH RATES IN OCEANIC WATERS

ABSTRACT

An oceanic food web is simulated using a generic size-based modei_. It is assumed in the model
system that new nitrogen diffuses into the euphotic zone at a rate of 0.35 mg C.m-3.d-1. The
model is exercised and approaéhed steady state after approximately 25 days, when pico-
phytoplankton dominate standing stocks and production. Community production to biomass ratios
* are estimated to be 5 d-! at steady state, supporting the hypothesis that oligotrophic oceanic waters
have fast rates of primary production. However, despite their fast production rates, the cells are

not growing maximally, because ambient nutrient concentrations are small.
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INTRODUCTION

Central oceanic regions traditionally were regarded as biological deserts (Parsons et al.
1977, Eppley 1981), with small standing stocks of living organisms and correspondingly little
productivity (Kerr 1986). Recently, however, studies have indicated that primary production rates
in the open ocean may be rapid (Sheldon and Sutcliffe 1978, Morris 1981), and in oligotrophic
~ waters off Hawaii production rates approach the maximum values measured in laboratory studies
(Bienfang and Takahashi 1983, Laws et al. 1984). This has resulted in somve controversy
regarding the accuracy and reliability of the different methods used to measure primary
productivity (Eppley 1981, Sheldon 1984, Smith et al. 1984), as well as the underlying processes
determining production rates (McCarthy and Goldman 1979, Goldman et al. 1979, Jackson 1980,
Landry et al. 1984, Kanda et al. 1985). I examine this controversy from a systems viewpoint, in
which [ assume that the underlying size-dependent relationships that have been used to simulate

coastal food webs in preceding chapters (Chapters 4 and 5) also apply to oceanic systems.
SIMULATION OF AN OCEANIC FOOD WEB

Oceanic waters are characterised by a small but relatively constant nutrient supply (Kanda ez
al. 1985) resulting from the diffusion of nitrogen from below the thermocline in a water column
that is pers_istently stratified (Bienfang 1985). It is difficult to estimate how fast nutrients are
entrained from depth in oceanic waters (Dortsch et al. 1982, Kanda et al. 1985), and no
information on the diffusion rates or new nitrogen supply rétes could be found in the literature. I
use the generic model described in Chapters 3 and 4 to simulate an oceanic plankton community by

assuming a continuous new nitrogen input of 0.35 mg-at N.m-3.d-! and a temperature of 25°C.
MODEL OUTPUT AND DISCUSSION

Ambient concentrations of nitrogenous nutrients such as ammonia and nitrate are often
below detection limits in oligotrophic oceanic waters, implying that they are rapidly taken up
(McCarthy and Goldman 1979). Dissolved nitrates typically have ambient concentrations of 0.01

mg-at N.m-3, although they can reach concentrations of 3.22 mg-at N.m-3 (Kanda et al. 1985). In
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the North Pacific central gyre, nitrogen concentrations have been estimated to be < 0.05 mg-at.m-3
(Eppley et al. 1977), although urea concentrations of 0.35 mg-at N.m-3 have been measured in
northwestern Pacific central waters (Mitamura and Saijo 1980). NH4* éoncentrations in Hawaiian
waters are approximately 0.16 mg-at N.m-3 (Bienfang and Takahashi 1983). These measured
values are of the same order of magnitude as the simulated regenerated nitrogen concentrations of

0.011 mg-at.m3 (Table 6.1).

Table 6.1. Standing stocks and production rates of different sizes of phytoplankton, and standing stocks and
numbers of bacterioplankton in.oligotrophic oceanic waters after a 25-day simulation, when the model system is
approaching steady state. Ambient concentrations of regenerated nitrogen are presented. (New nitrogen is continually
input at a rate of 0.35 mg-at. Nm-3.d-1). '

Standing stock Numbers Production Concentration

(mg C.m3) (mg C.m3.d1) (mg-at N.m-3)
Phytoplankton (Total) 3.026 - 1.25 -
Phytoplankton (0.2-1 pm) 2972 _ - . - -
Phytoplankton (1-5 pm) 0.054 - - -
Bacterioplankton "0.060 1.6x106 ; N N
Regenerated Nitrogen - - - 0.011

Phytoplankton size structure

The biomasses in each of the phytoplankton size classes in the simulation were initialized
with values of 1x10-5 pg C (0.2-1 and 1-5 pum), and 2 pg C (5-25 and 25-125 um). Despite the
presence of largé-celled phytoplankton at the start of the simulation, after 25 days a community of
pico-phytoplankton (< 5 pm) results, comprising mainly cells in the size category 0.2-1 um (Table
6.1). This is consistent with the size structure of oceanic phytoplankton, which are usually < 3 um
- (Eppley er al. 1969, Bienfang and Takahashi 1983, Herbland ez al. 1985). However, the

simulation results appear to overestimate the relative importance of the cells < 1 um. In Hawaiian
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waters, 80 % of the total chlorophyll is contained in cells < 5 um, and 50 % of the total
chlorophyll in cells < 1 um (Takahashi and Bienfang 1983, Bienfang 1985). This has been
partially ascribed to the competitive advantage of small cells compared to large cells due to fast
nutrient assimilation rates and growth rates, and negligible losses due to sinking (Parsons and
Takahashi 1973, Bienfang and Takahashi 1983, Bienfang 1985). This competitive advantage is

consistent with the simulation results.
"Steady state" standing stocks

The simulated phytoplankton standing stocks (approximately 3 mg C.m-3, Table 6.1) are of
the same order of magnitude as the varying field estimates. At six stations off Hawaii, Laws er al.
(1984) measured phytoplankton standing stocks ranging from 3.2 to 150 mg C.m-3, and in the
~equatorial Atlantic Ocean Herbland et al. (1985) measured chlorophyll standing stocks of
approximately 5 mg chl.m"3, which are equivalent to approximately 150 mg C.m-3, assuming a
carbon to chlorophyll ratio of 30 (Raymont 1980). The simulated phytopiankton crop is thu's at the
- small end of the range of measured values. This may be due to the apparently unrealistic
dominance of cells < 1 um in the simulation; small cells have a smaller standing stock than large
cells supported by the.same nutrient concentrations (Chapter 3). Alternatively, the discrepancy
may simply reflect the fact that the structure of the model system is very simple, and nutrient
enhancements through excretion by zooplankton or fish passing through an area are of necessity

‘excluded from the model.

Simulated bacterioplankton standing stocks are equivalent to 1.6x106 cells.I-1 (Table 6.1),
which is less than measured counts of 6.5x108 cells.l-1 (Laws et al. 1984). Large bacterioplankton
standing stocks are possible in the model system; a standing stock of up to 5.3x10? cells.I'! occurs
2 days after the start of the simulation, from a \-'ery small initial standing stock. Only "steady-state"

values are presented in Table 6.1. -
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~ Rates of primary production

Simulated rates of primary production are approximately 1.25 mg C.m-3.h-1 (Table 6.1).
Measured phytoplankton production rates in Hawaiian waters range from 0.32 to 52 mg C.m-3.h-1
for the < 3 pum size fraction (Bienfang and Takahashi 1983, Takahashi and Bienfang 1983) and
0.35 to 11 mg C.m-3.h-1 for the total phytoplankton community (assuming a 12 hour day, Laws et
al. 1984). In the Sargasso Sea, Sheldon et al. (1973) estimated primary production rates to be-2.8
mg C.m-3.h-1, Production to biomass ratios in the simulated community are large, approximately 5
d-! assuming continuous growth through a 12-hour day. This value is slightly larger than other
estimates of 0.89 to 1.50 d-1 (Laws et al. 1984) and 3 d-! (Sheldon 1984), but this may be
explained by the dominance of primary produétion in the model community. by phytoplankton < 1

pm, which have fast production rates but small biomasses.

The model output is consistent with the evidenée that specific production rates in oceanic
waters are probably fast rather than slow, in keeping with the observation that small cells
characteristically have fast specific growth rates. Jackson (1980) suggested that oceanic pico-
phytoplankton have lost the ability to grow rapidly, but Bienfang and Takahashi (1983) refute this
statement on the basis of their studies in Hawaiian waters. The maximum specific instantaneous
growth rates of individual cells in the simulation are estimated to be 30 d-! for sizes 0.2-1 um and
9 d-! for sizes 1-5 um at 25 C (derived empirically, Chapter 1). This is faster than the simulated
population growth rate of 5 d-1, rgflectin g the damping influence of low nutrient concentrations on
growth rates. The phjtéplankton cells, although growing rapidly, grow at sub-optimal rates, as
was inferred by Landry et al. (1984) for growth of bacteria and flagellates in Hawaiian waters.
The ability of small cells to grow rapidly in low-nutrient conditions is due tb their small vhalf
saturation constants, estimated empirically to be 0.00026 mg-at N.m-3 for sizes 0.2-1 umvand

- 0.032 mg-at N.m-3 for sizes 1-5 um (Chapter 2).
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CONCLUSIONS

The hypothesis that phytoplankton in warm, surface oceanic waters have fast primary
production rates is supported by size-based arguments. Small ambient nutrient concentrations
result in a phytoplankton community dominated by small cells, which have fast Speciﬁ_c growth
rates, even when growing sub-optimally. In real systems the basic model is complicated by other
factors such as nutrient pulses caused by isolatedr mixing events and excretion by large
zooplankton and fish, but these complications should modify the basic structure, not determine it.
Sheldon et al. (1973) stated that if the definitive relationships that exist between growth rates, size
and temperature could be formalized, it would not be necessary to rely on conventional
measurements of rate processes to understand system functioning. This simple example shows
how an holistic model can be used to analyse a system from a totally different perspective from
that in which most data are collected, and thus provide an objective hypothesis with which field

data can be compared.
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SECTION 3

EXPLORING SYSTEM DYNAMICS
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CHAPTER 7

AN EVALUATION OF CURRENT TECHNIQUES USED TO ESTIMATE
PLANKTONIC PROCESSES FROM FIELD MEASUREMENTS

ABSTRACT

A numerical experiment is carried out in which at-sea sampling of a phytoplankto‘n bloom is
mimicked by "sampling" from the output prodﬁced by a simulation model. The aim of the
experiment is to assess whether current methods of analysing field measurements to determine
planktonic processes are valid. It is shown that size-fractionated sampling of primary production is
“essential to be able to identify the pathways and processes occurring in plaﬁktonic ecosystems.
~ Pico-phytoplankton usually have fast production rates but small biomasses, and their model
populations fluctuate on shoﬁer time scales than do those of net-phytoplankton. Some of the
- assumptions that are implicit in the techhiq}les used to analyse bacterioplankton - phytoplankton
relationships are at times invalid, and result in erroneous conclusions. Some indices of community
processes are similarly invalid unless intg:grated over time with a large enough data set. Tﬁc use of
simulation models as a tool to understand and analyse system behaviour, and to construct and test
working hypotheses, should be an integral part of any field program, especially before field data
are collected. Most inconsistencies and errors result from usiﬁg a non-dyhamic approach to

analysing complex, dynamic biological systems.
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INTRODUCTION

The proliferation of scientific journals and research programs in marine ecology without a
concomitant increase in our comprehensive understanding of biological processes has been
remarked upon by many authors (Sakshaug 1980, Peters 1983, Fenchel 1987). The collection of
data per se appears to be the main aim of many field studjes‘. Consequently, every data set is used
to construct hypotheses, with little attempt being made to rigorously test these hypotheses or to
develop new ones to accommodate disparate observations (Walsh et al. 1971). The tendency to
collect data and then develop a posteriori hypotheses to account for the data is not only bad
science, but also often results in inadequate data being collected (Eppley 1981, Harrison et al.
1983). For example, size fractionated measurements of phytoplankton crop and primary
production routinely are carried out in many studies (e.g. Malone 1977, Furnas 1982, 1983,
Bienfang and Takahashi 1983, Gieskes and Kraay 1983), but there are still many studies that do
riot distinguish phytoplankton on the basis of body size (e.g. Estrada 1980, Harding et al. 1982,
Holligan et al. 1984). Pico- and nano-phytoplankton appear to be ubiquitous components of
phytoplankton, but because of their small size they ére generally not available as food for largé
grazers such as copepods. In food web studies it is necessary to measure the available production,

“and the result of ignoring size effects may result in errors in interpretation of the data.

Biological systems incorporate complex interactions, and it is necessary to take all of these
~ into account when analysing the relationships of one component of the system to all the others
(Lehman 1980, Lehman and Sandgren 1985, Pengerud et al. 1987). Although efforts are usually
made to isolate aspects of th¢ system in order to study them, this is not always possible. For
example, the study of the production of dissolved organic carbon (PDOC) by phytoplankton
during normal growth has been hampered by the rapid utilization of the PDOC by bacterioplankton
in the experimental incubations (Joint and Morris 1982, Jensen 1983). This problem also applies
to carbon-14 incubations which estimate primary production, but which cannot exclude predators

of pico- and nano-phytoplankton (e.g. Furnas 1982). The predatory interactions often cannot be
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- separated from the production rates being measured, and the accuracy of the estimates is often

questionable (Sheldon et al. 1973, Smith et al. 1984).

Simulation models are useful fools for critically examining sampling and analytical
pfocedures; they provide readily available "data", the "true" nature of which is known, and against
which the interpretation of the data can be compared. Furthermore, output can be obtained more
than once i.e. sampling can be repeated. In this chapter I show that sdine of the current techniques
used to analyse and interpret data result in erroneous conclusions, either because sampling is
inadequate, or because the dynamics of the system are not taken into account. It is very difficult to
conceptualize all of the loops and feedbacks occurring in planktonic ecosystem processes. By
using specific examples I attempt to show how incorrect answers can be obtained, and motivate

for a more dynamic approach, incorporating the use of simulation models.
METHODS

Data are obtained from the output of a simulated phytoplankton bloom after upwelling
(Chapters 4 and 5). The simulated phytoplankton bloom develops and decays within 14 days.
"Samples" are taken four times during the course of the bloom. Phytoplankton and
bacterioplankton standing stocks are calculated from instantaneous measurements, and primary
production is estimated by integrating instantaneous production rates over a quarter-day period,
mimicking a standard incubation (Strickland and Parsons 1968). Bacterioplankton production is
calculated as the difference between PDOC taken in and carbon respired, and is similarly integrated

over a quarter-day time interval.

RESULTS AND DISCUSSION

Standing stocks

"Sampled" phytoplankton and bacterioplankton standing stocks are superimposed on the
“real" data in Fig. 7.1. As is often done, the points have been joined by lines. This forces an

unfounded dynamic pattern on the data, which is seen to be incomplete (Fig. 7.1).
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Fig. 7.1. Simdlated ("real") standing stocks and four "samples" from a phytoplankton
bloom after upwelling. a) Phytoplankton. b) Bacterioplankton.

This example reflects an cx&emc case in the sense that the samples were not taken
randomly, but were selected to co-incide with certain features of the bloom. Thé magnitudes of the
bacterioplankton fluctuations are probably not realistic (see Chapters 4 and 5), but the time scales
of the changes (less than one day) have been observed in some field and experimental studies (e.g.
Lochte 1985, Van Wambeke and Bianchi 1985). The intervals between sampling periods in Fig.
7.1 are not unusual for typical sampling programs, where conclusions are, of necessity, often
based on samples collected at intervals of a few days (e.g. Holligan ez al. 1984, Harrison et al.

1987) or weeks (e.g. Harrison et al. 1983, Hargrave et al. 1985). The results indicate that caution
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should always be exercised in delineating continuity to data that have been collected as discrete

‘samples.
Size-fractionated primary production

Size differences in primary production are shown in Table 7.1. At the four different
sampling times, the instantaneous rates of primary production of the total phytoplankton
community change dramatically. It is evident that in these samples most of the standing stock
consists of the largest phytoplankton size class (25-125 pm), which has the slowest production
rate. However, the major proportion of the primary production is due to pico-phytoplankton.
These small cells may be overlooked in field studies, resulting in an overestimate of production by
the large éells and incorrect conclusions about the carbon available to consumers such as copepods
which consume the large-celled phytoplankton. In the sample of day 13, the net-phytoplankton
(25-125 um) have a negative production (i.e. respiration losses exceed carbon gains), but the total
community has a positive P/B ratio. In a standard field experiment, the large, obvious cells could
be inferred to be growing, whereas size fractionation indicates that their carbon reserves are

- actually being depleted.

The P/B ratios of pico—phytoplankton appear to be unrealistically large (Table 7.1). This is
because primary production rates are instantaneous fates, and do not represent total daily
production rates. This distinction seldom is made. Pico-phytoplankton may only have a daily
production rate of 164.4 mg C.m3.d-1 (day 4, Table 7.1) if their growth continues at the same rate
for the entire day. In the model, pico-bhytoplankton standing stocks decrease very rapidly, and
their P/B becomes negative, so that actual daily production is much less than that indicated by the

instantaneous rates.

In general, it is invalid to multiply measured instantaneous rates for any process by an
hourly factor to obtain daily rates, unless the changes have been investigated through the entire day
(Eppley 1981), and a correction factor has been estimated. Although researchers generally are

‘aware of the dangers of extrapolations, these are often forgotten when data are used in a whole
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system context, where units are standardized and simple linear conversions are used to change

units from hours to days, with little cognisance of the assumptions implicit in such calculations.

Table 7.1. Size fractionated primary production and standing stock estimates of samples taken at different times
during the simulated phytoplankton bloom. Standing stocks are those at the start of each time interval.

Time Phytoplankton | Production ' Standing stocks P/B
(days) (um esd) (mg C.m-3.01) (mg C.m™3) | @h
1.50 - 1.75 02 - 1 84.2 2.05 o4
1-5 0.20 0.038 5.3
5.25 0.56 047 12
25 - 125 13.6 | 51.8 T 026
TOTAL 98.6 54.4 1.8
425-4.50 02 -1 ‘ 164.4 3.8 43
1-5 266.0 52.4 - 5.1
5.25 481 4.26 | 1.1
25 - 125 17.5 81.6 0.22
TOTAL 453 142 3.2
7.50 - 7.75 02 -1 207.6 24.2 8.6
1-5 B - -
5 -25 27.9 57.2 0.49
25 - 125 ' 7.84 126.4 0.062
TOTAL 243 205 . 1.2
1325-1350 02 - 1 18.7 5.53 3.4
1-5 - - -
5-25 0.26 | 3.63 0.072
25 - 125 -6.26 96.2 -0.065
TOTAL 12.96 105 | 0.123
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Relationships between bacterioplankton and phytoplankton

A number of "standard" calculations are commonly carried out in order to assess the role of
bacterioplankton (and microzooplankton) in the plankton community. Correlations between the
standing stocks of heterotrophs and phytoplankton are used to identify possible relationships (e.g.

Fig. 7.2).
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Fig. 7.2. Scatter plot showing the relationship between standing stocks of
phytoplankton and bacterioplankton. a) "Samples” from the simulation. b) "Real”
relationship (from simulation results). :
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Often, these relationships are assumed to be causal. For example, a relationship between
bacterioplankton and phytoplankton may be expected, on the basis that bacterioplankton rely on
carbon produced by phytoplankton for growth. This premise is only partially true, because
bacterioplankton growth often is limited by nitrogen and not carbon, and predation by
zooflagellates can also limit bacterioplankton populations (Pengerud et al. 1987). Simple
correlations may overlook the effect of time lags, and assume that all effects take place
instantaneously. Clearly, a relationship between the standing stocks of phytoplankton and
bacterioplankton in the simulation results does occur (Fig. 7.2). However, this does not imply that
the relationship is causal, because in the simulation the relationship is mainly due to the fact that
pico-phytoplankton and bacterioplankton are controlled by the same predators. The fitting of
simple functions (often linear) to such data is tempting, but should be carried out with caution,

bearing in mind the assumption of continuity that is implicit in such a procedure.

The amount of primary production utilized by bacterioplankton is a subject that has received -
much attention in recent years (Joint and Morris 1982). In order to assess carbon utilization by
bacterioplankton a simple procedure often is followed (e.g. Larsson and Hagstrom 1982, Eberlein
et al. 1983, Lucas et al. 1987), using field measurements of phytoplankton and bacterial

production (Table 7.2). Bacterial consumption is calculated by:
Consumption = Production / Net Growth Efficiency (NGE).............. (7.1)

where NGE for bacterioplankton utilizing PDOC is assumed to equal 60 % (Lucas 1986). PDOC
production usually is calculated as some fraction of primary production; this fraction is seldom
known, and a value of 30 % has been used in the present simulations (Chapter 3).
Comparing PDOC production with bacterial consumption rates (Table 7.2), it appears that
consumption is larger than production on days 4, 7 and 13. This often leads to the conclusion that
PER is larger than 30 % or that bacterioplankton are utilizing some other source of carbon, such as
particulate carbon. This conclusion appears to be supported by the fact that the discrepancy
becomes larger towards the end of the bloom, when bacteria are "expected” to be utilizing

senescent phytoplankton cells.
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Table 72 Estimgted relationships between phytoplankton production and bacterioplankton production at different
days during the simulated phytoplankton bloom. All production and consumption units are in mg C.m-3.h-!,

Time Bacterioplankton 'Phytoplankton 2ppOC % Primary

(days) Production 1Consumption Production Production - Production
1.50-1.75 0.19 0.32 4.11 1.23 - 4.6
4.25-4.50 416 6.93. 189 567 22.0
7.50-7.75 4.07 ' 6.78 10.1 ' 3.03 40.3

13.25-13.50 0.26 0.43 0.54 0.16 48.1

1 Consumption = Production / 0.60 (Lucas 1986) »
2 PDOC Production = 0.30 x Primary Production (Chapter 3)

In the simulation, neither of these conclusions is correct; PER is 30 % and
bacterioplankton are only utilizing PDOC. The misinterpretation arises because bacterioplankton
not only utilize instantaneous production, they also use accumulated production in the form of
ambient PDOC concentrations. Consequently, snapshot measurements of production rates do not
contain sufficient information to be able to assess the carbon flow dynamics. Standing stocks and

concentrations should also be included in the calculations.

The use of equation (7.1) or similar, involves two critical assumptions. The first is that
NGE is a constant. When food is abundant, NGE may be large (Chapter 1). However, when food
becomes limiting NGE decreases, and this index should only be applied if food is known to be
non-limiting. The second assumption is more subtle. NGE is not a measurable quantity, but is a
derived index, and consequently is depe_ndeni on the processes that have been used to define it viz.
consumption and respiration (Lynch 1977). Production is the difference between net consumption

and respiration. Equation (7.1) can be rewritten as:

NGE = (Consumption - Respiration ) / Consumption.......c.ccceceuuuene. (7.2)

Total carbon consumption by an animal population per unit time depends both on the food

concentration and the population size, whereas population respiration is dependent only on
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population size. When food is abundant, the dependence of consumption rates on food
concentrations is small. However, when food is scarce, respiratiOn rates increase relative to
consumption rates and NGE decreases, and can become negative. For this reason, community
indices such as "% respiration" (Lochte and Turley 1985, Bauerfreind 1985), used to assess how
much of production is respired, should only be used for periods when food is known to be
abundant. Such conditions are probably not the norm in nature, and these indices of community
- dynamics should be used with caution, especially when making comparisons between différent

regions.
CONCLUSIONS

The linterpretation of data has been described by Sakshaug (1980) as a "... so far ...
underdeveloped field of phytoplankton ecology". The examples that have been discussed highlight
problems that are found in many ecological studies. Plankton ecologists study complex biological
systems with many rapid interactions. Because it is difficult to conceptualize all pathways and
components, a static approach has been adopted by many researchers to analyse field data. This
chapter has shown the dangers of such an approach. A feasible alternative is to make extensive use

of simulation models, both in constructing hypotheses and in testing their feasibility.
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SYNTHESIS - CHAPTER 8

TOWARDS AN UNDERSTANDING OF THE DYNAMICS OF MARINE
PLANKTONIC FOOD WEBS

ABSTRACT

Output from size-based simulation models is used to examine the dynamics of food webs in the
euphotic zone of coastal and oceanic waters. The roles of different sizes of phytopl'ankton ih
primary production are shown to change wifh the nutrient status of the water in simulation models.
In coastal waters, pico-phytoplankton (< 1 pum) dbminate in the model systems when nutrients are
limiting, but when nutrients are abundant, model pico-phytoplankton populations are controlled by
predators, and display rapid fluctuations. Net-phytoplankton populatidns (here defined as 5-125
pm) increase in eutrophic waters, because nﬁm’em concentrations are large enough to sustain the
large cells and they are no longer outcompeted by the predator-controlled small-celled pico- -
phytoplanktori. In oceanic waters pico-phytoplankton dominate, and model output is consistent
with the hypothesis that oceanic phytoplankton have rapid rates of pﬁﬁlary production. Large
amounts of carbon may be taken up by bacterioplankton, but much of this is rapidly respired, and
’ vthus lost to the rest of the food chain. Microheterotrophs (< 125 um) are important in nitrogen
regeneration, because of their rapid metabolism. A hypothetical planktonic food web is presented
in which all size classes of micro-heterotrophs are capable of utilizing phytoplankton directly.
Consequently, the microbial loop from bacterioplankton to large zooplankton and fish is the
longest possible route in the food web, and probably only occufs in relatively stable environments.
In upwelling systems, the components of the microbial loop and mesozooplankton seldom co-
occur, because of rapid fluctuations in their populations, and most energy passes through short
food chains. The large productivity of upwelling systems may be due to short-lived but very
efficient matches in time and space between dense phytoplankton assemblages and their
zooplankton and fish predators. Trophic efficiencies are predicted to be as large as 50 % in
upwelling regions, due to the dense food aggregations that occur as a result of the rapid

development of frequent phytoplankton blooms during the upwelling season.

. 150



INTRODUCTION

One of the goals of ecology is to derive general principles which serve as the basis for
understanding the functioning of whole ecosystemvs. For many years the marine planktonic food
chain was believed to be one of the best understood systems in ecology (Steele 1974, quoted by
Fenchel 1987), but today few would dispute that the classic diatom-copepod-fish food chain does
not adequately describe all processes occurring in the plankton (Williams 1981, Landry et al.
1984). This hypothesis of food-chain structure, exemplified in the model of Steele (1974) for a
North Sea food chain, was revised largely as a result of improved technology; new reliable
methods of assessing standing stocks and production of very small organisms (see Joint and
Morris (1982) for a review) assigned a hitherto unsuspected importance to pico- and nano-
plankton, both as primary producers and as consumers. In the last 10 years a number of ﬁeld and
laboratory studies have been undertaken to try and elucidate the role of pico- (< 2 um), nano- (2-
20) um and micro- (20-200 um) plankton in marine planktonic communities. The result has been a
number of conflicting hypotheses as to the role of very small autotrophs and heterotrophs in

carbon flow and nutrient (principally nitrogen) regeneration in planktonic ecosystems.

Marine ecologists generally recognise the need to distinguish between different sizes of
phytoplankton, and many studies in recent years have used size-fractionated samples to estimate
standing stocks and primary production (e.g. Malone 1977, Furnas 1982, 1983, Larsson and
Hagstrom 1982, Bienfang and Takahashi 1983, Gieskes and Kraay 1983, Bienfang 1985,
Herbland et al. 1985, Probyn 1985; 1987). In both coastal and oceanic waters small
phytoplankton have been identified at times as comprising the major proportion of standing crop
(e.g. Gieskes and Kraay 1983, Mitchell-Innes and Winter 1987) and of primary production
(Glibert et al. 1982, Joint and Pomroy 1983). However, the presence of autotrophic pico- and
nano-plankton within the food web is still ignored in many system models, which class
phytoplankton as a single component when representing ecosystem structure (e.g. Tett et al.
1986, Jones and Henderson 1987). Thus, despite the evidence to the contrary, conventional
diatom-dominated phytoplankton communities still are used as the basis for many food-web

models. |
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The focus of attention away from pico-phytoplankton may be partially due to the focus on
the role of bacterioplankton, which are the same size as pico-phytoplankton but are heterotrophs,
obtaining their carbon from dissolved amd particulate organic matter. Traditionally regarded as
remineralizers, bacterioplankton attained a potentially important role in utilizing the products of
primary production (Wolter 1982), and the microbial loop (Azam et al. 1983) was hypothesized as
an important pathway through which carbon fixed during photosynthesis eventually reached large
organisms (Sorokin 1979, Gast 1985, Laake et al. 1983b, Jones and Henderson 1987, Lochte and
Turley 1985). However, some studies have questioned the validity of this hypothesis, claiming
that the microbial loop is a very inefficient transfer route (Joint and Pomroy 1983, Landry et al.
1984) or even a cul-de-sac, acting as a "sink" rather than a "link" (Ducklow et al. 1986, Smith e?

al. 1984).

The imp_onance of the microbial loop in nutrient cycling has been the source of some
controversy (e.g. Joint and Morris 1982, Lucas 1986). Small organisms with fast growth rates
appear to remineralize nutrients rapidly, and field studies have demonstrated the importance of
organisms < 10 um in nitrogen regeneration (Harrison 1978, Glibert 1982, Probyn 1985; 1987).
It was initially believed that bacteria were primarily responsible for nitrogen regeneration by this
size fraction (e.g. Newell and Linley 1984), but recent work has implicated bactivorous protozoa
as the chief agents of nitrogen regeneration (Caron et al. 1985, Andersson et al. 1985, Goldman
et al. 1985). However, modelling studies by Moloney et al. (1986) and Newell et al. (1988)
suggest that in dynamic systems there is a time sequence in which different size fractions play
roles of varying importance in nitrogen regeneration. Because most data are collected as discrete

samples within a dynamic process, different data sets appear to support different hypotheses.

There is a vast literature describing planktonic data from many disparate systems, and
providing a spectrum of possible pathways for carbon and nitrogen flows through plankton
comunities. In this chapter I assume that all of these data sets are derived from systems which are
governed by the same basic processes (viz. carbon fixation, respiration, nitrogén uptake, excretion
and grazing), and that the structures of the food webs and the rates of all the processes are

determined by the sizes of the organisms involved. I use output from size-based simulation models
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of typical coastal and oceanic food webs to examine the dynamic features of planktonic food webs,
and to resolve some of the controversies surrounding the major pathways of carbon and nitrogen
flows. I discuss the importance of phytoplankton cell sizes in determining production rates, and
discuss the role of the microbial loop in carbon flows and nitrogen regeneration. An hypothesis is
developed to explain the high productivity of pelagic fish in upwelling systems, and a model is
presented which summarises the dynamic features of carbon and nitrogen flows in planktonic

ecosystems.
THE SIZE STRUCTURE OF PHYTOPLANKTON COMMUNITIES

Pico-phytoplankton have fast growth rates and and take up nutrients efficiently at low
ambient concentrations (Chapters 1 and 2). They appear particularly suited to outcompete large
cells and dominate phytoplankton assemblages, but in nature large célls also occur, so there must
be some factors that favour the growth of large cells. Some of these factors can be explained by
body size. Kooijman (1986) used body-size relationships to model components of the energy
budget of an ammal He concluded that the environment will select for small organisms when food
concentrations are consistently reduced, because small organisms are efficient at taking up food at
low ambient g:oncentrétions. However, in environments in which food is supplied in pulses, the
pulses interspersed by conditions of little or no food, large organisms will dominate, because they
have large storage capacities, and are well suited to surviving periods of starvation (Kooijman
1986). A similar argument can be used to relate phytoplankton cell-size to nutrient concentrations

in the water.

The size-based model output shows that pico-phytoplankton dominate model systems when
nutrients are limiting, because large phytoplankton cannot successfully compete for limited
nitrogen (Parsons and Takahashi 1973, Chapter 4). In periodically eutrophic waters (e.g.
upwelling regions), large phytoplankton cells may dominate, because they survive periods of
reduced nutrients by developing dormant cysts, which form the seeding crop when nutrients are
introduced to the euphotic zone (Estrada and Blasco 1985, Chapter 4). The formation of dense

cysts has been suggested as a mechanism by which net-phytoplankton ensure that they are not
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advected off the continental shelf, but sink rapidly to the bottom to await a mixing or upwelling
event that will transport them into the euphotic zone in nutrient-rich water (Anderson ez al. 1985).
Pico-phytoplankton presumably do not have as strong a selection pressure as net-phytoplankton to
form dense cysts to ensure that they remain on the continental shelf, because thay are able to grow

in nutrient deficient oceanic waters (Chapter 6).

Size differences in phytoplankton assemblages may be partially attributed to nutrient
concentrations. Differences in nutrient uptake capacities explain why large cells typically only are
found in eutrophic coastal waters, but not why small cells do not outcompete large cells in these
regions. Model output (Chapters 3, 4 and 5) indicates that predatory control of small cells
precludes them from dominating for long periods in eutrophic waters. Small cells are eaten by
small grazers, and are preyed upon at faster rates than are large cells, which are grazed by
relatively slow-growing, large zooplankton (Chapter 1). In stratified coastal waters with a
relatively stable nutrient supply, such as on the Agulhas Bank (Chapter 4), pico-phytoplankton are
present as a variable proportion of the phytoplankton community. In eutrophic coastal areas, pico-
phytoplankton may dominate the phytoplankton for limited periods, as was shown by the
upwelling model (Chapter 4). However, predator control sets up oscillations and prevents them

from persisting, and large phytoplankton cells form the bulk of protracted phytoplankton blooms.
THE ROLE OF THE MICROBIAL LOOP

Simulation studies allow one to view a system as a functional unit, and to assess the
potential roles of different components. In this section I discuss the average role of the microbigl
loop in planktonic fobd webs on the basis of output produced by simulation models (Chapters 4
and 5). Average is used here in a stochastic sense, to express the energy flow or nutrient cycling,
integfated over a suitable time interval, that follows any given pathway. There has been much
speculation about the role of bacterioplankton in carbon transfer in the food web (see Joint and
Morris 1982). To date, very little experimental work has been conducted to rigorously test the
hypotheses, and much of the speculation is based on extrapolations from detailed studies on

bacterioplankton, and not on the food web as a whole. This is the essence of a reductionist
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approach. In the whole-system analysis used in this thesis, it has been shown that the dynamic
oscillating nature of microplankton systems precludes the microbial loop from being an efficient

pathway for carbon flows to large zooplankton and pelagic fish.

The average carbon flows through the bacteriOplankton in the Agulhas Bank and the west
coast upwelling simulations (Fig. 5.14, Chapter 5) indicate that very little of the carbon taken up
by the bacterioplankton reaches large zooplankton. This supports the experimental work of
Ducklow et al. (1986), who concluded that bacterioplankton act as a sink for carbon. Carbon is
rapidly respired by micro-organisms, because of their fast metabolic rates (Chapter 1). The size
fractions that comprise the different trophic steps in the microbial loop exhibit rapid population
fluctuations (Chapters 3 and 4), and there are temporal mismatches between predator and prey
populations, resulting in production being "wasted"” in respiration (Chapter 5). The importance of
mismatches in time has been overlooked in rhany system studies, which tend to view systems as
static entities. Temporal mismatches appear to be important in eutrophic waters, where population
fluctuations can be rapid (Chapter 4). It has been shown in network analyses of simulated
plankton communities that up to six trophic positions can occur in microplankton communities
(Chapter 5), but only the first three trophic positions are important as pathways of material flow.
Temporal mismatches occur chiefly between populations of different sizes of heterotrophs,
becauset there is a relatively persistent population of autotrophs. Consequently, the first two
trophic steps dominate ‘carbon flows in simulated food webs, and it is probable that a similar

situation occurs in nature,

The fast metabolism of small organisms results in carbon rapidly being lost in respiration.
This attribute of the microbial loop makes it inefficient in carbon transfer, but contributes to
nitrogen recycling. If equivalent amounts of nitrogen are given off in excretion when carbon is
respired (Chapter 3), the microbial loop would be important in nitrogen recycling, because of the
rapid metabolic rates of small organisms. In Chapter 5 the importance of different size fractions in
regenerating nitrogen in the model systems is discussed. All components of the microbial loop are
shown to be important as remineralizers. However, because their populations undergo rapid

fluctuations, their importance as remineralizers is transitory, and generally each size fraction
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dominates, but at different times. Discrete samples from nature do not have sufficient resolution to
test hypotheses about dynamic processes like recycling (see Chapter 7). Extrapolations from such

data result in conflicting hypotheses about processes that are really part of a continuum.
WHY ARE UPWELLING SYSTEMS PRODUCTIVE?

Upwelling regions in eastern boundary current areas support the most productive
commercial fisheries in the world (Cushing 1971). Ryther (1969) attempted to explain this very
high productivity on the basis that the food chains in these areas are very short, encompassing
only one or two trophic steps. However, with the introduction of the microbial loop hypothesis
into the food web, a previously ignored pathway for primary production had to be incorporated
into the calculations, which then did not balance. Assuming that the estimates of fish production

are correct, this imbalance may be corrected in three ways:

1) Estimates of primary production may be increased, and trophic efficiencies left unchanged.
This implies that primary production has been underestimated in the past (Jones 1984,
Fenchel 1987), and the "unmeasured” production is the proportion.that is lost in the
microbial loop.

2) Estimates of primary production and trophic efficiencies may be left unchanged, and the
additional microbial loop pathway can be incorporated as a very efficient pathway. Primary
production then reaches fish through an alternative but efficient route. The problem with
this hypothesis is that in each transfer step some energy or material is dissipated, so the
gains decrease as one adds moré steps into the food web.

3) Primary production may be left unchanged, but trophic efficiencies made larger than is
generally believed. Very little primary production is directly available to pelagic fish, but
this production is efficiently transferred. The remainder is channelled to the microbial loop,
because much primary production is by organisms too small to be eaten by zooplankton
such as copepods. This third option will be discussed below, because it appears to be
viable, based on my studies with simulation models (Chapter 5), and on experimental data

of the feeding of pelagic fish in the southern Benguela region (James 1988).
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Food concentrations and trophic efficiencies

The growth and production of any organism is a function of the amount of food that it eats.
It is well known that ingestion rates saturate at large food concentrations (Mullin ez al. 1975,
Chapter 2) and are sub-maximal when fbod concentrations are small. Trophic efficiencies are
defined as the amount of production at one trophic position that is utilized by the next trophic
posi;ion. In marine food chains, trophic efficiencies are generally assumed to 10 % . However,
many factors will affect the efficiency of transfer, and it is invalid to assume that trophic efficiency

is a constant (May 1979).

Trophic efficiencies are usually based on energy flows, but carbon flows will be used in
the following example. Consider a system with three trophic categories, where the trophic
categories refer to the integer number of trophic transfers that occur in the food web, starting with
some external iniput (Ulanowicz and Kemp 1979). In the pelagic environment, this system might

represent a three step trophic transfer from net-phytoplankton to zooplankton to fish (Fig. 8.1).

EGESTION
0.0T7 Ofs
1.00 Phyto";f;'nkton 0.67 { Zooplankton 0-49. Pelagic Fish 0'36|
I 67 % II 73 % Il 73%
0.33 0.11 ' 0.09
RESPIRATION

Fig. 8.1. Theoretical carbon flows in an idealized upwelling food chain. The trophic categories are in Roman
numerals, and trophic efficiencies are italicized.

Carbon fixation during photosynthesis represents the external input to the system. Optimal

conditions for carbon fixation occur when nutrients and light are not limiting. Under these
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conditions, a unit of carbon may enter trophic category I during photosynthesis (Fig. 8.1). Some
of this carbon will be respired, and according to mass balance calculations this should be about 33
% of primary production undgr optimal conditions (Chapter 1). If it is assumed that sinking and
other losses are negligible in this ideal situation, 0.67 units are left in the first trophic category, and
are available to trophic category IL If all 0.67 units enter the second trophic category, with an
assimilation efficiency of 90 % (Chapter 1), 0.60 units are retained. Under the optimal conditions
that are assumed to pertain, 19 % will be respired (Chapter 1), and the remainder made available to
the next trophic category. Again, 10 % of this is egested and 19 % is respired, but 0.49 units of
the original carbon fixed have reached the fish, and fish production is 36 % of primary production.
Trophic efficiencies are large; 67 % in trophic category I and 73 % in trophic categories II and III.

This food chain is thus very efficient.

These ideal conditions do not persist in nature. However, in order to approach the ideal
described in Fig. 8.1, an important factor is that food densities should be large, because the
concentration of available food is an important factor governing the ingestion rate (Chapter 2). In
the southern Benguela region, phytoplankton blooms develop rapidly after upwelling, reaching
maximum standing stocks of up to 1600 mg C.m-3 after 3-5 days (Brown and Hutchings 1987b,
Chapter 4). If these patches of phytoplankton are encountered by zooplankton swarms, feeding
will be rapid, because maximum ingestion rates of zooplapkton occur at food concentrations of
approximately 300 mg C.m-3 (Chapter 2). Similarly for fish schools encountering a zooplankton
bloom. James (1988) has shown that in the southern Benguela region, anchovy Engraulis capensis
may obtain all their daily carbon requirements within a few minutes at field concentrations of large
zooplankton prey, with a net growth efficiency of up to 60 %, taking metabolic expenditure during
active feeding into account. In the ideal model presented in Fig. 8.1, the net growth efficiency
(NGE) of the third category (i.e. pelagic fish) is 73 % (NGE's correspond to trophic efficiencies
in this example). Simulations of microplankton food chains in the upwelling area suggest that
trophic efficiencies of the first two categories may be up to 62 % (Chapter 5). These are smaller

than the theoretical maximum values, as would be expected, but are much larger than values
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usually assumed to operate (e.g. Ryther 1969), suggesting that in dynamic systems high trophic

efficiencies are possible.

The productivity of food chains is determined by the magnitude of primary production, the
trophic efficiencies and the number of trophic steps. Ryther (1969) assumed that trophic
efficiencies in upwelling regions were constant at 20 %, and that the great productivity of fish was
due to the short food chain and the large initial primary production. Here it is suggested that
trophic efficiencies in upwelling areas may be much larger than 20 %. The extent to which this
high "efficiency" is dampened by mismatches between predator and prey in time and space is not
known. The terhporal and spatial scales on which important biological interactions occur need to
be compared with ihose on which physical processes occur in upwelling regions. If one uses
Ryther's (1969) estimate of primary production of upwelling regions and trophic efficiencies of 60
% for the short food chain, there is a large "surplus" of primary production. This surplus is either
not available to pelagic fish, or reaches them through longer, less efficient pathways (James
1988). The average relative importance of the different pathways is also not known, but is likely to

fluctuate in time and space.
A GENERALIZED PLANKTON MODEL

A modified version of the average food web described by Azam et al. (1983) is presented
in Fig. 8.2. In this food web model, primary producers cover as wide a rahge of sizes as the
micro-heterotrophs which form the microbial loop (Fig. 8.2). Thus, each of the components of the
microbial loop eats not only heterotrophs but also phytoplankton cells smaller than itself. In
general, all protozooplankton are capable of obtaining carbon from suitably-sized phytoplankton
(Azam et al. 1983, Chapter 3). In addition to increasing sizes as one progresses along the food
web (Fig. 8.2), there is a tendency towards longer time scales. Descriptive models are limited in
this respect, because they give no indication of the dynamic nature of the system when all the

components are interacting.
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Fig. 8.2. Carbon and nitrogen flows in a plankton food web, modified after Azam et al. (1983). The trophic categories on the right refer
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numbered to correspond to the number of trophic steps. Shaded arrows depict the qualitative changes in the amount of nitrogen recycled

and the carbon transfer efficiencies of the 4 "food chains”, which are believed to dominate to varying degrees in different marine

ecosystems. Note that, in general, an ecosystem will tend to have all food chains that are longer than its shortest food chain.




In many recent studies, the role of the microbial loop ("food chain” 5, Fig. 8.2) has been
emphasized, and the shorter chains ("food chains" 1, 2, 3 and 4, Fig. 8.2) from phytoplankton to
fish have been de-emphasized. However, the microbial loop pathway is possibly the most unlikely
pathway for the products of primary production to reach pelagic fish, because this route is the
longest through the food web, and is likely to be very inefficient (Caron et al. 1985). The most
efficient pathway in carbon transfer should be the shortest pathways (food chains 1and 2), with
intermediate food chains 3 and 4 decreasing in terms of efficiency of carbon transfer. The converse
is true for nitrogen regeneration. Long food chains will result in large amounts of nitrogen being
regenerated through egestion and excretion, particularly because the long food chains are
composed of small organisms, which are prolific remineralizers because of their fast turnover rates

(Chapter S).

Different marine planktonic systems have one or more of these food chains operating; in
Chapter 5 it was shown that the simulated Agulhas Bank and upwelling food webs contain all four
"food chains" in varying degrees of importance at different times. What are the features that
determine which of the pathways will be most important? I hypothesise that nutrient / food
concentrations are an important factor, and that these in turn determine the size structure of the
phytoplankton community. If all phytoplankton are small (i.e. < 5 um), the only available
pathways are food chains 4 and 5. If the dominant phytoplankton are large species, food chains 1
and 2 can occur, but will only be efficient if food / prey concentrations are large enough. If food
chain 1 occurs, it is probable that all of the food chains are present in some degree, because pico-
phytoplankton are ubiquitous components of marine plankton communities (Johnson and Sieburth
1979, Joint and Pomroy 1983). Carbon flows in productive upwelling ecosystems (in terms of
pelagic fish) will move along food chains 1 and 2 (Fig. 8.2) more often or more efficiently than
will those of temperate coastal ecosystems, whereas carbon flows in unproductive oceanic waters
will primarily pass along food chain 5. This implies that the productive systems have more
complex food webs than the unproductive waters, which is the opposite to the traditional view of
planktonic food webs (e.g. King 1987). The short "efficient” food chains may be fortuitous

during "boom" periods when food densities are abundant, whereas the long "inefficient" food
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chains may be important during lean periods when food concentrations are low. The total fish
production in an ecosystem will depend on the extent to which the different food chains are

averaged in time and space.
CONCLUSIONS

Analysis of output from a size-based model of plankton communities provides invaluable
insight into the factors determining the dynamics of marine planktonic food webs. Many of the
controversies regarding carbon and nitrogen flows in plankton communities have arisen because of
a non-dynamic approach to analysing data, and a tendency to extrapolate from single data sets to
the general. Controversies can be resolved to some extent by complementing field studies with
dynamic system models. These models can guide field and experimental studies, providing an

whole-system perspective of the problems being tackled.
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A PROGRAM TO DEVELOP THE STRUCTURE OF A TROPHIC CONTINUUM
MODEL OF A PLANKTON / PELAGIC COMMUNITY

1. Program Specification

This program defines the structure and limits of a model plankton community. The
community consists of autotrophs and heterotrophs, the latter being divided into bacterioplankton,
epibacteria, bactivorous protozoa and microzooplankton. Information about the size ranges of
these different components is input to the program, as is the log base to be used in designating size
classes. The program uses this information to divide the autotrophs and heterotrophs into size
classes. It also quantifies certain attributes of the size classes, such as body masses, predator and
prey sizes, position in the food web, etc. In order to simulate flows of carbon and nitrogen
through the community (see program TC2), it is necessary to quantify the flow parameters. All
model parameters are body-size dependent, and this program calculates the values of parameters
for each size class. It also initializes state variables, which are the standing stocks of carbon and
nitrogen in each size class, and the concentrations of carbon and nitrogen in abiotic pools.
Additional information is read in to the program concerning options to be used in executing the
second program, which simulates the dynamics of the model. All the options and variable- and
parameter- values are written to a data file, from where they are input to the second program.

2. Instructions for use -
2.1 Runstream

The program was written for use on the Sperry 1100 series mainframe computer at the
University of Cape Town. It is run in batch mode from CTS (Conversational Time Sharing). An
example runstream is given below.

@RUN /N Runid, ACCNT/USER,Projid,time,pages

@ASG,A COLMOL*THESIS. assigns program file
@ASG,A TC1*DATFIL. assigns input data file
@USE 12.,TC1*DATFIL. assigns internal name (12)
@ASG,A TC2*DATFIL. assigns output data file
@DELETE,C TC2*DATFIL. deletes output data file

. @ASG,UP TC2*DATFIL.,F50 reassigns output data file
@USE,13.,TC2*DATFIL. assigns internal name (13)
@XQT COLMOL*THESIS.TC1 execute the program
@ADD TC1*DATFIL. add the input data file
@DATA,L TC1*DATFIL. list input data
@END terminate DATA command
@FIN tefiinate run



2.2 Input specifications

Input to the program is contained in a single data file. Records are read in free format at the
start of each run, assigning limits and initial values to variables and parameters, and options for
execution of the program. The data read from the data file are presented below, with the right hand
column showing typical values.

The first line contains a title, which can be up to 72 characters long. The second line
specifies the manner and amount of new nitrogen to be input to the model community. The first
variable indicates the manner of input; 'PULSED' = a pulsed, single input, 'CONTIN' = a
continuous input, or 'CNSTNT' = no input but a constant concentration. The next variable
respectively specifies the constant new nitrogen concentration (if NITRO = 'CNSTNT') or the
initial new nitrogen concentration (if NITRO = 'CONTIN'), and the third variable sets the input
rate for the continuous input. The values of these variables do not matter if one of the other options
is chosen.

The third line contains the number of loops (ILOOP) to be executed (the time equivalent in
days is obtained by dividing by 20), a variable (IIT) which sets the loop increment in which data is
written to data files for plotting, and a variable (IPRINT) which sets the loop increment in which
output is sent to the printer. These varables thus control the total amount of output that is saved
and is printed.

The fourth line contains the variable which activates the diurnal cycle, and DIURN can be
switched on ('Y") or off ('N'). The variable PERCON allows PER to be set as constant
(CNSTNT") or variable (CHANGE)). Line 5 contains the factors which determine the size range
of prey organisms for each predator relative to the predator's size (U1, U2, U3). The sixth line
inputs the value of the absorption efficiency of predators (ASSIM), and two variables which
determine the refuge standing stocks of prey organisms. Line 7 contains the variables which
determine the preferences of predators for different prey size classes, and line 8 the variables that
are used to calculate the initial standing stocks in each size class of autotrophs (ASPECI,
ASPEC2) and heterotrophs (HSPEC1, HSPEC2). The logarithmic base (ESDINT) used to
separate size classes is input in line 9, together with the initial carbon standing stock in the detrital
compartment (INITD). Initial concentrations in the PDOC, new nitrogen and regenerated nitrogen
pools are input from line 10. The value for the new nitrogen pool is ignored if NITRO is
'CNSTNT' or 'CONTIN'.

Lines 11 and 12 contain the minimum and maximum sizes (Um esd) of the autotroph and
heterotroph continuums respectively. The factors that are used to convert wet masses to carbon for
the model size classes are input from line 13, and the C : N ratios of different components are on
line 14. The minumum and maximum esd's of the heterotroph groups are input from line 15, and
lines 16 to 21 contain the values used in estimating model parameters.

1. TITLE ‘Standard Simulation'
2. NITRO NCON NINCRE 'PULSED' 100 5

186



ILOOP III IPRINT 4002 10

3
4. DIURN PERCON ‘N' 'CNSTNT'
5. uU1U2U3 0.04 0.06 0.125
- 6. ASSIM SMALL1 SMALL2 ' 09010
7. PREF1 PREF2 ' o 11
8. ASPEC1 ASPEC2 HSPEC1 HSPEC2 1000 0.95 1000 0.95
9. ESDINT INITD 100
10. PDOC(1) NEWN(1) REGN(1) : 015000
11. AMIN AMAX 0.2 200
12. HMIN HMAX 0.2 2000
13. ASTOW ASTOW1 HSTOW HSTOW1 0.0710.07 1
14. ACNPBCN EBCN BVCN ZPCN 6444545
15. PBMIN PBMAX EBMIN EBMAX BVMIN BVMAX ZPMIN ZPMAX 022222 2020 2000
16. ALPHI1 ALPH2 ALPH2A ALPH3 ALPH4 ALPH4A 515173175173
17. ALPHS5 ALPH7 ALPH11 ALPH13 ALPH15 ALP15A ALP15B 0000378540
18. ALPH17 ALPH19 ALPH23 0150
19. BETA1 BETA2 BETA2A BETA3 BETA4 BETA4A -0.25 -0.25 940 -0.25 -0.25 940
20. BETAS BETA7BETA1l1 BETA13 BETA1S5 BET15A 1001-0.250.08

21. BETA17 BETA19 BETA23 ‘ 1-0250

2.3 Qutput format

All values that are read in and calculated by the program are sent as output to the printer. In
addition, values to be used in the second program are written to a data file.

2.4 Restrictions on generality

Two program parameters (SIZE and TIME) assign maximum dimensions to arrays and
matrices. The model is thus constrained by the values of these two parameters.

2.5 Run time

Run times are no longer than 20 seconds of computer time. They are determined by the
number of size classes; the more size classes there are, the more iterations the program has to
perform. The number of size classes is determined by the logarithmic interval used; the smaller the
interval the greater the number of size classes. Similarly, the minimum and maximum sizes in the
continuums will affect the number of size classes.

3. Conceptual overview

3.1 Construction of the trophic continuum model

There are a number of steps involved in constructing the model. Autotroph and heterotroph
groups are divided into size classes using the logarithmic interval set by the user, and the specified
minimum and maximum sizes. The number of size classes is calculated, as are their size
boundaries on the scale being used. The heterotroph continuum is then grouped into
bacterioplankton, epibacteria, bactivores and zooplankton, each group with its own C:N ratio. All
autotrophs are assumed to have the same C:N ratio.
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Various parameters associated with each size class are calculated. These include average
“esd's, volumes, surface areas, surface : volume ratios and individual carbon and nitrogen weights.
The minimum, optimurri and maximum sizes of potential prey are calculated for each predator size
class (bactivores and zooplankton), and from these the number of prey size classes available to
each predator size class and their positions within the total prey array. Similarly, the minimum,
optimum and maximum sizes of potential predators are calculated for each prey size class, as are
the number of potential predators for each prey size class and their position within the total
heterotroph array. |

3.2 Initialization of the model

Size-dependent parameters are calculated, each size class having its own set of parameters.
For each autotroph size class there are rate parameters for nitrogen uptake, carbon fixation,
respiration and sinking, as well as half saturation constants for nitrogen uptake. For
bacterioplankton and epibacteria uptake rates and half saturation constants for nitrogen- and
carbon- uptake rates and respiration rates are calculated, and ingestion and respiration rates are
calculated for bactivores and zooplankton.

Initial biomasses and numbers in each size class and total biomasses and numbers in each
group are calculated. Certain variables read at the start of the run determine which methods of
nitrogen input and PDOC release will be used in calculations, and whether or not the simulation is
to have a diurnal cycle.

4. Program design’

4.1 Overall description

The program is written in FORTRAN, and compiled using the FORTRAN V compiler. It
has no subroutines. Initial values are read in at the beginning, calculations are performed and

output is sent to the printer and an output data file.
4.2 Data structures

Most data are stored in the form of arrays, with the model structure being that of an array of
size classes. The size of the array is determined by the minimum and maximum sizes specified at
the beginning of the run, and the size interval being used. Maximum potential size is set by the
value of the parameter SIZE in the program.
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4.3 Program structure diagram

Open data files

Calculate number of size
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v

Calculate position of smallest and
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v
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v
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each prey size class

y

Calculate size-dependent
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5. Program validation

The program was subjected to a number of checks and test runs to ascertain whether all
calculations were carried out correctly. At present there is a problem involved in the calculations
- that estimate the sizes classes of prey for each predator, and the size classes of predators for each
prey size class. The problem appears to be caused by machine rounding errors, and has only been
found when the log base (ESDINT) is set to a value of 10. It is recommended that the output data
file be checked for this error whenever the log base or size range is altered.

6. Extensions and improilements

The program could be made more interactive and user-friendly, which would make it easier

to use.

7. Program listing

ik Aok *¥ TC1 H*kek Ak

CHARACTER*21 VERSN @ LAST UPDATED ON
5 & /06 SEP 88 AT 09:20:15"/

CHARACTER*1, DIURN
CHARACTER*6, NITRO, PERCON
CHARACTER *72, TITLE
10 |
INTEGER SIZE, TIME, ACLASS, HCLASS, ILOOP
INTEGER TCLASS, UCLASS, UMINUS, UPLUS
INTEGER VCLASS, VPLUS, YMINUS
INTEGER PBCLAS, EBCLAS, BVCLAS, ZPCLAS
15 INTEGER IA1, 1A2, IH1, IH2, UPOS, VPOS, III
INTEGER IPB1, IEB1, IBV1, IZP1
INTEGER IPB2, IEB2, IBV2, IZP2
INTEGER ICHECK, K, IPRINT

20 PARAMETER SIZE = 100
PARAMETER TIME =2

REAL A, AMIN, AMAX, AESD, AWTC, AWTN, ASTOW, ASTOW1, ACN
. REAL H, HMIN, HMAX, HESD, HWTC, HWTN, HSTOW, HSTOW1, HCN

25 REAL T, TMIN, TMAX, TW1, TW2, TESD

REAL ARAD, ASA, AVOL, ASAVOL

REAL HRAD, HSA, HVOL, HSAVOL, ASSIMH

REAL PB, PBMIN, PBMAX, PBCN

REAL EB, EBMIN, EBMAX, EBCN
30 REAL BV, BVMIN, BVYMAX, BVCN

REAL ZP, ZPMIN, ZPMAX, ZPCN

REAL PBC, EBC, BVC, ZPC

REAL PBN, EBN, BVN, ZPN

REAL PBNUM, EBNUM, BYNUM, ZPNUM
35 REAL ESDINT, INITD
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40

45

50

55

65

70

75

80

85

90

5

’

REAL Al, A2, A2A, A3, A4, AdA, AS, AT, All, A13
REAL H15, H15A, H17, H19, H23, K15

REAL ALPH1, ALPH2, ALPH2A, ALPH3, ALPH4, ALPH4A
REAL ALPHS, ALPH7, ALPH11, ALPH13, ALPH15

REAL ALP15A, ALP15B, ALPH17, ALPH19, ALPH23
REAL BETAL, BETA2, BETA2A, BETA3, BETA4, BETA4A
REAL BETAS, BETA7, BETA1l, BETA13, BETA15, BET15A
REAL BETA17, BETA19, BETA23

REAL AC, HC, DC, PDOC

REAL AN, HN, DN, NEWN, REGN

REAL ASUM, HSUM

REAL AMASSC, AMASSN, ANUM

REAL HMASSC, HMASSN, HNUM

REAL TMASSC

REAL U, U1, U2, U3, UMAX, UMIN, UOPT

REAL V, VMAX, YMIN, VOPT

REAL PREF1, PREF2

REAL RA, RH, RPB, REB, RBV, RZP

REAL NCON, NINCRE

REAL ASPEC1, ASPEC2, HSPEC1, HSPEC2

REAL ASSIM, ASMALC, HSMALC, SMALLL1, SMALL2

DIMENSION AESD(SIZE), ARAD(SIZE), ASA(SIZE), AVOL(SIZE)
DIMENSION HESD(SIZE), HRAD(SIZE), HSA(SIZE), HVOL(SIZE)
DIMENSION HCN(SIZE), UPOS(SIZE), VPOS(SIZE), ASSIMH(SIZE)
DIMENSION TESD(SIZE)

DIMENSION ASAVOL(SIZE), AWTC(SIZE), AWTN(SIZE)
DIMENSION HSAVOL(SIZE), HWTC(SIZE), HWTN(SIZE)
DIMENSION ASMALC(SIZE), HSMALC(SIZE)

DIMENSION UMIN(SIZE), UOPT(SIZE), UMAX(SIZE)
DIMENSION UCLASS(SIZE), UPLUS(SIZE), UMINUS(SIZE)
DIMENSION VMIN(SIZE), VOPT(SIZE), VMAX(SIZE)
DIMENSION VCLASS(SIZE), VPLUS(SIZE), VMINUS(SIZE)

DIMENSION A1(SIZE), AX(SIZE), A2A(SIZE), A3(SIZE), A4(SIZE)
DIMENSION A4A(SIZE), AS(SIZE), A7(SIZE), A11(SIZE), A13(SIZE)
DIMENSION H15(SIZE), H15A(SIZE), H17(SIZE)

DIMENSION H19(SIZE), H23(SIZE), K15(SIZE)

DIMENSION TMASSC(TIME,SIZE)

DIMENSION AMASSC(TIME,SIZE), AMASSN(TIME,SIZE), ANUM(TIME,SIZE)
DIMENSION HMASSC(TIME,SIZE), HMASSN(TIME,SIZE), HNUM(TIME,SIZE)

DIMENSION PBC(TIME), EBC(TIME), BVC(TIME), ZPC(TIME)
DIMENSION PBN(TIME), EBN(TIME), BVN(TIME), ZPN(TIME)

DIMENSION PBNUM(TIME), EBNUM(TIME), BYNUM(TIME), ZPNUM(TIME)

DIMENSION AC(TIME), AN(TIME), ASUM(TIME)
DIMENSION HC(TIME), HN(TIME), HSUM(TIME)
DIMENSION DC(TIME), DN(TIME)

DIMENSION NEWN(TIME), REGN(TIME), PDOC(TIME)

FORMAT ()

15 FORMAT ('1',A38,A21/////
25 FORMAT ('0,7X,A5,2X,16,13X,A3,3X,12,17X,A2,2X,F6.3//,7X,AS,

35 FORMAT ('0,6X,2(AS5,1X,F73,6X),7X,2(A5,1X,F7.3,6X),6X,A6,1X,F7.3,

&2X.F6.3,11X,A5,4X,A1,17X,A2,2X,F6.3//,8X,A5,2X,F6.3,11X,AS,
&2X,A6,14X,A2,2X F6.3//, ' ’
&7X,A6,2X,A6,12X,A4,2X,F6.1,11X,AS,
&2X,F6.3//,8X,A5,2X,F6.2,10X,A6,2X,F6.3,11X,A5,2X,F6.3////)
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_ &5X,A6,1X,F7.3//,2(7TX,2(A5,1X F7.3,6X),7X,2(A5,1X,F7.2,6X),6 X, A6,
95 &1X,F7.3,5X,A6,1X,F7.3/1),2(6X,2(A6,1X.F7.3,5X),7X,2(A6,1X,
&F7.3,5X),7X,A6,1X,F7.3,5X,A6.1X,F7.3/)),6X,A6,1X,F1.3///)

45 FORMAT ('0',7X,A4,1X,F9.3,10X,A4,1X,E9.3,8X,A6,1X,13,11X,A3,
&1X,13,8X,A3,1X,13,4X,A6,1X,F10.1,3X,A3,1X,F4.2//,8X,A4,1X,F9.3,
&10X,A4,1X,E9.3,8X,A6,1X.13,11X,A3,1X,13,8X,A3,1X,13,4X,A6,1X,

100 &F10.1//,2(7X,AS5,1X,F9.3,9X,A5,1X,E9.3,8X,A6,1X,13,10X,A4,1X,13,
&7X.A4,1X,13,4X,A6,1X,F10.1/)),
&2(7X,A5,1X,F9.3,9X,A5,1X,E9.3,8X,A6,1X,13,10X,A4,1X,13,
&TX,A4,1X,13 4X,A6,1X,F10.1//),8X,A4,1X,F9.3,10X,A4,1X,E9.3,8X, A6,
&1X.13,9X,A5,1X,F4.2,5X,A5,1X,F4.2,4X,A5,1X,F6.2,2X,A6,1X,F4.2////)

105 55 FORMAT ('1',30X,A40////)

65 FORMAT ('0',A5,3X,A7,4X,2(A11,2X),2X,A7,5X,A7,6X,A5,5X,A9,3X,A9,

&5X,A7,5X,A9) )
75 FORMAT ('0',A5,3X,A7,4X,2(A11,2X),2X,A7,5X,A7,6X,A5,5X,A9,3X,A9,
&5X,A7,5X,A9/))

110 85 FORMAT ('0'14,3X,E8.3,2X,E12.3,3X,4(E10.3,2X),2(F10.2,2X),
&E10.3,8X,F5.2)

95 FORMAT ('0',2X,A15,2X F8.3,4X,A1,1X,F8.3,4X,I3,1X,A12//,
&3X,A11,6X,F8.3,4X,A1,1X,F8.3,4X.I3,1X,A12//,
&3X,A10,7X,F8.3,4X,A1,1X,F8.3,4X,I3,1X,A12//,

115 &3X,A11,6X,F8.3,4X,A1,1X,E8.3,4X I3,1X,A12////)

105 FORMAT (0',3X,A8,7(2X,A8),4(2X,A10))

115 FORMAT ('0'3X,A8,7(2X,A8),4(2X,A10)/))

125 FORMAT ('0',8(F8.2,2X),4(E10.3,2X)///)

135 FORMAT ('0',20X,A72///f)

120 145 FORMAT (0,28X,A15,4X,A17,4X,A13)

' 155 FORMAT ('0',28X,A15,4X,A17,4X,A13/)

165 FORMAT ('0',5X,A13,11X, 2(F8.2,12X),E10.3//,5X,A13,12X,
&2(F8.2,12X),E10.3//,5X,A13,12X,2(F8.2,12X)//)

175 FORMAT ('0',7X.A6,4X,3(A9,5X),A9,4X,A6,2X,A6,3X,A5,3X,Ad)

125 185 FORMAT ('0',7X,A6,4X,3(A9,5X),A9,4X,A6,2X,A6,3X,A5,3X,A4//)

195 FORMAT ('0',8X,I3,4(5X,E9.3),4(5X,13))

205 FORMAT ('0',7X,A6,4X,3(A9,5X),A9,4X,A6,2X,A6,3X,A5,3X,A4,2X,A15)

215 FORMAT (0',7X,A6,4X,3(A9,5X),A9,4X,A6,2X,A6,3X,A5,3X,A4,2X,A15//)

225 FORMAT ('0',8X.I3,4(5X,E9.3),4(5X,13),9X,E8.3)

130 235 FORMAT (0',A5,1X,A7,2X,A3,3X,9(A6,1X),2X,5(A6,3X))

245 FORMAT ('0',A5,1X,A7,2X,A3,3X,9(A6,1X),2X,5(A6,3X)/)

255 FORMAT (0',1X.12,1X,E8.3,1X,9(F6.3,1X),6(E8.3,1X))

135 . * Rk Rk EEEE *
* LSS ok
. +++ INITIALISATION  ***
* kkk hkk
* a2l 2k 2k afe 2ol ol ok 2k s a2k kol ko e ok ke ol ok ko ok kol ok
140
OPEN (12)
OPEN (13)
145 READ (12,5) TITLE
READ (12,5) NITRO, NCON, NINCRE
READ (12,5) ILOOP, III, IPRINT
READ (12,5) DIURN, PERCON
- READ (12,5) U1, U2, U3
- 150 READ (12,5) ASSIM, SMALL1, SMALL2

READ (12,5) PREF1, PREF2
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READ (12,5) ASPEC1, ASPEC2, HSPEC1, HSPEC2

READ (12,5) ESDINT, INITD

READ (12,5) PDOC(1), NEWN(1), REGN(1)
155 READ (12,5) AMIN, AMAX

READ (12,5) HMIN, HMAX

READ (12,5) ASTOW, ASTOW1, HSTOW, HSTOW1

READ (12,5) ACN, PBCN, EBCN, BVCN, ZPCN

READ (12,5) PBMIN, PBMAX, EBMIN, EBMAX, BVMIN, BVMAX, ZPMIN, ZPMAX
160 READ (12,5) ALPH1, ALPH2, ALPH2A, ALPH3, ALPH4, ALPH4A

READ (12,5) ALPHS, ALPH7, ALPH11, ALPH13, ALPH15, ALP15A, ALP15B

READ (12,5) ALPH17, ALPH19, ALPH23

READ (12,5) BETA1, BETA2, BETA2A, BETA3, BETA4, BETA4A

READ (12,5) BETAS, BETA7, BETA11, BETA13, BETA15, BET15A

165 READ (12,5) BETA17, BETA19, BETA23
Tk kool ol ok ek o o ok ok ofe sl e o sk o ok o e o ok skl 8 3 o o e o skl ol ol e e e ool ke ok o ik s e ol ek ok ok o ok ok ok ok ke
% kkk sk
170 * *#* CALCULATE THE NUMBER OF SIZE CLASSES PER GROUP  ***
* k% N kK
* t#f***##**#****ttt***##******t##t***####**##*#********#**#***#*##*

IF (AMIN .LE. HMIN) TMIN = AMIN
175 IF (HMIN .LE. AMIN) TMIN = HMIN

' IF (AMAX .GE. HMAX) TMAX = AMAX
IF (HMAX .GE. AMAX) TMAX = HMAX

180 A = (LOG (AMAX / AMIN)) / (LOG (ESDINT))
H = (LOG (HMAX / HMIN)) / (LOG (ESDINT))
T = (LOG (TMAX / TMIN)) / (LOG (ESDINT))
PB = (LOG (PBMAX / PBMIN)) / (LOG(ESDINT))
EB = (LOG (EBMAX / EBMIN)) / (LOG (ESDINT))
185 BV = (LOG (BVMAX / BVMIN)) / (LOG (ESDINT))
'ZP = (LOG (ZPMAX / ZPMIN)) / (LOG (ESDINT))

ACLASS = ANINT(A)

HCLASS = ANINT(H)
190 PBCLAS = ANINT(PB)

EBCLAS = ANINT(EB)

BVCLAS = ANINT@BYV)

ZPCLAS = ANINT(ZP)

TCLASS = ANINT(T)
195

s e e o o ke ol o0 3 o o o ool o e o ok ko o e o e e o e ol sk ol 9o ool o e b e e o ol ool o s e o o e o o e ke sl e e ook ek o e
*kk %k

*++ WORK OUT POSITION OF BIGGEST AND SMALLEST AUTOTROPH ***
i AND HETEROTROPH CLASSES IN THE PREY ARRAY b

*kok Nk

200

* # * H X #*

s b o i o o o i e o e i ol o o o oo o 8 ook ok o o el o i o o o e ol oo e o o o o e ol o o 8 o 8 o o o ool ke o e o e i o ol oo e o e o

RA = LOG (AMIN / TMIN) / (LOG (ESDINT))
205 RH = LOG (HMIN / TMIN) / (LOG (ESDINT))
RPB = LOG (PBMIN / TMIN) / LOG (ESDINT)
REB = LOG (EBMIN / TMIN) / LOG (ESDINT)
RBV = LOG (BVMIN / TMIN) / LOG (ESDINT)
RZP = LOG (ZPMIN / TMIN) / LOG (ESDINT)
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210

215

220

225

230

235

240

245

250

255

260

265

IAl = ANINT(RA) + 1
IH1 = ANINT(RH) + 1

IPB1 = ANINT(RPB) + 1
IEB1 = ANINT(REB) + 1
IBV1 = ANINT(RBV) + 1
IZP1 = ANINT(RZP) + 1

TIA2 =JAl + ACLASS -1
IH2 = IH1 + HCLASS -1
IPB2 = IPB1 + PBCLAS - 1
IEB2 = IEB1 + EBCLAS - 1
IBV2=1IBV1 +BVCLAS - 1
1ZP2 =1ZP1 + ZPCLAS - 1

L e ok sk kR oh ok * e
ok Wk
**** CALCULATE THE C N RATIO OF EACH HETEROTROPH SIZE CLASS ***
*hwk ook

e e e e e 2 o o o0 0 3 o e 3 o e ok o ek e e e e s sl ke s ook ol afe e e 0 e ke e o ek s o o o8 o e b e o o o o el a0 0 e e e 30 e s e e o ok e ol ol ok

DO 100 J =1PB1, IPB2
HCN(QJ) = PBCN
100 CONTINUE

DO 1107 = IEB1, IEB2
HCN(J) = EBCN
110 CONTINUE

DO 120 =1IBV1,IBV2
HCN(@J) = BVCN
120 CONTINUE

DO 130 J =1ZP1, IZP2

HCN(J) = ZPCN
130 CONTINUE
o e * Sk koo ok ok R ok ok ok Rk
ok ok

**++  CALCULATE THE MEAN INDIVIDUAL ESD, CARBON WEIGHT,  ***
*#+*+* NITROGEN WEIGHT & SA,VOLUME RATIO FOR EACH SIZE CLASS ***

ok : FOR EACH GROUP K
Hokokok . aokk
Hokok * e ek ol ok o ok e o s oo o o o s oo o ok o e ok R ook Rk Rk e
¥ e PREY ARRAY ----emremcmeemeeee

TW1=TMIN

TW2 = TMIN * ESDINT

DO 140 J = 1, TCLASS
TESD(J) = SQRT (TW1 * TW2)

TW1 = TW2
TW2 = TW2 * ESDINT
140 CONTINUE
L — AUTOTROPHS ———emomeemeememeenmee

DO 150 J =]A1, 1A2
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270

275

280

285

290

295

300

305

310

315

320

325

150

160

A ok kK ok ok Rk akok kK kakok kR

AESD(J) = TESD(J)
ARAD(J) = AESD(J) /2
ASA(J) =4 *3.1415926 * ARAD(J)**2
AVOL(J) = ASA(J) * ARAD()) / 3
ASAVOL(J) = ASA(J) / AVOL())
AWTC(J) = ASTOW * AVOL(J) ** ASTOW1
AWTN() = AWTC(J) / ACN

CONTINUE

-------------- HETEROTROPHS  —--erecemcemeeeeee
DO 160 ] = IH1, IH2

HESD(J) = TESD(J)
HRAD() = HESD{J) /2
HSA({J) =4 *3.1415926 * HRAD(J)**2
HVOL(J) = HSA{J) * HRAD(J) /3
HSAVOL(J) = HSA(J) / HYOL(J)
HWTC(J) = HSTOW * HYOL(J) ** HSTOW1
HWTN() = HWTC(J) / HCN(J)

CONTINUE

* k%
* #xx WORK OUT MIN, MAX & OPT PREY SIZES FOR EACH PREDATOR CLASS **+
* kk

A 30 e e oge o ek oK ok ke ok ok * e ek ok ok * E .1

wkkkk Rk * e o b o o ol ok o ke kol ool ol kol ok ko ok

*xk

*xk

3 ek ek ek ook koK

DO 170 J=1BV1, IH2

172

UMIN(J) = U1 * HESD(J)
IF (UMIN(J) .LT. TESD(1)) UMIN(J) = TESD(1)
UOPT(J) = U2 * HESD(J)
IF (UOPT(J) .LT. TESD(1)) UOPT(J) = TESD(1)
UMAX(J) = U3 * HESD(J)
IF (UMAX(J) .LT. TESD(1)) UMAX()) = TESD(1)
DO 172 K = IH1, IH2
IF(UMIN(J).GE.TESD(K).AND.UMIN(J).LT.TESD(K+1))THEN
UMIN(]) = TESD(K)
ENDIF ,
IF(UOPT(J).GE.TESD(K).AND.UOPT(J).LT.TESD(K+1))THEN
UOPT(J) = TESD(K)
ENDIF
IF(UMAX()).GT.TESD(K). AND.UMAX(J).LE.TESD(K+1))THEN
UMAX() = TESD(K+1)
ENDIF
CONTINUE
U = LOG (UMAX(J) / UMIN(J)) / (LOG (ESDINT))
UCLASS(J) = ANINT(U) + 1
U = LOG (UOPT(J) / UMIN())) / (LOG (ESDINT))
UMINUS(J) = ANINT(U)
U = LOG (UMAX(J) / UOPT())) / (LOG (ESDINT))
UPLUS(J) = ANINT(U)

170 CONTINUE

* o sofe ok o o ok o of e ok ek o ok ok ook o ko

*

* Rk
* ++x WORK OUT MIN, MAX & OPT PREDATOR SIZES FOR EACH PREY CLASS ***
* kR

LRI SR L EL L L L] * L2 * L 22

kK kK A ek
*akk

*kk

Wkl ek ke ek ko

DO 180 ] =1, IH2
VMIN()) = TESD(J) / U3
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330

335

340

345

350

- 355

360

365

370

375

380

&

&

&

&

&

&

&

&

182

VOPT(J) = TESD(J) / U2
VMAX(J) = TESD(J) / U1

IF (VMIN(J) .LT. TESD(IBV1) .AND. VMAX(J) .GE. TESD(IBV1))
VMIN(QJ) = TESD(IBV1) ‘
IF (VMIN(J) .GT. TESD(@H2) .AND. J .EQ. IH2) VMIN(J) = 9999999
IF (VMIN(J).GT.TESD(IH2).AND.VMIN(J).LE.TMAX) THEN
VMINQJ) = TESD(IH2)
ENDIF
IF (VMINQ)) .LT. TESD(IBV1) .AND. VMAX(J) .LT. TESD(IBV1))
VMIN() = 9999999

IF (VOPT(J) LT. TESD(IBV1) .AND. VMAX(J) .GE. TESD(IBV1))
VOPT(J) = TESD(IBV1)

IF (VOPT(J) .GT. TESD(IH2) .AND. VMIN(J) .LE. TESD(H2))
VOPT(J) = TESD(TH2)

IF (VOPT(J) .LT. TESD(IBV1) .AND. VMAX(J) .LT. TESD(IBV1))
VOPT(J) = 9999999 ,

IF (VOPT(J) .GT. TESD(IH2) .AND. VMIN(J) .GT. TESD(IH2))
VOPT(J) = 9999999

IF (VMAX(J) .LT. TESD(IBV1)) VMAX(J) = 9999999
IF (VMAX(J) .GT. TESD(IH2) .AND. YMIN(J) .LE. TESD(IH2))
VMAX(J) = TESD(IH2)
IF (VMAX(J) .GT. TESD(H2) .AND. VMIN(J) .GT. TESD(IH2})
VYMAX(J) = 9999999 .
DO 182K =IBV1, IH2
IF (VMIN()).GE.TESD(K).AND.VMIN(J).LT.TESD(K+1))THEN
VMIN(J) = TESD(K)
ENDIF
IF (VOPT()).GE.TESD(K).AND.VOPT(J).LT. TESD(K+1))THEN
VOPT(J) = TESD(K)
ENDIF
IF (VMAX(J).GT.TESD(K).AND.VMAX(J). LE.TESD(K +1))THEN
VMAX(J) = TESD(K+1)
ENDIF
CONTINUE

V = LOG (VMAX(J) / VMIN(J)) / (LOG (ESDINT))
VCLASS(J) = ANINT(V) + 1
V = LOG (VOPT(J) / VMIN(J)) / (LOG (ESDINT))
VPLUS(J) = ANINT(V) _
V = LOG (VMAX(J) / VOPT(J)) / (LOG (ESDINT))
VMINUS(J) = ANINT(V) _
IF (VMAX(J) .EQ. 9999999) VCLASS(J) = 0
IF (VMINQ)) .EQ. 9999999) VCLASS(J) = 0
IF (VOPT(J) .EQ. 9999999) VCLASS(J) = 0
IF (VCLASS(J) .EQ. 0) THEN
VPLUS(J) = 0
VMINUS(J) = 0
ENDIF

180 CONTINUE

* k%

* %kkk
* kkk
* dkkk
* kkk

* kkk

* *okk ok e ok e ok sk sk ok ok ok kK

CALCULATE POSITION OF SMALLEST PREY IN PREY
ARRAY FOR EACH PREDATOR
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385

390

395

400

405

410

415

420

425

430

435

440

* Sedkek ek L 2 ] Bk ok *k

ICHECK = 0

DO 200 =IBV1, TH2
K=1
190 CONTINUE

IF (UMIN()) .GE. TESD(K) .AND. UMIN(J) .LT. TESD(K+1)) THEN
UPOS(J) =K

ELSEIF (UMIN()) .GT. TESD(K) .AND. UMIN(J) .GE. TESD(K+1)) THEN.
K=K +1
GO TO 190

ELSEIF (UMIN(J) .LT. TESD(K)) THEN
UPOS(D =1
UMINUS(J) = ICHECK
ICHECK = ICHECK + 1

ENDIF

200 CONTINUE
* % e ek o el sk s dokokk
* ok e
* kR CALCULATE POSITION OF SMALLEST PREDATOR IN *okk
* k% PREDATOR ARRAY FOR EACH PREY ok
* k% -
™ hkk Sk ok ok

ICHECK =0

DO 220J=1, IHZ

K=IBV1

210 CONTINUE
IF (K .EQ. IH2) THEN ,
IF (VMIN(J) .LE. TESD(K)) THEN
VPOS(I) = K
ELSEIF (VMIN(J) GT. TESD(K)) THEN
VPOS(J) =0
ENDIF
ELSEIF (K .LT. IH2) THEN
IF (VMIN(J).GT.TESD(K).AND.VMIN(J) .LE. TESD(K+1)) THEN
VPOS() =K + 1
ELSEIF (VMIN(J) .EQ. TESD(BV1)) THEN
VPOS(J) = IBV1
ELSEIF (VMIN(J).GT.TESD(K).AND.VMIN(J) .GE. TESD(K+1)) THEN
K=K+1
GO TO 210
ELSEIF(VMIN(J).LT.TESDIBV1).AND.VMAX(J).GE.TESD(IBV1))THEN
VPOS(J) = IBV1
VMINUS(J) = ICHECK
ICHECK = ICHECK + 1
ELSEIF(VMIN(J).LT.TESD(BV1).AND.VMAX(J).LT. TESD(IBV 1)) THEN

VPOS() =0
ENDIF
ENDIF
220 CONTINUE
* T T L e
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*** CALCULATE SIZE-DEPENDENT PARAMETERS ***

ek ok

* % * ®

o Ao ol o oo o o o o o o o Ao o ol oo s e e

445

DO 230 J =1, TCLASS
TMASSC(1,]) =0
Al(D) =0
450 A2(0) =.0
A2AD =0
A3() =0
Ad() = 0
AdAD= 0
455 AS() = 0
A7) = 0
A1l =0
A13()= 0
H150)= 0
460 H15AQ0) =0
H17())= 0
H19()= 0
H23(0)= 0
230 CONTINUE
465
DO 250 J = 1, TCLASS
IF (AWTC(J) .EQ. 0) GO TO 240
A1(J) = ALPH1 * AWTC(J)** BETAI
A2(J) = ALPH2 * AWTC(J)** BETA2
470 A2A(J) = ALPH2A * AWTC(J) / (BETA2A + AWTC()
A3(J) = ALPH3 * AWTC(J)** BETA3
A4(J) = ALPH4 * AWTC(J)** BETA4
A4A(J) = ALPH4A * AWTC(J) / (BETA4A + AWTC())
A5(J) = ALPH5 * AWTC(J)** BETAS
475 A7(J) = ALPH7 * AWTC(J)** BETA7
A11(J) = ALPH11 * AWTC(J)** BETA11
A13()) = ALPH13 ** BETAI3
240 CONTINUE

480 IF (HWTC(J) .EQ. 0) GO TO 250
IF (J .GE. IPB1 .AND. J .LE. IEB2) THEN
K15(J) = ALPH2A * HWTC(J) / BETA2A + HWTC(J))
ELSEIF (J .LT. IPB1 .OR. J .GT. IEB2) THEN
K15(0)=0
485 ENDIF
IF (J .GE. IPB1 .AND. J .LE. IEB2) THEN
H15(J) = ALPH2 * HWTC(J)** BETA2
ELSEIF (J .GT. IEB2) THEN
H15(J) = ALPH15 * HWTC(J)** BETA15
490 ENDIF
H15A(J) = ALP15B + ALP15A * HWTC(J) ** BET15A
H17(J) = ALPH17 * HWTC(J)** BETA17
IF (J .GE. IPB1 .AND. J .LE. IEB2) THEN
, H19(J) = ALPH3 * HWTC(J)) **BETA3
495 ELSEIF (J .GT. IEB2) THEN
H19(J) = ALPH19 * HWTC(J)** BETA19
ENDIF
H23(J) = ALPH23 * HWTC(J)** BETA23
IF (J .GE. IPB1 .AND. J .LE. IEB2) ASSIMH(J) = 1
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500

505

510

515

520

525

530

535

540

545

550

555

IF (J .GT. IEB2) ASSIMH(J) = ASSIM

250 CONTINUE

L I R B SRR A

B

Rk

*#++ CALCULATE THE INITIAL BIOMASSES (ug) AND MINIMUM
i BIOMASSES (ug) FOR EACH SIZE CLASS

L 22

L2 2]
L2 2]
*kk
*kk

L ER L 2] L2 2 L]

DO 260 J =1A1, 1A2
AMASSC(1,J) = (ASPEC1 * AWTC(J) **ASPEC2) / 1000000
AMASSN(1,]J) = AMASSC(1,]) / ACN
ANUM(1,J) = AMASSC(1,]) * 1000000 / AWTC(J)
TMASSC(1,]) = AMASSC(1,])
ASMALC(J) = (SMALLI1 * AWTC(J) ** SMALL2) / 1000000

260 CONTINUE

DO 270 J = IPB1, IPB2
HMASSC(1,J) = (HSPEC1 * HWTC(J) **HSPEC2) / 1000000
HMASSN(1,]) = HMASSC(1,]) / HCN(J) '
HNUM(1,J) = HMASSC(1,]) * 1000000 / HWTC(J)
TMASSC(1,J) = TMASSC(1,J) + HMASSC(1,J)

HSMALC(J) = (SMALL1 * HWTC(J) ** SMALL2) / 1000000

270 CONTINUE

DO 280 J = IEB1, IEB2
HMASSC(1,3) = (HSPEC1 * HWTC(J) **HSPEC2) / 1000000
HMASSN(1,]) = HMASSC(1,]) / HCN(J) )
HNUM(1,J) = HMASSC(1,]) * 1000000 / HWTC(J)
TMASSC(1,J) = TMASSC(1,J) + HMASSC(1,])
HSMALC(J) = (SMALL1 * HWTC(J) ** SMALL2) / 1000000

280 CONTINUE

DO 290 J = IBV1, [BV2 :
HMASSC(1,J) = (HSPEC1 * HWTC(J) **HSPEC2) / 1000000
HMASSN(1,J) = HMASSC(1,J) / HCN())

HNUM(1,J) = HMASSC(1,]) * 1000000 / HWTC(J)
TMASSC(1,]) = TMASSC(1.J) + HMASSC(1,J)
HSMALC(J) = (SMALL1 * HWTC(J) ** SMALL2) / 1000000

290 CONTINUE

DO 300 ] = IZP1, 1ZP2
HMASSC(1,J) = (HSPEC1 * HWTC(J) **HSPEC2) / 1000000
HMASSN(1,J) = HMASSC(1,]) / HCNQJ) ‘
HNUM(1,J) = HMASSC(1,J) * 1000000 / HWTC(J)
TMASSC(1,]) = TMASSC(1,J) + HMASSC(1.))
HSMALC(J) = (SMALL1 * HWTC(J) ** SMALL?2) / 1000000

300 CONTINUE

& e afe e e e o o ok deokk

*® Ekk *kk
* #xx CALCULATE THE INITIAL BIOMASSES (ug) AND NUMBERS ~ *#*
* wak FOR EACH HETEROTROPH GROUP o
* Rk sk
ke ok ok e e ke e ke ok o ok ofe ke e e e ale ok kR ok £ 2 ] ek *:
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560

565

570

575

580

585

590

595

600

605

610

615

PBC(1) = 0
PBN(1)= 0
PBNUM(1) = 0

DO 310 J = IPB1, IPB2
PBC(1) = PBC(1) + HMASSC(1,J)
PBN(1) = PBN(1) + HMASSN(1,T)
PBNUM(1) = PBNUM(1) + HNUM(1,J)
310 CONTINUE

EBC(1)=0
EBN(1) =0
EBNUM(1) = 0

DO 320 J = IEB1, IEB2
EBC(1) = EBC(1) + HMASSC(1.J)
EBN(1) = EBN(1) + HMASSN(1,})
EBNUM(1) = EBNUM(1) + HNUM(1,J)
320 CONTINUE

BVC(1) =0
BVN(1) =0
BVNUM(1) = 0

DO 330J=1IBV1, IBV2
BVC(1) = BVC(1) + HMASSC(1,))
BVN(1) = BVN(1) + HMASSN(1,J)
BVNUM(1) = BVNUM(1) + HNUM(L,J)"
330 CONTINUE

ZPC(1) = 0
ZPN(1) = 0
ZPNUM(1) = 0

" DO 340 ] = 1ZP1, IZP2
ZPC(1) = ZPC(1) + HMASSC(1.))
ZPN(1) = ZPN(1) + HMASSN(1,))
ZPNUM(1) = ZPNUM(1) + HNUM(1,))
340 CONTINUE

AR AR kRN ok AR ek ek R e sk
whk

*** CALCULATE THE INITIAL BIOMASSES (ug) AND NUMBERS
ok FOR EACH FUNCTIONAL GROUP

*hk

[ I R I B

AC(1)=0
HC(1) =0
DC(1) =0
AN(1)=0
HN(1)=0
DN(1) =0
ASUM(1) =0
HSUM(1) = 0

DO 350 J =1, TCLASS
AC(1) = AC(1) + AMASSC(1,))

200
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620

625

630

635

640

645

650

655

660

665

670

HC(1) = HC(1) + HMASSC(1,])
AN(1) = AN(1) + AMASSN(1,])
HN(1) = HN(1) + HMASSN(1,])
ASUM(1) = ASUM(1) + ANUM(L,T)
HSUM(1) = HSUM(1) + HNUM(1,J)

350 CONTINUE

* *k ok Rk

* ek ] ok
* *+* WRITE INITIAL VALUES ki
* *hk ok
* P ok

IF (NITRO .EQ. 'PULSED') THEN
WRITE (13,5) "PULSED™, NCON, NINCRE

'ELSEIF (NITRO .EQ. 'CONTIN') THEN

WRITE (13,5) "CONTIN™, NCON, NINCRE
ELSEIF (NITRO .EQ. 'CNSTNT') THEN

WRITE (13,5) "CNSTNT", NCON, NINCRE
ENDIF
WRITE (13,5) ILOOP, TCLASS, ACN
DO 360 J =1, TCLASS .

WRITE (13,5) AMASSC(1,]), AMASSN(1,]), HMASSC(1,]),
& HMASSN(1,]), TMASSC(1,])), ASMALC(J), HSMALC(J), HCN(J)

360 CONTINUE

WRITE (13,5) DC(1), DN(1), NEWN(1), REGN(1), PDOC(1)
WRITE (13,5) IBV1, IH1, IH2, ACN, PREF1, PREF2
WRITE (13.5) IA1, IA2, IPB1, IPB2
DO 3707 = 1, TCLASS
WRITE (13,5) UCLASS(J), UMINUS(J), UPLUS(J), UPOS(J)
WRITE (13,5) VPOS(J), VCLASS(T)

370 CONTINUE

DO 380 J = IH1, IH2
WRITE (13,5) H15(T), H15A(J), HCN(J), A2(T), A2A(J), K15(7)

380 CONTINUE

IF (DIURN .EQ. 'Y") THEN
WRITE (13,5) IAl, IA2, ACN, “Y"
ELSEIF (DIURN .EQ. 'N') THEN
WRITE (13,5) IA1, IA2, ACN, "N™
ENDIF S
IF (PERCON .EQ. 'CNSTNT’) THEN
WRITE (13,5) "CNSTNT"
ELSEIF (PERCON .EQ. 'CHANGE) THEN
WRITE (13,5) "CHANGE"
ENDIF
DO 390 J = IA1, IA2
WRITE (13,5) A1(), A2(0), A2A(J), A3(), A4(D),
& A4A®), A5(D), AT(D), Al11(J), A13(D)

390 CONTINUE

WRITE (13,5) IH1, IH2, IPB1, IPB2, IEB1, IEB2, IBV1
DO 400 J = IH1, IH2

WRITE (13,5) H15(0), H1SA(), H17()), H19()),
& H23(J), ASSIMH(J), HCN(Y), K15())

400 CONTINUE

WRITE (13,5) IPRINT

WRITE (13,5) IAl, IA2, IH1, IH2, IIT

WRITE (13,5) IPB1, IPB2, IEB1, IEB2, IBV1, IBV2, IZP1, IZP2
WRITE (13,5) IPRINT
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675

680

685

690

695

700

705

710

715

720

725

730

WRITE (13,5) IA1, A2, IPB1, IPB2, IEB1, IEB2, IBV1, IBV2,

&IZP1, IZP2
* . L 22 L
* T T o
* *++ PRINT INITIAL VALUES ~ **+
* ek *kk
* eokok
PRINT 15, PROGRAMME THESIS.TC1 LAST UPDATED ON ', VERSN
PRINT 5, TITLE, TPRINT =', IPRINT
PRINT 25, TLOOP',ILOOP, TIT, 111, U1",U1, ESDINT' ESDINT,
& DIURN',DIURN, U2',U2, INITD',INITD, NITRO' NITRO, U3, U3,
- &'PERCON' PERCON,'NCON',NCON, PREF1',PREF],
& ASSIM',ASSIM, NINCRE',NINCRE, PREF2',PREF2
PRINT 35, 'ALPH1',ALPH1,BETA!'BETAL,
&  'ALPH2,ALPH2,BETA2,BETA2,/ALPH2A'ALPH2A,
&  'BETA2A'BETA2A,'ALPH3',ALPH3,BETA3'BETA3,
&  'ALPH4,ALPH4,BETA4'BETA4,ALPH4A'ALPH4A,
&  'BETA4A'BETA4AALPHS ALPHS, BETAS,BETAS,
&  'ALPHT,ALPH7,BETA7 BETA7/ALPH1I'ALPH11,
&  'BETAI1,BETAI1l/ALPH13,ALPH13,BETA13 BETAI3,
& "ALPH15',ALPH15,BETA15 BETA15, ALP15A’ ALP15A,
& ‘BET15A'BET15A, ALPH17',ALPH17,
& 'BETA17'BETA17, ALPH19',ALPH19,
&  'BETA19,BETAI19,ALPH23 ALPH23,BETA23,BETA23,
&  'ALPISB'ALPI5B

PRINT 45, 'AMIN,AMIN,'AMAX', AMAX,'ACLASS' . ACLASS,TA1',IA1,

& TA2',1A2,'ASPEC1', ASPEC1,'ACN’,ACN, HMIN' HMIN,

& 'HMAX',HMAX,'HCLASS' HCLASS,TH1',IH1,TH2"IH2,

& 'ASPEC2',ASPEC2,'PBMIN',PBMIN, PBMAX',PBMAX,PBCLAS',

& PBCLAS,TPB1',IPB1,TPB2'IPB2,' HSPEC1',HSPEC],

& 'EBMIN'EBMIN, EBMAX,

& EBMAX,EBCLAS'EBCLAS,TEB1'IEB1,TEB2',IEB2, )

& 'HSPEC2',HSPEC2, BVMIN',BYMIN, BVMAX',BYMAX,BVCLAS',

& BVCLAS,1BV1'IBV1,TBV2,IBV2,'SMALL1',SMALLI,

& ‘ZPMIN',ZPMIN, ZPMAX', ZPMAX,ZPCLAS' ZPCLAS,

& TZP1'1ZP1,1TZP2' IZP2,'SMALL2 ,SMALL2, TMIN' TMIN,

& TMAX',TMAX, TCLASS',TCLASS,' ASTOW',ASTOW, HSTOW' HSTOW,
& ‘ASTOW1',ASTOW1,HSTOW1' HSTOW1

PRINT 55, '"*####ddsnss  AUTOTROPHS ***#bkikhk'
PRINT 65, '"CLASS',ESD(UM)",'YOLUME(UM3)','S AREA(UM2),

& 'CWT(PG) ' NWT(PG)",'SAVOL',/CMASS(UG),'NMASS(UG),
& ‘NUMBERS','C N RATIO'

PRINT 75, "#%ss hadahhn’ adbhbhudn Hhbkabhbbsn’

& R AR AR R R R

& L O L

DO 410 J =1A1, 1A2 :
PRINT 85, J, AESD(J), AVOL(J), ASA(J), AWTC(J), AWTN(D),
& ASAVOL(J), AMASSC(1,]),AMASSN(1,]), ANUM(1,)), ACN
410 CONTINUE

PRINT 55, ##*##++#++ HETEROTROPHS **#+sssss'

PRINT 65, 'CLASS'/ESD(UM)','VOLUME(UM3)",'S AREA(UM2),
& 'CWT(PG) ' NWT(PG)',/SAVOL''CMASS(UG) , NMASS(UG),
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& 'NUMBERS','C N RATIO'

PRINT 75, "##*ss % . A
& '*******','*******"'**t**','*********' ke o o e e o e e !
. :
R
735 & * e

DO 420 J = IH1, IH2
PRINT 85, J, HESD(J),HVOL()), HSA(J), HWTC(J), HWTN(J),

& HSAVOL(J), HMASSC(1,J), HMASSN(1,]), HNUM(1,),
740 & HCN®)
420 CONTINUE

PRINT 55, "***** HETEROTROPH GROUPS ****»'

PRINT 95, PLANKTOBACTERIA', PBMIN, -, PBMAX, PBCLAS,
’745 & 'SIZE CLASSES', 'EPIBACTERIA’, EBMIN, -, EBMAX,

& EBCLAS, 'SIZE CLASSES’, BACTIVORES', BVMIN, -,

& BVMAX, BVCLAS, 'SIZE CLASSES', ZOOPLANKTON,

& ZPMIN, "', ZPMAX, ZPCLAS, 'SIZE CLASSES'
PRINT 105, 'PB C(UG),'EB C(UG)',/BV C(UG),’ZP C(UGY'
750 & 'PB N(UG)','EB N(UG)';/BV N(UGY,'’ZP N(UG),,
& 'PB NUMBERS','EB NUMBERS', BV NUMBERS',ZP NUMBERS'
PR‘[NT 115’ 1] "‘*#**‘ "‘** **"'t*******"
& '*******#',‘#**t*#**"'******#*"'*****#**"
& '#***tt##**','#### * “'** "'tt*t *
755 PRINT 125, PBC(1), EBC(1), BVC(1), ZPC(1), PBN(1), EBN(1),

& BVN(1), ZPN(1), PBNUM(1), EBNUM(1), BYNUM(1), ZPNUM(1)

PRINT 135, ***+* TOTAL BIOMASSES AND NUMBERS FOR FUNCTIONAL GRO
SUPS ##wdw
760 PRINT 145, CARBON MASS(UG)', NITROGEN MASS(UG)', TOTAL NUMBERS'
PRINT 155, "**+* kR | Rk
PRINT 165, 'AUTOTROPHS ', AC(1), AN(1), ASUM(1),
& " HETEROTROPHS', HC(1), HN(1), HSUM(1),
& 'DETRITUS ', DC(1), DN(1)

765
PRINT 55, "###*#++¥xs PREDATORS **¥*sriuhs
PRINT 175, 'CLASS', ESD (UM)",'UMIN (UM)",'UOPT (UM)',
& ‘UMAX (UM),'UCLASS',UMINUS','UPLUS','UPOS'
PRINT 185, "####s ' wdbwibhn o o
770 & SRR SRR SRR R SRRk Rk
DO 430 J = [H1, IH2
PRINT 195, J, TESD(J), UMIN(J), UOPT(J), UMAX(J), UCLASS(J),
& UMINUS(J), UPLUS(J), UPOS(J)
430 CONTINUE
775 '
PRINT 55, '**##+#+%+*  PREY AR
PRINT 205, 'CLASS',” ESD (UM)",'VMIN (UM),'VOPT (UMY)’,
& 'VMAX (UM),'VCLASS', VMINUS','VPLUS','VPOS',
: & 'PREY K (UGCL-1y
780 PRINT 215, "xx%s' ' * ok Rk * R

& kR’ Y k! tkakakakok! ok
* ’ L] t] 1]

& RLELEERZ LS LEL 22
DO 440 J =H1, IH2
PRINT 225, J, TESD(J), VMIN(J), VOPT(J), YMAX(J), VCLASS(J),
785 & VMINUS(J), VPLUS(J), VPOS(J), H15A(J)
440 CONTINUE

PRINT 55, **** RATE PARAMETERS - PER DAY ****'
PRINT 235, 'CLASS''ESD(UM),'P/S',NEWN V''NEWN K','A RESP",
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790

795

800

805

& 'REGN V'/REGN K'/ADEATH','A SINK',A GROW',PDOC V',
& ‘PRED V''UPT KS'/’ASSIMH','H RESP',’H GROW'
PRINT 245, "####3 haddihs’ s’ s ads’ Shabs hahsn’
& SERRRR SRR SRR RRERR AR R
& HRRERE RRERE R R R

DO 450 J =1, TCLASS
PRINT 255, J,TESD()),A1(J),A2()),A2A(J), A3(J),A4(J),A4A(]),
& AS(N,AT(D,A11(1),A13(0),H15(T),K15()),ASSIMH(J),
& H19(J),H23(J) '
450 CONTINUE

CLOSE (12)
CLOSE (13)

END

8. Program variable and parameter definitions

A
Al
A2
A2A
A3
A4
A4A
AS
A7
All
Al3
AC

ACLASS
ACN
AESD
ALPH1

ALPH2
ALPH2A

ALPH3
ALPH4

ALPH4A

ALPHS
ALPH7
ALPH11
ALPH13
ALPH15
ALP15A

ALP1SB

ALPH17

The real number of autotroph size classes (ACLASS is the integer form of A)

An array of size-dependent carbon fixation rates by autotrophs

An array of size-dependent new-nitrogen uptake rates by autotrophs

An array of size-dependent half saturation constants for new-nitrogen uptake by autotrophs

An array of size-dependent respiration rates for autotrophs

An array of size-dependent regenerated-nitrogen uptake rates by autotrophs

An array of size-dependent half saturation constants for regenerated-nitrogen uptake by autotrophs

An array of size-dependent death rates for autotrophs

An array of size-dependent sinking rates for autotrophs

An array of size-dependent growth rates for autotrophs

An array of size-dependent PDOC production rates for autotrophs

An array of total carbon standing stocks (ug) for autotrophs at each time step (sum of all the
AMASSC's)

The integer number of autotroph size classes

The carbon : nitrogen ratio for autotrophs

An array of mean individual esd's for each autotroph size class

The rate coefficient for calculating size-dependent maximum carbon fixation rates of autotroph size
classes

The rate coefficient for calculating size-dependent maximum new-nitrogen uptake rates of autotrophs
size classes

The "rate coefficient” for calculating size-dependent half saturation constants for new-nitrogen uptake
rates of autotroph size classes

The rate coefficient for calculating size-dependent maximum respiration rates of autotroph size classes
The rate coefficient for calculating size-dependent maximum regenerated-nitrogen uptake rates by
autotroph size classes

The "rate coefficient" for calculating size-dependent half saturation constants for regenerated-nitrogen
uptake rates of autotroph size classes

The rate coefficient for calculating size-dependent death rates of autotroph size classes

The maximum sinking rate for phytoplankton cells

The rate coefficient for calculating size-dependent growth rates of autotroph size classes

The rate coefficient for calculating size-dependent PDOC production rates of autotroph size classes

The rate coefficient for calculating size-dependent maximum ingestion rates of heterotroph size classes
A variable for calculating size-dependent half saturation constants for maximum ingestion rates of
heterotroph size classes

A variable for calculating size-dependent half saturation constants for maximum ingestion rates of
heterotroph size classes

The "rate coefficient” for calculating size-dependent assimilation rates of heterotroph size classes
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ARAD
ASA
ASAVOL
ASMALC
ASMALN
ASPEC1

ASPEC2

ASSIM
ASSIMH
ASTOW
ASTOW]

ASUM
AVOL
AWTC

AWTN

BETAl
BETA2
BETA2A

BETA3
BETA4

BETA4A

BETAS
BETA7
BETAIll
BETA13
BETAI1S

BET15A

BETA17
BETA19
BETA23
BV

BVC

BVCLAS
BVCN
BVMAX
BVMIN

The rate coefficient for calculating size-dependent maximum respiration rates of heterotroph size
classes

The rate coefficient for calculating size-dependent growth rates of heterotroph size classes

An array of carbon standing stocks (1g) in each autotroph size class at each time step

An array of nitrogen standing stocks (1g) in each autotroph size class at each time step

The maximum esd for autotrophs

The minimum esd for autotrophs

An array of total nitrogen standing stocks (uug) for autotrophs at each time step (sum of all the
AMASSN's)

An array of total numbers of individuals in each autotroph size class at each time step

An array of mean individual radii (um) for each autotroph size class

An array of mean individual surface areas (um?2) (assuming spheres) for each autotroph size class

An array of mean individual surface area : volume ratios for each autotroph size class

An array of minimum carbon standing stocks (ug) for each autotroph size class

An array of minimum nitrogen standing stocks (1g) for each autotroph size class

A variable which determines the initial standing stocks in each autotroph size class at the start of each
simulation

A variable which scales the initial standing stocks to autotroph body size at the start of each
simulation (if ASPEC2 equals one, there is no scaling factor; if ASPEC2 equals zero, the initial
biomass spectrum is flat)

The assimilation efficiency of non-bacteria heterotrophs

An array of assimilation efficiencies for each heterotroph size class

Factor used to convert autotroph volumes (um3) to carbon masses (pg C)

Scaling factor used to scale body masses when converting autotroph volumes (um3) to carbon masses
(pg C) .

The total number of autotrophs at each time step (the sum of all the ANUM's)

An array of mean individual volumes (1m3) for each autotroph size class

An array of mean individual carbon weights (pg C) for a "typical" organism in each autotroph size
class

An array of mean individual nitrogen weights (pg N) for a "typical” organism in each autotroph size
class

The scaling parameter for calculating size-dependent carbon fixation of autotroph size classes

The scaling parameter for calculating size-dependent new-nitrogen uptake of autotroph size classes

The scaling parameter for calculating size-dependent half saturation constants for new-nitrogen uptake
of autotroph size classes

The scaling parameter for calculating size-dependent respiration rates of autotroph size classes

The scaling parameter for calculating size-dependent regenerated-nitrogen uptake of autotroph size
classes

The scaling parameter for calculating size-dependent half saturation constants for regenerated nitrogen
uptake of autotroph size classes

The scaling parameter for calculating size-dependent death rates of autotroph size classes

The half saturation constant for calculating size-dependent sinking rates of autotroph size classes

The scaling parameter for calculating size-dependent growth rates of autotroph size classes

The scaling parameter for calculating size-dependent PDOC production rates of autotroph size classes
The scaling parameter for calculating size-dependent carbon ingestion / uptake rates of heterotroph
size classes

The scaling parameter for calculating half saturation constants for size-dependent carbon
ingestion / uptake rates of heterotroph size classes

The scaling parameter for calculating size-dependent assimilation rates of heterotroph size classes

The scaling parameter for calculating size-dependent respiration rates of heterotroph size classes

The scaling parameter for calculating size-dependent growth rates of heterotroph size classes

he real number of bactivore size classes (BVCLAS is the integer form of BV)

An array of total carbon standing stocks (ug) for bactivores at each time step (sum of all the
HMASSC's between IBV1 and IBV2)

The integer number of bactivore size classes

The carbon : nitrogen ratio for bactivores

The maximum esd for bactivores

The minimum esd for bactivores
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BVN

BVNUM

DIURN
DN

EBC

EBCLAS
EBCN
EBMAX
EBMIN
EBN

EBNUM
ESDINT
H

Hi5
Hi5A
H17
H19
H23

HC

HCLASS

HCN
HESD
HMASSC
HMASSN
HMAX
HMIN
HN

HNUM
HRAD
HSA
HSAVOL
HSMALC
HSMALN
HSPEC1

HSPEC2

HSTOW
HSTOW1

HSUM
HVOL
HWTC

HWIN

1A1
1A2
IBV1
IBV2

An array of total nitrogen standing stocks (j1g) for bactivores at each time step (sum of all the
HMASSN's between IBV1 and IBV?2)

An array of total numbers of individuals in the bactivore group at each time step

The total amount of carbon (ug) in the detrital pool at each time step

Character variable ('Y' or 'N') for setting a diurnal cycle in the model commumty

The total amount of nitrogen (ug) in the detrital pool at each time step

The real number of epibacteria size classes (EBCLAS is the integer form of EB)

An array of total carbon standing stocks (ug) for epibacteria at each time step (sum of all the
HMASSC's between IEB1 and [EB2)

The integer number of epibacteria size classes

The carbon : nitrogen ratio for epibacteria

The maximum esd for epibacteria

The minimum esd for epibacteria

An array of total nitrogen standing stocks (ug) for epibacteria at each time step (sum of all the
HMASSN's between [EB1 and IEB2)

An array of total numbers of individuals in the epibacteria group at each time step

The logarithmic factor that is used to define the size classes

The real number of heterotroph size classes (HCLASS is the integer form of H)

An array of size-dependent carbon ingestion / uptake rates of heterotrophs

An array of prey-size dependent half saturation constants for carbon ingestion rates by predators

An array of size-dependent assimilation rates of heterotrophs

An array of size-dependent respiration rates of heterotrophs

An array of size-dependent growth rates of heterotrophs

An array of total carbon standing stocks (ug) for heterotrophs at each time step (sum of all the
HMASSC's)

The integer number of heterotroph size classes

An array of carbon : nitrogen ratios for each of the heterotroph size classes

An array of mean individual esd's for each heterotroph size class

An array of carbon standing stocks (11g) in each heterotroph size class at each time step

An array of nitrogen standing stocks (11g) in each heterotroph size class at each time step

The maximum esd for heterotrophs

The minimum esd for heterotrophs

An array of total nitrogen standing stocks (ug) for heterotrophs at each time step (sum of all the
HMASSN's)

An array of total numbers of individuals in each heterotroph size class at each time step

An array of mean individual radii (im) for each heterotroph size class

An array of mean individual surface areas (;um2) (assuming spheres) for each heterotroph size class

An array of mean individual surface area : volume ratios for each heterotroph size class

An array of minimum carbon standing stocks for each heterotroph size class

An array of minimum nitrogen standing stocks for each heterotroph size class

A variable which determines the initial standing stock in each heterotroph size class at the start of each
simulation

A variable which scales the initial standing stocks to heterotroph body size at the start of each
simulation (if HSPEC2 equals one, there is no scaling factor; if HSPEC2 equals zero, the initial
biomass spectrum is flat)

Factor used to convert heterotroph volumcs (1m3) to carbon masses (pg C)

Scaling factor used to scale body masses when converting heterotroph volumes (um3) to carbon
masses (pg C)

The total number of heterotrophs at each time step (the sum of all the HNUM's)

An array of mean individual volumes (im3) for each heterotroph size class)

An array of mean individual carbon weights (pg C) for a "typical” organism in each heterotroph size
class

An array of mean individual nitrogen weights (pg N) for a "typical” organism in each heterotroph size
class

An integer subscript denoting the starting position of autotrophs in the prey array

An integer subscript denoting the end position of autotrophs in the prey array

An integer subscript denoting the starting position of bactivores in the prey array

An integer subscript denoting the end position of bactivores in the prey array
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ICHECK
IEB1
IEB2

IH1
ILOOP
IPB1

IPB2
1ZP1

K15

NCON

NEWN
NINCRE

NITRO
PB

- PBC
PBCLAS
PBCN
PBMAX
PBMIN
PBN
PBNUM
PDOC
PERCON
PREF1
PREF2
RA

RH

RBV
REB

REGN
RPB

RZP

SIZE

SMALLI1
SMALL2

An internal program counter used in calculating the number of predator and prey size classes

An integer subscript denoting the starting position of epibacteria in the prey array

An integer subscript denoting the end position of epibacteria in the prey array

An integer subscript denoting the starting position of heterotrophs in the prey array

An integer subscript denoting the end position of heterotrophs in the prey array

An internal program counter

An integer variable denoting the number of loops to be executed in each simulation

The starting carbon standing stock in the detrital pool

An integer subscript denoting the starting position of bacterioplankton in the prey array

An integer subscript denoting the end position of bacterioplankton in the prey array

An integer subscript denoting the starting position of zooplankton in the prey array

An integer subscript denoting the end position of heterotrophs in the prey array

An integer subscript used to denote position in the total array

An array of size-dependent half saturation constants for carbon and nitrogen uptake by bacteria

The constant amount of nitrogen (pg) always in the model system if the method of nitrogen input is
chosen to be a constant level (i.e. NITRO is "CNSTNT"™)

The total nitrogen biomass (j1g N) in the new-nitrogen pool at any time step

The amount of new-nitrogen entering the system at any time step if the method of nitrogen input is
chosen to be a small continuous amount (i.e. NITRO is "CONTIN")

A character variable which determines the method of nitrogen input into the system: a single large
input at the beginning of the run which simulates upwelling (PULSED), a small continuous input
which simulates diffusion across the pycnocline (CONTIN) or a constant unchanging level (CNSTNT)
The real number of bacterioplankton size classes (PBCLAS is the integer form of PB)

An array of total carbon standing stocks (ug) for bacterioplankton at each time step (sum of all the
HMASSC's between IPB1 and IPB2)

The integer number of bacterioplankton size classes

The carbon : nitrogen ratio for bacterioplankton

The maximum esd for bacterioplankton

The minimum esd for bacterioplankton

An array of total nitrogen standing stocks (ug) for bacterioplankton at each time step (sum of all the
HMASSN's between IPB1 and IPB2)

An array of total numbers of individuals in the bacterioplankton group at each time step

An array of total amounts of carbon (lug) in the PDOC pool at each time step

A character variable which determines whether PER is a constant fraction of gross carbon fixation
(CNSTNT) or whether it depends on external nitrogen concentrations (CHANGE)

A real variable which determines the preference of predators for their optimum prey size class (usually
setat 1)

A real variable which determines the factor by which the preference of each predator class for its prey
classes is decreased as one moves successively away from the optimum prey class

A real subscript denoting the position of the smallest autotroph size class in the total array (IA1 is the
integer form of RA)

A real subscript denoting the position of the smallest heterotroph size class in the total array (IH1 is
the integer form of RH)

A real subscript denoting the position of the smallest bactivore size class in the total array (IBV1 is
the integer form of RBV)

A real subscript denoting the position of the smallest epibacteria size class in the total array (IEB1 is
the integer form of REB)

An array of total amounts of nitrogen (ug) in the regenerated-nitrogen pool at each time step

A real subscript denoting the position of the smallest bacterioplankton size class in the total array
(IPB1 is the integer form of RPB)

A real subscript denoting the position of the smallest zooplankton size class in the total array (IZP1 is
the integer form of RZP) ' -
An integer parameter denoting the maximum possible number of size classes in each functional group
(denotes maximum width of matrices and size of some arrays in the program)

A variable which determines the minimum biomasses in each size class i.e. the "refuge” biomasses

A variable which scales the minimum biomasses to body size (if SMALL?2 equals one, minimum
biomasses are proportional to body weight; if SMALL?2 equals zero, all biomasses are the same in
each size class
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T
TCLASS
TESD
TIME

TITLE
TMASSC
TMAX
TMIN
T™W1
W2

U

Ul

U2

U3
UCLASS
UMAX
UMIN
UMINUS

UOPT
UPLUS

UPOS
v

VCLASS
VER$N

VMAX
VMIN
VMINUS

VOPT
VPLUS

VPOS

zp
ZpC

ZPCLAS
ZPCN
ZPMAX
ZPMIN
ZPN

ZPNUM

The real number of size classes in the total array (TCLASS is the integer form of T)

The integer number of size classes in the total array

An array of mean individual esd's for each size class in the total array

An integer parameter denoting the maximum possible number of loops that the program will execute
in any one run (denotes the maximum length of matrices and size of some axrays in the program) ‘
A character parameter which gives a title to each simulation

An array of total carbon standing stocks (1g) in each size class at each time step

The maximum esd in the total array

The minimum esd in the total array

An internal program variable used in calculating mean esd's in each size class of the total array

An internal program variable used in calculating mean esd's in each size class of the total array

An array of real numbers of prey size classes available to each predator size class (UCLASS is the
integer form of U)

The factor used to calculate the esd of the minimum sized prey for any predator relative to that

predator's esd

The factor used to calculate the esd of the optimum sized prey for any predator relative to that

predator's esd

The factor used to calculate the esd of the maximum sized prey for any predator relative to that
predator's esd

An array of integer numbers of prey size classes available to each predator size class

An array of maximum-sizes of prey that can be ingested by each of the predator size classes

An array of minimum-sizes of prey that can be ingested by each of the predator size clases

An array of the number of size classes in each predators prey range that are smaller than the optimum
prey size for each predator

An array of optimum prey esd's for each predator size class

An array of the number of prey size classes in the predator's prey range that are larger than the
optimum prey size class for each predator

An array of subscripts denoting the position of the smallest prey size class in the total array for each
predator

An array of real numbers of predator size classes preying on each prey size class (VCLASS is the
integer form of V)

An array of integer numbers of predator size classes preying on each prey size class

A character parameter that records the date at which the program was last updated. VER$N changes
whenever the routine UPDATE is called from CTS

An array of maximum sizes of predator preying on each of the prey size classes

An array of minimum sizes of predator preying on each of the prey size classes

An array of numbers of size classes in each prey's predator range that are smaller than the optimum
predator size for each prey

An array of "optimum" predator esd's for each prey size class

An array of numbers of predator size classes in the prey's predator range that are larger than the
optimum predator size class for each prey

An array of subscripts denoting the position of the smallest predator size class in the total array for
each prey '

The real number of zooplankton size classes (ZPCLAS is the integer form of ZP)

An array of total carbon standing stocks (1g) for zooplankton at each time step (sum of all the
HMASSC's between 1ZP1 and IZP2)

The integer number of zooplankton size classes

The carbon : nitrogen ratio for zooplankton

The maximum esd for zooplankton

The minimum esd for zooplankton

An array of total nitrogen standing stocks (jug) for zooplankton at each time step (sum of the
HMASSN's between 1ZP1 and IZP2)

An array of total numbers of individuals in the zooplankton group at each time step
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APPENDIX II

DOCUMENTATION OF PROGRAM
COLMOL*THESIS.TC2
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A PROGRAM TO SIMULATE THE FLOWS OF CARBON AND NITROGEN
THROUGH A SIZE-BASED MODEL OF A PLANKTON COMMUNITY

1. Program specification

The program uses a second order Runge-Kutta method, operating within a repeating time
loop, to solve a set of differential equations. The equations calculate the flows of carbon and
nitrogen within and between components of a model plankton community. It receives input from
another program (Appendix I), which initializes the structure of the model, calculates certain
parameteré and initializes state variables. The changes with time of the standing stocks of all model
components are presented in the form of tables and figures. Three-dimensional plots may be
produced, which show changes in standing stocks in different size components of the model
community with time. Relationships between the fluxes of different components are also
calculated.

2. Instructions for use
2.1 Runstream

The program was written for use on the Sperry 1100 Series mainframe computer at the
University of Cape Town. It is run in batch mode from CTS (Conversational Time Sharing). An

example runstream is given below:

@RUN/N Userid ACCNT/USER,Projid, Time,Pages

@ASG,A COLMOL*THESIS. - assign program file
@ASG,A TC2*DATFIL. - assign input data file
@USE 13., TC2*DATFIL. - assign internal name
@ASG,T TC2*OUT. F///500 . - assign temporary data file
@USE 23.,TC2*OUT. - assign internal name
@ASG,A TC2*TOUT. - assign output file
@DELETE,C TC2*TOUT. - delete output file
@ASG,UP TC2*TOUT.,FS0 - create output file
@USE 14.,TC2*TOUT. - assign internal name
@ASG,A TC2*AOUT. - assign output file
@DELETE,C TC2*AOUT. : - delete output file
@ASG,UP TC2*AOUT.,FS0 . - create output file
@USE 20.,TC2*AOUT. - assign internal name
@ASG,A TC2*HOUT. - assign output file
@DELETE,C TC2*HOUT. - delete output file
@ASG,UP TC2*HOUT.,F50 - create output file
@USE 21.,TC2*HOUT. - assign internal name
@ASG,A TC2*RELT. - assign output file
@DELETE,C TC2*RELT. - delete output file
@ASG,UP TC2*RELT.,F50 - create output file
@USE 15.,TC2*RELT. - assign internal name
@ASG,A TC2*RELA. - - assign output file
@DELETE,C TC2*RELA. - delete output file
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@ASG,UP TC2*RELA.,F50

@USE 16.,TC2*RELA.

@ASG,A TC2*RELH.
@DELETE,C TC2*RELH.
@ASG,UP TC2*RELH.,F50

@USE 17.,TC2*RELH.

@ASG,T TC2*BMDP. F50

@USE 22.,TC2*BMDP.

@XQT,F COLMOL*THESIS.TC2
@BMDP*85.BMDP BMDP6D,30000

/PROBLEM TITLE IS 'TROPHIC CONTINUUM MODEL',

/INPUT VARIABLES ARE 9.
FORMATIS '(F6.2, 8 F8.1)".

/VARIABLE NAMES ARE TIME, AC, PBC,
EBC, BVC, ZPC, PDOC, NEWN, REGN

/PLOT YVAR ARE AC, PBC, EBC, BVC, ZPC,
PDOC, NEWN, REGN.
XVAR ARE TIME, TIME, TIME, TIME,
TIME, TIME, TIME, TIME.

fEND -

@ADD TC2*BMDP.

@DATA,L TC2*AOUT.

@END

@DATA,L TC2*HOUT.

@END

@DATA,L TC2*TOUT.

@END

@FIN

In practice, two programs (TC1 and TC2) are involved in execution of the model and can be

called together by the following runstream:

@RUN,/N Userid, ACCNT/USER,Projid, Time,Pages
@ASG,A COLMOL*THESIS.
@ASG,A TC1*DATFIL.
@USE 12., TC1*DATFIL.
@ASG,A TC2*DATFIL.
@DELETE,C TC2*DATFIL.
@ASG,UP TC2*DATFIL.,F50
@USE 13., TC2*DATFIL.
@XQT COLMOL*THESIS.TC1.
@DATA,L TCI*DATFIL.
@END

@ASG,T TC2*QUT. F///500
@USE 23.,TC2*OUT.
@ASG,A TC2*TOUT.
@DELETE,C TC2*TOUT.
@ASG,UP TC2*TOUT. F50
@USE 14.,TC2*TOUT.
@ASG,A TC2*AOUT.
@DELETE,C TC2*AOUT.
@ASG,UP TC2*AOUT. ,F50
@USE 20.,TC2*AOUT.
@ASG,A TC2*HOUT.
@DELETE,C TC2*HOUT.
@ASG,UP TC2*HOUT. ,F50
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- create output file

- assign internal name

- assign output file

- delete output file

- create output file

- assign internal name

- assign temporary data file
- assign internal name

- execute program

- assign BMDP package

]

|

|

] BMDP

| control

i language
(

|

|

|

- add BMDP data file

- list contents of data file

- terminate DATA command
- list contents of data file

- terminate DATA command
- list contents of data file

- terminate DATA command
- terminate run

- assign program file

- assign input file

- assign internal name

- assign output file

- delete output file

- create output file

- assign internal name

- execute first program-

- list contents of data file

- terminate DATA command
- assign temporary data file

" - assign internal name

- assign output file

- delete output file

- create output file

- assign internal name
- assign output file

- delete output file

- create output file

- assign internal name
- assign output file

- delete output file

- create output file



@USE 21.,TC2*HOUT.
@ASG,A TC2*RELT.
@DELETE,C TC2*RELT.
@ASG,UP TC2*RELT.,F50
@USE 15.,TC2*RELT.
@ASG,A TC2*RELA.
@DELETE,C TC2*RELA.
@ASG,UP TC2*RELA.F50
@USE 16.,TC2*RELA.

- assign internal name
- assign output file

- delete output file

- create output file

- assign internal name
- assign output file

- delete output file

- create output file

- assign internal name

@ASG,A TC2*RELH, - assign output file
@DELETE,C TC2*RELH. - delete output file
@ASG,UP TC2*RELH.,F50 - create output file
@USE 17.,TC2*RELH. - assign internal name
@ASG,T TC2*BMDP. F50 - assign temporary data file
@USE 22.,TC2*BMDP. - assign internal name
@XQT,F COLMOL*THESIS.TC2 - execute program file
@BMDP*85.BMDP BMDP6D,30000 - assign BMDP package
/PROBLEM TITLE IS 'TROPHIC CONTINUUM MODEL'. |
/INPUT VARIABLES ARE 9. |
FORMAT IS '(F6.2, 8 F8.1)". |

/VARIABLE NAMES ARE TIME, AC, PBC, EBC, BVC, | BMDP

ZPC, PDOC, NEWN, REGN | control
/PLOT YVAR ARE AC, PBC, EBC, BVC, ZPC, PDOC, | language

NEWN, REGN. |

XVAR ARE TIME, TIME, TIME, TIME, TIME, |

TIME, TIME, TIME. |
/END |
@ADD TC2*BMDP. v
@DATA,L TC2*AOUT. - list contents of data file
@END ' - terminate DATA command
@DATA,L TC2*HOUT. - list contents of data file
@END - terminate DATA command
@DATAL TC2*TOUT. - list contents of data file
@END - terminate DATA command
@FIN - terminate run

2.2 Input specifications

Input of initial values to the program is done through a single data file, which in turn
receives its data from the first program. Data from this data file are read by the different
subroutines during the execution of the the first loop of the program. In addition, values calculated
by subroutines AUTSUB and HETSUB are written to a temporary data file for storage, before
being read by subroutine EXTRAS for further calculations. All data is read in free format.

2.3 Output format

Carbon and nitrogch standing stocks calculated in subroutine MASSES are sent as output to
the printer, as are the additional variables calculated in subroutine EXTRAS. Carbon standing
stocks for the biotic and abiotic groups are sent to temporary data files for use in plotting routines
from BMDP. Carbon standing stocks of autotroph and heterotroph size classes and of the
combined array of size classes are sent to three separate data files for use in 3-dimensional (3-D)
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plotting routines using SACLANT. Also saved and plotted are the proportions of the standing

stocks of each group relative to the maximum value for the three groups. The following data files

receive output from the program:

TC2*QUT.

TC2*BMDP.

TC2*AOUT.

TC2*HOUT.

TC2*TOUT.

TC2*RELA.

TC2*RELH.

A temporary data file which stores the data matrices that are calculated by
subroutines AUTSUB and HETSUB and used as input to the subroutine
EXTRAS. '

An output data file which stores the standing stocks of autotrophs,
bacterioplankton, epibacteria, bactivores, zooplankton, PDOC, new nitrogen
and regenerated nitrogen from each time step. Data in this file is used to
produce plots of standing stocks versus time using a BMDP plotting routine.

An output data file which stores a data matrix of carbon standing stocks in each
autotroph size class at each time step; the rows of the matrix represent time and
the columns of the matrix the autotroph size classes. These data are used in
producing a three dimensional plot of the autotroph biomass spectrum over time,
using the SACLANT 3-D plotting package.

An output data file which stores a data matrix of carbon standing stocks in each
heterotroph size class at each time step; the rows of the matrix representing time
and the columns of the matrix the heterotroph size classes. These data are used
in producing a three dimensional plot of the heterotroph biomass spectrum over
time, using the SACLANT 3-D plotting package.

An output data file which stores a data matrix of the proportion of the carbon
standing stock in each autotroph size class at each time step relative to the
maximum autotroph carbon standing stock in any autotroph size class at any
time; the rows of the matrix represent time and the columns the size classes.
These data are used in producing a three dimensional plot of the total biomass
spectrum over time, using the SACLANT 3-D plotting package.

An output data file which stores a data matrix of the proportions of the carbon
standing stocks in each autotroph size class at each time step relative to the
maximum carbon standing stock in any autotroph size class at any time; the
rows represent time and the columns the autotroph size classes. These data are
used to produce a three dimensional plot of the relative autotroph biomass
spectrum with time, using the SACLANT 3-D plotting package.

An output data file which stores a data matrix of the proportions of the carbon
standing stocks in each heterotroph size class at each time step relative to the
maximum carbon standing stock in any heterotroph size class at any time; the
rows represent time and the columns the heterotroph size classes. These data are
used to produce a three dimensional plot of the relative heterotroph biomass
spectrum with time, using the SACLANT 3-D plotting package.
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TC2*RELT. An output data file which stores a data matrix of the proportions of the total
’ carbon standing stocks in each size class at each time step relative to the
maximum carbon standing stock in any size class at any time; the rows represent
time and the columns the size classes. These data are used to produce a three
dimensional plot of the relative total biomass spectrum with time, using the

SACLANT 3-D plotting package.

2.4 Restrictions on generality

The program is limited by available memory, and this is reflected in the sizes of matrices and
arrays. The maximum number of time steps that can be used is about 600 if the maximum number
of size classes is 50. The limits are defined by internal parameters TIME and SIZE. If required,
these parameters can be altered to allow, for example, more time steps and fewer size classes.

2.5 Run time

Run times are affected by the number of size clases and the number of loops to be executed.
Example times are presented below. |

Number of size classes Number of loops Approximate run time (minutes)
5 1000 : 4
10 1000 7
50 600 : 12

3. Conceptual overview

3.1 Initializing variables

Within the first loop of the prograni, initial values are read from a data file by the MAIN

program and relevant subroutines.

3.2 Calculation of carbon and nitrogen flows at each time step

Subroutines PREDS, AUTSUB, HETSUB and DETSUB calculate the rates of flow of
carbon and nitrogen into and out of each size class in the trophic continuum at each time step. The
differences between carbon and nitrogen input and output are computed for the biotic groups in
subroutines AUTSUB and HETSUB, and for the abiotic pools in subroutine DETSUB.
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3.3 Solving the differential equations

Changes in the biotic and abiotic groups with time are represented by a series of differential
-equations. These equations are solved numerically using a second order Runge-Kutta method in
the subroutines ISUB1, INCRE], ISUB2 and INCRE?2.

3.4 Calculating standing stocks and flow relationships

Size classes are grouped to give total standing stocks for the different functional groups
(autotrophs, bacterioplankton, epibacteria, bactivores and zooplankton) in subroutine MASSES.
Carbon and nitrogen flows and relationships between these flows and the standing stocks are
calculated in subroutine EXTRAS.

4. Program design

4.1 Qverall description

The program is written in FORTRAN and compiled using the FORTRAN V compiler. It
consists of a main program and ten subroutines. The sequence of the programming logic is

presented in Fig. A-II.1:
4.3 Data structures

Most data are stored in the form of arrays, because the model is structured as arrays of size |
classes. Some variables, which are input into the first program by the user, determine which of a
series of options will be used in executing the dynamic form of the model. These options are
entered and stored as character variables (for a more detailed description see Appendix I).
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Fig. A-IL.1. Program structure diagram of Main program:
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v
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4.4, Subroutines
4.4.1. Subroutine ISUB1

CALLED BY: MAIN program
CALLS: PREDS, AUTSUB, HETSUB, DETSUB

This subroutine controls the first set of calculations in the Runge-Kutta procedure for the terms on the RHS of the
differential equations. It receives values from the MAIN program for I, ITAB, TCLASS, AMASSC, AMASSN,
HMASSC, HMASSN, TMASSC, NEWN, REGN, PDOC, DC, DN, ASMALC, HSMALC, NITRO and
NINCRE. ISUBI calls subroutines and returns variables DAMASC, DAMASN, DHMASC, DHMASN, DDC,
DDN, DNEWN, DREGN, DPDOC, DAY, IH1, IH2 and EBCT15 to the MAIN program. The programming logic
is as follows:

Fig. A-IL.2. Program structure diagram of subroutine ISUB1.

Set counter to 1
to identify 1st of
2 steps in the
Runge-Kutta loop

Output to

RETURN
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4.4.2 Subroutine INCRE1

CALLED BY: MAIN program

This subroutine calculates the first increment in the Runge-Kutta procedure to be added to each standing stock in
each trophic size class and abiotic pool. It receives values from the MAIN program for variables I, DAMASC,
DAMASN, DHMASC, DHMASN, DDC, DDN, DNEWN, DREGN, DPDOC, TCALSS, NCON, NITRO,
ASMALC, ASMALN, HSMALC and HSMALN. It returns values to the MAIN program for variables AMASSC,
AMASSN, HMASSC, HMASSN, DC, DN, NEWN, REGN and PDOC. The programming logic is as follows:

Fig. A-11.3. Program structure diagram of subroutine INCREI.
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4.4.4 Subroutine ISUB2

CALLED BY: MAIN program
CALLS: PREDS, AUTSUB, HETSUB, DETSUB

This subroutine controls the second set of calculations for the Runge-Kutta procedure for the terms on the RHS of
the differential equations. It receives values from the MAIN program for I, TCLASS, AMASSC, AMASSN,
HMASSC, HMASSN, TMASSC, NEWN, REGN, PDOC, DC, DN, ASMALC and HSMALC. ISUB2 calls
subroutines and returns variables DAMASC, DAMASN, DHMASC, DHMASN, DDC, DDN, DNEWN, DREGN,
DPDOC, DAY, ITAB, TH1, IH2 and EBCT15 to the MAIN program. The programming logic is as follows:

Fig. A-I1.4. Program structure diagram of subroutine ISUB2,
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4.4.5 Subroutine INCRE2

CALLED BY: MAIN program

This subroutine calculates the second increment in the Runge-Kutta procedure to be added to each standing stock in
each trophic size class and abiotic pool. It receives values from the MAIN program for variables I, DAMASC,
DAMASN, DHMASC, DHMASN, DDC, DDN, DNEWN, DREGN, DPDOC, TCLASS, NCON, NITRO,
ASMALC, ASMALN, HSMALC and HSMALN. It returns values to the MAIN program for variables AMASSC,
AMASSN, HMASSC, HMASSN, DC, DN, NEWN, REGN and PDOC. The programming logic is as follows:

>Fig. A-IL5. Program structure diagram of subroutine INCRE2.
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4.2.6 Subroutine PREDS

CALLED BY: ISUBI1, ISUB2

This subroutine calculates the predation losses from prey size classes into predator size classes. It also calculates the
total potential uptake of new-nitrogen and regenerated-nitrogen from the respective pools. The programming logic is
as follows:

Fig. A-IL6. Program structure diagram of subroutine PREDS.
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4.2.7 Subroutine AUTSUB

CALLED BY: ISUBI, ISUB2

This subroutine computes the flows in to and out of each autotroph size class, and then calculates the daily
increment of each size class. It receives values from ISUB1 and ISUB2 for variables I, ICOUNT, DAY, AMASSC,
AMASSN, NEWN, REGN, FLOW9, FLOW10, ITAB, UTOTNN, UTOTRN and AFRAC, and returns to ISUB1
and ISUB2 values for variables DAMASC_, DAMASN, CDIN, NDIN, DOCIN, REGIN, NEWOUT and REGOUT.
The programming logic is as follows:

Fig. A-IL.7, Program structure diagram of subroutine AUTSUB.
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4.2.8 Subroutine HETSUB

CALLED BY: ISUB1, ISUB2

This subroutine computes carbon and nitrogen flows in to and out of each heterotroph size class, and calculates the
daily increment for each size class. It receives values from ISUB1 and ISUB2 for variables I, ICOUNT, HMASSC,

| HMASSN, NEWN, REGN, PDOC, DC, DN, FLOW15, FLOW16, FLOW21, FLOW?22, HFRAC, ITAB,
HSMALC and UTOTN, and returns to ISUB1 and ISUB2 values for variables DHMASC, DHMASN, EBCT15,
CDIN, NDIN, REGIN, CDOUT, NDOUT, NEWOUT, REGOUT and DOCOUT. The programming logic is as
follows:

Fig. A-IL.8. Program structure diagram of subroutine HETSUB.
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4.2.9 Subroutine DETSUB

CALLED BY: ISUB1, ISUB2

This subroutine computes the differences between carbon and nitrogen flows in to and out of the new-nitrogen,
regenerated-nitrogen, PDOC, detrital carbon and detrital pools. It receives values from ISUB1 and ISUB2 for
variables CDIN, NDIN, DOCIN, REGIN, CDOUT, NDOUT, DOCOUT, NEWOUT, NITRO, NINCRE and
~ REGOUT, and returns to ISUB1 and ISUB2 values for variables DDC, DDN, DPDOC, DNEWN and DREGN. The
programming logic is as follows: ' '

Fig. A-I1.9. Program structure diagram of subroutine DETSUB.
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Calculate changes in
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224




4.2.10 Subroutine MASSES
CALLED BY: MAIN program

This subroutine computes the total carbon and nitrogen standing stocks at each time step for autotrophs,
planktobacteria, epibacteria, bactivores and zooplankton. It receives values from the MAIN program for variables I,
AMASSC, AMASSN, HMASSC, HMASSN, DC, DN, NEWN, REGN, PDOC, DAY, ITAB and ILOOP, and
returns to the main program values for variables AC, AN, PBC, PBN, EBC, EBN, BVC, BVN, ZPC and ZPN. It
writes size-class standing stocks to six data files for three dimensional graphics output: TC2*AQUT., TC2*HOUT.
and TC2*TOUT. for autotrophs, heterotrophs and the total biomass spectrum respectively; TC2*RELA.,
TC2*RELH. and TC2*RELT. for relative standing stocks of autotrophs, heterotrophs and the total spectrum
respectively. The programming logic is as follows:

Flg A-IL.10. Program structure diagram of subroutine MASSES.

Print
headings

v

Calculate dimensions ¢
for the grids for Set all standing
the 3-D plots stocks to zero

Write
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Calculate total C
and N standing stocks

Calculate maximum
standing stock

Calculate standing
stock as a fraction of
the maximum

Write fractions and
standing stocks to
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4.2.11 Subroutine EXTRAS
CALLED BY: Main program

This subroutine computes different flows and relationships between the flows and standing stocks in the trophic
continuum, It receives values from the MAIN program for variables ILOOP, AC, AN, PBC, PBN, EBC, EBN,
BVC, BVN, ZPC, ZPN, NEWN, REGN, EBCTI15, DC, DN, TCLASS, [H1 and IH2. It returns no values to the
MAIN program; all output is sent to the printer. The programming logic is as follows:

Fig. A-IL11. Program structure diagram of subroutine EXTRAS.

Calculate instantaneous
flows by multiplying
by time factor
‘ Cal Calculate
Zerotho variables | g, ] DOO-ATRY For all array
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abiotic pools abiotic pools|
1 Calcal Calculat
Zero the varisbles Ly} DOD-ADRY For autotroph array
of the autotrophs variables of size classes variables of
autotrophs autotrophs
9 Cal Calculate
Zerothovariables [ g, | moo-amy For bacteriopl. array
of bacterioplankton variables of size classes variables of
bacteriopl bacteriopl.
A Caleul Calculatn
Zero the variables | DomamRy For epibecteria array
of cpibacteria varishles of size classes variables of
opibacteria cpibacicria
A Calcul Calculate
Zerothe varisbles | _ g, | DOD-AORY For bactivare arrxy
of bactivores variables of size classes variables of
bactivares bactivares
A Caleul Calculate
Zero the variables  Lgp] DOG-aIRy microzoopl. array
of mi 1ot isbles of size classes variables of
' microzoopl. microzoapl.
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S. Program validation

The program was subjected to a number of checks and test runs to ascertain whether all
calculations were carried out correctly. The units and dimensions used throughout and indicated on
the printer output have been checked, and no inconsistencies have been found.

6. Extensions and improvements

In the programs' present forms, the structure of the model is relatively flexible, but the
programs are not very easy to use for someone unfamiliar with them. It would be ideal to work
with the model in interactive mode, so that changes to parameters and starting values could easily
be done.

- 7. Program listing

ek ok ok kokok ok ko ok kokk Rk TC2 **-*##*****#******t****####***

CHARACTER*21 VERSN @ LAST UPDATED ON
& /09 JUN 88 AT 19:55:29'/

5 CHARACTER*1, EBCT15
CHARACTER*6, NITRO

REAL AMASSC, AMASSN, HMASSC, HMASSN, DC, DN
REAL NEWN, REGN, PDOC, NCON, NINCRE

10 REAL DAMASC, DAMASN, DHMASC, DHMASN, DDC, DDN
REAL DNEWN, DREGN, DPDOC
REAL TMASSC, DAY, STEP
REAL AC, AN, PBC, PBN, EBC, EBN, BVC, BVN, ZPC, ZPN
REAL ASMALC, ASMALN, HSMALC, HSMALN

15 REAL ACN, HCN

INTEGER ILOOP, TCLASS, ITAB, IH1, IH2, SIZE, TIME
PARAMETER STEP = 0.05
PARAMETER SIZE = 25

20 PARAMETER TIME = 1000

DIMENSION AMASSC(SIZE), AMASSN(SIZE), HMASSC(SIZE), HMASSN(SIZE)
DIMENSION DAMASC(SIZE), DAMASN(SIZE), DHMASC(SIZE), DHMASN(SIZE)
DIMENSION TMASSC(SIZE), EBCT15(TIME)
25 DIMENSION AC(TIME), AN(TIME), PBC(TIME), PBN(TIME), EBC(TIME)
- DIMENSION EBN(TIME), BVC(TIME), BVN(TIME), ZPC(TIME), ZPN(TIME)
DIMENSION DC(TIME), DN(TIME), NEWN(TIME), REGN(TIME), PDOC(TIME)
DIMENSION ASMALC(SIZE), ASMALN(SIZE), HSMALC(SIZE), HSMALN(SIZE)
10 DIMENSION HCN(SIZE)
5 FORMAT ()
15 FORMAT ('1', A38, A21//)

OPEN (13)
35 OPEN (14)
OPEN (15)
OPEN (16)
OPEN (17)
OPEN (18)
40 OPEN (20)
OPEN (21)
OPEN (22)
OPEN (23)
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45

55

60

65

70

75

80

85

90

95

100

105

110

READ (13,5) NITRO, NCON, NINCRE
READ (13,5) ILOOP, TCLASS, ACN
DO 100 J =1, TCLASS
READ (13,5) AMASSC(J), AMASSN(J), HMASSC(J), HMASSN(D),
& TMASSC()), ASMALC(J), HSMALC(J), HCN())
100 CONTINUE

READ (13,5) DC(1), DN(1), NEWN(1), REGN(1), PDOC(1)
IF (NITRO .EQ. 'CONTIN') THEN

NEWN(1) = NCON
ELSEIF (NITRO .EQ. 'CNSTNT") THEN

NEWN(1) = NCON
ENDIF
ITAB=1

PRINT 15, 'PROGRAM THESIS.TC2 LAST UPDATED ON ', VER$SN

DO 1201 = 1, ILOOP
IF (I .EQ. 1) THEN
DO 110 J = 1, TCLASS
ASMALN(J) = ASMALC(J) / ACN
HSMALN(J) = HSMALC(J) / HCN(J)
110 CONTINUE
ENDIF
DAY =1 * STEP
CALL ISUB!1 (I, AMASSC, AMASSN, HMASSC, HMASSN, TMASSC, NEWN,
REGN, PDOC, DC, DN, DAMASC, DAMASN, DHMASC,
DHMASN, DDC, DDN, DNEWN, DREGN, DPDOC, DAY,
TCLASS, ITAB, IH1, IH2, EBCT15, ASMALC, HSMALC,
NITRO, NINCRE)

Ro o R0 R0

ITAB =ITAB +1

CALL INCRE1 (I, DAMASC, DAMASN, DHMASC, DHMASN, DDC, DDN,
DNEWN, DREGN, DPDOC, AMASSC, AMASSN, HMASSC,
HMASSN, DC, DN, NEWN, REGN, PDOC, TCLASS, NCON,
NITRO, ASMALC, ASMALN, HSMALC, HSMALN)

& R g0

CALL ISUB2 (I, AMASSC, AMASSN, HMASSC, HMASSN, TMASSC, NEWN,
REGN, PDOC, DC, DN, DAMASC, DAMASN, DHMASC,
DHMASN, DDC, DDN, DNEWN, DREGN, DPDOC,

DAY, EBCT1S, TCLASS, ITAB, IH1, IH2, ASMALC,
HSMALC, NITRO, NINCRE)

R R e

CALL INCRE2 (I, DAMASC, DAMASN, DHMASC, DHMASN, DDC, DDN,

& DNEWN, DREGN, DPDOC, AMASSC, AMASSN, HMASSC,
& _ HMASSN, DC, DN, NEWN, REGN, PDOC, TCLASS, NCON,
& NITRO, ASMALC, ASMALN, HSMALC, HSMALN)
CALL MASSES (I, AMASSC, AMASSN, HMASSC, HMASSN, DC, DN, NEWN,
& REGN, PDOC, AC, AN, PBC, PBN, EBC, EBN, BVC,
& BVN, ZPC, ZPN, DAY, ITAB, ILOOP)
120 CONTINUE
CLOSE (23)
CALL EXTRAS (ILOOP, AC, AN, PBC, PBN, EBC, EBN, BVC, BVN,
& ZPC, ZPN, NEWN, REGN, EBCT15, DC, DN, TCLASS,
& IH1, IH2) ,
END
kiR . * IS[JBI ‘““,““““““‘#t““‘ttt

SUBROUTINE ISUB1 (I, AMASSC, AMASSN, HMASSC, HMASSN, TMASSC, NEWN,

& REGN, PDOC, DC, DN, DAMASC, DAMASN, DHMASC,
& DHMASN, DDC, DDN, DNEWN, DREGN, DPDOC, DAY,
& TCLASS, ITAB, IH1, IH2, EBCT15, ASMALC, HSMALC,
& NITRO, NINCRE)

228



115

120

125

130

135

140

145

150

155

160

165

170

175

180

REAL AMASSC, AMASSN, HMASSC, HMASSN, TMASSC, DC, DN
REAL NEWN, REGN, PDOC

REAL DAMASC, DAMASN, DHMASC, DHMASN, DDC, DDN
REAL DNEWN, DREGN, DPDOC v

REAL FLOWY, FLOW10, FLOW 15, FLOW16, FLOW21, FLOW?22
REAL CDIN, NDIN, CDOUT, NDOUT, REGIN, REGOUT, NEWOUT
REAL DOCIN, DOCOUT, NINCRE

REAL DAY, AFRAC, HFRAC

REAL ASMALC, HSMALC, UTOTN, UTOTNN, UTOTRN

CHARACTER*1, EBCT15
CHARACTER *6, NITRO

INTEGER SIZE, TIME, TCLASS, ITAB, IH1, IH2, ICOUNT

PARAMETER SIZE = 25
PARAMETER TIME = 1000

DIMENSION AMASSC(SIZE), AMASSN(SIZE), HMASSC(SIZE), HMASSN(SIZE)
DIMENSION TMASSC(SIZE), NEWN(TIME), REGN(TIME), PDOC(TIME)
DIMENSION DAMASC(SIZE), DAMASN(SIZE), DHMASC(SIZE), DHMASN(SIZE)
DIMENSION FLOWY(SIZE), FLOW1X(SIZE), FLOW15(SIZE), FLOW16(SIZE)
DIMENSION FLOW21(SIZE), FLOW22(SIZE), AFRAC(SIZE), HFRAC(SIZE)
DIMENSION DC(TIME), DN(TIME), EBCT15(TIME)

. DIMENSION ASMALC(SIZE), HSMALC(SIZE)

ICOUNT =1
'CALL PREDS (I, AMASSC, HMASSC, TMASSC, FLOWY, FLOW10, FLOW1S5,
& FLOW16, FLOW21, FLOW22, AFRAC, HFRAC, TCLASS,
& ITAB, IH1, IH2, UTOTN, ASMALC, HSMALC, NEWN,
& REGN, UTOTNN, UTOTRN)
CALL AUTSUB (I, ICOUNT, DAY, AMASSC, AMASSN, NEWN, REGN, FLOW9,
& FLOW10, DAMASC, DAMASN, CDIN, NDIN, DOCIN, REGIN,
& NEWOUT, REGOUT, AFRAC, ITAB, UTOTNN, UTOTRN)
CALL HETSUB (I, ICOUNT, HMASSC, HMASSN, NEWN, REGN, PDOC, DC, DN,
& FLOW15, FLOW16, FLOW21, FLOW22, DHMASC, DHMASN,
& EBCT15, CDIN, NDIN, REGIN, CDOUT, NDOUT, NEWOUT,
& REGOUT, DOCOUT, HFRAC, ITAB, HSMALC, UTOTN)
CALL DETSUB (CDIN, NDIN, DOCIN, REGIN, CDOUT, NDOUT, DOCOUT,
& NEWOUT, REGOUT, DDC, DDN, DPDOC, DNEWN, DREGN,
& NITRO, NINCRE)
RETURN
END
ek ok ok ok * s el o o e ok e INCRE1 t*_*******************‘*****#*

%k

SUBROUTINE INCRE!1 (I, DAMASC, DAMASN, DHMASC, DHMASN, DDC, DDN,

& DNEWN, DREGN, DPDOC, AMASSC, AMASSN, HMASSC,
& HMASSN, DC, DN, NEWN, REGN, PDOC, TCLASS, NCON,
& NITRO, ASMALC, ASMALN, HSMALC, HSMALN)

CHARACTER*6, NITRO
INTEGER SIZE, TCLASS, TIME

REAL STEP

REAL DAMASC, DAMASN, DHMASC, DHMASN

REAL DDC, DDN, DNEWN, DREGN, DPDOC, NCON

REAL AMASSC, AMASSN, HMASSC, HMASSN, DC, DN, NEWN, REGN, PDOC
REAL C1, C2, C3, C4, C5, C6, C7, C8, C9

REAL ASMALC, ASMALN, HSMALC, HSMALN
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185

190

195

200

205

210

215

220

225

230

235

240

245

250

PARAMETER SIZE = 25
PARAMETER STEP = 0.05
PARAMETER TIME = 1000

DIMENSION DAMASC(SIZE), DAMASN(SIZE), DHMASC(SIZE), DHMASN(SIZE)
DIMENSION AMASSC(SIZE), AMASSN(SIZE), HMASSC(SIZE), HMASSN(SIZE)
DIMENSION ASMALC(SIZE), ASMALN(SIZE), HSMALC(SIZE), HSMALN(SIZE)
DIMENSION C1(SIZE), C2(SIZE), C3(SIZE), C4(SIZE)

DIMENSION NEWN(TIME), REGN(TIME), PDOC(TIME)

DIMENSION DC(TIME), DN(TIME)

DO 100 J = 1, TCLASS
C1(J)= STEP * DAMASC())
C2(J) = STEP * DAMASN())
C3(J) = STEP * DHMASC(J)
C4(J) = STEP * DHMASN())
AMASSC(J) = AMASSC(J) + 0.5 * C1(J)
AMASSN(J) = AMASSN(J) + 0.5 * C2(J)
HMASSC(J) = HMASSC(J) + 0.5 * C3(J)
HMASSN(J) = HMASSN(J) + 0.5 * C4(J)
IF (AMASSC(J) .LT. ASMALC(J)) AMASSC(J) = ASMALC(J)
IF (AMASSN(J) .LT. ASMALN(J)) AMASSN(J) = ASMALN())
IF (HMASSC(J) .LT. HSMALC(J)) HMASSC(J) = HSMALC(J)
IF (HMASSN(J) .LT. HSMALN(J)) HMASSN(J) = HSMALN(J)
100 CONTINUE
C5 = STEP * DDC
C6 = STEP * DDN
C7 = STEP * DNEWN
C8 = STEP * DREGN
C9 = STEP * DPDOC

DC() = DC(I) + 0.5 * C5
DN() = DN() + 0.5 * C6
NEWN() = NEWN() + 0.5 * C7
REGN(I) = REGN() + 0.5 * C8
PDOC(I) = PDOC(D) + 0.5 * C9

IF (DC(D) .LT. 0) DC(@) = 0
IF (DN(T) .LT. 0) DN(I) = 0

IF (NEWN() .LT. 0) NEWN() = 0
IF (REGN() .LT. 0) REGN(D) = 0
IF (PDOC() .LT. 0) PDOC(I) = 0

IF (NITRO .EQ. ‘CNSTNT') THEN
NEWN(I) = NCON .
ENDIF .

RETURN
END - -

Aok ko ko ok ISUB2 Ak

SUBROUTINE ISUB2 (I, AMASSC, AMASSN, HMASSC, HMASSN, TMASSC, NEWN,

& REGN, PDOC, DC, DN, DAMASC, DAMASN, DHMASC,
& DHMASN, DDC, DDN, DNEWN, DREGN, DPDOC, DAY,
& EBCT15, TCLASS, ITAB, IH1, IH2, ASMALC, HSMALC,
& NITRO, NINCRE)

REAL AMASSC, AMASSN, HMASSC, HMASSN, TMASSC, DC, DN
REAL NEWN, REGN, PDOC ‘
REAL DAMASC, DAMASN, DHMASC, DHMASN, DDC, DDN

REAL DNEWN, DREGN, DPDOC

REAL FLOW9Y, FLOW10, FLOW15, FLOW16, FLOW21, FLOW22
REAL CDIN, NDIN, CDOUT, NDOUT, REGIN, REGOUT, NEWOUT
REAL DOCIN, DOCOUT, NINCRE

REAL DAY, AFRAC, HFRAC

REAL ASMALC, HSMALC, UTOTN, UTOTNN, UTOTRN
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255
260
265
270
275
280
285
290
295

300

305 -

310.

315

320

CHARACTER¥*1, EBCT15
CHARACTER *6, NITRO

INTEGER SIZE, TIME, TCLASS, ITAB, IH1, IH2, ICOUNT

PARAMETER SIZE = 25
PARAMETER TIME = 1000

DIMENSION AMASSC(SIZE), AMASSN(SIZE), HMASSC(SIZE), HMASSN(SIZE)
DIMENSION TMASSC(SIZE), AFRAC(SIZE), HFRAC(SIZE), EBCT15(TIME)
DIMENSION DAMASC(SIZE), DAMASN(SIZE), DHMASC(SIZE), DHMASN(SIZE)
DIMENSION FLOWY(SIZE), FLOW 1((SIZE), FLOW15(SIZE), FLOW16(SIZE)
DIMENSION FLOW21(SIZE), FLOW22(STZE)

DIMENSION NEWN(TIME), REGN(TIME), PDOC(TIME)

DIMENSION DC(TIME), DN(TIME)

DIMENSION ASMALC(SIZE), HSMALC(SIZE)

ICOUNT =2
CALL PREDS (I, AMASSC, HMASSC, TMASSC, FLOW9Y, FLOW10, FLOW15,
& FLOW16, FLOW21, FLOW22, AFRAC, HFRAC, TCLASS,
& ITAB, IH1, IH2, UTOTN, ASMALC, HSMALC, NEWN,
& REGN, UTOTNN, UTOTRN)
CALL AUTSUB (I, ICOUNT, DAY, AMASSC, AMASSN, NEWN, REGN, FLOW9,
& - FLOWI10, DAMASC, DAMASN, CDIN, NDIN, DOCIN, REGIN,
& NEWOUT, REGOUT, AFRAC, ITAB, UTOTNN, UTOTRN)
CALL HETSUB (I, ICOUNT, HMASSC, HMASSN, NEWN, REGN, PDOC, DC, DN,
& FLOW1S5, FLOW16, FLOW21, FLOW22, DHMASC, DHMASN,
& EBCT15, CDIN, NDIN, REGIN, CDOUT, NDOUT, NEWOUT,
& REGOUT, DOCOUT, HFRAC, ITAB, HSMALC, UTOTN)
CALL DETSUB (CDIN, NDIN, DOCIN, REGIN, CDOUT, NDOUT, DOCOUT,
& NEWOUT, REGOUT, DDC, DDN, DPDOC, DNEWN, DREGN,
& NITRO, NINCRE) \
RETURN
END
Rk L2 L] » mCREZ a2k e e o0 o o o o o o o e e ke o ol ol sl e ok R kR R R

SUBROUTINE INCRE2 (I, DAMASC, DAMASN, DHMASC, DHMASN, DDC, DDN,

& DNEWN, DREGN, DPDOC, AMASSC, AMASSN, HMASSC,
& HMASSN, DC, DN, NEWN, REGN, PDOC, TCLASS, NCON,

& NITRO, ASMALC, ASMALN, HSMALC, HSMALN)
INTEGER SIZE, TCLASS, TIME '
CHARACTER*6, NITRO

REAL STEP :

REAL DAMASC, DAMASN, DHMASC, DHMASN

REAL DDC, DDN, DNEWN, DREGN, DPDOC, NCON

REAL AMASSC, AMASSN, HMASSC, HMASSN, DC, DN, NEWN, REGN, PDOC
REAL C1, C2, C3, C4, C5, C6, C7, C8, C9
REAL ASMALC, ASMALN, HSMALC, HSMALN

PARAMETER SIZE = 25
PARAMETER STEP = 0.05
PARAMETER TIME = 1000

DIMENSION DAMASC(SIZE), DAMASN(SIZE), DHMASC(SIZE), DHMASN(SIZE)
DIMENSION AMASSC(SIZE), AMASSN(SIZE), HMASSC(SIZE), HMASSN(SIZE)
DIMENSION C1(SIZE), C2(SIZE), C3(SIZE), C4(SIZE)

DIMENSION NEWN(TIME), REGN(TIME), PDOC(TIME)

DIMENSION DC(TIME), DN(TIME)
DIMENSION ASMALC(SIZE), ASMALN(SIZE), HSMALC(SIZE), HSMALN(SIZE)
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325
330
335
340
345
350
355
360
365
370
375
380

385

DO 100 J = 1, TCLASS

C1(J) = STEP * DAMASC())

C2(J) = STEP * DAMASN(J)

C3(J) = STEP * DHMASC(J)

C4(J) = STEP * DHMASN())

AMASSC(J) = AMASSC()) + C1(J)

AMASSN(J) = AMASSN(J) + C2(J)

HMASSC(J) = HMASSC()) + C3(J)

HMASSN(J) = HMASSN(J) + C4(3)

IF (AMASSC(J) .LT. ASMALC(J)) AMASSC(J) = ASMALC(®J)

IF (AMASSN(J) .LT. ASMALN())) AMASSN(J) = ASMALN(J)

IF (HMASSC(J) .LT. HSMALC(J)) HMASSC(J) = HSMALC()

IF (HMASSN(J) .LT. HSMALN(J)) HMASSN(J) = HSMALN())
100 CONTINUE

C5 = STEP * DDC

C6 = STEP * DDN

C7 = STEP * DNEWN

C8 = STEP * DREGN

C9 = STEP * DPDOC

DCd+1)=DC() + C5
DN(I+1) = DN{) + C6
NEWN(+1) = NEWN(D) + C7
REGN(I+1) = REGN(I) + C8
PDOC(I+1) = PDOC() + C9

IF (DC(I+1) LT. 0) DC(I+1) = 0
IF (DN(I+1) .LT. 0) DN(I+1) = 0

IF (NEWN(+1) .LT. 0) NEWN(I+1) = 0
IF (REGN(I+1) .LT. 0) REGN(I+1) = 0
IF (PDOC(+1) .LT. 0) PDOC(+1) = 0

IF (NITRO .EQ. 'CNSTNT') THEN
NEWN(I+1) = NCON
ENDIF

RETURN
END

s e e s ke s e e s s de sl sl s s o ofe s s e e e s e e ol ook MASSES 3 e s s e e e s s o sl sl e e o s o o ofe e e e ke ool o e o

SUBROUTINE MASSES (I, AMASSC, AMASSN, HMASSC, HMASSN, DC, DN,
& NEWN, REGN, PDOC, AC, AN, PBC, PBN, EBC, EBN,
& BVC, BVN, ZPC, ZPN, DAY, ITAB, ILOOP)

INTEGER IAl, 1A2, IH1, IH2, IPB1, IPB2, IEB1, IEB2, IBV1, IBV2
INTEGER IZP1, IZP2, ITAB, I

INTEGER SIZE, TIME

INTEGER NX, NY, IPRINT, ISPACE

PARAMETER SIZE = 25
PARAMETER TIME = 1000

REAL AMASSC, AMASSN, HMASSC, HMASSN, TMASSC

REAL NEWN, REGN, PDOC, DC, DN, DAY

REAL AC, AN, PBC, PBN, EBC, EBN, BVC, BVN, ZPC,ZPN -
REAL X1, XL, Y1, YL '
REAL TOPT, TOPA, TOPH

REAL BST, BSA, BSH

DIMENSION AMASSC(SIZE), AMASSN(SIZE), HMASSC(SIZE), HMASSN(SIZE)
DIMENSION TMASSC(SIZE)

DIMENSION BST(SIZE), BSA(SIZE), BSH(SIZE)

DIMENSION AC(TIME), AN(TIME), PBC(TIME), PBN(TIME), EBC(TIME)
DIMENSION EBN(TIME), B VC(TIME), BVN(TIME), ZPC(TIME), ZPN(TIME)
DIMENSION DC(TIME), DN(TIME), NEWN(TIME), REGN(TIME), PDOC(TIME)
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390 5 FORMAT ()
15 FORMAT (1', 30X, A50)
25 FORMAT (', 30X, A50)
35 FORMAT (', 30X, A50////)
45 FORMAT (''1X,A4,3X,A13,2X,2(A10,3X),A10,2X,A11,4X,A8,7X,
. 395 & A4,6X,A9,4X,A9)
55 FORMAT (' ,A6,4X,9(A10,3X)/,11X,5(A10,3X),A10,3(2X,A11))
65 FORMAT ('',1X,A4,3X,A13,2X,2(A10,3X),A10,2X,A11,4X,A8,7X,
& A4,6X,A9,4X,A9//)
75 FORMAT (' '[F5.2,5X,9(E9.3,4X)/,11X,9(E9.3,4X)/)
400 85 FORMAT (14(6(F10.3,1X),:/),6(F10.3,1X))
95 FORMAT (14(6(F10.3,1X),:/),6(F10.3,1X))
105 FORMAT (F6.2,8(F8.1))
115 FORMAT (I3,3X,14)
125 FORMAT (4(F6.1, 2X))
405
IF (ITAB .EQ. 2) THEN
READ (13,5) IPRINT
ISPACE = IPRINT
READ (13,5) IA1, 1A2, IH1, IH2, IT
410 READ (13,5) IPB1, IPB2, [EB1, [EB2, IBV1, IBV?2, IZP1, IZP2

PRINT 15' 'ttttt#tttttttttttttttttttt#"

PRINT 25’ B3 1] k!
PRINT 25, *** STANDING STOCKS ***'
415 PRINT 25, *+* Ll
PRmT 35 U ITEEER 3333222232832 3214 4
PRINT 45, TIME', PHYTOPLANKTON', P-BACTERIA',E-BACTERIA’,
& 'BACTIVORES',ZOOPLANKTON', DETRITUS',PDOC’,
& 'NEW NITRO',REG NITRO'
420 PRINT 55, (DAYSY,'(MG.C.M-3), (MG.C.M-3), (MG.C.M-3)',
& '(MG.CM-3),(MG.CM-3)','(MG.CM-3),'(MG.C.M-3),,
& '(MG.N.M-3)’,(MG.N.M-3)",/ (MG N.M-3), (MG.N.M-3),
& (MG.N.M-3)",'(MG.N.M-3)'" (MGN.M-3)", (MG.N.M-3),
& '(UG.AT.L-1),(UG.AT.L-1),(UG.AT.L-1) :
PR_INT 65’ ‘tttt‘,'ttlhitittttttt"'itttttiitt"'*itttttttt"
& ‘tttttttttt','ttttttttttt”'tttttttt"'tttt"
& 'ttttttttt':ttttttttt'
&
&
&

PRINT 75, DAY, AC(I), PBC(I), EBC(I), BVC(), ZPC(I), DC(I),
PDOC(I), NEWN(D, REGN(), AN(I), PBN(I), EBN(T),
BVN(I), ZPN(I), DN(D), PDOC(I)/12, NEWN(I)/14,

REGN()/14 .

NX =1ZP2

NY =ILOOP /2

X1 = REAL (IPB1)

435 XL = REAL (IZP2)

Yl=1

YL = REAL (ILOOP) /2

WRITE (14,115) NX, NY

WRITE (14,125) X1, XL, Y1, YL
440 WRITE (15,115) NX, NY

WRITE (15,125) X1, XL, Y1, YL

NX =1A2-1A1 +1

X1 =REAL (IA1)

XL = REAL (IA2)

445 WRITE (20,115) NX, NY

: WRITE (20,125) X1, XL, Y1, YL
WRITE (16,115) NX, NY
WRITE (16,125) X1, XL, Y1, YL
. NX =1ZP2
450 X1 = REAL (IPB1)
XL = REAL (IZP2)
WRITE (21,115) NX, NY
WRITE (21,125) X1, XL, Y1, YL
WRITE (17,115) NX, NY
455 WRITE (17,125) X1, XL, Y1, YL
' ENDIF

425

430

AC(I), AN =0
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460
465
470
475
480
485
490
195
500
505
510

515

520 -

525

PBC(), PBN(I) = 0
EBC(I), EBN(I) =0
BVCI), BVYN(I)=0
ZPC(D), ZPN(I) = 0

DO 100 T = IA1, IA2
AC() = AC(D) + AMASSC(J)
AN() = AN(I) + AMASSN(T)
100 CONTINUE

DO 110 J =1IPB1, IPB2
PBC(I) = PBC(I) + HMASSC()
PBN() = PBN(I) + HMASSN(J)
110 CONTINUE

DO 120 J = IEBI, IEB2
EBC(I) = EBC(I) + HMASSC(J)
EBN(I) = EBN(I) + HMASSN(J)
120 CONTINUE

DO 1301 =IBV1, IBV2
BVC() = BVC() + HMASSC(J)
BVN(I) = BVN(I) + HMASSN(J)

130 CONTINUE

DO 140 J =1ZP1, IZP2
ZPC(I) = ZPC(I) + HMASSC(J)
ZPN(I) = ZPN(I) + HMASSN(J)
140 CONTINUE

DO 150 J = IPB1, IZP2

TMASSC(J) = AMASSC(J) + HMASSC(J)

150 CONTINUE
IF (1 .EQ. IPRINT) THEN

PRINT 75, DAY, AC(I), PBC(I), EBC(I), BVC(), ZPC(T), DC(D),
& PDOC(T), NEWN(T), REGN(T), AN(T), PBN(T), EBN(D),
& BVN(), ZPN(), DN(T), PDOC()/12, NEWN()/14,

& REGN()/14 .
IPRINT = IPRINT + ISPACE
ENDIF

TOPT =0
TOPA =0
TOPH =0

DO 160 J = IPB1, IZP2

IF (TMASSC(J) .GT. TOPT) TOPT = TMASSC(J)
IF (AMASSC(J) .GT. TOPA) TOPA = AMASSC(J)
IF (HMASSC(J) .GT. TOPH) TOPH = HMASSC(J)

160 CONTINUE
DO 170 T = IPB1, IZP2

BST(J) = 100 * TMASSC(J) / TOPT

BSA(J) = 100 * AMASSC(J) / TOPA
BSH(J) = 100 * HMASSC(J) / TOPH

-170 CONTINUE
IF (I .EQ. IT) THEN

WRITE (14,85) (TMASSC(J), ] = IPB1, IZP2)
WRITE (20,95) (AMASSC(J), ] = 1A1, 1A2)
WRITE (21,85) (HMASSC(J), ] = IPB1, IZP2)
WRITE (15,85) (BST(J), I = IPB1, IZP2)
WRITE (16,95) (BSA(J), J = 1A1, IA2)

WRITE (17,85) (BSH(J), J = IPB1, IZP2)
WRITE (22,105) I1*0.05, AC(), PBC(), EBC(),

% R

NEWN(), REGN(I)
m=11+2

BVC(D), ZPC(), PDOC(),
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530
535
540
545
550
555
560
565
570

575

580

- 585

590

595

ENDIF
RETURN
END

whkk #kkk PREDS *##tttsttsdssssndrdhbhbbnsthhs

SUBROUTINE PREDS (I, AMASSC, HMASSC, TMASSC, FLOW9, FLOW10,

& FLOW15, FLOW16, FLOW21, FLOW22, AFRAC, HFRAC,
& TCLASS, ITAB, IH1, IH2, UTOTN, ASMALC, HSMALC,
& NEWN, REGN, UTOTNN, UTOTRN)

INTEGER IBV1, IH1, IH2, UPOS, VPOS, SIZE, TIME, ITAB, 12, I3
INTEGER IAl, IA2, IPB1, IPB2
INTEGER TCLASS, UCLASS, UMINUS, UPLUS, VCLASS

PARAMETER SIZE = 25
PARAMETER TIME = 1000

REAL AMASSC, AFRAC, ACN

REAL HMASSC, HFRAC, HCN

REAL TMASSC

REAL UMASSC, VMASSC

REAL PREF, PRED

REAL PREF1, PREF2, PREF3

REAL CPREDA, CPREDH, NPREDA, NPREDH

REAL H15, H15A, A2, A2A, K15

REAL FLOWS, FLOW10, FLOW15, FLOW16, FLOW21, FLOW22
REAL UTOTAN, UTOTPN, UTOTN, UTOTNN, UTOTRN
REAL ASMALC, HSMALC, NEWN, REGN

DIMENSION UPOS(SIZE), UCLASS(SIZE), UMINUS(SIZE), UPLUS(SIZE)
DIMENSION VPOS(SIZE), VCLASS(SIZE)

DIMENSION AMASSC(SIZE), AFRAC(SIZE)

DIMENSION HMASSC(SIZE), HFRAC(SIZE), HCN(SIZE)
DIMENSION UMASSC(SIZE), VMASSC(SIZE), TMASSC(SIZE)
DIMENSION H15(SIZE), H15A(SIZE), A2(SIZE), A2A(SIZE), K15(SIZE)
DIMENSION FLOW9Y(SIZE), FLOW10(SIZE), FLOW15(SIZE)
DIMENSION FLOW16(SIZE), FLOW21(SIZE), FLOW22(SIZE)
DIMENSION PRED(SIZE,SIZE), PREF(SIZE,SIZE)

DIMENSION NEWN(TIME), REGN(TIME)

DIMENSION ASMALC(SIZE), HSMALC(SIZE)

5 FORMAT ()

15 FORMAT (' ';30X,A36////)

25 FORMAT ("', 6X,20(12,3X)/))
35 FORMAT (' 'J]2,3X,20F5.3)

45 FORMAT ('1'.6X,20(12,3X)//)
55 FORMAT (1.6X.12,24(3X,12)//)
65 FORMAT (' 'I12,2X,F5.3,24F5.3)

IF (ITAB .EQ. 1) THEN
READ (13,5) IBV1, IH1, IH2, ACN, PREF1, PREF2 -
READ (13,5) IA1, IA2, IPB1, IPB2
DO 100 J = 1, TCLASS
READ (13,5) UCLASS(J), UMINUS(J), UPLUS(J), UPOS(J)
READ (13,5) VPOS(J), VCLASS(J)
100 CONTINUE

DO 110 J = IH1, TH2
READ (13,5) H15(J), H15A(), HCN(J), A2(J), A2A(), K15()) )
110 CONTINUE

ENDIF
* % £ 2 L L2221 2 EL 2Pl 2L R R LA 22222 2222t gt st
* ke ik
* wks WORK OUT TOTAL COMPETITION FOR NITROGEN i
* k¥ kg
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600

605

610

615

620

625

630

635

640

645

650

655 .

660

665

* kkkkkkn * T ook

UTOTAN=0
DO 120 J =1A1, 1A2
UTOTAN = UTOTAN + A2(J) * AMASSC(J) / ACN * (NEWN() +

&

REGN(D)) / (A2A(J) + NEWN(I) + REGN(T))

120 CONTINUE

UTOTPN =0
DO 130 J =IPB1, IPB2
UTOTPN = UTOTPN + H15(J) * HMASSC(J) / HCN(J) * (NEWN(D) +

&

REGN(D)) / (K15(J) + NEWN() + REGN())

130 CONTINUE

* # O F # N w

* % % ¥ ¥ *

UTOTN = UTOTAN + UTOTPN
UTOTNN = UTOTN * NEWN(I) / NEWN() + REGN(I))
UTOTRN = UTOTN * REGN(I) / NEWN() + REGN(I))

ook ko ok L] Wk Ao kol ol o g ek akok ko ok

ek
*EE
*kk
kK
L2 2 4

L L2

WORK OUT THE RELATIVE PROPORTIONS OF AUTOTROPHS ***
AND HETEROTROPHS IN EACH OF THE CLASSES b
IN THE PREY ARRAY b

ok

ko o ok ko * Mook koo ek ook ek o o kool ek ok ok kol o

DO 140J = 1, TCLASS
IF (AMASSC(J) .LT. 0) PRINT *, NEGATIVE AMASSC, PREDS’
IF (HMASSC(J) .LT. 0) PRINT *, NEGATIVE HMASSC, PREDS'
TMASSC(J) = AMASSC()) + HMASSC(J)
IF (TMASSC(J) .GT. 0) THEN

&
&

AFRAC(J) = (AMASSC(J) - ASMALC(J))/(TMASSC(J) ASMALC(T)
- HSMALC(J))
HFRAC(J) = (HMASSC(J) - HSMALC(T)) / (TMASSC(J) - ASMALC(J)
- HSMALC(Jy)

ELSEIF (TMASSC(J) .LE. 0) THEN

AFRAC(DH =0
HFRAC(J)=0

~ ENDIF
140 CONTINUE

sk o o o o o o oo o o sk ok o o ok
ok ok

**#* WORK OUT THE PREDATOR PREFERENCES FOR EACH ***
*** PREY CLASS FOR EACH PREDATOR - MATRIX PREF ***

Akek aokk
o e 2 e 2 o e e o 3 e e e e o e e e e e o ot o o o e 0 o ook o ae e e e e ol sk e o o o o o et e ke o ek o

IF

(ITAB .EQ. 1) THEN
DO 160 J = IH1, IH2
PREF3 = PREF1
12 = UPOS(J) + UMINUS())
PREF(J,12) = PREF3
DO 150 K = IH1, IH2
PREF3 = PREF3 / PREF2
IF (K .LE. UPLUS(J) .AND. K. LE. UMINUS(J)) THEN
PREF(J,2+K) = PREF3
PREF(J.12K) = PREF3
ELSEIF (K .LE. UPLUS(J) .AND. K .GT. UMINUS(J)) THEN
PREF(J,12+K) = PREF3
IF (12-K .GE. IH1) PREF(J]2-K) =0
ELSEIF (K .GT. UPLUS(J) .AND. K .LE. UMINUS(J)) THEN
IF (12+K .LE. IH2) PREF(J,I2+K) = 0
PREF(J.12K) = PREF3
ELSEIF (K .GT. UPLUS(J) .AND. K .GT. UMINUS(J)) THEN
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670

675

680

685

690

695

700

705

710

715

720

725

730

IF (I2+K .LE. IH2) PREF(J,J2+K) = 0
IF (I2-K .GE. IH1) PREF(J,12-K) = 0
ENDIF :
150 CONTINUE
160  CONTINUE

PRINT 15, *#***** MATRIX PREF ***xx#
I2=1
B=20
PRINT 25, (K, K =12, I3)
DO 170 J = IH1, IH2
PRINT 35, J, (PREF(JK), K =12, I3)
170 CONTINUE
2=13+1
I3=13+20
DO1900=1,2
PRINT 45, (K, K =12, I3)
DO 180 J =IH1, TH2
PRINT 35, J, (PREF(J,K), K =12, I3)
180 .CONTINUE
R2=13+1
B=3+20
190 CONTINUE
PRINT 55, (K, K =12, I3)
DO 200 J=1H1, IH2
: PRINT 65, J, (PREF(J,K), K =12, SIZE)
200 CONTINUE "

ENDIF
* 3 2fe e e 3¢ 2 e 2 2ie 3 xje e xje afe e afe e e aje e ale N e afe e aje e 3 aje e afe e e afe aje e e afe 3 aje N e afe e afe e aje ale e o xje ale e ofe e e ofe e ok e ok
* Rk (1 1] )
* #*+* WORK OUT THE TOTAL PREY BIOMASS FOR EACH PREDATOR ***
* Bk L 21
*

*kkkk 3003k 2 2 2k e e g ek e ok ok kel

DO 220 J = IH1,IH2
12 = UPOS())
I3 = UPOS(J) + UCLASS(J) - 1
IF (13 .GT. TH2) 13 = IH2
IF(3.LT.0)[3=0
UMASSC() = 0
DO210K =12, 13 :
UMASSC(J) = UMASSC(J) + TMASSC(K) - ASMALC(K) - HSMALC(K)
210  CONTINUE

220 CONTINUE
* e 3 ek ok ok ek ok L L 2 L] LR L E L L 2]
* wxk L2 L]
* *+x  WORK OUT THE TOTAL PREDATION FOR EACH PREY ~ ***
* *kk : hakk
*

3 e e 2 3 e e e e o ok oo e e 2o o o ol ek i skl ok okl sokokakoR ok ok kR ok ok koo Rokok okl ko

DO 240 K = IH1, IH2

12 = VPOS(K)

I3 = VPOS(K) + VCLASS(K) - 1

IF(I3 LT.0)[3=0

VMASSC(K) = 0

DO 2301=12, I3

VMASSC(K) = VMASSC(K) + HMASSC(J) * H15(J) * PREF(J.K) v
& *(TMASSC(K) - ASMALC(K) - HSMALC(K)) / (H15A(K) + UMASSC()))
230  CONTINUE

240 CONTINUE

Rk R Rk ok Rk kR RokoR R Rk Rk R R R Rk kR Rk R Rk
* kR . Ty
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735

740

745

750

755

760

765

770

775

780

785

790

795

800

* * * #

*** WORK OUT THE PREDATION LOSSES FROM EACH PREY CLASS **+
ok TO EACH PREDATOR - MATRIX PRED ok
or ok
ok e .
DO 260 J = IH1, IH2
DO 250 K = IH1, IH2
IF (UMASSC(J) .LE. 0 .OR. VMASSC(K) .LE. 0) THEN
PRED(J,K) =0
ELSE
: PRED(J.K) = H15(J) * HMASSC(J) * PREF(J,K) * (TMASSC(K) -
& ASMALC(K) - HSMALC(K)) / (H15A(K) + UMASSC())
ENDIF
250 CONTINUE
260 CONTINUE
DO 265 J =1IH1, 1H2
WRITE (18,5) (PRED(JK), K = IH1, IH2)
265 CONTINUE
N REERERREEEEEERE * o s
£ Ek ‘ -
* *++ WORK OUT THE TOTAL PREDATION BY EACH PREDATOR ***
* ¥+ QUM THE ROWS OF MATRIX PRED - FLOWS 15 & 16 ***
* EEk k
*  kkkkk Rk kR ** ek
DO 28071 =1IH1, IH2
FLOW15()=0
FLOW16()) =0
DO 270 K = IH1, IH2
CPREDA = AFRAC(K) * PRED(JK)
NPREDA = CPREDA / ACN
CPREDH = HFRAC(K) * PRED(J,K)
NPREDH = CPREDH / HCN(K)
FLOW15(J) = FLOW15(J) + CPREDH + CPREDA
FLOW16(J) = FLOW16(J) + NPREDA + NPREDH
270 CONTINUE
280 CONTINUE
* ek ok P -~
*  kEk *hk '
* **+x WORK OUT THE TOTAL PREDATION ON EACH PREY - SUM THE ***
* Rk COLUMNS OF MATRIX PRED - FLOWS 9, 10, 21 & 22 ok
* deokk . ok
x * . RN *hk
DO 300K =IH1,IH2
FLOW9(K) =0
FLOW10(K) =0
FLOW21(K)=0
FLOW22(K) =0
DO 290 J = IH1, IH2
CPREDA = AFRAC(K) * PRED(J K)
NPREDA = CPREDA / ACN
CPREDH = HFRAC(K) * PRED(J K)
NPREDH = CPREDH 7 HCN(K)
FLOW9(K) = FLOW9(K) + CPREDA
FLOW10(K) = FLOW1)(K) + NPREDA
FLOW21(K) = FLOW21(K) + CPREDH
FLOW22(K) = FLOW22(K) + NPREDH
290 CONTINUE
300 CONTINUE
RETURN
END
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805

810

815

820

825

830

835

840

845

850

855

860

865

870

ke e 2 e s s e sk s e e afeafe b o e s e o 3 s e e e e s s ke ke sl A‘JTSUB e e s sk b e e s s s s o b e s b e s e s o s e e ke o sk

SUBROUTINE AUTSUB (I, ICOUNT, DAY, AMASSC, AMASSN, NEWN, REGN,

& FLOWY, FLOW10, DAMASC, DAMASN, CDIN, NDIN,
& DOCIN, REGIN, NEWOUT, REGOUT, AFRAC, ITAB,
& UTOTNN, UTOTRN)

CHARACTER *1, DIURN
CHARACTER *6, PERCON

INTEGER IDAY, IA1, 1A2, SIZE, TIME, ICOUNT, ITAB

PARAMETER SIZE = 25
PARAMETER TIME = 1000

REAL AMASSC, AMASSN, ACN

REAL DAMASC, DAMASN, DAY

REAL NEWN, REGN, AFRAC _

REAL CDIN, NDIN, DOCIN, REGIN, NEWOUT, REGOUT

REAL Al, A2, A2A, A3, A4, AdA, A5, A7, All, Al13

REAL FLOW1, FLOW1A, FLOW2, FLOW3, FLOW4, FLOWS5, FLOW6, FLOW?7
REAL FLOWS, FLOW9, FLOW10, FLOW11, FLOW12, FLOW 13, FLOW14
REAL UTOTNN, UTOTRN, PER

DIMENSION AMASSC(SIZE), AMASSN(SIZE), AFRAC(SIZE)

DIMENSION DAMASC(SIZE), DAMASN(SIZE)

DIMENSION NEWN(TIME), REGN(TIME)

DIMENSION A1(SIZE), A2(SIZE), A2A(SIZE), A3(SIZE), A4(SIZE)
DIMENSION A4A(SIZE), AS(SIZE), A7(SIZE), A11(SIZE), A13(SIZE)
DIMENSION FLOW1(SIZE), FLOW1A(SIZE), FLOW2(SIZE)

DIMENSION FLOW3(SIZE), FLOW4(SIZE), FLOWS5(SIZE)

DIMENSION FLOW6(SIZE), FLOW7(SIZE), FLOWS(SIZE)

DIMENSION FLOW(SIZE), FLOW 10(SIZE), FLOW11(SIZE) » .

‘ DIMENSION FLOW12(SIZE), FLOW13(SIZE), FLOW14(SIZE)

5 FORMAT ()
15 FORMAT (2(5(E9.3,1X)/),5(E9.3,1X),F7.3)

IF (ITAB .EQ. 1) THEN

READ (13,5) IA1, IA2, ACN, DIURN

READ (13,5) PERCON
DO 100 J = IA1, 1A2
READ (13,5) A1(J), A2(J), A2A(]), A3(J), A4(J), A4A(D),
&  A5(), A7(), A11(J), A13(J)
100 CONTINUE

ENDIF

IDAY = INT (DAY)

IF (DIURN .EQ. 'Y") GO TO 110
IF (DIURN .EQ. 'N) GO TO 130

110 CONTINUE
IF (DAY-IDAY .GE. 0.5 .AND. DAY-IDAY LT. 1) THEN
DO 120 J =1A1, IA2
FLOW1(J) = 0
FLOW2(J) = 0
FLOW4(J) = 0
120  CONTINUE
GO TO 160
ELSEIF (DAY-IDAY .GE. 0 .AND. DAY-IDAY .LT. 0.5) THEN
GO TO 130
ENDIF
130 CONTINUE
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875

880

885

890

895

900

905

910

915

920

925

930

935

- 940

DO 140 J =1A1,1A2
FLOW2(J) = AA(J) * AMASSN()) * NEWN(®D) / (A2A()) +

& NEWN() + REGN(I))
FLOWA4(J) = A4(J) * AMASSN(J) * REGN(T) / (A4A()) +
& NEWN() + REGN()) ‘

IF (UTOTNN .GT. NEWN(D)) THEN
FLOW2(J) = FLOW2(J) * NEWN(T) / UTOTNN
ELSEIF (UTOTNN .LE. NEWN(I)) THEN
FLOW2(J) = FLOW2(J) ‘
ENDIF -
IF (UTOTRN .GT. REGN(I)) THEN
FLOW4(J) = FLOWA4(J) * REGN(I) / UTOTRN
ELSEIF (UTOTRN .LE. REGN(I)) THEN
FLOWA4(J) = FLOW4())
ENDIF

140 CONTINUE

REGOUT =0

NEWOUT =0

DO 150 J =1A1, 1A2
NEWOUT = NEWOUT + FLOW2(J)
REGOUT = REGOUT + FLOW4(I)

150 CONTINUE
160 CONTINUE

CDIN=0
NDIN =0
DOCIN =0

" REGIN =0

IF (PERCON .EQ. 'CNSTNT') THEN
" PER = Al13(IAl)
ELSEIF (PERCON .EQ. 'CHANGE’) THEN
PER = EXP (-0.00405 * (NEWN() + REGN(D)))
ENDIF

DO 170 T =1A1, A2
FLOW1A(J) = ACN * (FLOW2(J) + FLOWA(T))
FLOW1(J) = FLOW1A(]) / (1 - PER)
FLOW3(J) = A3(J) * AMASSC())
FLOWS5(J) = A5(J) * AMASSC())
FLOWS6(J) = FLOW5(J)/ ACN
FLOW7(J) = A7(J) * AMASSC())
FLOWS(J) = FLOW7(T) / ACN
FLOW9(J) = FLOW9(J)

FLOW10(J) = FLOW10(J)

FLOW11(J) = A11(J) * AMASSC())
FLOW12(J) = FLOW11(J) / ACN
FLOW13(J) = FLOW1(J) - FLOW1A(J)
FLOW14(J) = FLOW3(J) / ACN

CDIN = CDIN + FLOWS5(J)-
NDIN = NDIN + FLOW6(I)
DOCIN = DOCIN + FLOW13(J)
REGIN = REGIN

if (j .eq. ial) then
DAMASC(J) = FLOW1(J) - FLOW3(J) - FLOWS5(J) -

& FLOW7(J) - FLOW9(J) - FLOW11({J) - FLOW13(])
DAMASN()) = FLOW2(J) + FLOW4(J) - FLOW6(J) -

& FLOWS(J) - FLOW10(J) - FLOW12(J) - FLOW14(J)

elseif (j .gt. ial .and. j .LT. ia2) then
DAMASC()) = FLOW1(J) + flow11(j-1) - FLOW3(J) - FLOW5(J) -

& FLOW?(J) - FLOW9(J) - FLOW11(J) - FLOW13(J)
DAMASN(J) = FLOW2(J) + FLOW4(J) + flow12(j-1) - FLOWS(J) -
& FLOWS(J) - FLOW10(J) - FLOW12(J) - FLOW14())

ELSEIF (J .EQ. [A2) THEN
DAMASC(J) = FLOW1(J) + flow11(j-1) - FLOW3(J) - FLOW5(J) -
& FLOW7(J) - FLOW9(J) - FLOW13(J)
DAMASN(J) = FLOW2(J) + FLOWA4(J) + flow12(j-1) - FLOW6(J) -
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& FLOWS(J) - FLOW10(J) - FLOW14())
endif

945 170 CONTINUE

IF (ICOUNT .EQ. 2) THEN

DO 180 J = IAl, IA2
WRITE (23,15) FLOW1(J), FLOW1A(J), FLOW2(J), FLOW3(J),

&  FLOWA4(), FLOW5(J), FLOW6(J), FLOW7(J), FLOWS(J),
950 &  FLOWY(J), FLOW10(J), FLOW11(J), FLOW12(J), FLOW13(J),

&  FLOWI14(J), AFRAC(D)

180  CONTINUE
ELSEIF (ICOUNT .EQ. 1) THEN

4 GO TO 190
955 ENDIF
190 CONTINUE -
RETURN
960 END

e e e ke e de o ofe e ofe s ke oe o e o ofe deoke s ke s s ko ok ok ook HETSUB  evkkokosoksokkotesk s sk ok st ek s sl o s sk ok o

965 SUBROUTINE HETSUB (I, ICOUNT, HMASSC, HMASSN, NEWN, REGN, PDOC,
DC, DN, FLOW15, FLOW16, FLOW21, FLOW22,

DHMASC, DHMASN, EBCT15, CDIN, NDIN, REGIN,

CDOUT, NDOUT, NEWOUT, REGOUT, DOCOUT, HFRAC,

ITAB, HSMALC, UTOTN)

R

970
CHARACTER *1, EBCT15

INTEGER IH1, IH2, IPB1, IPB2, IEB1, IEB2, IBV1, ICOUNT, ITAB
INTEGER SIZE, TIME
975
PARAMETER SIZE =25
PARAMETER TIME = 1000

980 REAL HMASSC, HMASSN, HCN
REAL ASIMHC, ASIMHN, PBCV, PBNV, ASSIMH
REAL DHMASC, DHMASN, HFRAC
REAL CDIN, NDIN, REGIN
REAL CDOUT, NDOUT, DOCOUT, NEWOUT, REGOUT
985 REAL DC, DN, PDOC, NEWN, REGN
REAL H15, H15A, H17, H19, H23, K15
REAL FLOWI1S5, FLOW16, FLW16A, FLW16B, FLW16C, FLOW17, FLOW18
REAL FLOW19, FLOW20, FLOW21, FLOW22, FLOW23, FLOW24
990 REAL HSMALC, UTOTD, UTOTC, UTOTN
DIMENSION HMASSC(SIZE), HMASSN(SIZE), HCN(SIZE)
DIMENSION ASIMHC(SIZE), ASIMHN(SIZE), HFRAC(SIZE)
DIMENSION DHMASC(SIZE), DHMASN(SIZE), ASSIMH(SIZE)
DIMENSION NEWN(TIME), REGN(TIME), PDOC(TIME), EBCT15(TIME)
995 DIMENSION H15(SIZE), H15A(SIZE), H17(SIZE), H19(SIZE), H23(SIZE)
DIMENSION FLOW15(SIZE), FLOW16(SIZE), FLW16A(SIZE)
DIMENSION FLW16B(SIZE), FLW16C(SIZE), FLOW17(SIZE)
DIMENSION FLOW18(SIZE), FLOW19(SIZE), FLOW20(SIZE)
DIMENSION FLOW21(SIZE), FLOW22(SIZE), FLOW23(SIZE)

1000 . DIMENSION FLOW24(SIZE), K15(SIZE)
DIMENSION DC(TIME), DN(TIME)
DIMENSION HSMALC (SIZE)
5 FORMAT ()

1005 15 FORMAT (2(5(E9.3,1X)/),3(E9.3,1X),F7.3)

IF (ITAB .EQ. 1) THEN
READ (13,5) IH1, IH2, IPB1, IPB2, IEB1, IEB2, IBV1

1010 DO 100 J = IH1, IH2
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1015

1020

1025

1030

1035

1040

1045

1050

1055

1060

1065

1070

1075

READ (13,5) H15(J), H15A(J), H17(J), H19(J), H23(D),
&  ASSIMH(J), HON(I), K150y
100 CONTINUE
ENDIF

DOCOUT =0
CDOUT =0
NDOUT =0

UTOTC =0
DO 110 J = IPB1, IPB2
UTOTC = UTOTC + H15(J) * HMASSC(J) * PDOC() / (K15(7) *
& HCN(J) + PDOC(I))
110 CONTINUE

UTOTD =0
DO 120J =1EB1, IEB2
UTOTD = UTOTD + H15(J) * HMASSC(J)
120 CONTINUE

DO 130 J =IH1, IH2

IF (J .GE. IPB1 .AND. J .LE. IPB2) THEN
PBCV = H15(J) * PDOC() / (K15(J) * HCN(J) +
& PDOC(I))
IF (UTOTC .GT. PDOC()) THEN
PBCV = PBCV * PDOC(I) / UTOTC
ELSEIF (UTOTC .LE. PDOC()) THEN
PBCV = PBCV
ENDIF
PBNV = H15()) * NEWN() + REGN(D)) /
& (K15(J) + NEWN() + REGN(I))
IF (UTOTN .GT. NEWN() + REGN(I)) THEN
PBNV =PBNV * (NEWN() + REGN(I)) / UTOTN
ELSEIF (UTOTN .LE. NEWN() + REGN(I)) THEN
PBNV = PBNV
ENDIF
IF (PBNV .LT. PBCV) THEN
FLOW15(J) = PBNV * HMASSC(J)
FLOW16(J) = FLOW15(J) / HCN())
ELSEIF (PBNV .GE. PBCV) THEN
FLOW15(J) = PBCV * HMASSC(J)
FLOW16(J) = FLOW15(J) / HCN(J)
ENDIF
FLW16A(J) = FLOW16(J) * NEWN(I) / (NEWN() + REGN())
FLW16B(J) = FLOW16(J) * REGN() / (NEWN() + REGN(I))
ELSEIF (J .GE. IEB1 .AND. J .LE. IEB2) THEN
IF (DC(D/DN() .LE. HCN(3)) THEN
FLOW15(J) = H15(J) * HMASSC() * DCT) / (K15() *
& HCN(J) + DC(@))
FLOW16(J) = FLOW15(J) / HCN(I)
EBCT15(]) = 'C'
FLW16C(J) =0
ELSEIF (DC(I)/DN() .GT. HCN(J)) THEN
FLOW16(J) = H15(J) * HMASSN(J) * DN(I) / (K15(J) +
& DN@)
FLOW15(J) = FLOW16(J) * HCN(J)
EBCT15(0) ='N'
FLW16C(D) =0
ENDIF
ELSEIF (J .GE. IBV1) THEN
FLOW15()) = FLOW15())
FLOW16(J) = FLOW16(J)
ENDIF

ASIMHC(J) = ASSIMH(J) * FLOW15(J)
ASIMHN(J) = ASIMHC(J) / HCN(J)
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1080 FLOW17(J) = FLOW15(J) - ASIMHC(J)
FLOW18(J) = FLOW16(J) - ASIMHN(J)
IF (HMASSC(J) .LE. HSMALC(J)) THEN
FLOW19(J) =0
FLOW20(J) =0
1085 A ELSEIF (HMASSC(J) .GT. HSMALC())) THEN
FLOW19(J) = H19(J) * HMASSC(J)
FLOW20(J) = H19(J) * HMASSN(J)
ENDIF
FLOW21(J) = FLOW21(J)
1090 FLOW22(J) = FLOW22(J)
FLOW23(J) = H23(J) * HMASSC(J)
FLOW24(J) = FLOW23(J) / HCN(J)

CDIN = CDIN + FLOW17()
1095 NDIN = NDIN + FLOW18(J)
REGIN = REGIN + FLOW20(J)

if (j .eq. ih1) then
DHMASC(J) = FLOW15(]) - FLOW17(J) - FLOW19(J)

1100 & - FLOW21(J) - FLOW23(J)
 DHMASN(J) = FLOW16(J) - FLOW18(J) - FLOW2((J)
& - FLOW22(J) - FLOW24(J)

elseif (j .gt. ihl .and. j .LT. ih2) then
DHMASC(J) = FLOW15(J) - FLOW17(]) - FLOW19%(J)

1105 & - FLOW21(J) - FLOW23(]) + FLOW23(J-1)
DHMASN(J) = FLOW16(J) - FLOW18(J) - FLOW20(J)
& - FLOW22(J) - FLOW24(J) + FLOW24(J-1)

ELSEIF (J .EQ. IH2) THEN
DHMASC(J) = FLOW15(I) - FLOW17(J) - FbOW19(I)

1110 . & - FLOW21(J) + FLOW23(J-1)
DHMASN(J) = FLOW16(J) - FLOW18(J) - FbOW20(J)
& - FLOW22()) + FLOW24(J-1)
endif
130 CONTINUE
1115

IF ICOUNT .EQ. 2) THEN
DO 140 J = H1, IH2
WRITE (23,15) FLOW15(J), FLOW16(J), FLW16A(J),
, &  FLWI16B(J), FLW16C(J), FLOW17(J), FLOW18(J),
1120 & FLOW19(J), FLOW20(J), FLOW21(J), FLOW22(]),
& FLOW23(J), FLOW24(J), HFRAC(J)
0  CONTINUE
ELSEIF ICOUNT .EQ. 1) THEN
GO TO 150
1125 ENDIF

14

150 CONTINUE

DO 160 J = IPB1, IPB2
1130 NEWOUT = NEWOUT + FLW16A(J)
REGOUT = REGOUT + FLW16B(J)
160 CONTINUE

DO 170 J = IPB1, IPB2
1135 DOCOUT = DOCOUT + FLOW15())
: 170 CONTINUE

DO 180 J = IEB1, IEB2
CDOUT = CDOUT + FLOW15(J)

1140 - NDOUT = NDOUT + FLOW16(J)
180 CONTINUE
RETURN
END
1145

kkkkkkkkrbkkkkkrkkkkrbrkkkesss DETSUB kkkkkkhkkkkkrphkkhhkkkkhkkkbk
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SUBROUTINE DETSUB (CDIN, NDIN, DOCIN, REGIN, CDOUT, NDOUT,
1150 & DOCOUT, NEWOUT, REGOUT, DDC, DDN, DPDOC,
& DNEWN, DREGN, NITRO, NINCRE)

REAL CDIN, NDIN, DOCIN, REGIN, NINCRE

REAL CDOUT, NDOUT, DOCOUT, REGOUT, NEWOUT
1155 REAL DDC, DDN, DPDOC, DNEWN, DREGN

CHARACTER *6, NITRO

DDC = CDIN - CDOUT

DDN = NDIN - NDOUT
1160

DPDOC = DOCIN - DOCOUT

IF (NITRO EQ. 'CONTIN') THEN
1165 . DNEWN = NINCRE - NEWOUT
ELSEIF (NITRO .NE. 'CONTIN') THEN
DNEWN = - NEWOUT

ENDIF

DREGN = REGIN - REGOUT
1170 RETURN

END

ok 3 e e 2 ofe afe e ke e ake ok ofe o e 2 e e o ofe 3 dfe ok e e e EXTRAS : Ak * *

1175

SUBROUTINE EXTRAS (LOOP, AC, AN, PBC, PBN, EBC, EBN, BVC,

& BVN, ZPC, ZPN, NEWN, REGN, EBCT15, DC, DN,

& TCLASS, IH1, IH2)
1180 CHARACTER*1, EBCT15

INTEGER SIZE, TIME

INTEGER TCLASS, ILOOP, IH1, IH2 ‘

INTEGER IA1, IA2, IPB1, IPB2, IEB1, IEB2, IBV1, IBV2, IZP}, IZP2
1185 REAL STEP

PARAMETER TIME = 1000
PARAMETER SIZE = 25
PARAMETER STEP = 0.05
1190 '
: REAL AC, AN, PBC, PBN, EBC, EBN, BVC, BVN, ZPC, ZPN, NEWN, REGN
REAL DC, DN, DAY )
REAL AUTO1, AUTO2, AUTO3, AUTO4, AUTOS, AUTO6
REAL AUTO7, AUTO8, AUTO9, AUTO10, AUTO11, AUTO12
1195 REAL AUTO13, AUTO14, AUTO15, AUTO16, AUTO17, AUTO18
REAL PBCT1, PBCT?, PBCT3, PBCT4, PBCTS, PBCT6, PBCT?7, PBCTS
REAL PBCTY, PBCT10, PBCT11, PBCT12, PBCT13, PBCT14, PBCT15
REAL EBCT1, EBCT2, EBCT3, EBCT4, EBCT5, EBCT6, EBCT?, EBCTS
REAL EBCTY, EBCT10, EBCT11, EBCT12, EBCT13, EBCT14
1200 REAL BVOR1, BVOR2, BVOR3, BVOR4, BVORS, BVOR6
REAL BVOR7, BVORS, BVOR9, BVOR10, BVOR11, BVOR12
REAL ZOOP1, ZOOP2, ZOOP3, ZOOP4, ZOOPS, ZOOP6
REAL ZOOP7, ZOOPS8, ZOOP9, ZOOP10, ZOOP11, ZOOP12
- REAL HET]1, DET1, DET2, DET3, DET4, DET5, DET6, DET7, DET8
1205 REAL FLOW1, FLOW1A, FLOW2, FLOW3, FLOW4, FLOWS5, FLOW6
' REAL FLOW?7, FLOWS, FLOW9, FLOW10, FLOW11, FLOW12, FLOW13
REAL FLOW14, FLOW15, FLOW16, FLW16A, FLW16B, FLW16C, FLOW17
REAL FLOWI18, FLOW19, FLOW20, FLOW21, FLOW22, FLOW23, FLOW24
REAL AFRAC, HFRAC
1210
DIMENSION FLOW1(SIZE), FLOW1A(SIZE), FLOW2(SIZE)
DIMENSION FLOW3(SIZE), FLOWA(SIZE), FLOWS5(SIZE)
DIMENSION FLOWS6(SIZE), FLOW7(SIZE), FLOWS(SIZE)
DIMENSION FLOW9(SIZE), FLOW10(SIZE), FLOW11(SIZE)
1215 DIMENSION FLOW12(SIZE), FLOW13(SIZE), FLOW 14(SIZE)
DIMENSION FLOW15(SIZE), FLOW16(SIZE), FLW 16 A(SIZE)
DIMENSION FLW16B(SIZE), FLW16C(SIZE), FLOW17(SIZE)
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1220
1225
1230
1235
1240
1245
1250
1255
1260
1265
1270
1275
1280

1285

DIMENSION FLOW18(SIZE), FLOW19(SIZE), FLOW2(0(SIZE)

DIMENSION FLOW21(SIZE), FLOW22(SIZE), FLOW23(SIZE)

DIMENSION FLOW24(SIZE)

DIMENSION AUTOI(TIME), AUTO2(TIME), AUTO3(TIME), AUTO4(TIME)
DIMENSION AUTOS(TIME), AUTOS§(TIME), AUTO7(TIME), AUTOS(TIME)
DIMENSION AUTO%(TIME), AUTO1XTIME), AUTO11(TIME), AUTO12(TIME)
DIMENSION AUTO13(TIME), AUTO14(TIME), AUTO15(TIME), AUTO16(TIME)
DIMENSION AUTO17(TIME), AUTO18(TIME)

DIMENSION PBCT 1(TIME), PBCTXTIME), PBCT3(TIME), PBCT4(TIME)
DIMENSION PBCTS(TIME), PBCT6(TIME), PBCT7(TIME), PBCT8(TIME)
DIMENSION PBCTY(TIME), PBCT1(TIME), PBCT11(TIME), PBCT12(TIME)
DIMENSION PBCT13(TIME), PBCT14(TIME), PBCT15(TIME)

DIMENSION EBCTI(TIME), EBCT2(TIME), EBCT3(TIME), EBCT4TIME)
DIMENSION EBCTS(TIME), EBCT6(TIME), EBCT7(TIME), EBCTS(TIME)
DIMENSION EBCT9(TIME), EBCT10(TIME), EBCT11(TIME), EBCT12(TIME)
DIMENSION EBCT13(TIME), EBCT14(TIME), EBCT15(TIME)

DIMENSION BVORI(TIME), BVOR2(TIME), BVOR3(TIME), BVOR4(TIME)
DIMENSION BVORS(TIME), BYORS(TIME), BVOR7(TIME), BYORS(TIME)
DIMENSION BVORY(TIME), BVOR1XTIME), BVOR11(TIME), BVOR12(TIME)
DIMENSION ZOOP1(TIME), ZOOP2(TIME), ZOOP3(TIME), ZOOP4(TIME)

. DIMENSION ZOOP5(TIME), ZOOPS(TIME), ZOOP7T(TIME), ZOOP8(TIME)
DIMENSION ZOOPY(TIME), ZOOP13(TIME), ZOOP11(TIME), ZOOP12(TIME)
DIMENSION HET1(TIME), DET1(TIME), DET2(TIME), DET3(TIME)
DIMENSION DET4(TIME), DETS(TIME), DET6(TIME), DET7(TIME)
DIMENSION DETS(TIME), AFRAC(SIZE), HFRAC(SIZE), DAY (TIME)
DIMENSION AC(TIME), AN(TIME), PBC(TIME), PBN(TIME)

DIMENSION EBC(TIME), EBN(TIME), BVC(TIME), BYN(TIME)

DIMENSION ZPC(TIME), ZPN(TIME), DC(TIME), DN(TIME)

DIMENSION NEWN(TIME), REGN(TIME)

5 FORMAT ()

15 FORMAT (1', 30X, A50)

25 FORMAT (', 30X, A50)

35 FORMAT (', 30X, A50///)

45 FORMAT (' ',1X,A4,5X,A9,4X,A9,5X,A7,6X,A7,4X,A11,2X,A11,3X,
& A10,4X,A8,5X,A7/,1X,A6,3X,2(A12,4X,A5,5X),4(A12,1X))

55 FORMAT (' ,A6,3X,A12,2X,A9,3X,A12,3X,A7,4X,3(A12,1X),A12,
& 3X,AT/IN

65 FORMAT (' ',F5.2,5X,9(E9.3,4X))

75 FORMAT (' '.1X,A4,6X,A7,5X,A9,5X,A8,4X,A10,2X,A11,4X,A8,3X,
& A11,2X,A11,3X,A9/,1X,A6,3X,3(A12,1X),1X,A10,3X,A9,4X,

& A11,1X,A12,1X,A12) ’

85 FORMAT ('',A6,3X,3(A12,1X),1X,A10,2X,A11,3X,A11,1X,A12,1X,
& A12,2X,A9/)

95 FORMAT (' ',1X,A4,2(2X,A7),4X,A4,3X,A6,1X,A9,1X,A7,1X,A6,
& 3(2X,A7),1X,A6,2X,A6,2X,A5,3X,A7,2X,A3/,1X,A6,3(1X,A8),

& 9X,A8,25X,A8,1X,A8,16X,A8)

105 FORMAT (' ',A6,3(1X,A8),1X,A6,1X,A9,1X,A7,1X,A6,2X,A7,2(1X,A8),
& 1X,A6,2X,A6,1X,A8,1X,A7,2X,A3//)

115 FORMAT ( 'F5.2,1X,E8.3,1X,E9.3,1X,E8.3,1X F6.2,2X,
& E8.3,1X,3(F6.2,2X),2(E8.3,1X),F6.2,2X,F6.2,1X,
& E8.3,1X,F6.2,2X,F5.2)

125 FORMAT (' ',1X,A4,2(2X,A7),4X,A4,3X,A6,1X,A9,1X,A7,1X,A6,
& 3(2X,A7),2X,A5,3X,A7,2X,A5,3X,A3,2X,A5/,1X,A6,3(1X,A8),

& 9X,A8,25X,A8,2(1X,A8))

135 FORMAT (' ',A6,3(1X,A8),1X,A6,1X,A9,1X,A7,1X,A6,2X,A7,3(1X,A8),
& 1X,A7,2X,A5,3X,A3,2X,A5//)

145 FORMAT ( 'F5.2,1X,E8.3,1X,E9.3,1X,E8.3,1X,F6.2,2X,
& E8.3,1X,3(F6.2,2X),3(E8.3,1X),2(F6.2,2X),F5.2,2X,A1)

155 FORMAT (' " 1X,A4,2X,A7,3X,A7,5X,A4,5X,A6,3X,A6,4X,A5,2X,A9,
& 2X,A7,3X,A6,3X,A5,4X,A7,3X,A3/,1X,A6,1X,3(A8,2X),9X,A8,

& 11X,A8,20X,A8)

165 FORMAT (' ',A6,1X,3(A8,2X),1X,A6,2X,A8,3X,A5,2X,A9,2X,A7,
& 3X,A6,2X,A8,2X,A7,3X,A3//)

175 FORMAT (' ' F5.2,3(1X,E9.3),.2X,F7.2,2X E8.3,2X ,F7.2,2X ,E8 3,
& 2(2X/,F7.2),2X ,E8.3,2X,F7.2,2X,F5.2)

185 FORMAT (' ',A4,3X,A7,4X,A6,3X,A6,2X,A7,5X,A4,5X,A6,3X,A6,4X,
& A5,2X,A9,3X,A6,3X,A6,4X,A3/,1X,A6,1X,A8,20X,A8,2X,A8,11X,

& A8,11X,A8)
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1290

1295

1300

1305

1310

1315

1320

1325

1330

1335

1340

1345 .

1350

1355

195 FORMAT (' ',A6,1X,A8,3X,A6,3X,A6,2X,A8,2X,A8,3X,A6,2X,A8,3X,
&  A52X,A9,3X,A63X,A6,4X,A%//)

205 FORMAT (' "F5.2,2X,E8.3,2X,2(F7.2,2X),2(E9.3,1X),F7.2,2X,
&  E8.32X,F1.22X,E8.3,2X,2(F7.2,2X),1X,F5.2)

215 FORMAT ('',A4,4X,A9,4X,A8,4X,A6,5X,A6,4X,A8,1X,A11,2X,A7,2X,
&  Al1,4X,A3%/,A6,1X,2(A12,1X):8X,A12,11X,A12,10X,A12)

225 FORMAT (' ',A6,1X,2(A12,1X),A6,2X,A12,1X,A8,1X,A12,1X,A7,2X,
&  AI23X,A3)) _

235 - FORMAT (' ',F5.2,3X,2(E9.3,3X),F7.2,3X,E9.3,3X,F7.2,3X,E9.3,
&  3X.F12,3X.E934XF52)

245 FORMAT (2(5(E9.3,1X)/),5(E9.3,1X),F7.3)

255 FORMAT (2(5(E9.3,1X)/),3(E9.3,1X),F7.3)

OPEN (23)

READ (13,5) IPRINT
READ (13,5) IA1, IA2, IPBI, IPB2, IEBI, IEB2,
& IBV1, IBV2, IZP1, IZP2

DO 1801 = 1, ILOOP
DAY() =1 * STEP
DO 100 J = IA1, IA2
READ (23,245) FLOW1(J), FLOW1A(J), FLOW2()),
&  FLOW3(J), FLOW4(J), ELOWS(J), FLOW6(J), FLOWT(J),
&  FLOWS(T), FLOW9(J), FLOW10(J), FLOW11(]),
&  FLOW12(J), FLOW13(J), FLOW14(J), AFRAC(J)
100 CONTINUE
DO 110 J = IH1, TH2
- READ (23,255) FLOW15(J), FLOW16()), FLW16A(J),
&  FLWI16B(J), FLW16C(J), FLOW17(T), FLOW18(J),
&  FLOW19(J), FLOW20(J), FLOW21(J), FLOW22()),
&  FLOW23(J), FLOW24(J), HFRAC())
110  CONTINUE

HET1(1)=0
DET1(D) =0
DET3(I) =0
DET5(I) =0
DET7(I) =0

DO 120 J = 1, TCLASS -
" HET1() = HET1() + FLOW20(J)
DET1{I) = DET1(I) + FLOWS5(J)
DET3(1) = DET3() + FLOW17(J)
120 CONTINUE

DET2(I) = 100 * DET1(I) / (DET1(T) + DET3(D))
DET4{) = 100 * DET3(I) / (DET1(I) + DET3(I))
DET8(I) = DC(I) / DN(I)

AUTOI(D) =0
AUTO3(D) =0
AUTOS(D) =0
AUTO6(D) =0
AUTO10(D) = 0
AUTO11(I) = 0
AUTO12() = 0
AUTO16(T) = 0
AUTO17(D =0

DO 130 ] = IA1, IA2
AUTOI1(I) = AUTOL(T) + FLOW1(J)
AUTO3(I) = AUTO3(I) + FLOWIA(D)
AUTOS() = AUTOS5(T) + FLOW3(J)
AUTO6(I) = AUTO6(I) + FLOW13(J)
AUTO10(I) = AUTO10(I) + FLOWS5(J)

246



1360

1365
1370
1375
1380
1385
1390
1395
1400
1405
1410

1415

1420

AUTO11(I) = AUTO11(]) + FLOWT(J)
AUTO12(I) = AUTO12(I) + FLOWS(J)
AUTO16(I) = AUTO16(I) + FLOW2(J)
AUTO17(I) = AUTO17(I) + FLOWA4(J)

130 CONTINUE

AUTO2(I) = AUTOI1(I)/ AC(T)
AUTO4(T) = AUTO3(I) / AC(T)
AUTO7() =100 * AUTO6(T) / AUTOI(I)

- AUTOS8(I) =100 * EXP (- 0.00405 * (NEWN(I) + REGN(I)))

AUTO9(I) = AUTOS(I)/ 100 * AUTO1(I)
AUTO13() = 100 * AUTO10() / AC(T)
AUTO14() = 100 * AUTO11(I)/ AC(D)
AUTO15() = 100 * AUTO12(T) / AC(T)
AUTO18() = ACT) / AN(D)

PBCT1(I) =0
PBCT3(I) = 0
PBCT5() = 0
PBCTY() = 0
PBCT1XI) = 0
PBCT13(I) =0

DO 140 J = IPB1, IPB2 _
PBCTI() = PBCT1(I) + FLOW15(J)
PBCT3(I) = PBCT3(I) + FLOW19(J) . R
PBCTS(I) = PBCTS(T) + FLOW21(J)
PBCTY(I) =PBCTY(I) + FLW16A(J)
PBCT10(I) = PBCT10(I) + FLW16B(J)
PBCT13(1) = PBCT13() + FLOW20(J)

140 CONTINUE

PBCT2(I) = PBCT1(I) - PBCT3(D)

PBCT4(I) = 100 * PBCT3(I) / PBCT1(1)

PBCT6(I) = 100 * PBCT5(I) / PBC(I)

PBCT7(I) = 100 * PBCT2(I) / PBCT1(I)

PBCTS(I) = 100 * PBCT(I) / AUTO1(T)

PBCT11(I)= 100 * (PBCTY(I) + PBCT10(I)) / (PBCT9() + PBCT10(T)
& + AUTO16(I) + AUTO17(I))

PBCT12(I)= 100 * PBCT10(I) / (PBCT10(I) + PBCTI(T))

PBCT14(I)= 100 * PBCT13(I) / HET1(I)

PBCT15()= PBC(I) / PBN(I)

EBCT1(I) = 0
EBCT3(1) =0
EBCTS5() =0
EBCT9(I) =0
EBCT10(I) = 0
EBCT11(I) = 0

' DO 150 J = IEB1, IEB2

EBCT1(I) = EBCT1(I) + FLOW15(J)
EBCT3(I) = EBCT3() + FLOW19(J)
EBCT5(I) = EBCT5(T) + FLOW21())
EBCT9(I) = EBCT9(I) + FLW16A(J) + FLW16B(J)
EBCT10(I) = EBCT10(I) + FLOW16(J)
EBCT11() = EBCT11(T) + FLOW20(J)

150 CONTINUE

EBCTX(I) = EBCT1(l) - EBCT3(l)
EBCT4(I) = 100 * EBCT3(I)/ EBCTI(])
EBCT6(I) = 100 * EBCT5(T) / EBC(T)
EBCT7(I) =100 * EBCT2(T) / EBCTI(I)
EBCTS(I) =100 * EBCT1(I)/ AUTOL(I)
EBCT12(I) = 100 * EBCT11(I) / HET1(D)
EBCT13(I) = 100 * EBC() / (EBC(I) + PBC())
EBCT14(I) = EBC(T) / EBN()

BVORI(I) =0
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1425

1430

1435

1440

1445

1450
1455
1460
1465
1470

1475

1480

1485

1490

BVOR3(I) = 0
BVORS(D) =0
BVOR7(T) =0
BVORIXI) = 0

DO 160 J=1BV1, IBV2
BVORI1(I) =BVORI() + FLOW]S(J)
BVOR3(I) =BVOR3(I) + FLOW19(J)
BVORS5(I) = BYOR5(I) + FLOW17()),
BVOR7(I) = BVOR7(I) + FLOW21(J)
BVOR10(I) = BVOR10(I) + FLOW20(J)

160 CONTINUE o \

BVOR2(I) = BVORI(I) - BVOR3(I) - BVOR5(I)
BVOR4(I) =100 * BVOR3() /BVORI1(I)
BVOR6(I) = 100 * BVORS(T) / DET3(I)
BVORS() =100 * BVOR7(I)/ BVORI() -
BVOR9() = 100 * BVOR2(I) / BVOR1(T)
BVORI11(I) = 100 * BVOR10(I) / HET1(T)
BVOR12(I) = BVC() / BVN()

ZOOPI(I) = 0
ZOOP2(I) = 0
ZOOP3(I) =0
ZOOP5(I) = 0
ZOOPT(I) = 0
ZOOPY(T) = 0

DO 170 ] = IZP1, IZP2 ‘
ZOOP1(T) = ZOOP1(I) + FLOW15(J)
ZOOP2(I) = ZOOP2(I) + AFRAC(J) * FLOW15(J)
ZOOP3(T) = ZOOP3(T) + HFRAC(J) * FLOW15(J)
ZOOP5(I) = ZOOP5(I) + FLOW19(J)
ZOOP7(I) = ZOOP7() + FLOW17(J)
ZOOPY(T) = ZOOP9(T) + FLOW21(J)

170 CONTINUE

ZOO0P4() = ZOOP1(I) - ZOOPX(I) - ZOOP7(1)
ZOOP2(I) = 100 * ZOOP2(I) / ZOOP1(l)

ZOOP3(1) = 100 * ZOOP3(1) / ZOOP1(I)

ZOOPs6(1) = 100 * ZOOP5() / ZOOP1(D)

ZOOPS() = 100 * ZOOP7() / DET3(I)

ZOOP1XI) = 100 * ZOOP9(I) / ZOOP4(1)

ZOOP11(I) = 100 * (ZOOP4(T) - ZOOPI(I)) / ZOOP1(T)
ZOOP12(1) = ZPC() / ZPN()

DET5() = EBCT1(I)
DET7(I) = EBCT10()
DET6() = 100 * DETS(T) / DC(D)

180 CONTINUE
PRINT 15, s
PRINT 25, "*** wew
PRINT 25, *** PHYTOPLANKTON *#*
PRINT 25, "*** sow

PR]NT‘ 35 RI21 22122 R 2R 22 2 R R 2Lt

PRINT 45, TIME','GROSS P/S',GROSS P/B',NET P/S'/NET P/B',
&RESPIRATION',ACTUAL PDOC',ACTUAL PER','EST PDOC',
&'EST PER',(DAYS)'(MG.M-3.D-1)",(D-1).
&'(MG.M-3.D-1),(D-1)’,(MG.M-3.D-1),(MGM-3.D-1)’,
&'(PDOC/GROSS)', (MG.M-3.D-1)

PRINT 55, #¥##as" ‘mhh et ahhasn’ Shrahusss’ Raebrsebsess’
F R e
I PR A
DO 1901 = 1, ILOOP, IPRINT

PRINT 65, DAY(T),AUTO1(I),AUTO2(I), AUTO3(1), AUTO4(T),
& AUTO5(1),AUTO6(I),AUTO7(I), AUTO9(), AUTO8()
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190 CONTINUE

1495
PRINT 15, ‘#*ssesss i
PRINT 25, +** wex
PRINT 25, #** PHYTOPLANKTON ##*'
PRINT 25, "*** i
1500 PRINT 35, ++* seenren
PRINT 75, TIME',C DEATH',C SINKING','C GRAZED','% THAT DIE,,
&'% THAT SINK','% GRAZED',NEWN UPTAKE',REGN UPTAKE','C N RATIO,
&'(DAYS),(MG.M-3.D-1),(MG.M-3.D-1)",(MG.M-3.D-1),
1505 &'(DEATH/ACY)',(SINK/AC), (GRAZED/AC),'(MG.M-3.D-1)’,
&'(MGM-3.D-1)
PRINT 85' '#*****‘;*t#***tt#**#" ke *tttttt"

,
&'*#*****li**""i*****li****"'##t#&##****"'***##t#*****"
&'lhilili#**#t#tt‘;t#**t#***'

1510 DO 2001 = 1, ILOOP, IPRINT ,
PRINT 65, DAY(I),AUTO10(I), AUTO11(I), AUTO12(I),AUTO13(T),
& AUTO14(D),AUTO15(I),AUTO16(T), AUTO17(T), AUTO18(T)
200 CONTINUE

1515  PRINT 15, “sbkskokaakbabb ok bk ddokbobok

PRINT 28, '*** ok
PRINT 25, '*** PLANKTOBACTERIA ***
PRINT 25, *** k!
PRINT 35, ¥ %t sm bk ihik bbbk kkbohk!
1520 PRINT 95, TIME',PDOC IN','GR PROD',RESP','% RESP",
&'AMT EATEN','% EATEN',NET YG','%1 PROD''NEWN IN','REGN IN',
&'% TOTN','% REGN'EXCRE','% REMIN','C N’ ,'(DAYS)','(MG.M-3)'.
&'(MG.M-3),'(MG.M-3),'(MG.M-3), (MG.M-3)", (MG.M-3)',
&'(MG.M-3) .
1525 PRINT 105, Rl il Rl kR SRR R AR R
SLRERAERREE ARARRER AR R AR R
R R SRR RN BRREER AR

DO 2101 = 1, ILOOP, IPRINT
PRINT 115, DAY(D),PBCT1(I),PBCT2(I),PBCT3(I),PBCTA(I),
1530 & PBCTS(I),PBCT6(I),PBCTT(I),PBCTS(I),PBCTY(I),PBCT10(T),
& PBCT11(I),PBCT12(I),PBCT13(1),PBCT14(I),PBCT15(])
210 CONTINUE

PRINT 15, ###tsstahsdsabshsdbrsns sk’

1535 PRINT 25, "*+** Laid
PRINT 25, '*** EPIBACTERIA ***'
PRINT 25' thkok Rk’
PRINT 35' ook i ofe ofe o o e e e ofe ok ol ol ok ook ok ok ek ok ok ok !
PRINT 125, TIME','DETC IN','GR PROD’,'RESP",'% RESP",
1540 & AMT EATEN','% EATEN',NET YG','%1 PROD','DISN IN''DETN IN',
&'EXCRE','% REMIN','% EPI','C N',LIMIT",(DAYS)’,'(MG.M-3),
&'(MG.M-3),'(MG.M-3),' (MG .M-3)'/ (MG M-3)",(MG.M-3),,
&'(MG.M-3y
PRINT 135’ 'tttt#ttt"'tt*ttttt"'t*t**t#t"'**#*tni"
1545 &'**t*#*ttt"'**tt#*t','tttlhi#"'t*tt#tt','#tttt*tt"‘##t*t*tt"
&'**tt#*tt','t*ttt**"'ttt*t"'*tt"'***tt'

DO 2201 =1, ILOOP, IPRINT
PRINT 145, DAY(I),EBCT1(I),EBCT2(I),EBCT3(I), EBCT4(1),EBCTS(D),
& EBCT6Q),EBCT7(I),EBCT8(),EBCTO(),EBCT10(I),EBCT11(I),

1550 & EBCT1(I),EBCT13(I),EBCT14(1),EBCT15()
220 CONTINUE
PRINT 15' ke o e vk oo o e ok o ol o o o o o o e e ol ok ok !
pR[NT 25, "Rk *kk
1555~ PRINT 25, *** BACTIVORES ***'
PRINT 25, "*** e
PRINT35, >k ok Rk kg RRR

PRINT 155, TIME','C EATEN',GR PROD',RESP",% RESP',
&'FAECES', 9% DET', AMT EATEN',% EATEN',NET YG','EXCRE,
1560 &'% REMIN','C N',(DAYS)’, (MG.M-3), (MG M-3), (MGM-3),
: &'(MG.M-3), (MG.M-3)',' (MG.M-3)

PRINT 165, '#litttt"‘t#**####"‘t#tt##tt"'#*###t##"’##**t#[‘
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1565

1570

1575

1580

1585

1590

‘1595

1600

1605

1610

1615

SRR SRR DRRRRRR K SRR R R
SRR R
DO 2301 =1, ILOOP, IPRINT

PRINT 175, DAY(I),BVOR1(I),BVOR2(I).BVOR3(I),BVOR4(I),BVORS(I),
& BVORG(),BVOR7(I),BVORS(I),B VORI(),BVOR1XI),BVOR11(D),
& BVORI12(I)

230 CONTINUE
PR]NT 15, Vi o 20 20 e ke 2 e 2 o o o e e o ol o ol e e ke o ol ol
PRINT 25, *** el
PRINT 25, '*** ZOOPLANKTON ***
PRINT 25’ ek kR’

PRINT 35' Voo o o e ook *

PRINT 185, TIME','C EATEN','% HERRB','% CARN','GR PROD/’,
&'RESP','% RESP','FAECES','% DET',/AMT EATEN','% HETS',
&NET YG','C N','(DAYS), (MG.M-3)"!(MGM-3)",/ (MG.M-3),
&'MG.M-3),'MGM-3)

PRINT 105, "k tbd’ hkkiohh: tokkiohh! Sk k’ kb bk
SRR R SRR SRR SRR TR
SRR W

DO 2401 = 1, ILOOP, IPRINT
PRINT 205, DAY(I),ZOOP1(I),ZOOPX(T),ZOOP3(I1),Z00P4(I),ZO0P5(I),
& ZOOP&(I),Z00P7(1),ZO0OPS(T),ZOOPI(1),ZO0P1XI),ZOOP11(I),

& ZOOP12(I)
240 CONTINUE
PRM 15’ %2 e 2 e o e o o 20 2 2 20 e 2 o oo ol o ol e o 2 o e .
PRINT 25' 11 L2 E U
PRINT 25, *** ABIOTIC POOLS **+'
PRM 25‘ Yok okt

PRINT 35, ks bbbk bk o b b bt
PRINT 215, TIME', TOT REMIN','A TO DET','% AUTO','FAECES;,
&'% FAECES','DET C EATEN','% EATEN'DET N EATEN,'C N/,
&'(DAYS), (MG.M-3.D-1),(MGM-3.D-1)'/(MG.M-3.D-1),
&'MG.M-3.D-1)','(MG.M-3.D-1)

PRINT 225 '*#t*##' '*#########**’ '#*#***##**##' '#1‘"‘"‘!#*'
&'###t####t###' '*####ttt' '##*#####*###' 'l‘"‘"‘"‘"‘"‘l*'
&'t##t#tt###tt' Yk

’

DO 2501 = 1, ILOOP, IPRINT
PRINT 235, DAY(I), HET1(I),DET1(D), DET2(I),DET3(I) DET4(0),
- & DET5(),DET6(),DET7(I),DET8(I)
250 CONTINUE

CLOSE (13)
CLOSE (14)
CLOSE (15)
CLOSE (16)
CLOSE (17)
CLOSE (20)
CLOSE (21)
CLOSE (22)
CLOSE (23)

RETURN
END

8. Definitions of program variables and parameters

Al
A2
A2A
A3
A4
AdA
A5

An array of size-dependent carbon fixation rates by autotrophs

An array of size-dependent new-nitrogen uptake rates by autotrophs

An array of size-dependent half saturation constants for new-nitrogen uptake by autotrophs

An array of size-dependent respiration rates for autotrophs

An array of size-dependent regenerated-nitrogen uptake rates by autotrophs

An array of size-dependent half saturation constants for regenerated- nitrogen uptake by autotrophs
An array of size-dependent death rates for autotrophs
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A7

All
- Al3
AC

ACN
AFRAC
AMASSC
AMASSN

ASIMHC
ASIMHN
ASMALC
ASMALN
ASSIMH
AUTO1
AUTO2
AUTO3
AUT04
AUTO05
AUT06
AUTO7
AUTO8

AUT09

AUTO010
AUTO11
AUTO012

AUTO13
AUTO14
.AUTO015
AUTO016
AUTO17
AUTO18
BSA

BSH
BST
BVC
BVN

BVOR1
BVOR2
BVOR3
BVOR4
BVORS
BVOR6
BVOR?7
BVORS
BVOR9
BVORI10
BVORI11

An array of size-dependent sinking rates for autotrophs
An array of size-dependent growth rates for autotrophs
An array of size-dependent PDOC production rates for autotrophs
An array of total carbon standing stocks (uug) for autotrophs at each time step (sum of all the
AMASSC's)
The carbon : nitrogen ratio for autotrophs
An array denoting the proportion of each size class in the total array which is composed of autotrophs
An array of the carbon standing stocks (11g) in each autotroph size class at each time step
An array of the nitrogen standing stocks (j1g) in each autotroph size class at each time step
An array of total nitrogen standing stocks (ug) for autotrophs at each time step (sum of all the
AMASSN's)
An array of amounts of carbon (ug) assimilated by each heterotroph size class at each time step
An array of amounts of nitrogen (ug) assimilated by each heterotroph size class at each time step
An array of the minimum carbon standing stocks (ug) for each autotroph size class (the "refuge")
An array of minimum nitrogen standing stocks (ug) in each autotroph size class (the "refuge")
An array of assimilation efficiencies for each heterotroph size class
An array of gross amounts of carbon fixed by autotrophs at each time step
An array of gross production : biomass ratios for autotrophs at each time step
An array of net amounts of carbon fixed by autotrophs at each time step
An array of net production : biomass ratios for autotrophs at each time step
An array of total amounts of carbon lost through respiration by all autotrophs at each time step
An array of total amounts of carbon lost through PDOC production by all autotrophs at each time step
An array of total PER's by all autotrophs at each time step
An array of PER's for all autotrophs calculated on the basis of ambient nitrogen concentrations at each
time step
An array of total amounts of carbon lost through PDOC production by all autotrophs at each time
step, calculated on the basis of ambient nitrogen concentrations
An array of total amounts of carbon lost through death by all autotrophs at each time step
An array of total amounts of carbon lost through sinking by all autotrophs at each time step
An array of total amounts of carbon lost through grazing by zooplankton by all autotrophs at each
time step
An array of percentages of standing stocks of all autotrophs that die at each time step
An array of percentages of standing stocks of all autotrophs that sink at each time step
An array of percentages of standing stocks of all autotrophs that are grazed at each time step
An array of total amounts of new-nitrogen taken up by autotrophs at each time step
An array of total amounts of regenerated-nitrogen taken up by autotrophs at each time step
An array of calculated C : N ratios of autotrophs at each time step
An array of percentages of the standing stocks in each autotroph size class of the maximum autotroph
size class standing stock at each time step
An array of percentages of standing stocks in each heterotroph size class of the maximum heterotroph
size class standing stock at each time step
An array of percentages of standing stocks in each size class of the maximum size class standing stock
at each time step ‘
An array of total carbon standing stocks (ug) for bactivores at each time step (sum of all the
HMASSC's between IBV1 and IBV2) '
An array of total nitrogen standing stocks (ug) for bactivores at each time step (sum of all the
HMASSN's between IBV1 and IBV2)
An array of total amounts of carbon consumed by bactivores at each time step
An array of total amounts of carbon channelled to gross production by bactivores at each time step
An array of total amounts of carbon lost through respiration by bactivores at each time step
An array of total percenlages of consumption lost through respiration by bactivores at each time step
An array of total amounts of carbon lost as faeces from bactivores at each time step
An array of percentage contributions of bactivores to the detrital pool at each time step
An array of total amounts of carbon lost to grazers from bactivores at each time step
An array of total percentages of bactivore standing stocks lost to grazers at each time step
An array of net growth yields of bactivores at each time step
An array of total amounts of nitrogen lost through excretion by bactivores at each time step
An array of percentage contributions of bactivores to nitrogen regeneration at each time step
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BVOR12
C1
C2
C3
C4
CS
Cé6
Cc7
C8
C9
CDIN

CDOUT
CPREDA

CPREDH
DAMASC

DAMASN

DAY
DC
DDC

DDN

DET1
DET2
DET3
DET4
DET5
DET6
DET7
DETS8
DHMASC

DHMASN

DIURN
DN
DNEWN

DOCIN
DocouT
DPDOC

DREGN
EBC

EBCT1
EBCT2
EBCT3
EBCT4
EBCT5
EBCT6
EBCT7
EBCTS8
EBCT9

An array of calculated C : N ratios of bactivores at each time step
An array of carbon increments times the time step (STEP) for autotroph size classes
An array of nitrogen increments times the time step (STEP) for autotroph size classes
An array of carbon increments times the time step (STEP) for heterotroph size classes
An array of nitrogen increments times the time step (STEP) for heterotroph size classes
The carbon increment times the time step (STEP) for the detrital pool
The nitrogen increment times the time step (STEP) for the detrital pool
The nitrogen increment times the time step (STEP) for the new-nitrogen pool
The nitrogen increment times the time step (STEP) for the regenerated-nitrogen pool
Carbon increment times the time step (STEP) for the PDOC pool
The amount of carbon (ug) contributed to the detrital pool by autotrophs and heterotrophs at each time
step
The amount of carbon (ng) removed from the detrital pool by heterotrophs at each time step
The amount of carbon (lg) in each autotroph size class consumed by predator size classes
The amount of carbon (ug) in each heterotroph size class consumed by predator size classes
An array of the differences between carbon inputs and carbon outputs in each autotroph size class,
calculated twice in each loop in the program
An array of the differences between nitrogen inputs and nitrogen outputs in each autotroph size class,
calculated twice in each loop in the program

~ The real time in days, calculated as STEP x I

The total amounts of carbon (lug) in the detrital pool at each time step
The difference between carbon inputs and carbon outputs to the detrital pool, calculated twice in each
loop in the program
The difference between nitrogen inputs and nitrogen outputs to the detrital pool, calculated twice in
each loop in the program

An array of amounts of autotroph carbon entering the detrital pool at each time step

An array of percentage contributions of autotrophs to the detrital pool at each time step

An array of amounts of faecal carbon entering the detrital pool at each time step

An array of percentage contributions of faecal material to the detrital pool at each time step

An array of amounts of detrital carbon eaten from the detrital pool at each time step

An array of percentages of detrital material eaten at each time step

An array of amounts of detrital nitrogen eaten from the detrital pool at each time step

An array of calculated C : N ratios for the detrital pool at each time step
An array of the differences between carbon inputs and carbon outputs in each heterotroph size class,
calculated twice in each loop in the program
An array of the differences between nitrogen inputs and nitrogen outputs in each heterotroph size class,
calculated twice in each loop in the program
Character variable (Y or N) for setting a diurnal cycle in the model community
An array of total amounts of nitrogen (ug) in the detrital pool at each time step
The difference between nitrogen inputs and nitrogen outputs to the new-nitrogen pool, calculated twice
in each loop in the program
The amount of carbon (ug) contribated to the PDOC pool by autotrophs at each time step
The amount of carbon (uug) removed from the PDOC pool by heterotrophs at each time step
The difference between carbon inputs and carbon outputs to the PDOC pool, calculated twice in each
loop in the program
The difference between nitrogen inputs and nitrogen outputs to the regenerated-nitrogen pool, calculated
twice in each loop in the program
An array of total carbon standing stocks (uug) for epibacteria at each time step (sum of all the
HMASSC's between I[EB1 and [EB2)

An array of amounts of detrital carbon eaten by epibacteria at each time step

An array of total amounts of carbon channelled to gross production by epibacteria at each time step

An array of amounts of carbon lost through respiration from epibacteria at each time step

An array of percentages of consumption lost through respiration by epibacteria at each time step

An array of total amounts of carbon lost to grazers from epibacteria at each time step

An array of total percentages of epibacteria standing stocks lost to grazers at each time step

An array of net growth yield of epibacteria at each time step

An array of percentages epibacteria production of primary production at each time step

An array of amounts of dissolved nitrogen taken up by epibacteria at each time step
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EBCT10
EBCT11
EBCTI12
EBCT13
EBCT14
EBCT15

EBN

FLOW1
FLOW1A
FLOW2
FLOW3

FLOW4
FLOWS
FLOW6
FLOW7
FLOWS
FLOW9

FLOW10

FLOW11
FLOW12
FLOWI13
FLOW14
FLOW15

FLOWI16

FLOW17
FLOW18
FLOW19
FLOW20
FLOW21

FLOW22

FLOW23
FLOW24
FLW16A
FLWI16B
FLW16C
H15
HI15A
H17

H19

H23
HCN
HET1

HFRAC

HMASSC
HMASSN
HSMALC
HSMALN

An array of amounts of detrital nitrogen eaten by epibacteria at each time step
An array of total amounts of nitrogen lost through excretion by epibacteria at each time step
An array of percentage contributions of epibacteria to nitrogen regeneration at each time step
An array of percentages bacteria that are epibacteria at each time step
An array of C : N ratios of epibacteria at each time step
An array of character variables indicating whether carbon ('C") or nitrogen (N') is limiting epibacteria
growth at each time step
An array of total nitrogen standing stocks (ug) for epibacteria at each time step (sum of all the
HMASSN's between IEB1 and IEB2)
An array of gross amounts of carbon (1g) fixed by each autotroph size class
An array of net amounts of carbon (ug) fixed by each autotroph size class
An array of amounts of new-nitrogen taken up by each autotroph size class
An array of carbon losses (lg) through respiration by each autotroph size class

An array of amounts of regenerated-nitrogen ( (ug.d'l) for g) taken up by each autotroph size class
An array of carbon losses through natural death (lug) from each autotroph size class
An array of nitrogen losses through natural death (ug) from each autotroph size class
An array of carbon losses (g) through sinking from each autotroph size class
An array of nitrogen losses (ug) through sinking from each autotroph size class
An array of carbon losses (ug) from each autotroph size class through predation (sum of CPREDA's
for each prey class)
An array of nitrogen losses (ug) from each autotroph size class through predation (sum of NPREDA's
for each prey class)
An array of carbon losses (ug) through growth from each autotroph size class
An array of nitrogen losses (j1g) through growth from each autotroph size class
An array of carbon losses (j1g) through PDOC excretion from each autotroph size class
An array of nitrogen losses (ug) through PDON excretion from each autotroph size class
An array of carbon gains (ug) into each heterotroph size class through ingestion / uptake (sum of
CPREDA's and CPREDH's for each predator class)
An array of nitrogen gains (ug) into each heterotroph size class through ingestion / uptake (sum of
NPREDA's and NPREDH's for each predator class)
An array of carbon losses (p1g) from each heterotroph size class through egestion
An array of nitrogen losses (ug) from each heterotroph size class through egestion
An array of carbon losses (ug) from each heterotroph size class through respiration
An array of nitrogen losses (1g) from each heterotroph size class through excretion
An array of carbon losses (11g) from each heterotroph size class through predation (sum of CPREDH's
for each prey class)
An array of nitrogen losses (lug) from each heterotroph size class through predation (sum of NPREDH's
for each prey class)
An array of carbon losses (g) from each heterotroph size class through growth
An array of nitrogen losses (ug) from each heterotroph size class through growth
An array of amounts of new-nitrogen (j1g) taken up by each bacterioplankton size class
An array of amounts of regenerated-nitrogen (jg) taken up by each bacterioplankton size class
An array of amounts of dissolved nitrogen (ug) taken up by each epibacteria size class
An array of size-dependent ingestion / uptake rates by heterotrophs
An array of prey-size dependent half saturation constants for carbon ingestion
An array of size-dependent assimilation rates for each heterotroph size class
An array of size-dependent respiration rates for each heterotroph size class
An array of size-dependent growth rates for each heterotroph size class
An array of carbon : nitrogen ratios for each heterotroph size class
An array of total amounts of regenerated nitrogen entering the regenerated nitrogen pool at each time
step
An array denoting the proportion of each size class in the total array which is composed of heterotrophs
An array of carbon standing stocks (f1g) in each heterotroph size class at each time step
An array of nitrogen standing stocks (j1g) in each heterotroph size class at each time step
An array of minimum carbon standing stocks (ug) for each heterotroph size class (the "refuge")
An array of minimum nitrogen standing stocks (ug) for each heterotroph size class (the "refuge”)
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IAl

IBV1
IBV2
ICOUNT

IDAY
IEB1
IEB2
IH1
132
m

ILOOP
IPB1
IPB2
IPRINT
ISPACE

ITAB

IZpP1
1zr2
K15
NCON

NDOUT
NEWN
NEWOUT

NINCRE

NITRO

NPREDA

NPREDH

PBC

PBCT1
PBCT2

PBCT3
PBCT4

PBCT5
PBCT6
PBCT7
PBCT8

ﬁ;)icr;teger counter which records the number of the loop being executed (maximum value is set by
P)
An integer subscript used internally as a counter for prey and predator subscripts
An integer subscript used internally as a counter for prey and predator subscripts
An integer subscript denoting the starting position of autotrophs in the total array
An integer subscript denoting the end position of autotrophs in the total array
An integer subscript denoting the starting position of bactivores in the total array
An integer subscript denoting the end position of bactivores in the total array
An integer counter which determines when output is written to the temporary file TC2*QUT. for input
to subroutine EXTRAS. ICOUNT is set to one in ISUB1 and to two in ISUB2, at which stage the
flows are written to the temporary file
The integer time in days, calculated as the integer (truncated) form of DAY
An integer subscript denoting the starting position of epibacteria in the total array
An integer subscript denoting the end position of epibacteria in the total array
An integer subscript denoting the starting position of heterotrophs in the total array
An integer subscript denoting the end position of heterotrophs in the total array
An integer variable determining when the data for 3-D plots should be written to the appropriate data
files
An integer variable denoting the number of loops to be executed in each simulation
An integer subscript denoting the starting position of bacterioplankton in the total array
An integer subscript denoting the end position of bacterioplankton in the total array
An integer counter which specifies at what time interval in the program output should be printed
An internal integer counter which specifies at what time interval in the program output should be
printed
An integer counter used to determine when initial values should be read from data files; if ITAB is
greater than one all READ statements are ignored, since initial values are only read in the first loop
An integer subscript denoting the starting position of zooplankton in the total array
An integer subscript denoting the end position of zooplankton in the total array
An array of size-dependent half saturation constants for nitrogen uptake by bacterioplankton
The constant amount of nitrogen (ug) always in the model system if the method of nitrogen input is
chosen to be a constant level i.e. NITRO is 'CNSTNT'
The amount of nitrogen (uig) contributed to the detrital pool by autotrophs and heterotrophs at each
time step
The amount of nitrogen (11g) removed from the detrital pool by heterotrophs at each time step
An array of total amounts of nitrogen (u1g) in the new-nitrogen pool at each time step
The amount of nitrogen (ig) removed from the new-nitrogen pool by autotrophs and heterotrophs at
each time step
The amount of new-nitrogen (ug) entering the system at each time step if the method of nitrogen input
is chosen to be a small continuous amount i.e. NITRO is 'CONTIN'
A character variable which determines the method of nitrogen input into the system: a single large
input at the beginning of the run which simulates upwelling (PULSED), a small continuous input
which simulates diffusion across the pycnocline (CONTIN) or a constant unchanging level (CNSTNT)
The amount of nitrogen (ug) in each autotroph size class consumed by predator size classes
The amount of nitrogen (ug) in each heterotroph size class consumed by predator size classes
An integer variable used to determine the number of points on the X axis of the grid for the 3-D plot
An integer variable used to determine the number of points on the Y axis of the grid for the 3-D plot
An array of total carbon standing stocks (ug) for bacterioplankton at each time step (sum of all the
HMASSC's between IPB1 and IPB2)
An array of amounts of carbon taken up from the PDOC pool by bacterioplankton at each time step
An array of total amounts of carbon channelled to gross production by bacterioplankton at each time
step _
An array of amounts of carbon lost through respiration from bacterioplankton at each time step
An array of total percentages of consumption lost through respiration by bacterioplankton at each
time step
An array of total amounts of carbon lost to grazers from bacterioplankton at each time step
An armay of total percentages of bacterioplankton standing stocks lost to grazers at each time step
An array of net growth yields of bacterioplankton at each time step
An array of percentages bacterioplankton production of primary production at each time step
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PBCT9
PBCT10
PBCTI11
PBCT12
PBCTI13
PBCT14
PBCTI15
PBCV
PBN

PBNV
PDOC
PER

PERCON

PRED
PREF
PREF1

PREF2

PREF3
REGIN

REGN
REGOUT

SIZE
STEP

TCLASS
TIME

TMASSC
TOPA
TOPH
TOPT
UCLASS
UMASSC
UMINUS

UPLUS
UPOS
UTOTAN
UTOTC
UTOTD
UTOTN
UTOTNN
UTOTPN
UTOTRN

VCLASS
VERSN

VMASSC

An array of amounts of new-nitrogen taken up by bacterioplankton at each time step
An array of amounts of regenerated-nitrogen taken up by bacterioplankton at each time step
An array of percentages total nitrogen taken up by bacterioplankton at each time step
An array of percentages regenerated-nitrogen taken up by bacterioplankton at each time step
An array of total amounts of nitrogen lost through excretion by bacterioplankton at each time step
An array of percentage contributions of bacterioplankton to nitrogen regeneration at each time step
An array of C : N ratios of bacterioplankton at each time step
The mass-specific uptake rate of carbon from the PDOC pool by bacterioplankton
An array of total nitrogen standing stocks (ug) for bacterioplankton at each time step (sum of all the
HMASSN's between IPB1 and [PB2)
The mass-specific uptake rate of nitrogen from the nitrogen pool by bacterioplankton
An array of total amounts of carbon (ug) in the PDOC pool at each time step
The percentage extracellular release of PDOC from each autotroph size class; PER can be a constant
fraction or dependent on ambient nitrogen concentrations
A character variable which determines whether PER is a constant fraction of gross carbon fixation
(CNSTNT) or whether it depends on ambient nitrogen concentrations (CHANGE)
A matrix containing predation losses from each prey size class to each predator size class
A matrix containing the "preference” factors for predation by each predator class on each prey class
A real variable which determines the preference factor of predators for their optimum prey size class
(usually set to 1)
A real variable which determines the factor by which the preference of each predator class for its prey
classes (PREF3) is decreased as one moves successively away from the optimum prey size class
The preference factor of each predator class for each of its prey classes
The amount of nitrogen (ug) contributed to the regenerated-nitrogen pool by heterotrophs at each time
step
An array of total amounts of nitrogen (ug) in the regenerated-nitrogen pool at each time step
The amount of nitrogen (ug) removed from the regenerated-nitrogen pool by autotrophs and
heterotrophs at each time step
An integer parameter which sets the maximum number of size classes in some arrays
A real parameter which determines the time step used in solving the differential equations in the
program (set equal to 0.05)
The integer number of size classes in the total array
An integer parameter which sets the maximum possible number of loops that the program can execute
in each run, and thus determines the maximum size of some arrays
An array of total carbon standing stocks (lug) in each prey size class at each time step
The maximum size class stahding stock for autotrophs at each time step
The maximum size class standing stock for heterotrophs at each time step
The maximum size class standing stock for autotrophs and heterotrophs combined at each time step
An array of integer numbers of prey size classes available to each predator size class '
An array of total amounts of prey carbon available to each predator size class
An array of numbers of size classes in each predator’s prey range that are smaller than the optimum
prey size for each predator
An array of numbers of size classes in each predator's prey range that are larger than the optimum prey
size for each predator
An array of subscripts denoting the position of the smallest prey size class in the total array for each
predator
The total amount of nitrogen (ug) potentially required by autotrophs
The total amount of carbon (ug) potentially required by bacterioplankton
The total amount of detrital carbon (ug) potentially required by epibacteria
The total amount of nitrogen (ug) potentially required by bacterioplankton and autotrophs
The total amount of new-nitrogen (11g) potentially required by bacterioplankton and autotrophs
The total amount of nitrogen (Lg) potentially required by bacterioplankton
The total amount of regenerated-nitrogen (ug) potentially required by bacterioplankton and autotrophs
An array of integer numbers of predator size classes preying on each prey size class
A character parameter that records the date at which the program was last updated. VERS$N changes
whenever the routine UPDATE is called from CTS
An array of total predator standing stocks preying on each prey size class
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VPOS
X1
Y1

Z0OOP1
ZOOP2
ZOOP3
ZOOP4
ZOOPS
ZOOP6

ZOO0P7
ZOOP8
ZOOP9
ZOOP10
ZOOP11
ZOOP12
ZpC

ZPN

An array of subscripts denoting the position of the smallest predator size class in the total array for
each prey size class
A real variable setting the minimum X value for the grid for the 3-D plot
A real variable setting the maximum X value for the grid for the 3-D plot
A real variable setting the minimum Y value for the grid for the 3-D plot
A real variable setting the maximum Y value for the grid for the 3-D plot
An array of total amounts of carbon consumed by zooplankton at each time step
An array of percentages autotrophs in the diet of zooplankton at each time step
An array of percentages heterotrophs in the diet of zooplankton at each time step
An array of total amounts of carbon channelled to gross production by zooplankton at each time step
An array of total amounts of carbon lost through respiration by zooplankton at each time step
An array of total percentages of consumption lost through respiration by zooplankton at each time
step
An array of total amounts of carbon lost as faeces from zooplankton at each time step
. An array of percentage contributions of zooplankton to the detrital pool at each time step
An array of total amounts of carbon lost to grazers from zooplankton at each time step
An array of total percentages of zooplankton standing stocks lost to grazers at each time step
An array of net growth yields of zooplankton at each time step
An array of calculated C : N ratios of zooplankton at each time step
An array of total carbon standing stocks (ug) for, zooplankton at each time step (sum of all the
HMASSC's between IZP1 and 1ZP2)
An array of total nitrogen standing stocks (ug) for zooplankton at each time step (sum of all the
HMASSN's between IZP1 and 1ZP2)
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Darling,
when are you going
to do something about
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