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Abstract:

The Highveld grasslands of South Africa are climatically capable of supporting trees, yet no trees occur.
The fact that no fire adapted savanna trees occur in these grasslands confounds the suggestion that fires
maintain these ecosystems. This study addresses the question of what prevents savanna trees from
surviving. It was hypothesized that grass root competition for space eliminates the availability of

suitable ‘gaps’ for tree establishment under high rainfall conditions.

Demographic bottlenecks on Acacia species populations were determined by examining the ratio of
juvenile plants to adult carrying capacity. Below-ground root biomass was quantified in 10cm layers to a
depth of 40cm at six sites along an elevation and rainfall gradient. The 812C/813C ratio was determined
for roots collected. High rainfall sites were limited at the tree seedling establishment phase. Fine root
biomass to 40cm depth increased with rainfall from 613 g/m® (Standard deviation = 235.1) to about 1326
g/m® (Standard deviation = 573.1). The surface layer had significantly higher fine root biomass than other
layers, with site mean biomass in the surface layer increasing with rainfall (p<0.00001, F, ,,.= 18.621).
Available gaps for tree establishment decreased with increasing rainfall/elevation; no gaps were found at

the Highveld grassland site.

The findings of this study point to a strong savanna tree demographic bottleneck exerted, at the seedling
establishment phase, by below ground grass competition for space. The Highveld grasslands receive to

high rainfall for grass roots gaps to occur and permit seedling establishment.



ion;

South Africa’s Highveld is characterized by fire dependent C, grasslands (Acocks 1953). Forest patches
and exotic tree plantations found in these systems suggest that they have the capacity to support a
much larger woody biomass (O’Connor and Bredenkamp 1997). This study aims to address the
‘savanna-grassland problem’ (Mills et al 2006), namely the puzzles of tree exclusion in grasslands and
tree-grass co-existence in savanna systems. This ‘problem’ is not limited to Southern African
ecosystems, and a multitude of studies have taken place on similar grassland systems around the world
(Wakeling et al 2010), in addition to the vast body of research on global savanna systems (Sankaran et

al. 2004).

Bond et al. (2005) concluded that fire is an important factor preventing global potential vegetation
(predicted by climate) from being achieved. The fire regime of South Africa’s Highveld grasslands was
suggested by Bond et al (2003a) as the factor preventing trees from growing there. Using a Dynamic
Global Vegetation Model, their study showed that the high rainfall grasslands became dominated by
woody growth forms in the simulated absence of fire. This does not, however, account for the inability
of fire-adapted savanna trees to thrive in grasslands (Wakeling et al 2010). O’Connor and Bredenkamp
(1997) reviewed other hypotheses, including frost sensitivity of trees and the poor drainage of Highveld
soils as factors excluding trees. In both cases, exceptions such as frost resistant trees, and grasslands
occurring on well-drained soils render these hypotheses limited (Mills et al 2006). Wakeling et al
(2010) hypothesized that tree seedling growth is reduced by lower nutrient availability in the Highveld
soils, and that this growth reduction prevents tree seedlings from escaping the fire trap, to explain the
absence of trees. Although growth was constrained in grassland soils, these authors concluded that the
observed difference in growth between savanna and grassland soils was not a general factor limiting

trees.

The possibility that grass competition is more intense in Highveld grasslands than in savannas, and
causes the absence of trees was suggested by Mills ez al (2006). Walter (1971)'s root niche separation
theory, which states that trees and grasses are able to co-exist by occupying and obtaining resources
from different soil layers, is confounded by the fact that in some cases savanna tree roots do occupy the
top layer of soil (Sankaran et al 2004) (e.g. Mordelet et al 1997 in humid savannas and February and
Higgins (2010) in mesic savanna), and the fact that savanna trees cannot avoid occupying the same
portion of the soil as grasses during the seedling establishment phase (Jurena and Archer 2003). Indeed,
experimental studies have shown intense competitive effects of grass on tree seedling recruitment in this
system (Kraaij and Ward 2006, Cramer et al. 2007, Cramer et al. 2010), and larger size classes (Riginos

2009). Grasses can be assumed to be better competitors for below ground resources (February and



Higgins 2010), and quicker responders to improved growth conditions. Furthermore, recent work has
suggested that grass root competition can alter tree seedling root architecture and growth (Messier et

al. 2009).

Demographic models offer multi-factorial explanations of tree limitation in savannas and grasslands.
Higgins et al. (2000) proposed a model where savanna tree seedling establishment (hereafter
‘establishment’) is limited by rainfall, and recruitment from sapling to adult phase (hereafter
‘recruitment’) is controlled by fire. Thus, establishment occurs erratically during periods of increased
rainfall; this is clearly not supported by high rainfall grasslands such as the Highveld, which does not
exhibit the anticipated ‘storage effect’ implied by the model. Like the study by Wakeling et al. (2010),
this study aims to build upon the demographic framework outlined by Higgins et a/ (2000). As most
grass competition is below ground, and possibly more intense in grasslands than savanna (Mills et a/
2006), an establishment bottleneck is potentially maintained by competition for space below ground
(Bond 2008). Jurena and Archer (2003) demonstrated the importance of available gap area (i.e. space
below ground free of grass roots), particularly in the vertical plane, on tree seedling establishment.
Grass root biomass was also shown to vary a great deal spatially and temporally in the Prosopis savanna
in which the study was conducted, with considerably higher below ground biomass during the higher
rainfall year (Jurena and Archer 2003). It was concluded that the savanna site studied had sufficiently
large below ground gaps to allow seedlings to establish; this study aims to investigate the suggestion put
forward by Bond (2008) that very high root biomass in South Africa’s Highveld grasslands may create

an establishment bottleneck for savanna trees.

To ascertain whether demographic bottlenecks are in fact present in savanna tree populations, and if
present, at which phase of the tree life-cycle they are acting, 1 determined the ratio of juvenile trees to
an adult carrying capacity. This was carried out at C, grass systems along a gradient of increasing
elevation and rainfall to accommodate savanna and grassland sites in the kwa-Zulu Natal province of
South Africa. 1t is predicted that under high rainfall conditions, tree density is constrained by an
establishment bottleneck (reflected in low juvenile: carrying capacity ratio), while under intermediate
rainfall conditions, fire and/or herbivory create recruitment bottlenecks (reflected in a high juvenile:
carrying capacity ratio). Grasses are predicted to be better competitors for resources below ground, and
it is expected that their root dominate the soil profile. 1t is also predicted that soils are capable of
supporting trees, and no nutrient bottlenecks occur throughout the elevation/rainfall gradient, as per the
findings of Wakeling et al (2010). 1 quantified grass root biomass at six sites along the elevation/rainfall
gradient to investigate ‘gaps’ for tree establishment to take place. A ‘gap’ was quantified in terms of a

threshold biomass value below which establishment could occur. 1n line with Jurena and Archer






Seedling-Establishment Bottleneck Analysis

1 censused Acacia (see Appendix for species) tree densities in different size classes at a large number of
sites in kwa-Zulu Natal province of South Africa to determine whether there was any trend in
recruitment limitation. Sites were chosen to extend across rainfall and tree density gradients; site

selection was constrained by accessibility from the road.

Adult tree carrying capacity was determined in a site- and species-specific manner by calculating the
maximum number of tree canopy areas able to fit in a1 ha area. The average canopy diameter of a tree
species at a particular site was used in calculating canopy area. Those sites without measured canopy
diameters were assigned the value K= 250 trees/ha (close to the K obtained using the overall average
canopy diameter from all the sites: 199 trees/ha). Size classes were defined as juvenile (<im height),
medium (<1.5m height), and adult (>1.5m height), and censuses were performed across 2 x (125m x 2m)
transects. A recruitment index, n/K (where n= number of smalltmedium plants/ha; K= carrying capacity

of adult trees/ ha), was calculated for each site.

A recruitment index was obtained, in an identical fashion to above, for sites from a database collected by
Staver et al (2009). This database contained Acacia height class information collected in 40m x 10m
plots extensively covering lower elevations in HiP, as well as fire frequency, dung counts, and elevation

of plots.
Site Rainfall

For sites within HiP, site elevation was converted to a Mean Annual Precipitation (MAP) value following

Balfour and Howison (2001), who derived the following:
Rainfall = 1164 (altitude) + 462 (R*= 0.94).

Sites outside HiP were plotted as a GIS layer on top of the BioClim 12 layer in Manifold, and MAP values

read off from co-ordinates.
Accounting for Nutrients:
Soil samples

The barrel auger (head diameter= 7.2cm, length= 14c¢m) was used to take a soil core to 40cm from a

location at the centre of the sampling grid. Each 10cm layer was extracted separately, then sieved, and



roots removed in the process. Sub-samples of the 10cm and 40cm samples were sent to BemLab
Laboratories (Strand, Western Cape) for analysis of pH, Electrolytic Conductivity (EC), Total
Phosphorous (Total P), Bray 11 P, Na, K, Ca, Mg, %C, %N, NO,, NH,, T-value, and texture and soil type

classification.
‘Gap’ Analysis:

Six sites with a range of tree densities were selected along an elevation/rainfall gradient, including two
grassland sites with no trees, in the kwa-Zulu Natal Province of South Africa. Functional, near natural
disturbance regimes (fire, herbivory, or both) were a pre-requisite for sites falling outside the
boundaries of Hluhluwe-iMfolozi Park, leading to the selection of two private commercial farm sites in
the vicinity of Wakkerstroom and Gluckstadt. The two grassland sites were WA and RU, site RU

occurring as a grassland bounded by scarp forest and Zululand Lowveld.

Table 1: Study site summary of experiment quantifying above and below ground biomass at sites along

an elevation/rainfall gradient. HiP= Hluhluwe-iMfolozi Park. Vegetation classification from Mucina et al.

(2005).
Site Code  Location Vegetation Elevation
(amsl)
Thoboti TB HiP (iMfolozi) Zululand Lowveld 195
Le Dube LD HiP (Hluhluwe) Northern Zululand 290
Sourveld -
Gontshi GV HiP (Hluhluwe) Zululand Lowveld 178 !
Viewpoint
Rubbish Dump RU HiP (Hluhluwe) Zululand Lowveld+ 484
Scarp Forest
Ford Farm FO Vicinity of Gluckstadt ~ Income 816
Grassland/Northern
Zululand Sourveld
Wakkerstroom WA Vicinity of Volksrust Amersfoort Highveld 1644

Clay Grassland




Above Ground Heterogeneity

Field work took place from November 2009-March 2010. Using calibrated 2m poles, a 6m x 3m grid
was constructed in an open, adult tree-free site. Disc Pasture Meter (DPM) readings were taken at Im
intervals along the grid, starting at the point (0.5m; 0.5m); two more rows starting at (1.5m; 0.5m) and
(2.5m;0.5m) were also measured, resulting in three rows per site. The centre of the area measured by
the DPM was marked using fluorescent-paint covered toothpicks to create 18 such marked points per
site. At each point, the % vegetation cover within the area falling under the DPM-measuerd zone was
estimated. The distance from the marked point to the nearest grass bunch was measured using a tape
measure; the grass was identified, and the tape measure was used to measure the bunch diameter. Two

more species of grass occurring in the immediate surrounds were identified (if occurring).
Below Ground Heterogeneity

At each of the 18 marked grid points, a steel barrel auger (head diameter= 7.2cm, length= 14cm) wa used
to extract soil and roots in successive 10cm intervals up to a depth of 40cm. Where it was impossible to
reach a depth of 40cm due to rock being encountered, an adjacent site was selected. The soil and root

contents of each layer were stored separately in brown paper bags.

The 72 bags per site were transported to the Zululand Tree Project (ZLTP) base at Hluhluwe-iMfolozi
Park. Here, ZLTP staff extracted all roots from the soil by hand. Roots from each sample were then
placed in small buckets and flushed with water. Once floating on the surface, roots and organic matter

were removed separately using a fine sieve (~Imm).

Following washing, root samples were dried in an oven at 40°C for three days. Once dry, weighing took
place with large (>2mm diameter) and small (<2mm diameter) roots from each sample weighed

separately.
‘Gap’ quantification

In the absence of data regarding lateral root expansion and root architecture, for example, gaps in the
grass root biomass that permit the establishment of tree seedling were defined as follows: those points
at which the fine root biomass to a depth of 40cm< lower quartile (25 percentile) of all point biomass

to 40cm across all sites.



Root isotope signal:

6°C analysis was performed on root samples to determine the relative contributions of C, grasses and
trees (C,) to the biomass collected. Dried, weighed roots were transported to University of Cape Town
Botany Department. Root samples from points of a randomly selected row at each site were ground to
a fine particle particle size using an ONESTO KC10-T In D16 grinder with Imm sieve. Where sample
sizes were very small, a Retsch (model MM200) ball bearing grinder was used until a fine powder state
was achieved. Care was taken not to handle samples and to clean equipment (using compressed air for
the ONESTO grinder and ethanol for the Retsch mill after each grinding to avoid contamination. Only
fine roots (<2mm diameter) were analysed for site FO; coarse and fine roots were analysed at all other

sites,

About Img of samples from a single row randomly selected at each site was weighed to 1 microgram on
a Sartorius micro-balance into tin cups; tin cups were then squashed to enclose the sample.
Combustion of samples took place in a Flash EA 1112 series elemental analyzer (Thermo Finnigan, Milan,
ltaly). Gases were passed to a Delta Plus XP IRMS (isotope ratio mass spectrometer) (Thermo electron,
Bremen, Germany), via a Conflo Il gas control unit (Thermo Finnigan, Bremen, Germany). &§"C values
obtained were corrected using Sucrose (from Australian National University), and dried Nasturtium leaf
standards. These standards have been calibrated against International Atomic Energy Agency standards.

Carbon values obtained are relative to Pee-Dee Belemnite.
" Data Analysis:

Root weights were converted to g/m* values and then log transformed (base 10, c=1) to meet
assumptions of normal distribution. Total Root Biomass of each site’s grid points (i.e. combined root
biomass from each depth for all 18 points per site) were compared with a single-way ANOVA using the
program STATISTICA (StatSoft 2009). A depth-wise comparison was also performed using a single-way
ANOVA in STATISTICA (StatSoft 2009) on the combined values of all the sites for each depth interval.
For both ANOVA's, Tukey HSD post-hoc tests were performed to identify where differences occurred.

A Principal Components Analysis was undertaken in STATISTICA (StatSoft 2009) on soil characteristics

in surface (top 10cm) and 30cm-40cm layers.

In assessing the relationship between above and below ground biomass, Multiple Regression analysis was

performed using STATISTICA (StatSoft 2009)) to determine the relationship between above ground









Soil Analysis

In both the surface (10cm) and 40cm layers of soil, pH and Total Cations follow very similar trends. pH
and Total Cations decrease with elevation in both layers, although the trend is stronger in the 40cm
layer (see Appendix, Figure 1). The high elevation sites (RU, FO and WA) have lower N content (%N,
NH4-N and NO-N than the lower elevation sites in the surface layer in particular. The Bray nn P
correlation with elevation in the surface layer may be a product of very high values for sites WA and FO

which is possibly due to fertilizing (see Appendix, Tables 3 and 4).

Root Isotope Signal:

Although C; signals appear in throughout the rainfall gradient, the lower rainfall sites have a greater
proportion of spikes in §°C%o (Figure' S) across all depths. Site FO is the only site that does not
provide a C, signal in roots collected. There is a weak pattern of increasingly negative 6°C values with

increasing depth.
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