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Figure 2-6: Mean dry we,ghts (in g) of Felicia aelhiopica "p. aelhiopica plant paris ull<.kr <.liITcrent 
trea~nis, at <l,ffe",n! time,. A • Amb,ent (r"""lm"n!, [1 ~ El evated treat"",nt (n ~ 12 at 56R day. and 
n ~ 15 at gJl) days) ~ errol' bars ore ",hoh: pl ant m"an + 1 ie. 

Table 2_2: The carbon dioxi<l" effect (expl'essed as a ~rcellt"ge. lIE-A JiA j'\ 00, (Dmkc e/ al., \9'16» 
on the dry weight of Felicia 'U!lhiupi/:a ssp. aClhiupica. (n = 4 for StiR day , and n = 15 f!)[ glO day,) 

"' p"O_lO:nsNotSi 'Ii t b~l_ ,"an, , 568 days -816 day;---
Green leaves -22,78 -11.1 t .' ",' 
Dead leaves -t 36.36 -9,09 

", "' Stem, -10.81 '17.14 

"' "' 
Roots 10.84 6.19 

"' ,. 
,. ANO\' A wt,h 3 c~.mbcr. ""'tcO w;t~i" 2 I"",,,,,,,,., 
bo t_te" 

Too few m easuremellts of root and shoot growth were made to compile a proper growth 

analysis as d es~ribcd by Poorter (1989) but lbe smes of measurements lhal were made (40 

days, 107 days, 568 days, 810 days) can be seen in F'gure 2-7. Here again, lbe non-

s'gmfi~anl dIce! of CO, on growth can be sccn. One can also see the way ill which the root 

and shoot growlh curves are differenl with lhe HK)(S initially growing quickly and (h~n 

ceasing growth while lhe shoots contillued growing until tbe end of lhe expenment This 

graph eXplaln5 Ih~ ~hallge in the Tool to shoot ratio seen above. 

GROWTl, R1's~SES 
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Table 2-3; Percentag-e allocation of dry m"ttcr in Felicillilelhiopim ssp. aeIMop":1l plant:; exposed to 
devated amlOsphen" Co, (reat=nt = 4 for 5fi8 days, n = 15 for 8\0 day, "nd valu", are mean,.L 

eIT<~), + ,,"~,,"'c' ___ ~ 
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Figure 2_7: Felicia ae/hiopica "p. aelhiopica mot and ,hoO( Jevdopmcnt (in g of dry weight] over 
the cOun;e of the experime"t. (n - 42 at 40 days, at 107 day" n - 31 in the ambierlt treatment and n ~ 
~9 in the elevated chamben;," - 12 at 568 day" ond n - 15 at 81 0 day. ) The point' are mean. ± 1 '" 
Symbol typ es an: as follow": open clrde - amblCnt shoot, open lI'la"g-le - ambient root, dosed c·ircle 
= elevated shoot and closed hiangle ~ c!evated rooL In the i "tere,t, of c laril.y, (he ambient ,ymholo 
are offset 5 day, earlier and the elevated ,ymbol, a", offset 5 day. later that the actual mea,ure=m, 

Plant nitrogen content 

Th" nitrogen cOlltellt ofthe diJTerent compartments C~1l be seen III Table 2-4. fhis t~blc also 

,hows the percent COl eff",,!. Although there were some lilrge effects (for example for lhe 

stems at 5liS days) few of them were stati~lically signi!icanL Another way of expressing 

(he"" data is in the form oftolal pool sIze «(aking the weight of the compin1ment into 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Table 2_4: Nitmg~n content of Felicia aelhiopica «p. INrhiopica plant part< in mgN.g" dry materiaL 
(n - 4 tOr 568 day., n - 15 for 810 days and value< are mcart< J. <tall<iard error). , psO.JO; ns Not 
Significant. 

~ ~ 

568 d~ys 810 ,by~ 

Ambi~nt Elevated CO, dfeel' Ambiellt Elevated CO, effect 

Gn::en 12,07,,0,01~ 12.1~ I (U~~ -3.79 1.1.91 "0.7M IH1 "0.5l~ -3.59 

le~ves 
, 

ru" lli' 

lk<;d I I I IO.72"O,~1!4 , 12,29±O.515 +14.65 

leaves + 
Skm ,~ O,B7 5.S(J _ 0.01.1 t25.08 5.70 _ 0 __ 1]9 6,46 _ 0.469 --<-13.33 

! lli , lli 

Roots 0.1(, . rL1~7 6.5~ ~ 0.232 +6.82 0.27 0465 , 
! 

6.2~ ~ (um 0.32 

llS lli 
~~ - _._. -• •. «E A)lA) 11)1) (llo;;ok< '" "'_ 1996) 

" '-Ie>! 

" _ D •• lL~", 
_ "'-L •• ", 

• _ ... , 0 __ 

, 

, 
" , 
" 
• 

co , 

t-igu..., 2-8: Thc mean total nitrogen (in mg per plant) of the Fe/ida aelhiupim ssp. aelhiopica plant 
parts onder different treatment. at diff"'~nt times. A - Ambient treJtmem, E - Elevated treatment (II 
<; n S 12 at 568 day. and 11 :S n S 14 al 810 days) Th~ error bars are whol~ plant mean + J .'C. 

account). Figure 2-8 shows the locan total nitrogen eon/ent oflhc plant~ in mg (height of the 

bar) along with the contribution made by each pool invebiig~ted. 

At tho: 568 da)' harvest there was a highly significant (psO.Ol) 28.72% decrease in the 

tOlal nitrogen content of the le~ves in the elevated CO2 group. Ihis decreasc is relaled to the 

obf;Crved decrease in leaf weight, T~hle 2-2. Ihis decre~se in !eafnitrogcn contcnt was seen 

again at 810 dll)'~ hut it wa~ a smaller value, 9.82";" and not ~ignilicant (Figur~ 2-8). 

2 - 11 
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The Dead Leaf data are missmg in the 568 day harvest ~'Cause of the very small 

amolint of material ( a me,U] 0.11g lor the ambient plants and 0.15g for the elevaled plants). 

There was a significant (p :0;; 0.1 0) 14.65~. incrrase in nitrogen concrntration in the dead 

leave, m the elevated C02 group at the 8JO day harvrsl (Tahle 2-4). Th,s 1l1l;rease in 

concentration however did not result in slgnifkant inl<ease in the lota1 pool si7.e due to the 

slight <kcrease in the dead leaf weight for the Co, treated plants (Table 2-2). 

The stems showed a general increase in nitrogen for both harvests (Tahle 2-4 ,md 

Figure 2-8). This effect, howevet·, was only statistically signilicant for 810 day harvest for 

the total nitrogen pool size (+27.24%, p,.; 0.05). 

Looking at the roots, there lS lillIe agn::e1TIent between the two sels or data gathered. 

I'or lhe 568 day harvest there was a slight increase (+6.82';,) in nitrogen con""ntration ln the 

elevated CO, plants with very hllk increase (+3.650/0) in the total N pool size whilr at the 

810 day h",--...rst these trends havr changed to no CO, effect on nitrogen concentration and a . 

11.44';, decrease in the pool size. 

Plant phosphorus content 

Table 2-5 shows the concentration or phosphorus in the tissue in units of )!g P.g -, dry matrrial 

whde Figure 2-9 shows the various pool sizes in,.,g P. 

Investigating the green bLYes revealed that at 568 days there was no CO, eJTect 

( ' 1.56%) on the phosphorus ~on~entration but the total pool SIze SIgnIficantly (p ':<::0,05) 

drcreased by 18.47 percenl In contrast to these reslilts, at the 810 day har.'rsl there wa., a 

,igniJican! (p ,.; 0,05) increase in P concentration (+12,98%) while the total pool size 

increased by 8.970/. 

111 tbe Dead Le,afpool at the 810 day har.'esl, til!' Co.. treatment resultrd in a gene",,1 

increase in P cOllcentration and P total pool size with values of +27,82~. and +19.12% 

respedivdy, Neither of these val lies are slippOlted at the p,.; 0.1 Irvel. 

Stem P values showed g~neral increase in both of the harvrsts. At 568 days th~re 

were no statislically significant reslIllS. The P concentration ,ncreased by ',15,77':1., but the 

total pool sizr was littk changed at +4.88%, The reason for this lad, of change in the lolal 

pool is that the strm wright decrensed (Table 2-2). At 810 days the weight and percent 

welghl both in~reased in the stems (Tahles 1-2 and 1-3) WhlCh Iran,lated in a sigJ1iticant (p " 

0.10) increase in !he total phosphorus pool size (-'-16.13%), 

GROW·, II RBSf'ONSES 2 - 12 
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TabJ~ 2-5; Phosphoroos cootent of F~licia aelhiopica !;>P, a<:lhiopico plant pa", in figP.g" dry 
material. (n = 4 for 56S days, n = I ~ ror H 10 days and the values are means J. standard ... ,or). ·P"O.U~; 

luP<o.UI: '" NllI Sii!,nitic.1OL - ._ .. -
568 days 810days 

Ambient Elevated CO, effect' Ambient Elevated CO, "fleet , 

, Green 7W42 ~J!.l17 

! 
750.'l±'6.'l2 +1.56 M"1lI <. 29.,'J< 117.12~2L12G +12.98 

kayes ffi" " 
Dead I I I <J'.'J ~ l2.4~4 "1.10 '-'1. '-" 27.82 , 
leaves n~ 

StelJ1 4l1.91n4.019 49HJ~4l.9'9'> tI5.77 )0(,,76 ~ 1>.242 , .' 2!,'J!±'H>¥ +4.38 

"' 
, 

"' 
Roots '''.91 ~1~ .• 12 l19.f)'H2j.923 2.55 , 

126.670,10,"" nJ.62~11,166 12.43 

n~ .. 
< 1._A"A'IOO " } 

Dml"'I<li .. 19''16 
b: ANOVA "ili> -' <:l"lJul>= "03ted within 2Ireolm<nl. 
c; Host 

l."" ;CCCC--,-----------------------, 
• " •• j] ...., 

• ( ..... L~,~ 

• , 
,. 

-
,,, 

Figure 2-9: The mean tutal phosphorus (in fig p~' plant) of the Felicia aerhiopica '''P. aelhiopim 
plant part!; uoder diffe'~nt treatment' at different times. A - Ambient tn;"tment. E - Elevated 
treatment (9 ,; n" 11 at 568 ,bl's and 11 :0; ,,<; 14 at SIO days) The error bars arc whole pla"t m= + 
I "e. 

There v;~re nol vcry substantial effects of CO2 on the root phosphorus at the 568 day harvest 

while lhere were a number of ~ignilK;anl difTcrenccs at SIO days. Al the l,rsl harvest, 

elevated CO2 had no effect on either phosphorus conc~ntrution or pool size in the roots (p > 

0.101· By contrast, at tho: Jin!!1 harvesl, clevatcd CO2 reduced mol P ~nncentrali{)n by 

12.43% (p ~ 0.0 I) and tho: t{>lal pool size b~' 17.19% (p S; 0,05). 
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Table 2-6; Analysis ofThizosphere and hulk soils from tbeFelicia aelhiap;ca ssp. aelhiopidca plants. 
(n-4 for 568 days n~15 fur 810 d ys and the values are means ± standard err r) ns Not Sign fi I - , • 0 1 Jcan . 

- - -_. . -- . 
568'days - -"- T 816 days 

- -

i AmbIent Elevated CO, e oc, Amhient Elevated Cll, e ~, 

RHIZOSPHERE 
, , 

f- _ .. _--_ .. . --. 
Dry J.l6,,(l.~(,~ U~ ~ 0.282 -51.23 ~.~3"0 ,73S S.03 ,,0.6&6 -9.04 

weight (g) 
, , 

-
mgN.g- 1.24,,0.117 t.2QH.142 

dry material 

~- j.lgP,g-' dry 
--- -

S7,th4S~2 02.02±6.IM 

material 
, PULK 

Dl)' "Clg:hl 11" I! ~ ~ "-17 !13.~~. 6.~91 

(,) , 
, I HU0021 pH 3.(.6,,0.017 

i 
r--mgN,g-

----I 0.~9± 0,0~6 0,97,,0.043 

dry ma!~Tial ", _.-
pgP.g' dry Jlll±J.HS 3],2),,1,4(I'l 

material 

,,(( -A )'J 00 (Dr*c" ai" lWllj 
b: ANOV A w;fu 3 o~ombe" ..,.red within 2 Iroo_nl. 
O. t_,.<1 

Soil investigatJons 

",' ",' 
-3.2[-

--~.--

-8.05 0.t7 ~ O,(I6(i 0,&0,,0.066 

n~ "' - -_. _._--- -- - -
S.46 36.7h2,12J J3,OS"I.1I -10.02 

n, , 
"' , - _._-

, i 
+1 8S !2l,I7±IO."OO !lP"± IUW i +0.59-

, 
no "' 

-~td4 
------

3.79±0,OJI HI±O.Ol~ +0.53 

n; "' , 
+8.99 0.73 ± ° 022 0.74,,0.024 +1.37 

n; n; 

+6.81 2S.1'l±0.ill!l 24.10 ± OJ6J +4.17 

", n; 
- --~----- -

Table 2-6 shows the resnlts of the analyses that w~r~ perfonned on the rhizosph~re and bulk 

soJ! fractions. Tbc:re was no significant CO2 effect in any of these mc:asuTem~nls although 

there are large, and highly significant, changes in sOffie of Ihe values between Ihe two 

harvests, Most notable among th~se are the decrease in N and P concentration in the 

fhizosph~re soils (p S 0,001 for N and PJ and the substantial increase in rhi;tospher~ weight (p 

S 0.001). In the bulk ooil there arc statistically significant reduclions in N and P 

concentration (p ,;: 0.001 for N and P) along with a change in the pH (p';: 0.001 ) while the 

total soil dry mass remains constant (p > 0.1 0). 

DisCllssion 

The simple design of the open top chambers that were used in this experiment were effecnvc 

al providing a constanl enrichment of COl to the plants (Figure 2-1), The measurement and 

adjustment of the Co" concentration in the chambers was made on a comparative basis 
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Figllre 3-1 : Moisture content of ,oils coll~cled from Plea,anl View Farm. The point> and bar. are 
means ± se. Closed ,qua,.., = 1996 haseli .. e sampling of vegetation naturally exposed to a point 
source of Co, (n = 3), hatched bar- I '197 sampling, on. year after establishing the fumigation ring 19 
m from the CO, ,ourCe (n - 5, bar onSet by -2 ml, grey bar = 199~ samplinl? two years after 
establishing the fUmigation ring (n = 5, har offset by +2 ml. The 1 '197 har on the far right of the 
figure is a ,ample taken from too N facing hillside opposite the study area. The l<:tIer.; and symbols 
indicate statistically 'ignifocant (ANOVA, p S 0.05) differences wilhin each yt:llr of sampling. 

This gradient ~ould be attributed to either a geographical Sklpe effect or it could be moi~jure 

accumulation as a result ofimpI\lv~d wat~r use ~mcj~ncy und~r Ih~ e1~vated CO2 conditions. 

Figure 3-2 shows the resulls oflhe array of moisture samples taken in July 1998. There is a 

slope effect on the soil moisture conteni hut in addition to this there is a signilicant (p 5: 0.01, 

Kruskal Wallis ANOVA & Median lest) COl ell"",1 within lhe hounds of the treated plot. In 

conlnll>i 10 this, there is no difference between inside and outside the top conlrol pk,l (p > 

0.05, Kruskal Wallis ANOYA & Median test). 'Illis effect can be Seen in Figure 3-1 with the 

inflexion of the line at the 19m sample while Ihe elleet is not as apparent at the other two 

sampling times. 

Inv~sligation of rainfall records (Table 3-1) show that prior to the 1998 sampling 

there had been very little pr~cipilation while al the other ti~s more rain had fallen. jirom 

this one can conclude lhat the system is not often water stressed but at times of str~ss such as 

occurred in 1998 there is an improvelIJt'nt of water use dllciency by the plants and thus the 

soil remains moist for a kmger period ofti""" 

3 - 9 



Univ
ers

ity
 of

  C
ap

e T
ow

n
- - l 

32 30 28 26 24 22 20 18 16 14 12 ]0 

z--
'l'opp\o< 

8 6 

, 
c. rboIJ dioxide 

"'"''''' 

4 2 

Figure 3-2 : A,ra} of soil moisture measurements taken over the whole study area at Pleasant View Farm in 1998. The natural carbon dioxi<le 'Duree j, 
indicated along with (he positions of 1m: permanent phJIs thaI were established in 1996. The values on the x axi~ are distances, in meters. away from tbe 
fence funning oown the north side of tile site while the values on the y axis are distances, in meters, away from the CO, source westwards up the slope. 
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Table 3_1: Ramfall data [or the Eureka weather station pO"4J'S JO''OI'E, altitude 671m) for the 
periods prior 10 !he sampling dates at the natural CO, spring On PI~asunl Vi~w farm, The average 
data" a mean fQf the period 1936 10 1999. Data ,upplied by the South A frioan Weather Bureau, 

Year Sampling Date Ramfall data 
Month Rainfall Average 

19% 14 May 1996 March 94,0 97.1 
April 25.0 537 
May -- 5.0 ; 34.0 

" --2,rApriJ 1997 1997 
i 

March 198.0 97.1 

t~8 
April 42.0 5~~ 

9JuiyJ99l\ M,y 54.5 34.0 
J"~ 0.0 i 1 ~,4 
J lily 0.0 . 28. 9 

Although it was weil below average, more rain did tall in 1996 before sampling but it was 

found thaI the soil was drier. This is probahly doo to the higher temperatlires of aulUllUl 

along with a larger green leaf area causing more depletion of soil waler. In this year there 

wa, no CO, treatment present at 19 m, while fiv e meters away from the pipe there was a CO, 

concentration ofbctween 480 and 5% I-Imo1 nKlr' (Stock el aI" in prep) and this has resulted 

in a small peak in the soil nlOlstlire con lent at th,S poinl (p S 005, ANOYA). From Table 3-

I, 1997 was a wet year prior to ~oil ,ampling and this is horne Olit by only the ,lope effect 

heing apparent in Figure 3- L 

Moving to the investigation of the below-ground carbon. Figure 3-3 shows organic 

carboll content of the soils. Apart [rom the cw-iously high value for the 39 m samples 

collected ill 1997, the results over the lhree years of samphng maintained a very similar 

paltern Wilh a higher soil orgalllc matter content clo,e to the CO, source with the value 

decreasing as one moves away from the source, up the slope, Only the data from 1997 has 

statistical support for the differences between the values (Figure 3-3). There" no evidence 

o[ carbon accumulation after two years of treatment within the ,imple fumlgatlOn ring placed 

19m away from the CO, source. Allhough not slalistically SliPPOrte<i, lhere is some evidence 

lO suggest that long-term lreatmenl (more lhan 70 yeani) i, causing changes in the carbon 

storage. 

Figure 3-4 shows the soil microbial carbon content of the C4 grassland over a period 

of three years under ditTcrent C02 treatments. The variability ill the data was large and '0 

lhere are not statislically supported difference! among the samples within each year. The 

mmched samples collected in 1997 and 199~ are remarkably similar including the peak seen 

at 39 m. 
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Figu..., 3-3 : Total organic Ill1Ilter contcnt of <oil< collected from Plea<ant Vicw Farm. Thc points 
and han are mean," sc. Closed 'quare ~ 1996 haseline sampling of vegetation naturally exposed 10 
a poinl source of CO, (n - J), hatched bar - 1997 S1Impling, one year after establishing the fumigation 
ring 19 m from the Co, wurce (n = 5, bar off>et by -2 m)). grey bar - 1 Y98 sampling, two years aller 
e>tabli<h ing the fumigation ring (n - 5, b>IJ o/lset by +2 ml. TIle 1997 symbol 011 the fdr right of the 
figure i, a sample taken from the N facing hillside opposite the study area. Thc lc!l~'1"S indical .. 
statistically , ignificant (ANOVA, p <: 0.05) differen= within each year of sampling. 

, , 
t 
i 

Figure 3-4 : Microbial carbon content (measurod using chloroform fumigation extraction) of soils 
eoll""tcd from Pleasanl Vicw Fann. The point' and bars are mean<" se. C]o,cd square - 1996 
baschne sampling of vegetation naturally exp06ed to a )Xlint source of CO, (n = J). hatched bar = 
1997 sampling, OIle year aft..- e;,tablishing the lumigation ring 19 III from the CO, sOUrce (n - 5, bar 
o/ls~1 by -2 m), grey har = 1998 sampling, two year, after e.'tablishing the fumigation ring (n = 5, bar 
offsd by +2 III). The 1997 bar On the far right ofthc figure is a sample takcn from the N facing 
hill,idc opposite Ihe study area. '1 here are no statistically (ANOV A, p> 0.1) 'ignirocant ditkrcnces 
within each year of sampling. 

\1WROIIIAL mOM ASS 3 - 12 



Univ
ers

ity
 of

  C
ap

e T
ow

n

The only <.IilTerence is seen in the sample collected at Ihe CO2 pipe with the one taken in 199R 

having a much higher value than lhal of 1997. 

The eXiractable carbon content orthe ,oil can be equale<.l tu the soluble carbon in the 

soil. TIle chunges over lime am with differem CO2 Ireatments can be seen in J'igure 3-5. 

The unly statistically significant differences were found in 1997 with the value at 72 m being 

<.IilTerent rrom the 2 m value (Figure 3-5). 

'Ihe microbial quolient value, can be seen in Table 3-2. Within each year there was 

nO difference in the value, (p > 0.10). Furlher, there were n<J clear trenUS ,howing changes 

of this integrate<.l measure uver the three year study period thus indicating that the CO2 

treatment WdS not affecting the functioning ufthe soil microbes nor the alklcation or carbon 

between the two pools (total earhon and microbial carbon). 

" 

• 

1 

• \" ... O(l9%) 

Ell \"''''1 ,997) 
IilI!:I ,_, (1 99' ) 

Fit;ure J-S : Extractahk carbon from ooils coll ected from Pleasant View Fann. The point. and bars 
are means" <e. Clo,ed 'quare = 1996 ba.eline sampling of vegelalion nalur"lIy e~po,ed to a point 
source of CO, (11 - J), halched har - 1997 sampling, on~ y~ar all.,. t:Slablishingthe fumigation ring 19 
n' from tho: CO, source (n = 5, bar off,;ej by -2 m), grey bar = 1998 sampling. Iwo years after 
"'tabli~hing the fumigation ring (n = 5, bar offset hy +2 m). The 1997 bar on Ih~ far right of th e 
tLgure i. n sample taken from th~ N facing hillside opposit e tho: study area. The letters indicate 
.tnti.tically significant (ANOV A, p ,; 0.05) diff~r~n<:t:S within each year of sampling. 
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Figure 4-3: The proportional change ((Elevated colour development Ambient colour 
development)l Amhient colour development) ill microbial utilisation of <uh~tratc group' present on the 
Biolog GN plale inocula!..:! wi!b soil ""tracts from the single species experiment Tt..re was a 
significant difference (p :;: O_O~ for 48 hours and p :;: 0.01 for the other Ih,,,,, times) in cnKmr 
development he",,"en the ambiwl mot alld ambient soil samples in the phosphorylated compound 
group (not visible nn this graph). Cpds: abMevialion of compounds. 
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~¥'l!: U"" +4: The proportioIlal change (Ekvalcd colour development - Ambient wlour 
deveiopmentYAmbient colour development) in microbial utilisation of substrate groups p'CSCnl on Ihe 
Riolog GN plate inoculated with soil extracts from the mixed species experimenl A fte, 120 h(lIlrs of 
iocubalion inlhe Amine gr<lIlP the,e waS a signifICant difference (p:;: 0,05) between the root and soil 
responscs while Ihcre was no CO, effed (shown in lhis figure), Cpds: ahbreviati(m nf comp(lIlruis. 

MlCROlliAL COMMUNITY RESPONSES 4 - 13 



Univ
ers

ity
 of

  C
ap

e T
ow

n

was 

were 

one can see 

to mc:rea:sea 

It is .... t."' .. "",I:'t .... 

belcrune narrower 

two ex]Del1.Il1lenlts. one can see 

two were SlgnJIIC8Jlt: 

root mean was 

root 

was no ~n1 ... ", .. ,pnt 

MICROBIAL COMMUNITY RESPONSES 

were 

.. "";&U"'l!;'"'. even 

were 

4-

non-

are 

some 

same 

ms 

p~ 

a 

4 



Univ
ers

ity
 of

  C
ap

e T
ow

n

(I.I~ ,--________ ,-_________ --, 

(I. I (I 

(1.(12 

.i)f)2 
(l1g<o>i< "'",,,,. 

" I I 

• 

." .. 

0.211 
-0. 10 ':-, __ --:::-_-::,-:-__ :-,--_.J ___ ---::--:-:----::-::--:-' 

-0.20 -0.15 -0.10 ·O(i) O.OIi '-'.05 0.10 0.15 

this I 

0 A48R 

• E4&R 
A A48S 

• E48S 

0 AnR 
• E72R 
A Ans 
• Ens 

0 A96R 

• E96R 
A A96S 

• '90S 
0 AI20R 

• EI20R 

A Al20S 

• EI20S 

Figure 4-5: Sample score and environmental variable biplot from the CCA analysis of the root and soil samples from the Felicia aelhiop;ca ssp. a~llt;op;ca 
~ingle species experiment at all of the plate reading times. The direction of the environmental arrows gives the direction of maximum change of that variable 
across the diagram while its length is proportional to the rate of change in this direction (ter Braak. 1987). In this diagmm, the arrow lengths have been 
multiplied by five to male the biplrn easier to interpret. Monte Carlo permutation tests ~howed that none of the environmental variables Were significant in 
seperuting the samples (p > 0.05, 199 permutations). The symbol coding is as follows: A - ambient Co, treatment. E - elevated Co, . 4& 72. 96, 120 -
reading time during incubation, R - roo! sample. S - soil sample. 
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Cannonical Correspondence Analysis of the Biolog plate data 

The biplot of sample scores and environmental variables of the single species experiment can 

be leen in Figure 4-5, fhe environmental variables investigated (actual lime of plate 

reading, CO2, Soil orgamc maUer, soil pH and soil moislUrc content) had no significant eOect 

on the separation of the samples in the ordination space (p ;:. 0,05,199 permutations). The 

Monte Carlo permutation test of the F -ratios of the first axis eigenvalue and the trace statistic 

(the sum of all eigenvalues) were both not significant. The eigenvalues were vet)' low in this 

ordination (0,{)()3, 0.002, 0.002, 0.001) for axes 1 to 4 respectively. 

In Figure 4-5 the arrows of the envirolllllental variables arc five times longer than the 

onglllal co ordinates. In this figure one can see thatm most cases, soil and root samples 

from One pot grouped together This shows that the sllbstrates used by the lmcrobial 

communities wiUun one pot were more similar than those between different pots witrun each 

treatment. Althollgh the paragraph ahove demonstrates that there is little support of any 

observed patterru; with the ordination, one Can see that there waS some separation hetween the 

ambienl treated pots in the top left of the diagram with the elevated pots (with other ambient 

po ts) tending towards the boltom nghL There was, however, no pattern in the time when the 

pots were read and so one cannot draw any conclusions from these paltems. 

[he distrihlllion of substrate lllilisation scores in relation to the environmental 

variables derived from the CCA seen in Figure 4-5 IS shown in Figure 4-6, Subslrates that 

significantly contribule to the separation of the pots were identified from the I-Value biplot 

(not shown, ter Braak & Looman, 1994). As would be expec ted from the lack of 

slgm licance observed in Figure 4-5, only 10 of the 95 substrates were identified as being 

significantly affected by the investigated environmental factors (Figure 4-6 and Table 4-3) 

Tabte 4-3 Cmlxm ,ubstrate , on the EwIng GN ':vhcroPbte 
CIl'1ronmctllal variable. III the Feilcw aelhlOppca " p... p 

11l,lhlStablc " ~ 1 '11 I I /'" 

iti 
D-goloctooic ocid 10c(oo. 

E3 a-keto 1 ocid 

;~ L·a[alllnc 
" 

G 1 L_ hi"idi n~ 

, 

co, 

1 I' affected by the 
sillgl. ',;;.cies experiment. 

" 

" 

r~-

Time 

Org:lllLC """,., 

G I ° L-thrcoll1llc ri'n< ==7Amo;;'"""'= ·~· ..... ]tt;";;~:c,,<§,,",",===j,======t==,,,===· 
MK ')tOO IAI. COMMuNI rY I'-.[;'I'ON,", 4 - 16 
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figure 4_6: Fllplol of th" substrate (speci",) enV1Wllffient relation from the CCA analy", uf lOC roo! and suil samples from the Felicia aelhiopiCll ssp. 
QeIhiopicu single ;;peeL ' , experi"",m. Substratei:uild, arC dc"gnatcd by lOC differchl point markers and substrate, that were significantly affected by lh" 
cnv]r(:>nmcnl;d .'anablcs a~ marked with the alpha hUm.,;c c()de used Oh the Iliolog (iN plate (Tsbk 4-31. ~ arrow lengths have iJI,"h lllU)lr1ied by 100. 
Cp<l: obtmviatioo of compound 
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The throo Phosphorylated compounds that were sho",n to be consistently different for 

ambient root and ambient soil samples when analysed as a functional group (Garland and 

Mills, 1991) were not identified as being significantly affected by the enviromnental 

variables used in the analysis. This IS because the difference "'as be(",een the root and the 

soil samples and this is taken into account in the CCA by defimng the groups of samples 

using co-variables. 

Canonical Correspondence Analysis of the data from the mixed species study yielded 

very different and cOnciUSlye results (Figure 4-7). Here one can see that there "'as very clear 

separation of the two treatment groups along with close, identical clustering of the root and 

SOli samples oyer the whole reading period. The environmental variable arrows are at the 

actual co-ordinates detenllined by the analysis, they have not been rescaled as was done in 

Figure 4-5. 

As in the ss eXp<."Iiment, the eigenvalues were very low (Ooo5, 0.oo3, 0.002 and 

0.028) for the first four axes with the first three being constrained and the last unconstrained. 

The cumulative vanance of the species explained by the first two axes was very low (5.0 0/. ) 

while the value increased to 81.5 % once the environmental variables were induded in the 

analysis (cumulative percentage variance of species-environment relation), The Monte Carlo 

penllutation test of the F-ratios of the first axis eigenvalue and the trace stati,tic were hoth 

significant (p ~ 0.05 for the first axis and p s 0.01 fOT the trace). This shows that the 

complete set of environmental yanables adequately explains the variation in species data. 

The significance of the envirOlllllental variables were investigated using the automatic 

lorward , ejection procedure and Monte Carlo pennutation tests option in C(lIlOCO. Th,s 

investigation showed that CO2 and soil organic matter were 'ignificant in explaining variation 

in the substrate utilisation data (p s 0,01, 999') pennutations) while soii moisture content was 

not significant (p > 005, ')9')9 permutations), 

Substrates that 'ignificantly contribute to the separation of the chamb<.'r' were 

identified from the t-Value biplot (not shown, ter Braak & Looman, 1994), The distnbution 

of carbon substrates in relation to the enviromnental variables derived from the CCA seen in 

Figure 4-7 is shown in Figure 4-8 and Table 4-4 Thirty ,ix sub,trates reacted significantly 

to the enyiromnental variables, COl treatment and soii organic matter content. There was no 

signilicant effec t of SOlI moisture content on any of the substrates. 
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Figure 4-7: Sample score and environmental vanable biplot from the CCA analysis of the root and soil samples from the mixed species study at ~ll of (he 
plate reading times. The letters are th . cod"S ofth. ~n topped cham~rs us~d. Monte Carlo p~rmutation tests showed that CO, and ocganic matter were 
significant in separating the sampl<:1< (p S 0.01, ~ permutations) while soil moisture content was not signitkant (p >- 0.05. m permutation:;). The symbol 
coding is a, follov.s: A - ambient CO, treatment, E = elevated CO" 48, 72, 96, 120 = reading time during incubation. R - root sample, S - soil , ample. 
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Figure 5-1: Mean dl)' weights (in g) of Felicia aelhiopica ,sp. aelhiop;ca plant part, at the heginning 
of (he labelling experime"t (n- ] 0). Th. hars are means ± ,e. 

TaMe 5-2' M""n dry ",eight of green leaves. ,terns and rooj, of the Felicia aelhinpica ssp_ aelhiopica 
plants exp",ed to "Co., lahelling. The valll'" are ill grams 1: ,tandard Nror (n = 5). RJS is the root to 
shoot ratio. n, Not Significant, ·psO.05 

Treatment Green leaves St~ms Roots 
, 

R/S , 
o g c.r , 

Ambient CD, 0.946 ± 0.5(,6 ± 2.340 ± 1.571 ± , , 
0.100 0,059 __ 

1 
___ 0 .. 2:1>6 0.141 

Elevated CD, 0.854 ± 1.149± 0.640 + ' 1.739 + 
I 009() 0.036 j 0.264- 0.110 

6.Mg c.r Ambient Co.2 -0.925 ± 0.609 ± 
! 

1.505 t 

i 
1.0()6 ± 

0.07] 0.112 0.281 0.207 
Elevated COl O.7R4± 0.567 ± 

I 
1.860 ± , 1.393 ± 

0.063 , 0,043 0.2('8 0.219 
Statistics' 

" 

I C-' 
Glucose effect "' I ~ ns 

I 
~ 

" , 

Co, dYed ns ~ ~ ns 
, , 

G1ucos.e X CO, ns ns llS • , , 
0 Tw<>-wa ANOVA 

"e I\1HX,H10;, 5,9 
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Figure ~-2: Rales of "CO, evolution (("CO, evolution in Bq/loral "c re~(\Yered)·lO') from the wil 
,u!1'ounding Felicia aethiopica "p. (lelniopjcQ planls "n.r puh. labolling tlx: ,hoo(, with "CO" 0- 5, 
4,3, :\ for the Oger' ambient and el~vat~d CO, and 6.8gcr' amb; ~nt and elevated CO, (re"tm~ nt ' 
re'JX'Cllvdy),Th. pomb are meanS ± se. 

Th~re was no difference between the ambient and elevated atmospheric CO, lr~aled plants 

while the very significant effeds of gil1C{)se on Ileo. ,dease was shown by the subslantial 

rodlLdion in "COl release of the 6.8 gc.r1 line 

The overnight CO, trap was analysed in two ways_ The radioochvily of the sample 

was measured and the total amount of CO:! released from soil respiration was measured by 

titration with 0.1 M lIe!. The average values of e01 release, in mgCO,.hr·l.pol-1 w~re 4.00 

and 3,89 for the Og Glncose ex ' ambient and elevated lreatmcnts respect,v~ly (figure 5-3) 

"hile [he 6.8g Glucose c.r' treatment yielded values of 7.24 and 7.35 mgCO"hr-' .por' for 

the mnbient and elevated treatments respectively. Here it ean be s~en that there was no 

cfTe~t of Cal treatment on the wil respiratIOn rat~ b"t the", was a very dramatic increase in 

the soil respiratJOn as a result ofthc glucose addition (p $ 0.0(1). 

The IlC adivity of the overnight sample was added to the cumulative valu~ of the 

daytime 11e02 relea'~ to yield a [otal b~low-gro"nd "'spiration valu~ that wa, "",ed in lurther 

companwns. The four values for the Og glucose c.r' ambient and elevated CO, treatment 

and 6,8g glucose c.rl ambient and elevated COl treatment are 1332.7, 1178.0,256.01 and 

170.54 Bq respectively. 

"c A LLOCA ''Illl< 5 - I () 
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Fi~un> 5-3: Tot"l overnight 80i1 respiration of Fe/icia uethi0l'ica ssp aelhiOl'icu plants Cl.poscd 10 
elnalcd a\mospherio CO, cono~ntrJtlOru and glucose addItions to the soil. "[he bar, ar~ means ± sc. 
Co&s ,,"ed arc"" [0110"'8; AO - 0 g glucoSl' cr' and ambient CO, treatment (n-~), EO - 0 g glueo"" 
cr' and elevated CO, ITc"lm<:nl (n- 5), A6.g - 6.8 g: glucose c.r' and "mtllcnt CO, treatment (n~4» 
106.8 - 6.8 g gJuco;e c.r' and elevated Co, treatment (n=3) 

Investigating the CO2 lreatm ~nl eff~ct on plant carbon all(X:ation r~veakd that there wa.~ a 

"gnilicam reduction ill 14C present (expressed as lotal Bq) in the leaves of the Fehcia 

aelhioplca ssp. aethiopica plants grown at elevated COl concentrations Uahle 5-3). This 

table also shows the reductions thro .. gh the rest of the plants with significant differences 

occurring in the roots and K,SO. extractable carbon. These results show that there was a 

down regulation of the photosynthetic machinery that resulted in less "CO, being taken up 

by the plant and consequently less being released by the roots into the soiL 

To correct for potential difference. in plant sizes and .hghtly different labelling 

conditions within the chamher during the two glocose treatments. the allocation of the 

absorbed ,.c around the plant lS expressed in tel1l1S of the perccntage of the total 14C 

recovered from the plant. This allows the investigation of allocation within the plant. It was 

found that thcre were no significant differences and so it can be concluded Ihat th~ plants 

were taking up ks. carbon but proportional allocation around the plant remained constant 

Uahle 5-4). The one exception OCCUlTed for the soluble carhon that showed a reduction in 

the percentag~ of(he total that was allocated to this pool. 

"c ALUXAT'QN 5 - II 
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Fil:ure 5-4: Distnbutwn of "c m plant aM soil pools afkr puhe labdlin~ Fdici" ac/hiopica ssp. 
a~lhiopica plants that had h~~n exposed to ambient mma.;p]",ric eo, conccntr"ti(}m for g]l) day , . 
Measurem~nt' made atler 20 h(}nrs of tr"cing, (n - 5 for water oontro] and n - 3 for 6.R ~ glncosc 
c.r') Il1~ bars are means ± so of lh~ percentage allocation as was presented by Cheng el al (1994) 
whil e the statistics were performed (}n "rcsme tmnsformed data. ** p<O.O I a~d **·p<;OJlOl 

" 
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" • • 

~ " , 
• 

" • • • • 
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1U""'Ik" &" '001 

Figure 5-5; Distribntion of L<C in planl and soLI pools "fier pul,~ labelling Felicia "clhivpica "'p. 
aerhiupica plant' th"t had been expo,ed t(} cleyaled almospheric CO, ooncentrations for RIO days. 
MeaslLf~m~nl.s made after 20 hour< of traoing, (n = 4 for w"(er control and n ~ 3 for 6.R g glucose 
e.r') 'j he bar< are m~am + ,e of the percentage "llocation as was presented by Cheng et al. (I "')4) 
while the ,talistics were perfmmed on arcsine tmn,to..med data ... p,;O,O I and ***p50.00 1, 

"c .".I.0CH!O); 5 - 14 
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The two-part Fynlxls study allows the comparison orbQth spatial and temporal scales orco, 

response. The experiments looked at either one species (Feliria aelhiopica ssp. aelhiopica) 

growing ill(hvidually in a pot (ss experiment) or aJTays of five different species grown in 

microcosms (ms .tudy). The next level of response would be at the landscape level and 

although experiments Were not conducted at this level, predicted responses will be discussed 

assuming that some the more rohust of the microcosm results can he scaled up. In the ss 

exp<:rimelll two harvests were made. one at 568 days after planting and the second at 810 

days ailer planting. This difference gives indications of how the responses of the plants 

could ch'lllge with time and as growing conditions change. 

The species chosen for the ss study (Felicia aetniopica ssp. aethiopica) exhibiled very 

slow growth and development with an average of only 3.7 g of dry mailer accumulating in 

almost three years of growth. This study thus complements earlier studies of fast-growing 

species (Poorter et al. 1993) and provides insights into how slow growing shrubby plants will 

respond to changes in the atmospheric Co, concentrations. 

The grassland study site was natural grassland surrounding a CO, source (Harris et 

al. , 1997) that is blOwn to have been fumigating the area for at least 70 years and possibly 

longer. Added to this, a ~ontrolled fumigation experiment was established away from thc 

primary source that was investigated for tWO ye~rs (1997-1998). The site !hIlS Yldded data 

Irom a 70 ' y~ar treatmelll, a two year treatment, a one year treatment and control plots. The 

different time-scales of CO, exposure allows lor the comparison of shorl-lerm studies with 

long-term outcomes. Many earlier elevated CO2 studies were compromised by Ihe very 

short-Ieml expenmental treatments. These problems have been overcome by Ihe above 

design. 

Fil!:llr~ 6-2 : Leaf phy""I,,~y, plant watcr u&!' an<.i soil wal"," COntcnt. 

C~Rl<O" fLOWS 6 - J 
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Part A; Leaf physiology, plant water use and soil water (Figure 6-2). 

Thi~ :;eetion of the model does not oontam very mueh information, as can be seen from the 

dashed line~. ·nJrough these linked proce~sc~ one can see the way in which the soil water 

content can be affected by e1ev4ted <ltn:>o~heric CO, concentrations althollgh investigations 

orthb effect were not \,ithin lhe scope ofthe current project. In both Chapter 3 and Chapter 

4 it ",a~ found that there wa;, no significant change in the soil /llOisture content. This wa~ 

largely due to the experimental design where it was ensured that the pbnts were well watered 

in order to prevent sojllnol~lure effects altering the C02 effects being studied. 

figure 6-3 : Photooynthc,is ~nd bioom" ~noc~tiOl1. 

Part B: Photosynthesis and biomass allocation (Figure 6-3). 

No direct mea;,uremenls 01" the photosynlhetic rales were made; however a surrogate 

mea;,ure, namely the uptake of "c by the plants, showed lhatthe plants acclimated to the 

changed atlllO,plIeric environmenllhrollgh lhe ,ignilicanl decrease in lhe ~lmoWl1 or carbon 

being abSOf"bcd by the COl lTeated pbnts when exposed to the conditions prescnt in the '4C 

pulse-chase experiment (Chapter 5). Thb conclu~ion b ~upponed by the decrease in the leaf 

nitrogen content of the plant~ (Chapter 2). The decrea,;cd '\: uptake re~u1ted in olher plant 

parts showing reduced radioactivily <IS well. lhere was littk change in the gross allocation 

of biomass around the planl with the plants Ix:coming slightly ~maller with no ch<lnge in the 

root to shoot r<ltio (Chapler~ 2 and 5). 

'1utrirnt and 14C allocation d<lta can be expressed either as total amount~ of material 

or <IS percenl~>ge~ of the overall ~i/e of the pool within the plan!. These two portraY41s reveal 

CARBONrWWS 6 - 4 
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Tn (his project, Chloroform ,Fumigation Extraction (CFE) techniques were used to elucidate 

changes III the microbial biomass and to meaSure the soluble carbon content of the soil 

(Chapter 3) while "C02 labelling was useu to follow recently fix ed carbon from the leaves 

into the soil along with making direct measures of the ,oluble carbon release into the soil 

(Chapter 5). 

Elevated atmospheric CO, treatment reduced the relea,e of soluble carbon from the 

roots of F. aerhiapira while the root biomass remained constant. This indicates that there 

was I~ss carbon released 

plants. This reduction 

per unit root weight uemonstraling a physiological change in the 

would be likely to have the effect of reducing the size of the 

rhizosphere, the volume of soil intluenced by the plant root. This prediction is confirmed by 

the weight of the rhizosphere soi! in the elevated Co, treated plants shrinking by a nOn­

significant 51 percent at the first harvest (Chapter 2) This reduction in the size of the 

rhizosphere would potentially make the plant less able to absorb nutrient. from the 

surrounding soil which could cause it to become les> competitive. 

Prior to lahelling_ there was no difference in total soil respiration (Chapter 5). This 

measure is an integrated soil release measure (hat is not differentiating among root activity, 

rhi zosphere microbial activity, and bulk soil microbial activity. 

The CFE experim~nt revealed that there was significantly more 'oruble carbon in the 

SOlI after growth in elevated atmospheric CO2 while the labelling experiment yidded 

contradictory results showing a significant decrease 1Il the total s.oluble radiation 1n the soil as 

well as a decrea,~ in the allocation of carbon to this pool by the plant. Reasons for this 

apparent contrauiction need to be sought. 

C ARBON FL.OW. 



Univ
ers

ity
 of

  C
ap

e T
ow

n

In the CFE e~periment the measure of soluble carbon is an integrated measure 

resulting from root exudation that has occufl"ed ovm' a period of time while the 14COl 

labelling eXp!'riment investigated release of recently fixed carbon. No "historical" carbon 

was measured. Data from Chapter 2 shows a non-signifICant reduction in green leaf mass 

along with a sigmficant i[ICr<lase in leaf herbIvory which resulted in less carbon bemg 

available for release from the roots, This was shown by the L<C experiment (Chapter 5). On 

the other hand, Chapter 3 showed that there was a non-significant 17% drop In the soil 

microbial biomass along with a decrease in the size of the rhiwsphm-c ((he region of highest 

microbia] activity Ifl the soil). llllS would resul( in less root exudate being utilised by the 

organisms that would allow the accumulation of soluble carbon in the soiL This is how it is 

possible for less exudate to be released fTOrn the soil while allowmg for the measured 

Increase m soluble C in the soiL The above example demonstrates how important it is in 

below-ground mvestigations to clearly understand the analyses that are being perfonned, 

Th,s allows One to identify differences in methods that initially appear to be measuring the 

same process, 

Darrah (I ~%) used a model to show that there CJn be significant re-uptake of carbon 

exllliatcs fTom roots in non-sterile soils, This observation can innu~nce the interpretation of 

root exudation studies. FTom the 14C exp~'liment very liUle carbon was absorbed by the roots 

mdicated by the lack of any isotopic trapping in the root samples (Chapter 5). 

Part D: Soil Microbial responses (Figure 6-5). 

Three important changes can occur in the soil microbial populations: the biomass can challge, 

th~ activity of the organisms call change or the community structure of th~ mIcrobes can 

change. 

Reasons faT the slight reduction in microbial bIOmass (Chapter 3) m spite of the 

significant increase in soluble carbon in the soil need to be sought. Again, as with thc plant 

growth, It IS possible that the soil organisms were not carbon limiwd as was found in the 

rhiwsphere by Ch~ng et al. (1996). Thc 'luality of the cxudate may also have changed 

making it more difficult for the microbes to utilise which would have reduced their biomass 

along with allowing the accumulation of soluble carbon in the soil (Lckkerkerk el ul, 1990). 
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The AWCD (average well colour development) of the Biolog™ plates showed that the 

potential actIVity of the microbes was also unchanged with COl treatment (Chapter 4). Any 

dormancy due to moisture, l\Utrient- or carbon-supply would have been broken by the 

BiologTM analysis Sadowsky & Schortemeyer (1997) warn that indirect measurements or 

microbial activity rarely mimIc what is occumng under unperturbed conditions. 

The 14e labelling experiment allowed the calculation of the proportion of the respired 

carbO!l coming directly from the plant's roots versus the amount that was originating from the 

soil microbes (Chapter 5), This is an impol1ant difference because COl released by the 

mIcrobes needs to pass through the soil in the fonn of exudates allowing greater possibilities 

for the caroon cycling to change under changed environments. 1he experiment also 

provided another measure of the activity of the soil microbes associated with the Felicia 

roots. It was shown that a large percentage of the recently fixed COl released from the soil 

was being generated by the soil microbes. In the ambient group, 86"1. of the 14CO) was 

coming from the mlcrohes while !II the ele\'ated treatment the value hatl increased slightly to 

91 %. There was little evidence for any statistical support for this ohserv~ difference. 

From these high values olle can see that small changes in the mot and microbial interaclif1ns 

have the potential to have large effects on the overall carbon flows within til<: so1l. 

Further data analyses from the BiologTM system (Chapter 4) revealed that both the 

riclmess of substrate utilisation (number of positive wells on the plate) and the responses of 

the II different substrates Were unchanged. Analysis at this level of detail begins to reveal 

mIcrobial responses to CO, at the community response level. Dhillion et at. (1996) sMwcd 

differences III the use of amllles and ami des by the soil microbes in their MedIterranean grass 
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