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ABSTREACT

The Kalahan Transect (KT) is an Intemational Geosphere-Biosphere Programme mega-transect designed
to examine hydmlogical and ecological patterns and processes throughout the savannas of southern
Africa. The KT traverses a precipitation gradient ranging from -~ 920 mm rainfyear in the north to
~ 260 mm minfyear in the south. Previous research shows a positive correlation between canopy cover
and precipitation suggesting a water limitation on productivity. However, there has been minimal
research on other possible sources of limitations, such as =soil Nitrogen (M) and/or Phosphorus (). We
used a factorial in-situ experimental design to test for increased aboveground grass production
(measured as peak season standing stock) under elevated =oil P and P+ M levels. Four sites along the KT
precipitation gradient were used in this study: Mongu (Zambial Pandamatenga (Botswanal Ghanzi
(Botswana) and Tshane (Botswanal. Soils at each site were amended with N and P fertilizers during the
dry season We extracted soil zamples during the following growing season to analyze for plant available
soil P Vegetation samples were harvested from which we measured foliar P and aboveground grass
hiomass production. We saw differences in foliar ' at the treatment and site level but not for the
interaction between treatment and site. There were individual effects from site on biomass but not for
any interactions with nutrient treatments. Despite higher levels of foliar P we did not detect an increase
in aboveground biomass. This may be explained by lheoury uptake or allocation to belowground
resouroes.

1. Introduction

Approximately one third of southern Africa is ooccupied by the
presence of the Kalahari Sands (Scholes and Parsons, 19497). This
sand-filled basin traverses a major north-south precipitation
gradient, ranging from ~%20 mmyvear in the north to ~260 mm/
wyear in the south. The Kalahari is chamcterized by the continuous
presence of mixed life-form plant communities. The savannas found
in this region of southern Africa host both trees and grasses with
seemingly non-successional persistence, a paradox that has
intrigued ecologists for decades. The Kalahari Transect (KT} was
identified as an International Geosphere-Biosphere Progranmme
mega-transect research sivte for ecological and hydrological investi-
gations (Koch et al, 1995 along this dramatic precipitation gradient.

= (orrespanding suthar. Tel: 41 434 249 44385
E-rm! ackdress redl@science oregonstate sdu (LR OHallaran)

Previous work on savanna ecosystems has highlighted rela-
tionships between woody canopy cover and mean annual predpi-
tation (Caylor et al., 2003; Sankaran et al, 2005). The limitations on
savanna producivity by precipitation have been documented (eg.,
Breman and deWit, 1983; Scanlon et al, 2002; Sankaran et al., 2005)
but the role of nutrients at different levels of precipitation s not as
clear. Previous work on other precipitaton gradients has shown
variation in soil nutrients along the gradients (Austin and Vitousek,
19498] but few have connected the interaction between nutrients
amd precipiation on produdivity. Epsteinet al. (2006) put forth
hypotheses on the relative effect of limitations by blochemical, light
and vegetation constraints across rainfall gradients. They hypothe-
sized that Nis equally limiting across precipitation gradients, light is
maore limiting at high precipitation and plant characteristics are
maore limitng at low precipitation, Although comprehe nsive in their
review of M, other nutr lents that are possibly limiting in sub-tropical
savannas, such as F, were not considered.



Recent studies show that although the soils along the KT are
similar in physical parameters such as soil texture, porosity and
bulk density, they vary in avallalle soll nutrients such as ammo-
nmium and nitrate (Aranibar et al, 2004; Wang et al, 2007). The
presence of cyanobacterial soil crusts which can stabilize Kalahari
soils may also contribute to this heteroge neity. Cyanobacterial soil
crusts can stabilize the sandy soils of the Kalahari, minimizing
nutrient loss that may occur as a result of disturbance or leaching
(Berkeley et al, 2005). Their presence may be discontinuous and
can vary between canopy species (Berkeley et al, 2005), thus
contributing to the hetemgeneous nature of Kalahari soils, partic-
ularby for total M but not phosphate (Thomas and Dougill, 2007 ).

Other research along the KT has described trends between soil
carbon (C) and vegetation structure (Ringroseetal, 1998; Bird et al,,
20014} as well as inareasing isotopic ¥Cin Cy plants with decreasing
rainfall. Despite the ubiguity of savannas throughout the earth, the
research by Caylor et al. (2003}, and thorough characterization of
the KT vegetaton resulting from the SAFARL 2000 cam paign (Global
Change Biology Volume 10, 2004), there has been little research on
the role of soil nutrients, particularly F, on limitations in plant
productivity relative to mean annual rainfall along the transect.

Both N amd P are essental nutrients that play critical roles in
photosynthesis. Nitrogen is a vital component of rubisco, the
enzyme that catalyzes the arboxylation and oxygenation of RuBpP
in the Calvin cycle. More than hall of the N in leaves can be
accounted For in such photosynthetic machinery (Lambers et al,
19498). Phosphorus is needed to produce ATP and NADPH in the
light reaction which is regquired o reduce the PGA, to produce
triose-P and o regenerate BuBP to sustain the Calvin cycle. It is
evident that limitations from N and P availability can therefore limit
photosynthesis, the process that generates plant biomass.

The relative limitationof N and Pon productivity is a fundion of
their availability in the soil and their demand by the vegetation.
Consequently, M and P imitations vary spatially and tempaorally in
terrestrial ecosystems. For example, N is often more limiting in
early successional ecosystems (temporally) before N has accumu-
lated in the soil and while P derived from parent material is still
available (Crews et al, 19495), Because a major source of soil P is
from the underlying bedrock, soil P usually is limiting in highly
weathered soil, common to opical forests (Vitousek, 1984} Some
studies suggest terrestrial systems such as the Amazon Basin (Swap
et al., 1992 receive P depaosits from asolian dust sources but these
imputs occur over thousand to million year time scales. At smaller
spatial scales, nutrients may vary due to “islands of fertilig™
(Schlesinger et al, 1996; Okin et al., 20014, 20016}, the accumula-
tion of nutrients under trees and shrubs,

Phosphorus is removed from the soil during plant uptake, fire,
leaching and dust removal. As it is returned o soll via senesoent
vegelation, fire and dust deposition, P may be partiioned into
many forms of which only some are available to plants, Unlike N
which can be fixed by N fixing bacteria on plant roots into a plant
available form (Mz — NH4) P cannot be sequestered from a gaseous
state, Therefore, P would seemingly become limiting in older soils
when outputs are greater than inputs.

Previouws stud bes have desaribed savannasaswater and Nlimited
(du Preez et al, 1983; Scholes and Walker, 1993; except Wang et al,,
20047 but littde attention has been foused on potential P limita-
tions, Scholes and Walker (19493) observed high P mineralization
rates and a greater abundance of total P in soil than in vegetation
suggesting that broad-leaved savannas are not P limited. Fine-
leaved savannas have been shown to have higher herbaceous and
tree leal litterfall and larger soil P pools (Scholes and Walker, 19493
Phosphorus pool concentrations are useful for characterizing
nutrient distribution insavannas, however, they cnnot necessarily
be used as an absolute comparison between savannas because of

potential confounding effects with edaphic, climatic or biotic
differences between savannas.

Walker and Knoop (1987) attempted to address the relative
roles of Nand P limitations ina Burkea africana savanna in Mylsvley
(630 mm precipitation fyear] by applying N, P and potassium in
different combinations to the herbaceous layer. They concluded
both aboveground biomass and plant nutrient concentrations of
the herbaceous laver increased under fertilized conditions, with the
largest response evident in N plots and conflicting responses in P
plots (Walker and Knoop, 195871 A similar experiment was con-
ducted in a tropical dry savanna in Tanzania where N and P were
added under Acacia tortilis trees and in open areas (Ludwig et al,
2001, 2004). Results indicate prod udivity was higher when P was
added to subcanopy grasses bul nol in open canopy Erasses,
whereas the opposite was found for the addition of N A recent
study in a woodland savanna in Botswana found end of season
aboveground biomass to be higher in plots amended with both N
and P, suggesting a nutrient co-limitation (Ries and Shugart, 2008 ).

There have been limited in-situ experiments looking at vegeta-
tion productivity to enhance nutrients in the savannas of southern
Africa. Given the age of Kalaharl Sands, we expect low nutrient
availability to constrain vegetation growth. We hypothesize that
grasses along the Kalahar to increase biomass production under
elevated soil nutrient conditions, particularly in the northern end of
the KT where rainfall is higher and water less limiting. Here, we
present the results from a regional scale in-sifu experiment in
which we tested the hy pothesis that P limits biomass production in
the savannas along the KT. We increased the levels of soil Pduring
the dry season and returned the two following wel seasons Lo
mieasure the resulting biomass production. We also looked at soil P
to ascertain the success of our nutrient application technique and
foliar P to detect evidence of P uptake.

2. Materials & methods
21, Study sites

Four KT sites representing a major portion of the precipitation
gradient were used in this study (Table 1) Each site receives
a distinct level of mean annual precipitation, ranging from 879 mm
rainfyear in the north (Mongu) to 365 mm rainfyear in the south
(Tshane; Scholes et al, 2004). Interannual variability in precipita-
tion is positively correlated with precipitation and decreases from
north to south along the KT (Scanlon et al, 2005). For year 1 and
year 2 of the experiment, the following rainfall data (3843 monthly
comeerted o annual) were colleded by the Tropical Eainfall
IMeasuring Mission [TEMM ) by NASA, from nocth to south, Year 1:
564 mm/year, 450 mm/year, 362 mmjyear, 436 mm jyear and Year
20 M4 mmjyear, 804 mmjyear, 621 mmyyear and 587 mmjyear
(Wang et al, 2009} All sites are at similar elevation between
1084 m and 1115 m, and are characterized by co-existing trees and
grasses but support different dominant species (Table 1)

22 Nutrent addition

The experimental set-up was a factorial blodk design at each of
the four sites along the KT. We designated four replicate blodks
(each 21 m= 13m) at all sites each containing four 10m < 6m
fertilizer treatments: phosphorus (P}, nitrogen (N), nitrogen and
phosphorus (N+P) and control. The 10m=6m plots were
bordered by a 1 m wide buffer to limit cross contamination of
fertilizer treatments. The results presented here focus on the P
limitation portion of the study. Henoe, the discussion highlights the
effect of the fertlizer treatments (P, N+ P and control). The N



Talse 1

Gener sl dite charact= s tics lor sites vizsitad for thizstudy slong the Kalshari Transect Prad pitstion decraxies from north tosouth. Allsites e hibit co-sdsting treaes and gragies

slthaugh the dominant waoody and grass spacies sra not the same.

Sits Latituele,  Altitude  Measn anmeal  Savanns type Dominant woody spacies Dominant grass speciss
longitude {m) predp (mm)

Mongu (Zambia) 15445 1084 a8 Micmba wood snd (ol -lesl) Brachystegia spicilormis wrtknonwn 3
2335

Pandamatenga {Botswana) 18655 10685 593 Doy Kalahari woodland {brosd-leal)  Kirkio acusmunot, Falbioss plodjuga  Pondowsm smaadmim
2550 E

Glaanzi {Botswana) 22415 1083 424 Dhpeen Acacia sivama {line-leal) Acaria mellifera, Grewda flava Sohrid tia peppophoraddes
2LT1E

Tahane {Botswana) 175 1115 365 Open Acacia shrubland (ine-leal) Acacia mellifera, Acacia liederitsi Erogros s dehmomdana
2189E

treatment was only used o assess limitatons on aboveground selected five random sampling points withineach treatment ineach

biomass producion.

Mean annual Pinputs from literfall (herbaceous and woody)
are 0.22 g Pu'l[]zul_',.'l:dl' for broad-leaf savannas and 073 g P.'lnz.'_l,.'ur
for fine-leal savannas (Scholes and Walker, 1993 )L We applied P at
a lpading rate of 330 g P/m~year, which exceeds the annual input
from litterfall. Calcium nitrate and single super phosphate fertl-
izers were applied in the 2004 and 2005 dry season (late Julyfearly
Augusty A solution of 1.75 kg CalHzPOs 2 (10.5% F) and 10 L water
was applied to each P plot using a SHURMo ProPadk™, The N + P
plot received the same P treatment plus 4.7 kg Ca{NOs)z and 10 L
water with a SHURMo ProPack™ electric backpack sprayer. The
control treatment received only 10 L water. We are confident that
the signature from the water addition in each plot was diminished
by the onset of the rainy season. Based on Kalahari potential
evaporation rates, 0.01-2.08 mmjday (Obakeng and Lubcrynsk,
2004, the water applied in the treatments (10 Lj60 e equivalent
to W03 mm), would evaporate within a day.

23, Vegetaton and soil sampling and analyses

Vegetation and soil samples were taken during two consecutive
growing seasons proceeding nutrient application. Henceforth, we
refer to the 2005 growing season as “Year 1 and the 2006 growing
sEason a5 Year 2.7 Sives were visited from south to north during the
wet season in January February 2005 and 2006, At each site we

Talile 2

of the four replicate blocks. This provided a total of 20 sampling
points for each fertilization treatment and a total of 80 sampling
points per site. At each sampling point we used a 1-m quadrat from
which all aboveground grass biomass within the quadrat was har-
vested by species. The wet weight was recorded and grass samples
wiere stored in paper bags, air dried in the feld, weighed for dry
weight and returned to the laboratory where they were stored for
foliar nutrient analysis. Additionally, one soil sam ple was removed at
each sampling point using a stainless steel soil auger from 0-15 cm
deep. Soil samples were stored in zip-lodk bags, allowed o airdryin
the field and stored until laboratory analysis.

Alter returning to the University of Virginia laboratory, vegeta-
tion samples were dried at 50°C o constant weight Vegetation
was ground ina Wiley mill (#20 sieve) and stored in paper enve-
lopes until ready for nutrientextraction. Soils that were dried in the
field were sieved with a 2mm sieve and stored until ready for
nutrient extraction Vegetation and soil samples were processed in
the laboratory for plant available P using the Bray technigue (Bray
and Kurtz, 1945) The Bray extracion reagent was a 003N
ammaonium fuoride and 0025N hydrochloric acid solution used
for 2 =0,003 grams of soil. Phosphorus extracted from the soil
sampleswas measured using an Alpkem Autoanalyzer as described
in Ries and Shugart (2008,

Data were analyzed to compare the effects of fertilizer on plant
available P, foliar P and grass biomass production within and

Statisticsl data for sl fixed ell=as (4te and trestment ) and the interaction @ffact batwesn site and trestment on plant sesilsble phosphomns, Talisr phosphomns and sbove-
groumd grass iomass Year 1 {2005]) and year 2 {20058 of the sxperiment data are presentsd

Senure Plant-avsilslvle P 2005 Plant-availslile P 20057
Wum OF Dhan DF F i Num DF Den DF F i

Site 3 168 33 <0001 3 94 A5 <0

Trestment 2 164 3523 <0001 2 34 523 000

Site™Traatment L] 168 386 Qna1s L] 34 28 00224

"Data were log transformed "Deata were log translommed
Sounce Faliar P 2005% Faliar P 2006
M DF Den DF F P Mum DF Den DF F P
Site 3 33 18381 = (L0 2 20 2133 <0000
Trestment 2 33 10.78 0.0002 2 20 a7 a8
Site"Treatmeant & 33 1 04417 4 20 1.08 0395
"Data were log tramlonmed "Drata were log translonmed
Sowrce AG Grais Biomass 2005 AL Grxs Biomas 2006
W DF Den DF F ;n Humn DF Dien DF F v

Site 3 32 2864 <0000 3 32 1425 =000
K 1 32 025 QE195 1 3z 061 0439
P 1 32 169 0205 1 32 019 D668
K 1 32 LU 084 1 32 345 D553
Site"N 3 32 ons 09793 3 32 0 07237
Si="P 3 32 ons 09628 3 3z 0.08 0965
Site"NTF 4 32 o3 18951 4 32 542 0oz




between sites along the KT precipitation gradient. Data were
analyzed with a two-way ANDVA using SAS (v, 91, PROC MIXL All
response variables (plant-available P, foliar P, aboveground grass
biomass) were analyzed for a treatment defined by classes: B,
N +F anmd control and site. A post-hoc Tukey test (a=0.05) was
used to assess significant differences, denoted by different letters
in the figures, between B, N+ P and the control for all response
variables.

3. Results
3.1 Mant available sod P

Site, treatment, and the interaction between site and treatment
all had significant effects on plant available P for 2005 (year 1) and
2006 (year 2; Table 2). Inyear 1, site had a strong significant effect
(F=33.0, p=0.0001) on plant available P. Results from Tukey
comparison between sites show us that plant available P was
lowest in Mongu (0005 mg'g 0001} the wettest end of the
transect and was highest in Ghanei (002 mglg =0.001; Fig. 1}
Tshane (0008 mgjg =0001) and Pandamatenga (0,009 mgle
L0001} did not differ significantly from each other but were
significantly lower in plant available P than Ghanzi. Inyear 2, there
was also a site effect (F=295, p = 0.0001} We found the greatest
amount of plant available soil P in the middle of the transect at
Ghanel (0015mele =0001) and Pandamatenga (0011 mgle
+0.001}, which were not significantly different from each other
Tshane (0004 mglg 0.002) and Mongu (0.002 mglg 0.002) were
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Fig 1. Sail plant svailable phosphorus lesst square mesns kr site effects (a) and
reatrem elfscts (b ) Dats are presented lar year | (grey) and year 2 (white | Sites vary
in mean annual precipitation (Mongu = 879 mm, Pandematenga= 598 mm. Ghan
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between site and treatment means, nol between years.

not significantly different from each other but were significantly
loweer than Ghanzi and Pandamatenga.

There was a significant treatment effect (F= 3528, p < 0.0001;
Table 2} during year 1 of the experiment on plant available B Both
of the phosphorus treatments, P {0013 mglg =0001) and N+ F
(0,013 mgfg £0.001), had higher levels of plant available P than the
contral treatment (0006 mglg =0.001; Fig. 2). The P and N+ P
treatments had over 100% greater plant available soil P than the
control treatment. During the second year, soil plant available P was
significantly higher in the P reatment (0010 mg'g £=0001) and
N=F treatment (0010 mg'g =0002) than the control treatment
{0,005 mglg +0.001).

There was a significant interaction effect between site and
treatment on plant available Pinyear 1 of the experiment (F = 366,
p=00019)and year 2 (F=2.60, p = 0.0224; Table 2). In year 1 there
was a positive P reatment effect on plant available P at Tshane
(154% increase), Ghanel (64% increase), Pandamatenga (200%
increase) and Mongu (213% increase) relative to the control treat-
ments at each of those sites (Fig. 2a). Similar increases in plant
available P were also seen for the N+ P treatment at each siwe
relative to the control: Tshane (145% increase), Ghanzl (57%
increase), Pandamatenga (211 %) and Mongu (576%) (Fig. 2a)
During year 2 the P treatment significantly inoreased plant avail-
able Prelative to the control treatments for three of the sives Tshane
(81 %), Ghanzi, (B5%) amd Pandamatenga (198%) but there was no
significant change in Mongu (Fig. 2bL The N+P treatment
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Fig X Sail plant svailable phaiphons least square mesm 3t exch site far each
treatroent (Site by restment intersction). Data are presemed lar year | (a) and year 2
(bl Sites  vary  in omean amual  precipitation  (Mongu=879mm. Pae
damatengs =698 mm, Chaed = R4mm, Tshane =565 mm)l Nukient trestments
inchude ingrexsd phosphars (P inoresssd nitrogen and phoasphore (N P) and
& contral where nonutrents were sdded Letters in bath {a) and((b) denate signilicant
Tukey Kramer adjusted diller snces betwesn site means lor sach breatme



significantly increased plant available P at Tshane (B0 %), Ghanei (B2
%) and Pandamatenga (201 %), There were no significant treatment
effects on plant availalle P in Mongu (Fig. 2B}

32, Foliar P

Site had a significant effect (F= 1881, p< 0.0001) on foliar P
during year 1 of the experiment. Mongu exhilited the lowest foliar
P 088 melg =0.08; Fig. 3a). Pandamatenga (146 mglg £0.049) and
Ghanei (1.70 mg/g £0.08), had the highest levels of foliar P and
were not significantly different from eadh other (Fig. 3a). Tshane
(107 mglg =0008) exhibived foliar P levels between those found at
Ghana and Mongu (Fig. 3a). During the second vear of the experi-
ment, there were different trends along the KT. Foliar P decreased
from Pandamatenga in the north (3.72mglg 023) to Ghanzi
(243 mg/g 021} to the lowest P in Tshane ( 1.48 mglg 0.23; Fig 3al
There are no data available from Mongu for year 2.

There was a significant treatment effect (F= 1078, p= 00002,
Table 2) on foliar P in year 1. Both the P treatment (1345 mg Plg
+008) and the N+ P treatment {1489 mg Plg £0008) significantly
increased foliar P in comparison to the control treatment foliar P
levels (Fig. 3b). In year 2 there was also a significant treatment
effect (F= 10,27, p=0.0009) on foliar P. As in the frst year, the P
(303 mgPlg =023} and N + P(2.79 mg Flg £0.22) treatments did
not differ from each other but were significanty higher in foliar P
than the control (181 mg Plg =022 treatment.

41
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damatengs — 598 mm, Chand — 424 mm, Tshane -365 mm ) Nutrent trestmems
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Tukey Kramer sdjusted dilfersnoes betwesn ite | Fig. 2] and trestment (Fig b) means
Data are unavailshle br Mongu during year 2.

There were no significant interaction effects between site and
treatment (F= 10, p=04417) during year 1 (Fig. 4a) or year 2
(Fig. 4b).

3.3 Aboveground grass biomass

There was asignificant site effect (F=28.65, p< 0.0001; Table 2)
on aboveground grass biomass (AGE ) during the first year of the
experiment. Aboveground grass biomass was not significantly
different between Mongu (B.90gn? £4.075), Pandsmatenga
(1264 g'm?® +4.32) and Ghanzi (1630 g/m® =4.07). and for year 1
(Fig 5a). Tshane (5601 g/m? £4.075) produced significantly higher
AGE than the other sites. During year 2, there was also a significant
site effect (F=4045, p< 00001; Table 2) on AGE. In contrast to
year 1, Mongu (199 g/m? =3.18) had a significantly lower AGE than
the other three sites. Fandamatenga (76.76 g/ne £3.18) produced
the greatest AGE while the two southern sites, Ghanzi (556 g/n
+318) and Tshane (749 g/n® £318) had significantly lower yet
similar levels of AGE (Fig. 5a).

There were no significant effecs from N (F=025, p=06195), F
(F=169, p=0203), N*F (F=001, p=0.203), Site*N (F=10.06,
p=0.4979), SieF (F=0049, p=0363] or Site®N*P (F=0.13,
p=0.991; Fig 6a) on AGB during year 1 (Table 2} In year 2 there
were no significant effeds from N(F=061, p=0439}, P (F=0.19,
p=0L659), N*P (F=395, p=0055), Site*N (F=0.44, p = 0.724) or
Site*P (F=008, p=0%969). The interadion effed, Site*N'F, had
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mean anmuasl  precipitation (Mongu - 879 mim,  Pandsmastengs - 598 mm, Chan-
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betwesn site means lar asch trestment. Dats are mising lor Mongu during year 2.
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P 0001) and year 2 biomess (F= 1425 p< 000010 Letters denote signilicant
dillerences between site means fr the same year In year 1, Tshane produced the
highesit biomass (gjm?) while Pandamaienga produced the highest biomass (gfm?) in

year 2.
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a signifiant effect on AGE (F=5.42, p=0002; Fig 6b} inyear 2.
Fig. 6y shows significant differences between sites. Relative o the
control treatment, the W treatment showed significantly lower
biomass production in Mongu.

4. Discussion

The methods employed to increase plant available P were
successfulin that both the Prreatment and the N + Ptreatment plots
contained nearly twice as much plant available P as the contral plots.
The results on plant available P clearly suggest that there are diffes-
encesinambient levels (e control reatment } of soil plant available
P along the KT, With the exception of the most southern site, Tshane,
there is a general increase in plant available P from north o south
along the KT. These data agree with general hy potheses that open
fine-leal savannas, as seen in the southern portion of the KT, are
relatively eutrophic while broad-leal savanna woodlands, as seen in
the northern portion of the KT, are more dystrophic (Scholes and
Walloer, 19493 ) The values found in the Acada dominated dry end of
the KT (0004-0014 mg Plgl are higher than those values (0.0005-
L0013 mig Pig ) found inan Acedo dominated savannain Tanzania 4=
5, 37+ E, 6590 mm rainfyear; Ludwig et al, 2004). Howewver they are
very similar to those values (000046 mg Flg Jfound inthe Chihuahuan
Desert, MM{32: M, 106= Wwhich receives comparable mean annual
rainfall (Whitford et al, 1997), emphasizing the link betwveen plant
available P and precipitation.

When we look at the trend in plant available P across the KT
regardless of treatment (Le site effect only) the values of plant
available P are greater than looking at the site effect alome (bec use
they include all treatme nt types) but still follow the same pattern of
decreasing plant available P with the exception of Tshane. The
interaction term, site® NP highlights that plant available P differed
significantly acoss the transect and nutrient treatments relative to
the contral reatments. A similar correlation between decreasing
precipitation and indeasing P owas also seen along a rainfall
gradient in Hawai'l (Austin and Vitousek, 1998),

Differences in foliar P were only apparent when all sites were
analyzed wgether (Le. treatment effect . There was indeed a signifi-
cant increase in foliar P after nutrients were added to the soil as
compared to the levels of foliar P in the wontrol treatment. The
interaction efect between site and treatment provides us with the
most information on the relative uptake of nutrients along the KT.
There was not a significant effect from the interaction of these two
terms, suggesting that there is no difference in the rate of uptake
betweren sites. However, an increase in Foliar P in the alsence of an
increase in blomass suggests a possible luxury uptake of nutrients,
A more comprehensive analysis of P allocation throughout the
growing season and during leal senescence would provide evidence
for the plesiological purpose of this potential luxury uptake. Further
investigation of below and aboveground nutrient allocation might
also provide explanation of increased foliar P. Perennial grasses such
as those seen along the KT, may store nutrients to be used when co-
limiting factors, such as precipiaton, become more available.

Regardless of nutrient treatment, we did see a difference
between sites in AGE. Tshane produced a higher AGE than the other
sites during the first year and Fandamatenga produced a similarly
high amount of AGE in the second vear of the experiment. These
interannual differences in bomass produdion are much greater
than the differences between treatments, emphasizing limitation
by water as a dominant ecosystem control on production. This is
supported by the fact that mean annual rainfall was greater at all
sites dur ing the second year of the experiment (see Methods ) when
biomass production increased across all sites. The greatest relative
increase of rainfall betwesn years was at the Pandamatenga site
from 450 mmyear to 804 mm/year, where aboveground blomass



also had the greatest relative increase, Dramatic differences in grass
production in Pandamatenga agree with high levels of interannual
variability for modeled grass produdion (Sanlon et al, 2002)
Additionally, other factors affecting production such as fire could be
affecting biomass produdion at each site, Depending on time and
intensity of fire, burning can increase fuel load from one year o the
next (eg, Frost and Robertson 1885). For example, fuel load
increased from 2964 kg/ha to 3972 kghha in a South African
savanna fire experiment after burning (Govender et al, 2006).
Overall, we see increases in grass foliar nutrient concentrations
when additional nutrients are made available in the soll. However,
this uptake does not result in relative increases in biomass between
sites, even in wetter years when water would seemingly be less
limiting. This suggests that AGE is not limited by soil P or N within
each site along the highly weathered soils of the Kalahari. This is in
contrast to other studies that suggest that systems with old soils
(e, tropical soils) are limited by P due to excessive weathering
(Witousek, 1984) However such tropical soils may differ in their
mineralogy. The soils of the Kalahari sands are comprised of
predominanty quartz (Wang et al., 2007 ) which may lack P-bearing
minerals that are fourd in tropical soils and consequently host
species that do not demand or are unable to utilize higher levels of
soll P, Plants do exhibit lusury uptake of nutrients to be used during
times when they are less available or they may be allocating
nutrients belowground. This, however, would seemingly lead to an
increase in AGE which we did not see. A dramatic difference
between AGE between years suggests another type of limitation is
dominant such as precipitaton or other processes affecting
nutrient gycling such as fre (Frost and Robertson, 1987; Govender
et al, 2006) herbivory (Milchunas and Lauwenroth, 1993) or
acombination of these factors that vary interannually.
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