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Abstract. Increasing nitrogen (N) deposition and changing precipitation patterns in Neotropical

savannas could alter plant growth, reproduction, and nutrients by altering soil nutrient and water

availability. We examined the potential for simulated N deposition and increased dry season precipitation

to have interactive effects on reproduction and growth of two abundant native Cerrado (Brazilian savanna)

grasses—Loudetiopsis chrysothrix and Tristachya leiostachya—via feedbacks with soil nutrient status. Plant

growth and reproduction responses consistently varied by species. Water addition led to more consistent

increases in both growth and reproduction than nitrogen addition and the two treatments did have

significant interactive effects. We expected that both treatments would affect plant growth and

reproduction via positive effects on soil and plant N. Instead, we found that plant responses were linked

to species-specific treatment effects on soil and foliar phosphorus (P). Structural equation models (SEM)

confirmed that changes in soil P—rather than changes in soil N or increasing soil acidity—explained plant

response to treatments. Our results imply that N deposition and precipitation change could impact

Cerrado plant growth and reproduction via subtle effects on plant and soil phosphorus.
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INTRODUCTION

Anthropogenic nitrogen (N) addition has more

than doubled pre-industrial nitrogen inputs to

terrestrial environments (reviewed in Schlesinger

2009). Increased N deposition changes soil

acidity and macronutrient availability (Vitousek

et al. 1997, Aber et al. 1998) which alters plant

biomass allocation, phenology, fitness, and com-

petitive interactions (Cleland et al. 2006, Clark

and Tilman 2008, Lau et al. 2008). The effects of N

deposition on plant growth and soil fertility can

affect ecosystem net primary production, plant

diversity, and global climate via effects on carbon

v www.esajournals.org 1 April 2012 v Volume 3(4) v Article 31



cycling (Vitousek et al. 1997, Gruber 2008).
However, the direction and magnitude of the
plant responses to N deposition can vary widely
due to the nutrient requirements of different
plant functional groups and species (Craine et al.
2002, Zavaleta et al. 2003) as well as the
limitations imposed by soil fertility and regional
climate (Bobbink et al. 2010).

In addition to increasing nitrogen deposition,
human-caused increases in atmospheric CO2 are
altering the timing and abundance of precipita-
tion world-wide (Zhang et al. 2007). Plant
phenology and growth can be highly sensitive
to changes in precipitation (Fay et al. 2003,
Zavaleta et al. 2003, Kochy and Wilson 2004),
particularly in ecosystems with long dry seasons
where nitrogen mineralization and plant nitro-
gen uptake are synchronized with seasonal
precipitation patterns (Austin et al. 2004, Knapp
et al. 2006, Yahdjian et al. 2006). Results from N
deposition and precipitation experiments suggest
that these global change factors can have
unpredictable and interactive effects on plant
flowering and growth (Zavaleta et al. 2003,
Cleland et al. 2006, Henry et al. 2006, Siemann
et al. 2007).

Because many tropical savannas and grass-
lands experience profound dry-seasons, they
may be particularly sensitive to changes in the
timing (Knapp et al. 2002) or absolute amount
(Pandey and Singh 1992, Kochy and Wilson
2004) of precipitation. Tropical savannas may
also be highly sensitive to nitrogen deposition
because plant productivity tends to primarily
limited or co-limited by N (Barger et al. 2002,
Augustine 2003, Sarmiento et al. 2006). In N-
limited grasslands and savannas, plant response
to precipitation amount and timing is linked to
the effects of rainfall on seasonal N mineraliza-
tion patterns (Seagle and McNaughton 1993,
Austin et al. 2004, Yahdjian et al. 2006) and
mass-flow of inorganic N to plant roots (Borken
and Matzner 2009). Despite projections of sharp
increases in N deposition (Phoenix et al. 2006)
and predictions for precipitation change (Chris-
tensen et al. 2007) in tropical savannas, few
experiments have explicitly tested how native
plants and soils are likely to respond to these
global changes (reviewed by Matson et al. 1999,
Bobbink et al. 2010). The unique characteristics of
tropical savannas could lead to responses to

global changes that diverge from those observed
in the extensive experimental results from tem-
perate grasslands (e.g., Fisher and Whitford 1995,
Carrera et al. 2003, Zavaleta et al. 2003, Kochy
and Wilson 2004, Cleland et al. 2006).

Among tropical savannas, the Neotropical
Brazilian Cerrado is remarkable for its biodiver-
sity (10,000 plant species) and extent (2 million
km2) (Oliveira and Marquis 2002). Cerrado
ecosystem function and diversity is threatened
by land-use change, invasive grasses, and urban-
ization (Ratter et al. 1997). In addition, increases
in urban fossil fuel combustion and N fertilizer
use are expected to more than double N
deposition rates in the Cerrado, from an average
of 5–13 kg N ha �1 yr�1 in the 1990s to 14–38 kg
N ha�1 yr�1 by 2050 (Bustamante et al. 2006,
Phoenix et al. 2006). N deposition rates of this
magnitude are associated with plant species loss
and decreased productivity in North America
(Clark and Tilman 2008) and Europe (Stevens et
al. 2004) and have the potential for similar
negative impacts on Cerrado species and ecosys-
tem processes (reviewed in Bobbink et al. 2010).

Nitrogen deposition could decrease soil fertil-
ity and plant growth in the Cerrado and other
nutrient poor tropical ecosystems by decreasing
cation and phosphorus availability, increasing
acidity, and raising levels of toxic aluminum
(Matson et al. 1999). However, the potential for
negative effects may depend upon plant and soil
demand for added N given extremely nutrient
poor Cerrado soils. N deposition is more likely to
have negative effects on Cerrado plant species if
P is the co-limiting or primary nutrient limiting
growth because P is likely to be reduced with
increased soil acidity. P-limitation in Cerrado
ecosystems has been suggested by some previous
experiments and observational studies (Busta-
mante et al. 2006, Nardoto et al. 2006, Kozovits et
al. 2007). However, there is also evidence for N
limiting or co-limiting plant productivity—as is
often the case in temperate savannas and
grasslands (Bustamante et al. 2006). Conflicting
evidence for nutrient limitation in the Cerrado
may result from the apparent wider range of
nutrient use efficiencies among Neotropical
savanna and rainforest species compared to
temperate species (Bustamante et al. 2004, Town-
send et al. 2007).

Here we report the results of a year-long
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experiment testing the interactive effects of N
deposition and precipitation change on plant
biomass allocation and soils in the Cerrado with
two dominant C-4 native grass species, focusing
on the links between soil and plant responses
(Fig. 1). We experimentally added nitrogen in
amounts and rates consistent with nitrogen
deposition levels for the region for the coming
century (Phoenix et al. 2006). We based our water
addition treatment on climate change models
which predict increasing dry season precipitation
in the Cerrado under moderate climate change
scenarios, though some models and climate
change scenarios also predict decreases in pre-
cipitation (Magrin et al. 2007).

Our focal species were chosen based on their co-
dominance in our study system, suggesting that
any species-specific responses to global change
factors could have important implications for plant
and soil properties ecosystem-wide. For example,
increased growth of the dominant grass species
could negatively affect woody plant recruitment
and affect the relative abundance of woody plants
and grasses, a key element of savanna structure
and ecosystem dynamics (Gardner 2006, Furley
2007). In addition, studies with co-dominant C-4
grass species in North American prairies (Silletti
and Knapp 2001, Swemmer et al. 2006, Nippert et
al. 2009) have demonstrated that co-dominant
species may response differentially to global
changes due to trade-offs in resource use and
acquisition strategies.

Our research addressed two central questions
for predicting the effects of the combination of N

deposition and precipitation change on Cerrado
ecosystems. First, we asked: How do N addition
and increased dry season water availability affect
the nutrient status of infertile Cerrado soils? We
expected that both treatments could increase soil
N, either directly with N addition, or indirectly
with water addition via the positive effects of soil
moisture on plant-available N. In contrast, we
expected that N addition could have a negative
effect on soil fertility if N addition increased soil
acidity, which could further decrease the avail-
ability of P and essential cations in acidic,
nutrient-poor Cerrado soils. Second, we ad-
dressed the question: How do N and water
addition affect growth and reproduction of co-
dominant grass species? We expected that both
treatments would lead to increased growth and
reproduction because N and dry-season water
are potentially limiting in this ecosystem.

Finally, our approach allowed us to evaluate
whether plant responses to N-deposition and dry
season water addition were due to the positive
(fertilizing) or negative (toxicity) plant-soil feed-
backs. Specifically, we expected that treatment
effects on plant growth and reproduction would
be linked to changes in changes in soil essential
nutrients, pH, and toxic aluminum levels via
increases or decreases in leaf senescence, foliar
nutrients, and root : shoot ratio (Fig. 1). We
constructed structural equation models to test for
support of positive vs. negative plant-soil feed-
backs and to compare the relative importance of
direct versus indirect (soil-mediated) effects of N-
deposition and water addition on plant responses.

Fig. 1. Conceptual framework for potential positive and negative effects of N deposition and dry-season

precipitation increase on plants via effects on soil fertility.
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MATERIALS AND METHODS

Study site and species
This study was conducted at the Estac

¸
ão

Ecológica do Panga, a 404 ha reserve located 40
km from Uberlândia, Minas Gerais, Brazil (198100

S, 48823 0 W). Monthly average temperatures
range from 20–258C, and annual rainfall is
approximately 1600 mm with an almost rainless
dry season from May and September (Instituto
de Geografia 2008). Soils are highly weathered
Oxisols with a high clay content and low pH
(Latossolo Vermelho-Amarelho, Brazilian soil
taxonomy EMPRAPA 1999, Anionic Acrustoxe,
US soil taxonomy, Soil Survey Staff 2003). Our
study was conducted in cerrado ralo, a vegetation
physiognomy typified by dense grass cover
interspersed with small trees and shrubs (Cardo-
so et al. 2009). The preserve is protected from
grazing and other agricultural activities, but is
subject to occasional anthropogenic fires origi-
nating on adjoining roads. The most recent fire in
the study area occurred 2 years before the start of
our experiment.

Our focal species were two native C-4 peren-
nial bunchgrasses in the Tribe Arundinellae,
Tristachya leiostachya and Loudetiopsis chrysothrix
(referred to hereafter by genus). Tristachya is
generally larger than Loudetiopsis: the average
Tristachya genet (individual bunchgrass) is 25 cm
in diameter, whereas Loudetiopsis genets are 10
cm in average diameter. Tristachya vegetative
tillers are 90 cm tall on average and Loudetiopsis
vegetative tillers are 70 cm tall on average.
Together they account for 69% of the above-
ground biomass in the study area (Loudetiopsis ¼
12%, Tristachya ¼ 57%, all other species , 5%
each, E. M. Bruna and H. L. Vasconcelos,
unpublished data), with peak biomass and flower-
ing occurring between February and April. Both
species also have broad distributions: Tristachya
ranges from southern Brazil to Paraguay and
Loudetiopsis from eastern Bolivia to southern
Brazil and Paraguay (Missouri Botanical Garden
2009).

Experimental design
In May 2008 we randomly selected N ¼ 80

individual bunchgrasses of each species in a 150
3 200 m area of homogenous aspect, slope, and
vegetation cover. The plants were located along 6

transects 50 m apart; transects were 150 m (5
transects) or 50 m (1 transect) long. Individuals
were within 1/3 of the median diameter for
individuals of that species (Tristachya: 18.3–36.7
cm, Loudetiopsis 9–18 cm, based on a random
sample of N ¼ 15 individuals in the study area)
and all plants used in the experiment were at
least 2 m from any other focal plants. We
established plots of 50 3 50 cm around each
selected individual and randomly assigned N ¼
20 individuals of each species to one of four
treatments: nitrogen addition, water addition,
nitrogen addition 3 water addition, and un-
manipulated controls. We reduced the potential-
ly confounding effects of aboveground competi-
tion by clipping all above-ground biomass
surrounding the focal individual before the
treatments and throughout the experiment at 2–
3 week intervals. All below-ground biomass and
leaf litter were left undisturbed to limit effects on
decomposition and roots.

Treatments
We added a total of 25 kg ha�1 yr�1 N (2.5 g

m�1 yr�1 N) to plants in the N treatment in
accordance with predicted N deposition levels
for the region (approximately 12 kg ha�1 yr�1 N,
with a maximum of approximately 38 kg ha�1

yr�1 N by 2050; Phoenix et al. 2006). The nitrogen
was added as ammonium nitrate (NH4NO3) in
four applications of slow-release commercial
fertilizer (31% N; Manah, Günge Fertilizantes S/
A, Uberaba, MG, Brazil) sprinkled evenly on soil
surface in the plot (June, September, and Decem-
ber 2008, February 2009). Ammonium nitrate
(50% each ion) is a reasonable approximation of
N deposition for this site: from 1997–1999 N wet
deposition near Uberlândia was 48% ammonium
and 38% nitrate (Lilienfein and Wilcke 2004).

Climate models for the Cerrado region predict
both increases and decreases in rainfall by 2099
under modest climate change scenarios (Chris-
tensen et al. 2007). We chose to experimentally
add precipitation in our experiments based on
increasing regional precipitation trends over the
last 40 years (Haylock et al. 2006). We added
water to plants in the precipitation addition
treatment with drip irrigation at a rate of two
liters per 24 hours (8 mm/day) in the middle of
the dry season of 2008 (June–August); each
treatment was divided by alternate dry periods
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of 2 and 9 days. In total we added 72 mm of
water, approximately 5% of the average annual
rainfall or seven times the ambient 2008 dry
season precipitation (9.5 mm from June–August
2008, data from Uberlândia, 40 km from site,
2003–2008, Instituto de Geografia 2008). Our
daily water addition rate was a substantial
increase over average monthly dry season
precipitation rates (11.06 13.9 mm rainfall/
month [mean 6 SD] from June–August 2004–
2008) and was comparable to half the average
daily precipitation rate during the wet season
(October 2003–April 2004, 13.36 4.0 mm/day).
As a result, average daily volumetric water
content (m3/m3) in watered plots was approxi-
mately three times greater than in un-watered
plots (season mean ¼ 0.03, lower 95% CL 0.02,
upper 95% CL 0.04 vs. season mean¼ 0.01, lower
95% CL 0.01, upper 95% CL 0.02, respectively)
and average, maximum, and minimum daily soil
moisture were significantly different (p , 0.01)
between watered and un-watered plots during
the water addition period (see Appendix).

Light availability
Because, light limitation can decrease N

limitation and shady microclimates tend to
ameliorate water limitation in tropical savannas
(Cruz 1997, Ludwig et al. 2001), we quantified
shading for each individual by measuring pho-
tosynthetically active radiation (PAR) in our plots
with an 80 cm long quantum line sensor
ceptometer (Accupar LP80, Decagon Devices,
Pullman WA) and incorporated relative light
availability as a covariate in our analyses. PAR
was quantified between 11 am and 2 pm on
March 3, 2009 and was measured at the height of
the tallest leaves of each individual to quantify
shading by overstory vegetation (primarily trees
and shrubs). We recorded the average of three
measurements through the center of the plot
taken at different orientations parallel to the
ground.

Soil and foliar nutrients
To measure resin-available N (NH4

þ and
NO3

�), we installed mixed bed resin bags in the
top 10 cm of soil surrounding 76 of our
experimental plants (N ¼ 32 Loudetiopsis and N
¼ 44 Tristachya). Resins were charged with 1 M
NaCl and extracted with 2 M KCl after 28 days of

field incubation (February–March 2009). Bulk
inorganic N pools were quantified by sampling
the upper 10 cm of soil in March 2009 (N ¼ 50
Loudetiopsis and N¼ 49 Tristachya). We measured
N availability by extracting 10 g samples of field-
moist soil with 2 M KCl and adjusted for soil
gravimetric water content and bulk density.
Concentrations of NO3

� and NH4
þ in soil and

resin extracts were analyzed colorimetrically
with an Astoria Autoanalyzer (Astoria-Pacific,
Clackamas, OR, USA). Both ionic forms were
analyzed because of the potential of the treat-
ments to have differential effects on the two soil
ions. For example, water addition could increase
both microbial mineralization of ammonium and
nitrification of nitrate, while the effect of N
addition on soil N forms might depend on plant
and microbe N demand and uptake.

We quantified the effects of our experimental
treatments on indicators of soil acidity and
toxicity (pH and Al), phosphorus, and essential
cations (K and Ca) using soil samples collected in
March 2009 and dried at 558C for 48 hours (N ¼
10 per treatment 3 species combination). We
measured pH in deionized water (ratio: 1:2.5
soil : H2O). Potassium (K) and phosphorous (P)
were extracted with Mehlich (HCl-H2SO4) solu-
tion (K ratio: sample : solution 10:1, P sample:
solution 20:1). K concentration was determined
by flame emission spectrophometry (Model No.
B462, Micronal, São Paulo, SP, Brazil) and P
concentration with UV/Visible spectrophometry
(Cary 50 Conc UV-Vis, Varian, Palo Alto, CA,
USA). We extracted aluminum (Al) and calcium
(Ca) in 1 M KCl (Ca ratio: 100:1, Al ratio: 10:1
sample : solution). Al concentration was deter-
mined by titration with NaOH in the presence of
bromothymol blue. Ca concentrations were
determined with atomic absorption spectroph-
ometry (Model No. 932 A, GBC Scientific
Equipment, Dandenong, VIC, Australia).

We measured the effects of our treatments on
foliar N and P by sub-sampling 20 green
undamaged leaves from each individual. Change
in specific leaf area was not quantified because
this metric would have required removing a
significant proportion of an individual’s green
leaves pre-treatment with potential effects on
other plant responses to treatments. Leaves were
washed with deionized H2O, dried for 48 hours
at 608C, and ground in a plant mill (Marconi
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Equipamentos, MA 048, Piricicaba, SP, Brazil).
Foliar N was determined by Kjeldahl digestion,
steam distillation of the digest into H3BO3, and
titration with H2SO4. We extracted foliar P from
ground tissue with HNO3 and HClO4 and
determined digest P concentration with UV/
Visible spectrophometry (Model No. Cary 50
Conc UV-Vis, Varian, Palo Alto, CA, USA).

Plant reproductive effort, growth,
and biomass allocation

Bunchgrasses reproduce in two distinct man-
ners (1) through seedling recruitment and (2)
production of lateral tiller (Tomlinson and
O’Connor 2004). For our study we quantified
reproduction based on measures of reproductive
effort and allocation related to seedling recruit-
ment by measuring (1) flowering vs. non-
flowering individuals, (2) the number of flower-
ing tillers per individual, (3) the total number of
spikelets, and (4) allocation of spikelets per
flowering tiller. Each spikelet corresponded to
one fertile floret which could potentially have
developed into one viable seed and we observed
that the flower structures of both species were
consistent with sexual reproduction. However,
we did not directly measure the number of
developed seeds, their viability, or loss due to
herbivory. Measurements were made both before
and after the treatments were applied (May 2008
and March 2009, respectively).

We measured the diameter around the base of
each genet (individual bunchgrass) before and 10
months after the treatments were applied and
calculated percent growth because of the effect of
size on growth rate. We used bunch diameter to
quantify growth because bunchgrass above-
ground biomass is tightly correlated with diam-
eter in many bunchgrass species (Nafus et al.
2009) due to bunchgrass growth through tiller
production (Tomlinson and O’Connor 2004)
allowing diameter to be used as a surrogate
measure of growth for grasses with this habit
(e.g., Marty et al. 2005). We also did not observe
any evidence of rhizomatous growth for any of
the individuals we excavated. For our control
individuals of our focal species we found that
diameter is significantly correlated with total
aboveground biomass (Loudetiopsis: R2 ¼ 0.23, p
, 0.001, N¼79. Tristachya: R2¼0.28, p , 0.001, N
¼ 80) and total meristems (Loudetiopsis: R2¼ 0.40,

p , 0.001, N¼ 79. Tristachya: R2¼ 0.45, p , 0.001,
N ¼ 80).

To estimate root : shoot ratio, we collected all
plants at the peak of the growing season (4 weeks
March–April 2009, collection date randomized to
eliminate systematic effects of collection date on
biomass), separated the roots, live leaves, dead
leaves, flowering stems, and flowering spikes
(i.e., florets and seeds), and dried the material at
558C until the samples reached constant weight
(2–4 days). We recovered as much of the root
biomass as possible by trenching around the
perimeter of the plot and excavating to below the
depth of the main root mass (i.e., approximately
15 cm for Loudetiopsis and 20 cm for Tristachya
individuals). We tested the efficacy of the root
collection method by collecting five 6 cm wide 3

5 cm deep cores in the soil remaining in the plot
area after plants were removed, sieved for coarse
root mass (2 mm sieve), and dried the material to
constant weight at 558C. Root mass remaining in
the soil averaged 0.002 6 0.001 g/cm2 (mean 6

SE), while the average root mass of our excavat-
ed grasses was 62.33 6 38.28 g for Loudetiopsis
and 399.69 6 255.83 g for Tristachya, suggesting
that we were able to recover the vast majority of
the grass root systems. Finally, we estimated
reduction in leaf senescence by counting all green
leaves on the plant and dividing the number by
genet area in August of 2008 to calculate green
leaf density. Higher green leaf density corre-
sponded to more green leaves per plant area
(decreased leaf senescence) during the dry
season.

Statistical analyses
Treatment effects.—To test for species and

treatment effects on soil parameters (bulk soil
NH4

þ, resin available NO3
–, pH, Mehlich P and

K, KCl-extracted Ca and Al) we used general
linear models with nitrogen, water, and species
as fixed effects. Treatment and species effects
resin available NH4

þ and bulk soil NO3
– were

analyzed with generalized linear models (gam-
ma distribution). All plant response variables
were analyzed by species with nitrogen and
water as fixed effects. The likelihood that an
individual would flower (response: flowering or
non-flowering) in response to treatments and
separately, to resin available NO3

– and NH4
þ,

were analyzed with binomial models. To exam-
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ine treatment effects on the number of flowering
tillers per flowering individual and number of
total spikelets we used generalized linear models
with negative binomial distributions. General
linear models were used to evaluate treatment
effects on the number of spikelets per tiller. To
test for the effects of our treatments on growth,
we used an ANCOVAwith the percent difference
in diameter between year one and year two as the
response variable, nitrogen and water as fixed
effects and original diameter and average PAR as
covariates. We tested for treatment effects on
senescence (number of green leaves by area) with
an ANCOVA with original diameter as a covar-
iate. We compared the response of root : shoot
ratios to our treatments with a gamma distribut-
ed generalized linear model. We analyzed the
effects of treatments on total aboveground
biomass, total dead leaf biomass, and total live
leaf biomass with general linear models. We
tested for differences in foliar N and P concen-
trations and N:P ratios in response to treatments
with an ANCOVA with live leaf mass as the
covariate to control for the possibility that a
change in leaf biomass could have affected
nutrient concentration.

Structural equation models.—We used structural
equation models (SEMs) to evaluate (1) a priori
hypotheses for positive or negative direct or
indirect effects (via soils) of treatments on plants
(illustrated in Fig. 1) and (2) an a posteriori
model for hypothesized relationships between
treatments, soils, and plants based on the results
of our univariate tests (Grace 2006). Both the a
priori and a posteriori tests were ‘‘confirmatory’’
uses of structural equation models. This applica-
tion of SEMs allowed us to test whether our
experimental data confirmed the hypothesized
mechanistic relationships between variables in
the system (Grace and Pugesek 1998). Structural
equation models which fail to fit the data can be
rejected based on p-values (e.g., p , 0.05) while
models which cannot be rejected (e.g., p . 0.05)
are considered adequate models for the data
structure (Grace 2006). Non-significant p-values
for variable relationships (paths) in acceptable
models do not indicate poor fit of the over-all
model (Mitchell 1992). For both types of models,
standardized coefficients are calculated to allow
for direct comparison of relationships between
variables despite differences in measurement

scale (Grace 2006).
For our a priori models we constructed models

for our hypothesized relationships between
treatment, soil and plant characteristics for
negative and positive soil-plant feedbacks (both
positive and negative paths illustrated in Fig. 1).
If N addition led to negative plant-soil feedbacks
we expected that N addition would increase soil
acidity, leading to higher levels of toxic Al,
decreased P, and ultimately reduced plant
growth (diameter change) and reproduction
(number of flowering culms). If water and N
addition led to positive soil-plant feedbacks we
expected that water addition would increase N
mineralization (resin NO3 and NH4) and reduce
leaf senescence while N addition would lead
increased available N (resin NO3 and NH4)
leading to increases in foliar N:P and plant
growth and reproduction. We expected that
species would strongly affect plant responses
given the potential for coexisting species to have
divergent resource use and responses to changes
in N and water availability. The negative soil-
plant feedback model was constructed by omit-
ting the precipitation treatment because water
addition was not expected to negatively affect
soil fertility and including soil P, Al, and pH as
indicators of soil toxicity. The positive soil-plant
feedback model included both the water and
nitrogen treatments, species, soil N (resin NO3

�,
NH4

þ), foliar N:P, number of flowering culms,
percent diameter change, and light (PAR).

We constructed our a posteriori SEM based on
the ANOVA results for treatment effects on soil
and plant variables. In this model, P was the only
soil variable included and both water and
nitrogen treatments were incorporated into the
model. Model fit and parameter values were
calculated with maximum likelihood estimation
using the covariance-variance matrix (Grace
2006). P-values for model fit are based on chi-
square values. Coefficients presented are stan-
dardized values. Sample size was 80 for all
models.

Model assumptions and variable transforma-
tions.—For all models, the homogeneity of
variance was evaluated with Levene’s test and
log transformations were applied when neces-
sary to meet the assumption of normally distrib-
uted residuals for all general linear models and
bivariate normality for structural equation mod-
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els. For all transformations and non-normal
distributions (gamma, binomial, and negative
binomial) we report back-transformed means
and 95% confidence intervals. Structural equa-
tion models were analyzed in R 2.10.1 (sem
package). All other analyses were performed in
SAS 9.2 (SAS Institute, Cary, NC, USA).

RESULTS

Soil responses
Overall, water addition had significant effects

on soil phosphorus and mineralized (resins) and
inorganic nitrogen pools (bulk soil). On the other
hand, the only significant effect of nitrogen
addition was an increase in bulk nitrate pools.
There was also little indication of increasing soil
acidity, aluminum concentrations, or cation
leaching with added N, though there was a
slight trend towards increased calcium and
decreased potassium (Table 1).

Water addition led to increased resin-available
ammonium and nitrate over a 28-day period
during the peak of the growing season (Table 1).
Resin-available ammonium values (controls: 0.84
6 0.148 lg N [mean 6 SE]) tended to be higher
than nitrate values (controls: 0.632 6 0.196 lg N).
Resin-available NO3

� increased 69% (H2O addi-
tion: 1.07 6 0.176 lg N) while resin NH4

þ

increased 71% (H2O addition: 1.44 6 0.175 lg
N) with added water. N addition and species
identity did not significantly affect resin-avail-
able N of either ionic form (Table 1).

In contrast to results for resin NO3
�, water

addition had a marginally significant negative
effect on bulk soil NO3

� pools compared to
control values (control: 0.105 6 0.019, H2O: 0.103
6 0.019; Fig. 2, Table 1). Soil pools of NO3

�

almost doubled with nitrogen addition as com-
pared to controls levels (N addition: 0.206 6

0.038 lg N/g; Fig. 2, Table 1). However, when
water was added with nitrogen NO3

� concentra-
tions decreased to levels below control values (N
and H2O addition: 0.104 6 0.019 lg N/g; Fig. 2)
and similar to values for plots receiving only the
water treatment, suggesting an interactive effect
of the two treatments (p ¼ 0.08; Table 1). Water
and nitrogen addition did not significantly affect
bulk soil NH4

þ (Table 1). Bulk soil NH4
þ values

(controls: 2.493 6 0.068 lg N/g) were orders of
magnitude greater than NO3

� levels (control:
0.105 6 0.019 lg N/g). Species identity did not
have a significant effect on bulk soil NO3

� or
NH4

þ (Fig. 2, Table 1).
Soil phosphorous was significantly affected by

water addition but the direction of the effect
varied by focal plant species (Fig. 3). Water
addition led to a slight decrease in soil P in soils
associated with Loudetiopsis (0.104 6 0.010,
control: 0.115 6 0.013 g/kg) while soil P increased
in Tristachya plots receiving added water (0.151 6

0.017, controls 0.117 6 0.013 g/kg). P increased in
soils associated with both species with N
addition (Fig. 3, Loudetopsis: 0.154 6 0.022,
Tristachya: 0.138 6 0.019 g/kg). For Tristachya,
the combination of N and water addition led to
greater increases in soil P—42% over control
values (0.168 6 0.027 g/kg)—than with N alone.

Table 1. F-statistics and p-values for the effects of treatments (nitrogen, water, and their interaction) and species

identity (Loudetiopsis or Tristachya) on resin ammonium and nitrate, soil-extractable ammonium and nitrate,

pH, Al, K, and Ca.

Variable

Nitrogen Water Water 3 Nitrogen Species

F p F p F p F p

Resin NH4
þ ,0.01 0.98 4.72 "0.03* 1.16 0.28 0.18 0.67

Resin NO3
� ,0.01 0.99 3.70 "0.06� 0.83 0.37 0.01 0.93

Soil NH4
þ 0.75 0.39 0.21 0.65 0.12 0.73 0.53 0.47

Soil NO3
� 3.42 "0.07� 3.76 #0.06� 3.03 #0.08� 0.01 0.94

pH 0.38 0.54 0.05 0.83 0.10 0.75 2.24 0.14
Aluminum 1.60 0.21 1.09 0.30 0.89 0.35 0.74 0.39
Potassium 3.00 #0.09� 0.08 0.77 0.42 0.52 2.49 0.12
Calcium 3.15 "0.08� 0.09 0.76 0.36 0.55 0.01 0.93

Notes: Arrows to denote the direction of the effect, either increase (") or decrease (#) for p , 0.10. Degrees of freedom and
sample size: pH, Al, K, and Ca: N¼ 80 and df¼ 1, 75. Soil NH4

þ and NO3
�: N¼ 99, df¼ 1, 94. Resin NH4

þ and NO3
�: N¼ 76, df

¼ 1, 71.
� p , 0.10.
* p , 0.05.
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However, soil P concentrations in Loudetiopsis
associated soils with the combination of water
and N were lower than control values (0.115 6

0.016) and similar to soil P values for plots
receiving only added water (Fig. 3).

Cations susceptible to leaching (Ca, K) were
mildly affected by N addition but were not
affected by water addition or species identity.
Indicators of soil acidity (pH) and toxicity (Al)
were not affected any nitrogen or water addition
or species identity (Table 1). N addition led to
marginal decreases in K availability (control: 8.36
6 0.04, N: 8.23 6 0.06 g/kg) and marginal
increases in Ca (control: 0.0102 6 0.001, N:
0.0157 6 0.004 g/kg) but did not affect pH
(control: 4.97 6 0.05, N: 4.92 6 0.04) or Al
(control: 0.061 6 0.002, N: 0.067 6 0.003). Water
addition and the combined treatment did not
significantly affect any of the fertility variables
(Table 1).

Plant responses
Water and N-addition effects on foliar nutri-

ents were highly variable among the two species.
Foliar P and N:P was affected by treatments but
no significant change in foliar N was observed

with any species and treatment combination.
Loudetiopsis foliar P concentration decreased
slightly for all treatments, however only the
interaction between water and nitrogen ap-
proached significance (p ¼ 0.09, Table 2). In
contrast, there was a trend towards increased
foliar P with Tristachya for all treatments—with N
or water addition leading to 8% more foliar P
over controls and 14% greater foliar P where both
N and water were combined (Table 2). Nitrogen:
phosphorus ratios (N:P) in Loudetiopsis increased
slightly with all treatments, though only N
addition had a marginally significant effect (F ¼
3.74, p ¼ 0.06) with N:P ratios raising to 10.5 6

2.0 (mean 6 SD) from 9.5 6 1.4 control values. In
contrast, water addition significantly decreased
Tristachya N:P ratios (p¼ 0.02, df¼ 1, F¼ 5.87) to
9.0 6 1.3 from 9.9 6 1.7 control values.

There was a significant interactive effect of the
N and water treatments on the likelihood that
Loudetiopsis would flower (p ¼ 0.03, df ¼ 1, F ¼
4.60): 95% of the plants receiving both treatments
flowered compared to 80% with N, 65% with
water, and 90% for controls (Table 3). With
Tristachya, only water addition had an effect:
the percent of flowering individuals increased

Fig. 2. Effect of treatments and species on soil nitrate (lg/kg) (N¼ 98 and df¼ 1, 94). Treatments significant at

the p , 0.10 level are indicated by different lower-case letters with the p-value indicated in the figure and

numerator degrees of freedom and F-value in parentheses. Bars represent 95% confidence intervals.
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from 45% for controls to 70% with either water or

water and nitrogen (Table 3). Contrary to

expectations, higher resin available ammonium

values were correlated with decreasing flowering

probability for Tristachya (p ¼ 0.02, Wald v2 ¼
5.44), while neither form of resin available

nitrogen was a significant predictor of flowering

likelihood for Loudetiopsis. Loudetiopsis individu-

als that did flower produced approximately

double the number of flowering tillers with

water and the combined N and water treatments

(Table 3). None of the treatments significantly

affected the number of flowering tillers produced

by Tristachya individuals (p . 0.10), however the

mean number of flowering tillers is also very low

for this species (2.0 6 1.0 flowering tillers/

individual in controls).

For the plants that did flower, we also tested

whether the nitrogen and water treatments

influenced measures of total reproductive ef-

fort—the total number of spikelets produced per

flowering tiller—and allocation of spikelets per

Fig. 3. Soil phosphorus (Mehlich P g/kg) in plots associated with each focal species (Loudetiopsis: AIC¼�131.42,
v2 ¼ 5.75 /df ¼ 0.16, Tristachya: AIC ¼�114.17, v2 ¼ 6.18 v2/df ¼ 0.17, N ¼ 40 and df ¼ 1, 36 for both species).

Treatments significant at the p , 0.10 level are indicated by different lower-case letters with the p-value indicated

in the figure and numerator degrees of freedom and F-value in parentheses. Bars represent 95% confidence

intervals.

Table 2. F-statistics and p-values for effects of treatments (nitrogen, water, and their interaction) and covariate live

leaf biomass on foliar N and P and N:P ratio.

Variable

Nitrogen Water Water 3 Nitrogen Live leaf biomass

Loudetiopsis Tristachya Loudetiopsis Tristachya Loudetiopsis Tristachya Loudetiopsis Tristachya

F p F p F p F p F p F p F p F p

Foliar N 1.62 0.21 0.40 0.53 0.39 0.53 0.69 0.41 1.35 0.25 0.24 0.63 4.77 #0.03* 0.07 0.79
Foliar P 1.78 0.19 2.93 "0.09� 1.17 0.28 3.12 "0.08� 3.01 #0.09� 0.02 0.88 1.96 0.17 0.21 0.65
Foliar N:P 3.74 "0.06� 1.57 0.21 1.70 0.20 5.87 #0.02* 1.18 0.28 ,0.01 0.99 7.34 #0.01* 0.02 0.90

Notes: Symbols are as in Table 1. Degrees of freedom and sample size: Loudetiopsis:N¼80, df¼1, 75; Tristachya: N¼79, df¼1,
74.

v www.esajournals.org 10 April 2012 v Volume 3(4) v Article 31

COPELAND ET AL.



flowering tiller. In Loudetiopsis, water addition
had a significant positive effect on the total
number of spikelets: watered plants produced
120% more spikelets on average than control
plants (Table 3). Nitrogen addition did not affect
total reproductive effort in Loudetiopsis, but it did
lead to a marginal increase in the allocation of
spikelets to each tiller (Table 3). There was no
significant difference in either total spikelets per
plant or spikelets per flowering tiller with
treatments for Tristachya (p . 0.10).

As with reproductive measures, growth, allo-
cation, and senescence responses to treatments
varied between the two focal species. While
Loudetiopsis diameter growth was not affected
by either water or N addition, Tristachya diameter
did increase significantly with nitrogen addition
(Table 4). For both species, growth decreased
significantly with plant diameter and increased
with higher photosynthetic active radiation
(Table 4). Loudetiopsis root : shoot ratio decreased
with treatments, but there were no significant
treatment effects on Tristachya root : shoot ratio.
Nitrogen and water addition both led to decreas-
es in Loudetiopsis root : shoot ratios, leading to an
additive decrease of about 45% in ratios in the N
3 water treatment compared to controls (Table
4).Water addition did lead to approximately 28%
higher density of green leaves in the dry season
for Loudetiopsis but neither treatment significant-
ly affected Tristachya leaf senescence. The increase
in dry-season green leaf density was also
significantly correlated with increased dead
aboveground biomass at the end of the experi-
ment for Loudetiopsis (p ¼ 0.04, F ¼ 4.34).

Structural equation models
Structural models were used to test for support

of two a priori competing hypotheses (positive
vs. negative) for the effects of N deposition and
dry-season precipitation change on plant growth
and reproduction via changes in soil fertility and
plant nutrient status or leaf senescence in the dry
season (both hypotheses represented in paths in
Fig. 1). The positive plant-soil feedback model
tested for the potential of N deposition and water
addition to increase soil N (resin nitrate and
ammonium) and foliar nutrients (N:P) and for
water addition to reduce leaf senescence with
positive effects on plant growth and reproduc-
tion. This hypothesized model of relationships
between variables was supported by the data
(model could not be rejected, v2¼ 16.9, df¼ 24, p
¼ 0.86, paths significant at p , 0.05: water
addition ! resin nitrate, species ! leaf senes-
cence, flowering culms, foliar N:P, resin ammo-
nium ! foliar N:P). However, there was no
support for the negative plant-soil feedback
model incorporating the potential for N addition
to have toxic effects on soils via increasing soil
acidity and pH and increased toxic Al (v2¼ 66.08,
df ¼ 18, p , 0.01).

We also incorporated the results of the
ANOVA tests of treatment effects into a final a
posteriori SEM for the treatment effects on plant
and soils. We retained phosphorus as the only
soil fertility factor in the final model because
ANOVA tests consistently found significant
effects of treatments on plant and soil phospho-
rus variables but weakly (N, Ca, K, pH, Al) or
equivocally supported (some soil N results
significant others not significant) treatment ef-
fects on other soil variables. We included direct

Table 3. F-statistics and p-values for effects of treatments (nitrogen, water, and their interaction) on reproductive

variables by species.

Variable

Nitrogen Water Water 3 Nitrogen

Loudetiopsis Tristachya Loudetiopsis Tristachya Loudetiopsis Tristachya

F p F p F p F p F p F p

Flowering probability� 1.07 0.30 ,0.01 0.99 ,0.01 0.99 4.99 "0.03* 4.60 "0.03* ,0.01 0.99
Tillers/individual 1.41 0.24 0.77 0.38 5.07 "0.03* ,0.01 0.97 3.85 "0.05� 0.81 0.37
Spikelets/individual 1.71 0.20 0.01 0.92 4.77 "0.03* 0.91 0.35 1.16 0.29 2.14 0.15
Spikelets/tiller 3.32 "0.07� 0.42 0.52 0.11 0.74 1.75 0.19 0.88 0.35 0.19 0.67

Notes: Symbols are as in Table 1. Degrees of freedom and sample size: Flowering probability: Loudetiopsis: N¼ 80, df¼ 1, 75;
Tristachya: N¼ 79, df¼ 1, 74. Tillers/individual: Loudetiopsis: N¼ 66, df¼ 1, 62; Tristachya: N¼ 46, df¼ 1, 42. Spikelets/individual
and spikelets/tiller: Loudetiopsis: N¼ 66, df ¼ 1, 62; Tristachya: N¼ 43, df ¼ 1, 39.

� Test statistic is Wald v2 for the binomial distribution.
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pathways between our treatments and plant
response variables because ANOVA results sug-
gested that effects, such as the effect of N
addition on growth, were uncorrelated with
measured treatment effects on soil variables.
The final model including P as the only soil
variable was strongly supported by the data (v2¼
7.87, df ¼ 14, p ¼ 0.89; Fig. 4). Species exerted
strong, largely significant, effects (indicated by
relatively high standardized coefficient values)
on all response variables but diameter change in
the final model (Fig. 4). In contrast, the water and
nitrogen treatments had strong, but not signifi-
cant, effects on different response variables (e.g.,
N on soil P, W on number of flowering culms and
senescence, Fig. 4). Light was justified as an
important covariate in plant response to the
treatments for both species with a strong
significant positive effect on plant diameter
growth (Fig. 4).

DISCUSSION

Our results support the hypothesis that nitro-
gen enrichment and dry season water addition at
rates projected under global change scenarios
could alter the growth and reproduction of
Cerrado C-4 grasses. However, both experimen-
tal treatments influenced primarily soil and foliar
phosphorous, and not the levels of soil and foliar
nitrogen as we predicted. In addition, species
identity strongly influenced the direction and
nature of plant and soil responses despite the
relative similarity of our co-dominant study
species (C-4 grasses in the same tribe).

Contrary to our expectations, our N addition
treatment did not significantly increase resin-
available N and had only a weak positive effect
on bulk soil nitrate. However, we did observe
slight increases in resin-available N of both ion
forms with the water addition treatment, a
response we expected based on increases in
nitrogen mineralization and nitrification with
increased dry season precipitation in tropical
savannas (Augustine and McNaughton 2004,
Bustamante et al. 2006) and tropical dry forests
(Davidson et al. 1993). The conflicting effects of
water addition on inorganic N—a decrease in soil
nitrate coupled with increases in resin ammoni-
um and nitrate—could be due to increased plant
uptake of mineralized N in the dry season
(Bustamante et al. 2006). Our inability to detect
consistent positive effects of our N addition on
resin-available N—despite the low levels of
available N in the soil (mean: 2.58, lower 95%
CL: 1.79, upper 95% CL: 3.77 lg NO3

� þ NH4
þ/

g)—could be explained by soil or litter immobi-
lization (Aber et al. 2002), gaseous losses (Pinto et
al. 2006), or leaching to deeper soil layers
(Lilienfein et al. 2003). Because our soil N
measurements took place on in the wet season,
we cannot exclude the possibility that our N
addition might significantly increased soil N
during other seasons.

The N addition treatment in this study was not
linked to strong growth or reproductive respons-
es of the focal C-4 bunchgrasses. Only a weak
growth response for Tristachya was observed.
However, as a functional group, C-4 grasses are
known to predict the effects of N-deposition on

Table 4. F-statistics and p-values for effects of treatments (nitrogen, water, and their interaction) on plant growth

(covariates are initial diameter and light – PAR), allocation to roots vs. shoots, and senescence as indicated by

dry-season live leaf density (covariate is plant diameter).

Variable

Nitrogen Water Water 3 Nitrogen

Loudetiopsis Tristachya Loudetiopsis Tristachya Loudetiopsis Tristachya

F p F p F p F p F p F p

Diameter growth � 1.58 0.21 4.94 "0.03* 0.01 0.94 0.15 0.69 0.54 0.47 0.03 0.86
Root:shoot 3.06 #0.08� 0.18 0.67 4.16 #0.04* 0.02 0.88 0.01 0.91 ,0.01 0.99
Dry-season live leaf density § 0.48 0.49 0.02 0.88 4.80 "0.03* 0.23 0.63 0.32 0.95 0.03 0.87

Notes: Symbols are as in Table 1. Degrees of freedom and sample size: Diameter growth: Loudetiopsis: N ¼ 78, df ¼ 1, 72;
Tristachya: N ¼ 79, df ¼ 1, 73. Root : shoot: Loudetiopsis: N ¼ 80, df ¼ 1, 76; Tristachya: N ¼ 79, df ¼ 1, 75. Dry-season live leaf
density: Both species: N ¼ 80, df¼ 1, 75.

� Covariates: Loudetiopsis: Initial diameter: F-value: 6.62, p¼ #0.01; Tristachya: Initial diameter: F-value: 51.93, p ¼ # , 0.01.
PAR: Loudetiopsis: F-value: 8.63, p ¼, "0.01; Tristachya: F-value: 6.79, p ¼ "0.01.

§ Covariates: Loudetiopsis: Diameter: F-value: 6.99, p ¼ #0.01; Tristachya: Diameter: F-value: 24.93, p ¼ # , 0.01.
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other grassland ecosystems (Clark et al. 2007)
and bunchgrasses are known to respond to N
addition, particularly through tiller recruitment
(Tomlinson and O’Connor 2004). Relatively high
N use efficiency among C-4 grasses (Craine et al.
2002, Reich et al. 2003, Hikosaka 2004) could
explain the weak response to N addition if the
trait led to a reduced uptake rates of added N.
Both species have low N:P ratios (control Loude-
tiopsis: 9.43 6 1.16 [mean 6 SE], Tristachya: 9.74 6

1.17), which can be indicative of nitrogen
limitation (Tessier and Raynal 2003). However,
the lack of fertilization response we observed is
consistent with recent analyses that suggest that

N:P ratios do not necessarily predict absolute
nutrient limitation in tropical ecosystems (sec-
ondary tropical forest: Davidson et al. 2004;
tropical forests: Townsend et al. 2007; African
savannas: Craine et al. 2008).

Finally, the lack of response observed could be
due to the low amount of N added to simulate N-
deposition in this study (25 kg ha�1 yr�1).
However, our N-addition was in addition to
ambient N-deposition which likely exceeds a
previous estimate of 9.5 ha�1 yr�1 reported close
to the study area (Lilienfein and Wilcke 2004).
Though our N treatment is low compared to the
amounts added in many short-term global

Fig. 4. Final structural equation model for relationships between water addition (blue arrows), nitrogen

addition (dark green arrows), species (purple arrows), photosynthetically available radiation (yellow arrow), soil

phosphorus (hollow arrows), and plant response variables (hollow arrows). Plant and soil response (endogenous)

variables are denoted by dashed outlines and predictor (exogenous) variables with solid outlines. Arrows

presented correspond to covariance variables in the model with thickness corresponding to standardized

coefficient values. Standardized coefficients are also reported in boxes with significance indicated by *p , 0.05,

�p , 0.10.
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change studies (Henry et al. 2006: 70 kg ha�1

yr�1, Bradford et al. 2007: 50 kg ha�1 yr�1,
Vourlitis et al. 2007: 50 kg ha�1 yr�1) it is well
within the range of values for observed N-
deposition impacts (Fenn et al. 2003, Stevens et
al. 2004, Baez et al. 2007).

Soil acidity and cation concentrations were not
as sensitive to our treatments as resin N and soil
P, and the changes that we did observe were not
correlated with negative treatment effects on
plant growth and reproduction, suggesting that
negative soil-feedbacks are not responsible for
the weak responses of our focal species to N
addition These results were highlighted by the
poor fit of the structural equation model which
related Al, P, and soil pH to plant response to
treatments. While N addition decreased soil pH
and increased Al concentration—indicators of
soil acidity—these differences were statistically
insignificant and uncorrelated with a detectable
decrease in soil P. The slight increase in calcium
and decrease in potassium with the N treatment
did not support our original expectation that
both nutrients would decrease with N as a result
of increasing acidity. Overall, our results do not
support the assertion that nutrient-poor tropical
ecosystems might experience increased soil tox-
icity as a result of short-term N addition (Matson
et al. 1999), or that low cation exchange capacity
is related to sensitivity to N addition (Clark et al.
2007). However, these short-term experimental
results do not preclude the possibility that long-
term N deposition could lead to N leaching and
soil acidity—particularly if the N levels surpass
plant and microbe capacity to immobilize N
(Aber et al. 1998) or if the negative effects on
plants and soils have non-linear, and increasingly
negative, effects over time (Clark and Tilman
2008).

In contrast to the weak relationship between
plant responses and soil nitrogen, soil and plant
phosphorus were altered by our treatments. The
significant, though divergent, changes in foliar P
for both species—increases for Tristachya, de-
creases for Loudetiopsis—were linked to species-
specific effects on soil P. These divergent species
responses could suggest species differences in
phosphorus demand and uptake rates with
different global change factors. In a grassland
global change experiment in California, USA,
changes in phosphotase and foliar P concentra-

tion suggested that plant demand for phospho-
rus decreased with water addition and increased
with nitrogen addition (Menge and Field 2007).
In this study, the decrease in Loudetiopsis foliar P
and associated soils with N addition and water
addition suggested increased P demand and
limitation. In contrast, the increased phosphorus
in Tristachya-associated soils and increased foliar
P with both water and nitrogen addition suggest
that P limitation in this species was reduced by
both treatments. Additional experiments are
needed to elucidate the species-specific mecha-
nisms, such as increased phosphatase activity
(Menge and Field 2007), changes in plant P
uptake, plant carbon investment in mycorrhizae
(Treseder 2004), or more complex plant-microbe
feedbacks (Bever et al. 2010) that might explain
these results.

While the results of the structural equation
models generally support positive soil-plant
feedbacks in our study system, the effects of
nitrogen and water addition depended on the
focal species and the specific growth or repro-
ductive response measured. While growth was
enhanced by nitrogen but not water, the inverse
was observed for reproduction. Water addition
led to high flowering probability and increased
numbers of spikelets and potentially seed num-
ber for Loudetiopsis, while nitrogen addition was
negatively correlated with flowering for Tri-
stachya and uncorrelated with reproductive traits
in Loudetiopsis. This result contrasts with previ-
ous research that strongly links N addition with
higher rates of grass flowering in a temperate
grassland (Silletti et al. 2004).

The significant positive interaction of nitrogen
and water on flowering probability in this study
highlights the importance of testing for the
interactive effects of global change factors and
indicates that nitrogen deposition could have
more positive effects on plant growth and
reproduction when combined with increasing
dry season rainfall in this ecosystem. Interactive
effects of treatments were observed for multiple
plant responses including foliar P, tiller number
in Loudetiopsis, and leaf senescence in Loude-
tiopsis. However, there were also cases where the
effects of the two treatments appeared to be
simply additive (e.g., decreased root : shoot ratio
with Loudetiopsis).

Overall, the most important interactive effect
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observed was the difference in treatment effects
on plant-soil feedbacks by species. We hypothe-
sized that the two C-4 grass species used in the
experiment would respond similarly to the
experimental manipulations. However, the re-
sponses of Tristachya and Loudetiopsis were
idiosyncratic, and species identity explained a
larger proportion of the variation in the data than
our treatments did in structural equation models
(Fig. 2). These species-specific responses, compa-
rable to those observed in other studies of co-
occurring C-4 grasses (Silletti and Knapp 2001,
Silletti et al. 2004, Fynn et al. 2005), also suggest
particular species traits which could be respon-
sible for the differences in response to simulated
global change factors. The most notable of these
is drought tolerance, which could influence leaf
senescence response to water addition (see also
Swemmer et al. 2006). Of the two species,
Tristachya, which had lower rates of leaf senes-
cence, may be more tolerant of drought since its
roots are larger in diameter and exploit deeper
soil layers than those of Loudetiopsis. Such
complementary root structure is known to allow
co-occurring perennial grasses to exploit different
nutrient and water sources in other ecosystems
(Fargione and Tilman 2005). Future research
would benefit from an explicit understanding of
the hydrological niches (Araya et al. 2011) for
Tristachya and Loudetiopsis, a potential mecha-
nism for coexistence of these savanna grasses,
and perhaps a predictor of their responses to
changing precipitation patterns.

Fire and herbivory—not manipulated in our
study—could interact with changing water and
nutrient regimes and are likely to influence
growth and reproduction of our focal species
and other Cerrado plants. For example, the
reduction in the proportion of flowering individ-
uals between year one (prior to fertilization) and
year two of the study (Tristachya: 94–58%, Lou-
detiopsis: 99–83%) could have been related to a
fire in the study area in 2006 (Vasconcelos et al.
2009) since Neotropical savanna grasses tend to
increase flowering in response to fire (Sarmiento
1992, Baruch and Bilbao 1999). Insect herbivory,
which we also did not manipulate, can also have
profound effects on ecosystem nutrient cycling in
the Cerrado. For example, the effects of leaf-
cutter ants on both plant and soil N (Sternberg et
al. 2007, Costa et al. 2008, Mundim et al. 2009) are

analogous to the impacts that large migrating
ungulates have on N availability in African
savannas (Augustine 2003, Holdo et al. 2007,
Cech et al. 2008). How both fire and herbivory
interact with global change factors could be
crucial to predicting soil-plant feedbacks with
climate change and rising N deposition rates in
the Cerrado in the coming decades.

While experimental precipitation elicited more
plant and soil responses than nitrogen addition
in this study, we cannot exclude the possibility
that ambient N deposition in our study area (9.5
kg ha�1 yr�1, 1997–99, Lilienfein and Wilcke
2004) affected our results by reducing ecosystem
N limitation. Lack of detailed information on
current ambient N deposition rates is a common
limitation of tropical N enrichment studies
(Bobbink et al. 2010). Future research should
endeavor to measure and quantify the effects of
background N deposition in Neotropical savan-
nas like the Cerrado which are experiencing
rapidly rising N deposition rates.

Conclusions
Our results suggest that the increases in

nitrogen deposition and precipitation predicted
for the Cerrado region can have interactive
positive effects on the growth and reproduction
of two dominant grass species via decreased
nutrient and water limitation. Contrary to our
expectations, the responses varied strongly
among species and were largely related to
feedbacks between plant and soil phosphorus
rather than nitrogen. Our results demonstrate
strong species effects on plant-soil feedbacks and
suggest that species-specific responses to global
changes could exert significant effects on ecosys-
tem properties. Such a result is problematic for
predicting global change effects in Neotropical
savannas given extremely high plant species
richness and diverse strategies for nutrient
acquisition (Bustamante et al. 2004, Townsend
et al. 2008). Future experiments, conducted over
longer time-scales and with different Cerrado
functional groups, are necessary to determine if
the effects observed in this study are representa-
tive of long-term ecosystem responses to changes
in precipitation and chronic N deposition. We
suggest that structural equation models can offer
unique perspectives to analysis of complex global
change studies (Clark et al. 2007, e.g., Antoninka
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et al. 2009) because they can test a priori models
for direct and indirect interactions between
treatments, soils, and plants as well as provide
a posteriori models for complex interactions that
may motivate future research. Finally, our find-
ings emphasize that global change factors should
be simultaneously manipulated at realistic levels
in future experiments because of their potential
to have complex non-additive effects on tropical
savanna plants and soils.
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SUPPLEMENTAL MATERIAL

APPENDIX

We measured volumetric water content (m3/
m3) from July to August of 2008 with Soil
Moisture Smart Sensors (Onset Computer Corp.,
Bourne, MA, USA). Sensors were located adja-
cent to plants in irrigation and control treatments
and recorded a measurement every 5 minutes;
they were moved to new plants approximately
every 10 days. During the study period the
average daily volumetric water content (m3/m3)
in watered plots (mean 0.03, lower 95% CL 0.02,

upper 95% CL 0.04) was approximately three
times greater than in un-watered plots (mean
0.01, lower 95% CL 0.01, upper 95% CL 0.02).
Average, maximum, and minimum daily soil
moisture content in watered plots was signifi-
cantly lower in un-watered plots than watered
plots (p , 0.0001 for minimum, maximum, and
average, F-value: avg.: 66.10, max.: 105.17, min.:
32.82, general linear model with day as a random
effect).
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