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Nutrients released through herbivore feces have the potential to
influence plant-available nutrients and affect primary productivity.
However, herbivore species use nutrients in set stoichiometric ratios
that vary with body size. Such differences in the ratios at which
nutrients are used leads to differences in the ratios at which nutri-
ents are deposited through feces. Thus, local environmental factors
that affect the average body size of an herbivore community (such
as predation risk and food availability) influence the ratios at which
fecal nutrients are supplied to plants. Here, we assess the relation-
ship between herbivore body size and the nitrogen-to-phosphorus
ratios of herbivore feces. We examine how shifts in the average
body size of an herbivore community alter the ratios at which ni-
trogen and phosphorus are supplied to plants and test whether
such differences in the stoichiometry of nutrient supply propagate
through plants. We show that dung from larger-bodied herbivores
contain lower quantities of phosphorus per unit mass and were
higher in N:P ratio. We demonstrate that spatial heterogeneity in
visibility (a proxy for predation risk and/or food availability) and rainfall
(a proxy for food availability), did not affect the overall amount of feces
deposited but led to changes in the average body size of the defecating
community. Feces deposited in areas of higher rainfall and reduced
visibility originated from larger herbivores and were higher in N:P
ratios. This indicates that processes that change the size distribution
of herbivore communities, such as predation or size-biased extinc-
tion, have the potential to alter the nutrient landscape for plants.

ecosystem stoichiometry | consumer-driven biogeochemical cycling |
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Animal waste products (feces and urine) are an important
source of nutrients to plants (1–3) and an important driver

of biogeochemistry (4). Nutrients from animal waste affect plant
primary production through both the overall amount of nutrients
deposited and the ratios of different nutrients (stoichiometry) in
the feces. Stoichiometry refers to the relative abundances of dif-
ferent elements, and organisms require nutrients in a set stoichio-
metric ratio, which means that excess of one nutrient will be of no
use when another is limiting (5). However, there are few studies that
expressly investigate how the stoichiometry of animal feces influ-
ence the stoichiometry of elements available to plants (5).
The stoichiometric ratios required by organisms vary among

species, and this variation is often linked to body size. Nitrogen is
an important constituent of protein, and as protein synthesis is
one of the major metabolic processes, nitrogen requirement is
expected to scale to body size in the same way as metabolic rate,
which in herbivorous mammals is with an allometric exponent of
0.75 (6, 7). In vertebrates, skeletal investment increases dispro-
portionately with body size. Bone is phosphorus rich with very
low N:P ratios (∼0.8:1) compared to other body tissues (8). As
such, in vertebrates, phosphorus requirement would be expected
to scale to body size with an exponent greater than 1, following
skeletal allometry (exponent of 1.1; ref. 9). Thus, larger mam-
mals are expected to require less nitrogen and more phosphorus
per unit body mass relative to smaller mammals, and body N:P is
thus expected to decrease as body size increases (5). For

example, the N:P requirement in mammal consumers may range
from 24:1 in a 10-g vertebrate to ∼10:1 in a 1,000-kg vertebrate
(8). Such differences in the body stoichiometric balance will in turn
alter the balance of nutrients released through feces. At constant
food N:P, retaining less nitrogen and more phosphorus would cause
feces from large mammals to be richer in nitrogen and lower in
phosphorus relative to that of small-bodied mammals.
Factors that affect the average body size of the mammal

community within a particular area are therefore predicted to
influence the ratios of local fecal nutrient input. Three important
features, food quality and quantity and predation risk, strongly
shape how herbivores of different body size use the landscape
(10). Smaller herbivores require relatively less forage but of
higher digestive quality, whereas larger herbivores can tolerate
low-quality food, provided that it is of sufficient quantity (11, 12).
For example, areas with high amounts of rainfall are generally
characterized by higher food abundance yet lower food nutri-
tional quality (13), and tend to be populated by communities
dominated by larger mammals (13). Body size also influences the
number of predators to which an herbivore is vulnerable (14).
Smaller herbivores are vulnerable to more predators (14), while
intermediate-sized herbivores may also be vulnerable if they fall
within the predator’s preferred prey size range (15). At the upper
extreme of the body size gradient, megaherbivores (species that
weigh more than 1,000 kg) are practically invulnerable to pre-
dation as adults (16). Vulnerable herbivore species will select the
parts of the landscape where perceived predation risk is low (17).

Significance

Herbivores influence nutrient cycling by depositing feces across
the landscape. Where herbivores go in the landscape is gov-
erned by factors such as food requirements and vulnerability to
predation, traits that are related to body size. We show that
mammals that differ in body size not only use the landscape
differently but also differ in the amount of nitrogen relative to
phosphorus that they release through their feces. This ensures
that plants that grow in areas used by predominantly larger
herbivores (such as areas of higher predation risk or areas of
greater food availability) will receive lower amounts of fecal
phosphorus relative to fecal nitrogen, potentially impacting
plant nutrient availability. This finding is noteworthy consid-
ering the extinction bias toward larger animals.
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How the perception of predation risk varies spatially will depend
on the herbivore’s antipredatory strategy. Herbivores live in a
landscape of fear (17–20) where spatial heterogeneity in vege-
tation density alters lateral visibility and influences the percep-
tion of risk (21). To reduce predation risk, grazing herbivores
select for habitat with increased visibility (18, 19, 21–23), where
predators’ hunting success is lower due to fewer ambush op-
portunities (24). Conversely, some browsers may rely more on
crypsis to avoid being detected by predators and instead depend
on low visibility to provide concealment (20, 23).
While forage quantity and quality, predation risk, and anti-

predatory response may result in local variation in the average
body size of the herbivore community, this does not necessarily
lead to differences in the overall herbivore biomass density.
Larger species occur at lower densities, which ensures that, for a
given level of productivity, overall herbivore biomass should re-
main roughly equivalent (25, 26). If so, the absolute amounts of
fecal material deposited should also remain constant, as shown
by le Roux et al. (19). However, differences in the N:P stoi-
chiometric ratios between the dung of large and small animals
mean that changes in the average body size of the herbivore
community will cause a shift in the stoichiometric ratio of nu-
trients deposited. This shift in N:P ratio can in turn feed back
into the plant community, potentially altering plant productivity,
plant species composition, decomposition dynamics, and many
other aspects of ecosystem functioning (e.g., ref. 27).
Here, we assess the relationship between herbivore body size

and fecal stoichiometry and examine the potential impact of
average herbivore body size within a local community on eco-
system N:P stoichiometry. To do this, we quantified fecal N:P
stoichiometric ratios of herbivores that differed in body size and
compared herbivore visitation, fecal input, and grass and soil N:P
stoichiometry across areas that varied in food quality and
quantity, and lateral visibility. We predicted that areas of abun-
dant, low-quality food and/or low visibility should attract rela-
tively more large-bodied herbivores, and thus feces of higher N:P
ratios should accumulate in these areas. We predicted that this
higher N:P stoichiometry of fecal input would be associated with
higher grass and soil N:P content.
We focus on defecation, partly due to the difficulty of mea-

suring urine release in the wild, but also because nearly all waste
phosphorus is released through defecation (5). Multiple dynamic
processes other than herbivore fecal inputs influence nitrogen
loss or accumulation. For example, nitrogen can accumulate in
soils through nitrogen fixation or be lost through volatilization
during fires (3). Thus, we expect phosphorus to be more closely
coupled to fecal inputs than nitrogen. It has been suggested that
the provision of animal waste should boost predominantly
P-availability and drive ecosystems toward N-limitation (3).
Our study was performed in a South African protected sa-

vanna (Hluhluwe-iMfolozi Park, Fig. 1) that contains a diverse
predator community and a mammal herbivore community that
spans a 10-fold gradient in body mass. To test herbivores’ impact
on biogeochemistry, we used grazing lawns, a system that rep-
resents a close link between grazers, grass, and nutrients where
herbivores’ contribution to biogeochemistry has been well estab-
lished (28). Grazing lawns are herbivore-maintained patches of
short-statured, stoloniferous grass communities that are a fre-
quently used resource hot spot for a wide range of ungulate short
grass grazers that vary in body size from impala (Aepyceros mel-
ampus) to white rhino (Ceratotherium simum) (28). The persistence
of these lawns depends on intense grazing affording the lawn grass
species a competitive edge over taller grass species, and as such,
they represent intensely grazed islands in and among a surrounding
matrix of less often grazed tall grass habitat. Grazing lawns are
considered a very high-quality grazing resource, in part because
regular grazing prevents the buildup of structural carbohydrates
and stimulates compensatory growth, which ensures that fresh

growth is frequently available, providing the nutritional incentive
for repeated grazing (28). Compensatory growth may place high
nutritional demands on lawn grasses (29), a demand that is pro-
posed to be sustained by the continual input of herbivore feces and
urine (30). Furthermore, grazing lawns vary widely in lateral visi-
bility, ranging from completely open to surrounded by, and in-
terspersed with, dense woody cover (31).
We selected 15 grazing lawns that varied widely in rainfall and

surrounding visibility (Fig. 1 and SI Appendix, Fig. S1) and de-
marcated a 5 × 5-m plot in each lawn, within which we monitored
herbivore presence over a 10-mo period using camera traps. We
quantified the accumulation of herbivore fecal material in each
grazing lawn plot over the same period. We considered rainfall
as an indication of food quantity and grazing lawn size as an
indication of the availability of high-quality food that, because of
the short stature of the grasses, is low in quantity (Materials and
Methods). Because of our focus on grassy systems, we felt it
justifiable to consider lateral visibility as a proxy for predation
risk, i.e., higher visibility interpreted as lower perceived risk [see
the previous studies that established this link (18, 19, 21, 24)].
However, we acknowledge that certain browsing species may
instead consider low visibility as the safer habitat and that the
woody cover that leads to lower visibility may also be a food
source for browsers. Thus, lateral visibility may impact the av-
erage herbivore body size within a local community through both
changes in predation risk and food availability. From the per-
spective of the grazing lawn plot, we related lawn visibility, lawn
size, and rainfall to 1) total herbivore presence (i.e., visitation
and time spent) per lawn; 2) the average body size of each lawn’s
herbivore visitors; 3) how much fecal material accumulated on
each lawn; and 4) the average body size of each lawn’s herbivore
defecators. We quantified fecal nutrient content for each defe-
cator and related fecal nutrient deposition and the average body
size of the defecators to the nitrogen and phosphorus content
and the N:P stoichiometric ratio of lawn grass leaves and lawn
soils. We also compared the extent to which the grass and soil
nitrogen and phosphorus content in each lawn plot differed from
that of a nearby tall grass control plot (i.e., a plot comparable in
tree/shrub cover and slope, within 60 m away from the grazing
lawn plot yet outside the lawn within the tall-grass surrounds; see
photo Insets in Fig. 1). Grazing lawns have been shown to be
elevated in foliar nutrients compared to surrounding tall grass
(28), and thus we tested how the absolute nutrient concentration
and the degree of nutrient elevation of lawn grass and soils re-
lates to the fecal material accumulation and the average body
weight of the defecator. As an additional sensitivity check, we
reran all our analyses on a separate fecal nutrient dataset for the
same species recorded in a savanna game reserve in Kenya (32)
and report these results in SI Appendix.
Specifically, we predicted that 1) as herbivore body size in-

creases, the phosphorus content of their fecal material will de-
crease and the N:P ratio will increase; 2) the herbivore visitation
and dung accumulation on grazing lawns of lower visibility, higher
rainfall, and smaller size will be, on average, from larger herbivore
species; and 3) despite local community body size differences,
overall visitation, and therefore overall dung accumulation, would
be comparable across grazing lawn plots; but that 4) the greater
the average body size of the defecating community, a) the higher
the N:P ratio of the total fecal nutrient input and b) the higher the
N:P ratio of the soil and grass leaf material.

Results
Fecal nitrogen content only varied with body size (log-transformed)
among mixed feeders [which in our dataset consisted of impala,
nyala (Tragelaphus angasii) and elephant (Loxodonta africana);
Fig. 2 and SI Appendix, Table S1], and not for the other feeding
guilds. In contrast, fecal phosphorus decreased with body size
(log-transformed), regardless of the herbivore’s foraging strategy
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(however, the browser category was omitted from these analyses as
the dataset only contained one species, giraffe, Giraffa camelopar-
dalis). Correspondingly, the fecal N:P ratio increased with body size
(log-transformed; Fig. 2 and SI Appendix, Table S1).
The total amount of fecal material (in kilograms dry mass)

that accumulated on each plot was independent of visibility,
rainfall, or lawn extent (SI Appendix, Table S2). However, the
average weight of the herbivore community that visited a grazing
lawn increased with decreasing visibility and increasing rainfall
(Fig. 3 and SI Appendix, Table S3); i.e., on average, larger species
visited lawns of lower visibility and lawns that received more
rainfall. Similarly, as visibility decreased, the average weight
(log-transformed) of the herbivore community that defecated on
each grazing lawn increased (Fig. 3 and SI Appendix, Table S4);
i.e., the fecal material that accumulated on less visible grazing
lawns originated on average from larger herbivores. This log-
linear relationship indicates that the increase in average body
weight is particularly stark at the lawns with the lowest visibility.
These relationships with surrounding visibility remained un-
changed, regardless of whether visibility was measured at impala
eye height (∼90 cm) or at observer eye height (∼156 cm). Lawn
extent did not influence the average weight of the herbivore
community visiting or depositing dung on lawns (SI Appendix,
Tables S3 and S4).
The observed increase in average body size of the local mammal

community, in response to higher rainfall and reduced visibility,
significantly increased the N:P ratio of fecal input (Table 1 and
Fig. 4). Replacing the measured fecal nutrient values with those
obtained from Sitters et al. (32) did not change the interpretations
(SI Appendix, Table S5). An increase in the average body size of
the defecators was associated with an increase in the total amount

of fecal nitrogen and a decrease in the total amount of fecal
phosphorus deposited on each lawn plot (Table 1). However,
according to AICc (Akaike information criterion corrected for
small sample sizes), defecator body size did not explain variation
in total fecal nitrogen and phosphorus input any better than a
null model.
The nutrient content of lawn soils and the nitrogen content of

lawn grass leaves did not vary with a change in average body size
of the defecators (SI Appendix, Table S6). While an increase in
average defecator body size was associated with a significant
increase in lawn grass leaf N:P ratio, the model fit was poor with
the difference in AICc over a null model being less than 2.
The leaf material of the grasses growing inside the grazing lawns

was elevated in nitrogen and phosphorus relative to the leaf ma-
terial of the grasses growing in the adjacent tall-grass control plot
(nitrogen: t = 4.33, df = 14, P < 0.001; phosphorus: t = 1.92, df =
14, P = 0.074; SI Appendix, Fig. S2). However, as predicted, the
degree of phosphorus elevation was less pronounced in the lawn
grass leaves that received fecal material from predominantly larger
herbivores, compared to the lawn grass leaves where the defecating
herbivore was on average smaller (estimate = −0.0005, SE =
0.0002, P = 0.018; SI Appendix, Table S6), although again the
model fit was poor and the AICc difference over a null model was
less than 2.

Discussion
In agreement with our predictions, spatial heterogeneity in visi-
bility and in forage quantity (rainfall) led to local herbivore
communities that varied in average body size. Grazing lawns in
areas of higher rainfall and grazing lawns of lower visibility were
visited by, on average, larger-bodied species and the fecal material

Fig. 1. Location of Hluhluwe-iMfolozi within South Africa and schematic of plot distribution. The gray symbol indicates two plots that were just 55 m apart
and thus too close to display separately on the map. The photo Insets show a low-visibility (Top) and a high-visibility (Bottom) grazing lawn. The Bottom
photo shows the clear division between the grazing lawn and the surrounding tall grass layer in which the control plot was placed. Tall grass areas ap-
propriate for placing control plots (i.e., comparable in tree/shrub cover and slope) were within 20 m of the lawn plot (apart from one site where the nearest
suitable control was located 60 m away from the lawn plot). The entire grazing lawn within which the lawn plot was demarcated ranged greatly in size with
the largest lawn being 6.5 times larger than the smallest lawn.

22258 | www.pnas.org/cgi/doi/10.1073/pnas.2003269117 le Roux et al.
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that accumulated on lawns of lower visibility originated from, on
average, larger-bodied species. The consequence of this variation
in average community body size is that despite fecal material having
been deposited in relatively equal amounts across all grazing lawns,
the deposition of particular nutrients was uneven. Because the feces
from larger-bodied herbivores contained lower quantities of phos-
phorus per unit mass and were higher in N:P ratio, lawns on which
predominantly larger herbivores defecated received fecal material
that was higher in N:P ratios.
The fecal nutrient dataset used in this study had low sample size

for certain species (SI Appendix, Table S7), and it was only collected
in a single season. However, in recognition of this shortcoming, we
substituted all fecal nutrient data with a published dataset collected
in Saadani National Park, Tanzania, over multiple years and mul-
tiple seasons (32). Although we were unable to evaluate the changes
in fecal N and P for mixed feeders (as the dataset from ref. 32 only
contained two mixed feeders), the relationship between grazer fecal
N and P with body size remained the same. We ran the analyses
relating fecal nutrient input to defecator body size using this sub-
stitute dataset, and all relationships and conclusions remained
unchanged.
While the average body size of the local herbivore community

strongly influenced the N:P stoichiometric ratio of fecal input to
a grazing lawn, it was a poor predictor of grass N:P ratio, despite
a significant relationship. This is likely because fecal input is just
one factor of many that may impact stoichiometric balances. For
example, in savannas, the abundance of nitrogen-fixing Vachellia
species may play prominent roles in nitrogen replenishment
while frequent fires may drive losses in volatile nitrogen, more so
than phosphorus (3). Moreover, the release of nitrogen through
animal feces is said to be very diet dependent and thus the rel-
ative ratios of browsers vs. mixed feeders vs. grazers will be an
important factor in the stoichiometry of nutrient release. With
browser dung being generally higher in nitrogen content compared
to that of grazers (32) (see Fig. 2A for the elevated fecal nitrogen
content of giraffe), nitrogen may play a more prominent role in
determining the N:P ratio of browser dung. In addition, browsing
species are also unlikely to congregate in open areas as an

antipredatory response and may instead perceive denser vegetation
as safer (20, 23). By limiting our study to using grazing lawns, we
neglected the browser influence, an omission that should be rem-
edied in future studies.
Certain legacy effects in our study site may also account for the

tenuous relationship between the average body size of the herbivore
community and grass N:P content. While Hluhluwe-iMfolozi Park
(HiP) currently contains high densities of megaherbivores, their
impact on ecosystem stoichiometry has been greatly disrupted over
the past century. Elephants have been reintroduced in HiP in 1981,
after almost a hundred-year absence (34). White rhino populations
recovered from near extinction at the beginning of the 1900s, giraffes
were reintroduced during the mid-1900s, and hippopotamuses
(Hippopotamus amphibius) occur in very low numbers (34). Thus,
the long-term stoichiometric pattern may not yet be fully recovered.
In view of these constraints (i.e., various alternative pathways of grass
nutrient control, long-term disruptions to consumer-driven nutrient
movement, and the small sample size of our study), a weak grass N:P
response is perhaps unsurprising. Future work should endeavor to
quantify the relative contribution of herbivore nutrient release to the
stoichiometry of plant nutrient availability in comparison to that of
other potential nutrient sources. We propose measuring environ-
mental variables that link explicitly to both the direct and indirect
nutrient transfer pathways (e.g., fecal inputs, litterfall, density of
nitrogen-fixing plant species) and analyzing these variables
through path analyses that can separate the relative contributions
of each. This will require sample sizes much higher than what we
present here.
If stoichiometric differences in herbivore fecal N:P ratios trans-

late into plant nutrient limitation, the consequences may be far-
reaching, manifesting in plant productivity, phenology, and species
composition. For example, somewhat speculatively, in areas where
smaller herbivores create conditions of low N:P ratios and plants are
driven toward nitrogen limitation, the growth of particular species
such as nitrogen fixers may be promoted, gradually shifting plant
species composition. This may be a fruitful area of investigation.
Another avenue for future research may be to investigate the stoi-
chiometric consequences of direct predation on predominantly

Fig. 2. Fecal nitrogen (A), fecal phosphorus (B), and fecal N:P ratio (C) in relation to the log of herbivore body size (in kilograms). Points are categorized
according to feeding type. The browser category contains only a single species, giraffe. The trendlines were produced using geom_smooth [ggplot2 package
(33)] of a single-term linear model fit to all herbivores regardless of feeding strategy. The table Inset shows test statistics and coefficient estimates for
generalized least-squares models of all feeding types combined, with heteroscedasticity corrected in the model of fecal N:P. Test statistics for models specific
to each feeding type can be found in SI Appendix, Table S1. As an indication of overall model fit, the AICc statistic of each model is presented alongside the
AICc of each model’s corresponding null model (intercept-only model). The log-likelihood ratio statistic and associated P value for each model compared to
the null model are also given with degrees of freedom reported in parentheses. Significance codes: ***<0.001 and “.” 0.1.

le Roux et al. PNAS | September 8, 2020 | vol. 117 | no. 36 | 22259

EC
O
LO

G
Y

D
ow

nl
oa

de
d 

at
 U

ni
ve

rs
ite

its
bi

bl
io

th
ee

k 
U

tr
ec

ht
 o

n 
S

ep
te

m
be

r 
25

, 2
02

0 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003269117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003269117/-/DCSupplemental


smaller species leading to compositional shifts in the herbivore
community toward proportionally more large species. We might
speculate that shifting the herbivore community to a dominance of
larger body sizes may lead to a greater demand for phosphorus by
the herbivore trophic level as a whole, which may propagate through
the food web to lower the availability of phosphorus at the primary
producer level, driving plants toward P-limitation. This has been

shown in lake experiments where shifts from a community domi-
nated by high body N:P species to one dominated by low body N:P
species caused primary producers to shift from being limited by the
availability of N to being limited by the availability of P (35).
These findings gain further relevance when seen within the

context of past megafaunal extinctions. Between ∼50,000 y ago
and the present, ∼50% of large mammal species (>44 kg) went

Fig. 3. The relationship between the average visitor body weight (in kilograms) and the average visibility measured at impala eye height (A) and the average
rainfall received per lawn plot (B). C shows the relationship between the average defecator body weight (log-transformed) and visibility measured at impala
eye height. The trendlines were produced using geom_smooth [ggplot2 package (33)] of a linear model fit to the single explanatory term. Note the difference
in y axis scaling between A and B. The table Inset shows test statistics and coefficient estimates for generalized least-squares models that include a spatial
correlation term. For modeling purposes, all explanatory variables are standardized by subtracting the mean and dividing by the SD. As an indication of
overall model fit, the AICc statistic of each model is presented alongside the AICc of each model’s corresponding null model (intercept-only model). The log-
likelihood ratio statistic and associated P value for each model compared to the null model are also given with degrees of freedom reported in parentheses.
The full model selection steps and associated test statistics can be found in SI Appendix, Tables S3 and S4. Significance codes: ***<0.001, **<0.01, and *<0.05.

Table 1. Test statistics and coefficient estimates for generalized least-squares models testing the relationship between the average
defecator body weight (in kilograms) and total fecal nitrogen input (A), total fecal phosphorus input (B), and the
nitrogen-to-phosphorus ratio of total fecal input (C)

Dataset: Outlying point excluded (n = 14) Dataset: Full (n = 15)

A: Total fecal N input ∼ average
defecator body weight

B: Total fecal P input ∼ average
defecator body weight

C: N:P ratio of fecal input ∼
average defecator body weight

AICc (AICc null) 147.109 (147.203) 105.172 (104.097) 22.198 (48.212)
Log-likelihood ratio 4.138 2.970 29.832
P value (df) 0.042* (12) 0.085 . (12) <0.001*** (13)

Est SE t value P value Est SE t value P value Est SE t value P value
Intercept 52.895 12.866 4.111 0.001** 15.643 3.089 5.065 <0.001*** 3.782 0.138 27.369 <0.001***
Average defecator body size, kg 0.026 0.012 2.128 0.055 . −0.006 0.003 −2.436 0.031* 0.002 0.000 9.055 <0.001***

Responses A and B were tested using a subset dataset excluding an influential outlier, and response C did not have an outlier and as such was tested using
the full dataset. As an indication of overall model fit, the AICc statistic of each model is presented alongside the AICc of each model’s corresponding null
model (intercept-only model). The log-likelihood ratio statistic and associated P value for each model compared to the null model are also given with degrees
of freedom reported in parentheses. Significance codes: ***<0.001, **<0.01, *<0.05, and “.” 0.1.
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extinct (36). This extinction differs from previous mass extinctions
in that it is skewed toward larger species (37), and thus globally, the
remaining mammal communities are made up of smaller-bodied
species than they have been for at least the last 30 to 40 million
years (38). At the start of the Pleistocene, the mean body mass of
the world’s mammal communities was >>100 kg, yet this has col-
lapsed to ≤10 kg [with the exception of a few protected areas in
Africa and Asia (38)]. The consequences of this dramatic body size
downgrading for ecosystem processes is of much current interest
and has been frequently discussed in recent literature (39–43). We
hope that this work will contribute to these debates by showing that
the extinction of predominantly large animals may have altered
stoichiometric balances. This insight is crucial at a time when body
size downgrading of mammalian communities continues, and the
ecological consequences of this complete global megafaunal col-
lapse are unclear.

Materials and Methods
The study site was situated in the megaherbivore-rich HiP in KwaZulu-Natal,
South Africa. It is a mesic to semiarid savanna with a strong rainfall gradient
from north to south, ranging from an average of 968 mm pa (±36 SE) to
691 mm pa (±30 SE) (44). The vegetation ranges from open grasslands to
closed Vachellia and broadleaved woodlands (45). Grazing lawns form a
prominent feature of the HiP landscape, and at the time of this study, grazing
lawns covered an estimated 6.9% of the surface area of the reserve, and up to
20 to 30% in the southern sections (31).

Grazing Lawn Selection.We selected 15 grazing lawns varying in lateral visibility
(SI Appendix, Fig. S1) and demarcated a 5 × 5-m plot within each. The average
distance between grazing lawn plots was 14.75 km (SD = 6.13 km), ranging
between 55m and 35 km (Fig. 1). We quantified visibility surrounding each plot
using a 1.6-m-tall Nudds’ density board (46) vertically divided into 0.2-m sec-
tions. For every 0.2-m section of the board, we recorded the distances at which
approximately half of the section was no longer visible, along transects into the
eight cardinal and intercardinal directions from the center of the plot and up to
a distance of 20 m.We averagedmeasurements across all transects per plot. We
performed this visibility measurement in July 2014 and March 2015 to account
for any seasonal variation in visibility. Visibility measurements were made with
the observer viewing from an eye height level of ∼90 cm, reflecting the average
eye height of impala (Aepyceros melampus), the dominant prey species in our
study (34). We repeated the measurements with the observer standing upright
(eye height, ∼156 cm) and tested with every analysis whether visibility mea-
sured at a higher height yielded a different result.

Prior to lawn plot selection, we quantified grass cover and identified grass
species and selected plots that were comparable in grass cover and that were

made up of between 70 and 100% prostrate-growing, lawn-type species,
including Dactyloctenium australe, Digitaria longiflora, Sporobolus nitens,
Urochloa mosambicensis, Panicum coloratum, and Sporobolus ioclados (see
ref. 28). We quantified surrounding lawn extent along 50-m transects in
each of the eight cardinal and intercardinal directions. This lawn extent
estimate was missing for one of the 15 lawn sites.

Herbivore Presence and Fecal Nutrient Input. Between May 2014 and February
2015, we recorded herbivore presence in each lawn by placing a motion-
triggered Bushnell Trophy trap camera in the corner of each lawn plot, set to
take photos at 1-s intervals when triggered with no refractory period set.
This ensured that the more time an animal spent on the plot, the more
photos were taken, thus combining information on the number of animals
visiting and the duration of the visit. Due to occasional animal interference,
cameras did not function continuously throughout this period, but we
recorded the number of days the camera was functional to correct for this
difference in effort.

From the photos, we identified the herbivore species and quantified the
number of individuals within the 5 × 5-m plot. We recorded rainfall and
species-specific dung accumulation within the 5 × 5-m plots on a roughly 2-
to 3-wk rotation. We counted the number of dung piles and crushed these
in situ to avoid recounting. We calculated total dung input (in kilograms) per
species by multiplying the dung pile count with an average dung pile
weight. Average dung pile weight was estimated by collecting five dung pile
samples per species, drying at 60 °C for 48 h and measuring the dry weight.
We estimated the total input of nitrogen and phosphorus (in grams) to each
lawn plot over the 10-mo monitoring period using species-specific mea-
surements of dung nutrient content from dung samples collected in 2018
(see next section). With the exception of gray duiker (Sylvicapra grimmia)
and waterbuck (Kobus ellipsiprymnus), fecal nutrient measurements were
available for all species that defecated on the lawn plots. We used published
estimates (32) of fecal nutrient content for gray duiker and used wildebeest
(Connochaetes taurinus) fecal nutrient content for waterbuck. While dietary
differences between waterbuck and wildebeest are likely to influence their
dung nutrient profile, this is unlikely to influence our results, as only two
piles of waterbuck dung were recorded over the 10-mo period.

Fecal Nutrient Content Measurements. Between January and April 2018, we
collected fresh dung (no older than a day) from all mammalian herbivores
that were recorded on the lawn plots (a sample size summary is presented in
SI Appendix, Table S7). Sampling locations were spread across the park and
dung samples of the same species found in the same location within a time
span of 7 d were combined into composite samples. The dung was dried at
60 °C for 48 h, ground, and stored for later analysis of nutrient content by an
external laboratory (KZN Agricultural Research Laboratories). Nitrogen
content was estimated using the Dumas (dry combustion) method using a
Leco CNS 2000 Analyzer, and phosphorus content was estimated by induc-
tively couple plasma optical emission spectrometry.

Grass and Soil Nutrient Content Measurements. DuringMay 2014, we collected
five soil and five grass leaf samples from randomly selected locations within
each lawn plot and within a tuft grass-dominated control plot located in the
vicinity of each lawn. While the nutrient measurements were taken at the
start of the herbivore use and dung accumulation monitoring, we assume
that the results of our 10-mo monitoring of herbivore presence and dung
deposition reflected the long-term responses to rainfall and visibility gra-
dients and therefore reflect long-term, cumulative impact on nutrient status.
Control plots were delineated outside the lawn area such that they contain
predominantly tall bunch grass species, yet within close proximity to the
lawn plot (within 20 m for all sites apart from one where the closest suitable
control area was located ∼60 m away). The control plots were comparable to
the lawn plots in terms of slope and canopy cover. The soil samples were
collected to a depth of 10 cm and divided into a top soil (0 to 5 cm) sub-
sample and a deeper soil (5 to 10 cm) subsample. Each subsample was an-
alyzed separately. The grass samples were hand plucked and included all leaf
biomass from the mixture of the species growing within ∼5 cm from each of
the soil sampling locations (i.e., five locations randomly spread across each
plot). The species mixture ensured that the sample reflected the nutrient
availability within the plot regardless of species. For soil and leaf material,
the five samples were combined into a composite sample [dry weight av-
erages: lawn grass x ̄ = 3 g, control grass x ̄ = 4 g, lawn soils x ̄ = 437 g (0-5 cm);
x ̄ = 493 g (5-10 cm), control soils x ̄ = 425 g (0-5 cm); x ̄ = 469 g (5-10 cm)], dried at
60 °C, and stored for subsequent analysis of nutrient content by KZN Agri-
cultural Research Laboratories (see previous section).

Fig. 4. The relationship between average defecator body weight (in kilo-
grams) and the N:P ratio of total fecal input (A) and the N:P ratio of lawn grass
leaves (B). The trendlines were produced using geom_smooth [ggplot2 pack-
age (33)] of a linear model fit to the single explanatory term. The coefficient
estimates are presented above each panel and were obtained using single-
term generalized least-squares models with a spatial correlation. As an indi-
cation of overall model fit, the AICc statistic of each model is presented
alongside the AICc of each model’s corresponding null model (intercept-only
model). df, degrees of freedom. Significance codes: ***<0.001 and *<0.05.
Estimates of the relationships between defecator body size and total N and P
fecal input and total N and P grass content can be found in Table 1 and SI
Appendix, Table S6.
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Statistical Analysis. To investigate variation in dung nutrient content with
varying body size, we applied three single-term linear models, regressing fecal
nitrogen percentage, fecal phosphorus percentage and nitrogen-to-phosphorus
ratio against log-transformed body size. These models were run on all herbivore
data combined as well as on subsets of mixed-feeding species and grazing
species. We corrected heteroscedasticity in the models with grazer fecal nitro-
gen, grazer fecal phosphorus, and mixed-feeder fecal phosphorus as response
[using the weights function from the nlme package (47)].

We modeled four response variables on the lawn plots: 1) herbivore
presence; 2) total fecal material accumulation [total dung accumulation in
kilograms (dry matter) across the entire 10-mo period]; 3) average body size
of all herbivores present on each grazing lawn plot (see Eq. 1); and 4) average
body size of all herbivores that defecated on each plot (see Eq. 2).

We calculated an estimate of total herbivore presence per grazing lawn
plot (response 1) by summing the number of photos taken of each species and
the number of individuals in each photo (combining information on visitation
and length of stay). To correct for effort, we divided this value by the number
of days in which the camera was functional (to account for variability in
measurement effort due to animal interference).

We calculated the average body size of the herbivores that were present
on each grazing lawn plot (response 3) by multiplying the number of photos
taken of each species per plot by the average female body weight of that
species (taken from ref. 16), summing this value across all species and di-
viding the total value by the total number of herbivore photos taken per
plot (across all species):

∑n
i=1(Pi × aBWi)

sum(P) , [1]

where i denotes herbivore species and Pi and aBWi are the species-specific
number of photos recorded and average female body weight, respectively. P
represents the total number of herbivore photos taken at that lawn.

Similarly, we calculated the average body size of the herbivores that
defecated on each grazing lawn plot (response 4) by multiplying the number
of dung piles deposited by each species per plot by the average female body
weight of that species, summing this value across all species and dividing the
total value by the total number of dung piles deposited per plot (across all
species):

∑n
i=1(DPi × aBWi)

sum(DP) , [2]

where i denotes herbivore species and DPi and aBWi are the species-specific
number of dung piles deposited and average female body weight, respec-
tively. DP represents the total number of dung piles deposited on that lawn
plot (regardless of species).

We applied generalized least-squares models from the package nlme (47)
and modeled each response (herbivore presence, dung accumulation, aver-
age visitor body size, and average defecator body size) as a function of 1)
surrounding lawn extent, 2) rainfall, and 3) surrounding visibility. All ex-
planatory variables were standardized prior to modeling by subtracting the
mean of each variable and dividing by the SD. All variance inflation factors

were below 2, and as such there were no concerns over multicollinearity in
these models. We incorporated a spatial exponential correlation structure,
allowing the correlation to decay exponentially with distance between lawns.
We obtained a best adequate model through backward selection based on
AICc, removing the least significant term at each step until all remaining pa-
rameters were significant at the 0.05 level (48). Herbivore presence (response
1) and herbivore dung accumulation (response 2) each contained a single
outlying point. All model interpretations were verified with and without this
point included. We log-transformed the average herbivore defecator body
weight response to improve model fit.

We then tested whether the total fecal phosphorus input per plot (in
grams), the total fecal nitrogen input per plot (in grams), and the total fecal
nitrogen to phosphorus ratio changed in relation to the average body size of
the herbivore defecators using single-term generalized least-squares models
with the spatial exponential correlation structure. Model results presented
for the total fecal P and fecal N input have a single outlier removed; how-
ever, its omission did not change our interpretation.

To analyze lawn nutrient status relative to the surrounding tall grass
control plot, we used paired sample t tests to compare absolute nutrient
contents in lawn samples to absolute nutrient contents in control samples.
Because lawn plots were widely distributed across areas likely to differ in a
number of conditions that would influence elemental profiles (Fig. 1), we
also calculated a proportional difference in nutrients (for both soils and
grass leaves) between lawn and control:

diffN = Nlawn − Ncontrol

Ncontrol
. [3]

We tested whether lawn nutrients (N, P, and N:P ratio in grass leaf material,
soil at 0- to 5-cm depth, and soil at 5- to 10-cm depth) changed in relation to
the average body size of the defecator. We again applied generalized least-
squares models with the spatial exponential correlation structure. We used
the same procedure to see whether the extent of lawn nutrient enhance-
ment [diffN, diffP, and diffN:P (see Eq. 3) in grass leaf material, soil at 0-
to 5-cm depth and soil at 5- to 10-cm depth] changed in relation to the
average body size of the defecator. To reduce skewness we log transformed
the following variables: Pgrass leaves, Psoil 0–5 cm, Psoil 5–10 cm, N:Psoil 0–5 cm,
N:Psoil 5–10 cm, diffPsoil 0–5 cm, diffPsoil 5–10 cm, diffN:Psoil 0–5 cm, and diffN:Psoil 5–10 cm.

Throughout all modeling procedures, we routinely checked for hetero-
scedasticity and validated models graphically. All analyses were performed in
R (49).

Data Availability. Data files and the analysis script have been deposited in the
Mendeley Data repository (DOI: 10.17632/jwc4rr6kwr.3) (50).
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