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ABSTRACT

We used a long-term herbivore removal experi-
ment where paired exclosure—open treatments
were established at the Mpala Research Centre,
Laikipia, Kenya, in 1999 to examine changes in soil
nitrogen (N) at nutrient-rich glades and adjacent
nutrient-poor bushland sites after almost two dec-
ades of herbivore removal. Glades in this landscape
are created by large inputs of dung and urine from
previous long-term corralling of cattle in an
otherwise nutrient-poor matrix of woodland
(bushland). We predicted (1) a net gain of soil
nutrients at bushland sites (that is, inputs of
nutrients > losses) and (2) a net loss of soil nutri-
ents at glade sites (that is, inputs of nutrients <
losses) following herbivore exclusion. As expected,
soil N increased (by 28% after 17 years) with her-
bivore removal, but remained largely unchanged in
the presence of herbivores at low-nutrient bush-
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land sites. However, contrary to our expectations,
soil total N in nutrient-rich glades also increased (+
18%) when herbivores were removed, but declined
when grazed (—11%). Although the underlying
mechanisms are unclear, we suggest that increased
N fixation by Acacia spp., combined with increased
canopy cover and associated tree leaf litter, resulted
in elevated soil N following browser removal in
low-nutrient bushland sites, while grazer-induced
increases in the rate of N transformations between
organic and mineral forms resulted in a more
“open” N cycle (as evidenced by higher N miner-
alization rates and foliar N), with increased poten-
tial for N loss in gaseous forms, in grazed nutrient-
rich glade sites. Grazers and browsers thus appear
to affect the N cycle and create and reinforce
heterogeneity in unique ways.

Key words: browsers; glades; grazers; herbivore
exclusion; nitrogen; soil dynamics.


http://crossmark.crossref.org/dialog/?doi=10.1007/s10021-022-00748-7&amp;domain=pdf

162 C. Coetsee and others

HiGHLIGHTS

e Variable effects of herbivores on N dynamics at
nutrient-rich vs. nutrient-poor sites

e Increases in cover of woody N fixers increases
soil N on nutrient-poor patches

e Nutrient-rich patches with herbivores lose N
over time, but not P

INTRODUCTION

Rangelands are characterized by substantial spatial
heterogeneity in plant communities and soil
nutrients arising not only from edaphic and topo-
graphic variability across space, but also from
feedback effects generated by herbivores, both
domestic and wild (Pastor and others 1999; Au-
gustine and Frank 2001; Yoshihara and others
2010; Lilleeng and others 2016; Liu and others
2016; Limb and others 2018; Bubnicki and others
2019). These feedbacks are varied; herbivores di-
rectly affect spatial patterns in nutrient availability
and vegetation by redistributing nutrients across
the landscape in dung and urine, by changing the
physical characteristics of soil (for example, tram-
pling), and by affecting plant physiological pro-
cesses (Frank and others 1994, 2000; Knapp and
others 1999; Bardgett and Wardle 2003; Van der
Waal and others 2011; Schrama and others 2013;
Liu and others 2016; Andriuzzi and Wall 2017;
Veldhuis and others 2018). Herbivores also exert
indirect effects; selective feeding impacts both plant
species composition and the quantity and quality of
litter inputs to soils (via associated stoichiometric
differences), while physical disturbances have the
potential to change soil fauna and associated
decomposition dynamics, both of which can have
variable outcomes for whether herbivores acceler-
ate or decelerate nutrient cycling (Ritchie and
others 1998; Singer and Schoenecker 2003; Persson
and others 2005; Pastor and others 2006; Andriuzzi
and Wall 2017; Sitters and others 2017; Penner and
Frank 2019).

The net effect of herbivores on nutrient pools,
nutrient availability and plant production is
hypothesized to be contingent on soil fertility. In
the short term, herbivore effects may be positive in
fertile ecosystems because rhizosphere processes
and microbial biomass are stimulated by N-rich
detritus with positive outcomes for net primary
productivity and nutrient cycling rates, while the
opposite may be expected in unproductive ecosys-
tems (classical theory of Hobbie 1992; Ritchie and

others 1998; Bardgett and Wardle 2003). On the
other hand, the presence of herbivores can result in
microbes being C-limited on more fertile soils,
which will decrease N availability as a result of
increased N immobilization by microbes (stoichio-
metric approach of Cherif and Loreau 2013; Sitters
and Venterink 2015). Based on the classical theory,
modelling efforts suggest that herbivore-related
enhancement of nutrient cycling rates and stimu-
lation of plant production can only be sustained in
the long term if faster nutrient cycling rates are not
associated with greater nutrient loss rates, and if
nutrient input rates are greater than a threshold
value dependent on the sensitivity of plant uptake
to increases in the nutrient (de Mazancourt and
others 1998). At present, while there is ample
evidence from savanna ecosystems to indicate that
herbivores are capable of enhancing nutrient cy-
cling rates and stimulating plant production in the
short term (McNaughton 1985; Verweij and others
2006; Waldram and others 2008; Bonnet and oth-
ers 2010), the degree to which herbivores affect the
long-term balance of soil N in savanna ecosystems
remains unclear.

Here, we leverage an herbivore removal experi-
ment established at the Mpala Research Centre,
Laikipia, Kenya, in 1999 to examine how large
ungulate herbivores influence N-budgets over the
long term in nutrient-rich ‘glades’ and nutrient-
poor ‘bushland’ sites. In central Kenya where this
work took place, and elsewhere in Africa, indige-
nous pastoralists corral cattle at night in “bomas”
(Augustine 2003; Scholes and Walker 2004). These
sites are initially identical to the background matrix
of bushland in terms of geomorphology, soil and
vegetation (Western and Dunne 1979; Blackmore
and others 1990; Augustine 2003). Historically,
sites were cleared of trees in order to construct
bomas and the labour involved resulted in these
being used for extended periods (Western and
Dunne 1979; Veblen and Porensky 2019). Cattle
forage during the day in the surrounding landscape
and concentrate nutrients into bomas during the
night through dung and urine deposition (Augus-
tine 2003; Porensky and Veblen 2015). After
abandonment, the concentrated layer of dung and
urine develops over time into nutrient-enriched
glades dominated by grazing-tolerant grasses,
where woody vegetation may either remain absent
for decades to centuries (Young and others 1995;
Augustine and others 2003; Veblen 2012) or differ
in composition from the surrounding matrix
(Scholes and Walker 2004). More recently, bomas
have been constructed from movable gates and are
moved frequently; however, bomas that have been
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in place for about a month still result in glades with
glade-like nutrient-rich vegetation, that attract
herbivores and initiate “ecosystem hotspots”
(Porensky and Veblen 2015; Veblen and Porensky
2019).

Depending on time since boma abandonment, N
can be more than 7 times higher and phosphorus
(P) 27 times higher in central Kenyan glade soils,
compared to bushland soils (Young and others
1995; Augustine and others 2011). Glades are
heavily utilized by both domestic and native her-
bivores as glade forage is high in nutrients and the
open areas provide high visibility in terms of
predators (Young and others 1995; Augustine
2003; Treydte and others 2006; Augustine and
others 2019). This then becomes a self-perpetuat-
ing system that may persist for millennia (Marshall
and others 2018), as animals utilize lawns often
and contribute high inputs of N and P through
dung and urine, which in turn contributes to high
productivity on glades (Augustine and others
2003).

We hypothesized that on nutrient-rich glade
sites, (1) N will have remained stable or increased
in the presence of herbivores because previous
work has shown that net imports of nutrients (N, P)
are generally higher or equal to net exports (Au-
gustine and others 2003), and (2) herbivore
exclusion will have reduced soil N because of a lack
of inputs. Additionally, we hypothesized that on
adjacent, less nutrient-rich bushland, (3) total soil
N would have either decreased in the presence of
herbivores, as these sites are mostly grazed by cattle
that are corralled elsewhere at night, with a net
export of nutrients (Augustine and others 2003) or
remain unchanged as herbivore utilization is typi-
cally low, while (4) herbivore exclusion would
have enhanced total soil N as a result of increased
canopy cover of N-fixing woody plants (Sankaran
and others 2013; Wigley and others 2020), as well
as a lack of grass nutrient redistribution from the
bushland to glades.

METHODS
Study Area

Our study was carried out in a semiarid savanna
with an Acacia-dominated tree and shrub layer and
a discontinuous layer of perennial grasses at the
Mpala Research Centre (MRC) and Mpala Ranch in
the Laikipia district of central Kenya (37°53'E, 0°17’
N; Augustine 2003. Soils at the study sites consist of
sandy red loams (74% sand, 15% clay), which
originate from basement metamorphic parent

materials (Ahn and Geiger 1987). Inherent soil
properties such as texture, pH (Augustine 2003;
Augustine and others 2003) and bulk density
(1.51 g cm° for bushland vs. 1.52 g cm ™ for glades)
are similar between glades and bushland soils.
Mean annual rainfall between 1972 and 2009
was 514 mm (Sankaran and others 2013) and
633 mm between 2003 and 2016 (Augustine and
others 2019). MRC is managed for cattle produc-
tion using traditional Maasai methods where cattle
are actively herded and corralled at night in bomas;
1,400-3,100 cattle are kept at Mpala (averaging 10—
20 cattle km™?) (Odadi and others 2018; Augustine
and others 2019). The property supports a diverse
suite of native browsers and mixed feeders, which
include impala (Aepyceros melampus c. 20 km?),
Glinther’'s dik-dik  (Madoqua  guentheri c.~
100 km™?), eland (Taurotragus oryx), greater kudu
(Tragelaphus strepsiceros), giraffe (Giraffa camelo-
pardalis reticulata) and elephant (Loxodonta africana
(c. 1.7 km?) (Augustine 2010; Ford and others
2015). Native grazers are found in low densities ( <
1.5 km™?) and include waterbuck (Kobus ellip-
siprymnus), zebra (Equus burchellii) and buffalo
(Syncerus caffer). Predators at MRC include spotted
hyena (Crocuta crocuta), wild dog (Lycaon pictus),
lion (Panthera leo) and leopard (Panthera pardus).
Young and others (1995) previously described a
two-phase mosaic at MRC which consists of rela-
tively small (0.5-1 ha in size) long-term glades (ca.
1% of the landscape) and Acacia-dominated
bushland (ca. 99% of the landscape). Vegetation on
the glades is typically dominated by the grazing-
tolerant, perennial stoloniferous grass Cynodon
plectostachyus (Georgiadis and McNaughton 1988),
while the bushland areas support a heterogeneous
mosaic of bare soil patches, perennial grass-domi-
nated patches and woody plant-dominated patches
(illustrated in Augustine and others 2019). The
woody layer in the bushland areas is dominated by
Acacia brevispica, Acacia mellifera, Acacia etbaica,
Balanites pedicellaris and Grewia tenax (Young and
others 1995; Wigley and others 2019). Tree species
nomenclature follows Birnie and Noad (2011), and
grass nomenclature follows Fish and others (2015).

Long-term Herbivore Exclosure
Experiment

At each of three sites in central and southern MRC,
two paired 70x70 m plots were demarcated in
glade and bushland areas in 1999 (Augustine and
McNaughton 2006). For each pair, one plot was
retained as a control open to herbivores and the
other was fenced off using a 3-m-tall, electrified
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fence (see Sankaran and Augustine 2004 for de-
tails). All herbivores larger than 2 kg were excluded
from the exclosure plots for the duration of the
experiment. The inner 50 x 50 m of the exclosure
and paired control sites were demarcated using a
10 x 10 m grid marked with metal pegs driven into
the ground, leaving 10 cm protruding above the
ground, which were painted white to help with
relocating them. The metal pegs were numbered
from 1 to 36 and recorded in a standard fashion
across all plots.

Sample Collection and Laboratory
Analyses

Soil Carbon, Nitrogen, 5"°N and Phosphorus

Ten of the 36 metal pegs in each paired plot were
randomly selected in 1999 and soils adjacent to
pegs sampled to a depth of 15 cm using a soil corer.
Soils were sieved and air-dried and then analysed
for carbon (C) and nitrogen (N) by Dumas com-
bustion with a Carlo-Erba CN Analyser (Milan,
Italy). Soils at the same ten metal pegs in each plot
were resampled at 0-5 and 10-15 cm (with a third
depth of 25-30 cm at bushland sites) in 2016 using
a soil corer. The 2016 soil samples were also air-
dried, sieved and subsampled before nutrient and
isotope (bushland sites only) analyses. In addition
to C and N that were determined by combustion
using a LECO TruSpec CN analyser (LECO Corpo-
ration), soil phosphorus (P) was determined in
2016 from acid-digested samples (treated with 70%
HNO; and 30% H,0,), using inductively coupled
plasma (ICP) spectrophotometry (ICP 6300, Ther-
mo Fisher Scientific). As soils were sampled to
15 cm in 1999 and 0-5 cm and 10-15 c¢m in 2016,
we used the average of these two depths to com-
pare the change in C and N values between 1999
and 2016 (2 years x 3 sites x 2 types (bushland and
glade) x2 treatment levelsx10 replicates=240
samples). At bushland sites, soils from all three
depths were analysed for §'°N values at the
Stable Isotope Laboratory, Mammal Research
Institute, University of Pretoria (South Africa) (3
sites x 2 treatment levels x 3 depths x 10 replicates=
180 samples). A detailed description of the soil
sampling methods and laboratory analyses can be
found in Wigley and others (2020).

As the dominant vegetation (for example, tree vs.
grass) at the sampling point could have affected the
soil independently of herbivore effects (or inter-
acted with herbivore effects), we took additional
measurements of soil N and C values below bare
patches, grass patches and woody vegetation at

three different depths in 2019 at bushland sites.
Soils were more intensely sampled at bushland sites
with a primary focus on obtaining '*C values,
which were used by Wigley and others (2020) to
quantify C storage. Glade sites were fully covered
by grass, that is, no bare patches and no influence
of trees. These samples were dried, milled and
analysed for C and N according to the same
methods outlined above (3 sitesx 2 treatment le-
vels x 3 vegetation types x 3 depthsx 5 replicates=
270 samples).

Soil Nitrogen Mineralization

Potential N mineralization rates were quantified
following laboratory incubations of soils under
anaerobic conditions. Five-gram soil samples, col-
lected from 0-5 cm (3 sites x 2 types x 2 treatment
levelsx 10 replicates=120 samples), were im-
mersed in water-filled scintillation wvials (1:4
weight/volume) for 7 days and then extracted with
25 ml 0.01 M CacCl,. Extracts were then analysed
for NH,~N and NOs;-N using colorimetry-based
reactions in microtiter plates. The reactions are
modified versions of the Berthelot reaction for
ammonium estimation (Krom 1980) and the
Griess-Ilosvay reaction for nitrate estimation (after
reducing to nitrite; Oms and others 1995). Potential
N mineralization rates over seven days (Lgxg
soil ! x 7 days™') were determined as the difference
in inorganic N between incubated and control soils
(Sankaran and others 2008) and converted to ob-
tain rate per day for statistical analyses.

Foliar Nitrogen, 8'°N and Phosphorus

During the peak of the 2017 growing season, we
collected fully expanded, sun-exposed leaf material
from the five dominant tree species (which in-
cluded Acacia brevispica, Acacia etbaica, Acacia mellif-
era, Balanites pedicellaris and Grewia tenax), growing
both inside and outside of the exclosures at bush-
land sites (not all species were found at all sites, 150
samples). Leaves from seven dominant grass species
(Bothriochloa insculpta, Cynodon dactylon, Digitaria
milanjiana, Enteropogon macrostachyus, Eragrostis
tenuifolia, Setaria incrassata and Themeda triandra)
were also sampled at bushland sites. The abun-
dances of these varied across sites, and a maximum
of four species were sampled per site. We also
sampled the monodominant grass species (Cynodon
plectostachyus) growing both inside and outside of
the exclosures at glade sites (total for both bushland
and glade of 120 samples). All plant samples were
air-dried at Mpala Research Station and then milled
using a MF10 basic IKA grinder fitted with a 1-mm
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sieve. As for soils, plant 3'°N values on bushlands
were analysed at the Stable Isotope Laboratory,
Mammal Research Institute, University of Pretoria
(South Africa). Tree and grass foliar C and N were
determined by combustion, using a LECO TruSpec
CN analyser (LECO Corporation), and foliar P was
determined from acid-digested samples (treated
with 70% HNOs3 and 30% H,0,) using inductively
coupled plasma (ICP) spectrophotometry (ICP
6300, Thermo Fisher Scientific).

The fraction of N derived from atmospheric N,
was estimated by the following mixing model (ta-
ken from Craine and others 2015):

5]5Nref - 515Ntarget
515Nref - 515Nﬁx

fNatm =

where 8'°N, is the 5'°N for a reference plant that
does not depend on N, fixation, 8'°Ngy is the 5'°N
of a plant relying only on N, fixation (assumed to
be 0%o) and 8" °Nyuger is the 8'°N of the species for
which dependence is being calculated (Shearer and
Kohl 1986). We used Balanites pedicellaris as a ref-
erence species that does not fix N (Raddad and
others 2005; Githae and others 2013). We do
acknowledge that this is only a rough estimate that
depends on the assumption that foliar N is repre-
sentative of whole plant 3'°N and also varies widely
depending on the choice of reference plant (Craine
and others 2015).

Statistical Analyses

All analyses were performed using R version 3.4.2
(R Development Core Team 2020). We used the
Fligner—Killeen test of homogeneity of variance
(fligner.test in the stats package for R) to determine
whether data used for treatment comparisons
(herbivores absent [h—] vs. herbivores present [h
+]) had equal variance. Soil phosphorus values
were approximately log-normally distributed and
were therefore log-transformed to attain approxi-
mate normality and homogeneity of residuals. We
used linear mixed effects models to test for the ef-
fect of treatment on soil parameters, focussing on
nitrogen, using the Imer function available in the
Ime4 (Bates and others 2015) package in R.
Depending on sample set-up, treatment, type (if
both bushland and glade sites sampled) and their
interactions, when appropriate, were treated as
fixed effects, and random effects varied. The mini-
mum full models used were as follow: soil [N]/
[C]~Year:Treatment:Type+ (1ISite:Type)+ (1!
Plot), log(soil[P])~Treatment:Type+ (1ISite:Type),
bushland soil 8'°’N~Treatment:Depth+ (11Site)+
(1PegID), soil [N]/[C] under different vegetation

patches~Vegetation:Treatment+Treatment:Depth
+ (11Site) 4 (11PegID), mineralizable N~Treatment:
Type+ (11Site:Type). For bushland tree and grass
values, we included grazing treatment as a fixed
effect and species nested in site as a random effect.
Paired with lmer, we used lmerTest (Kuznetsova
and others 2017); the ImerTest package provides p-
values in type I, II or Il ANOVA and summary
tables for linear mixed models via Satterthwaite’s
degrees of freedom method. We also compared the
minimum “full” model with treatment as an effect,
with a model where we omitted treatment, using
likelihood ratio tests.

We then used the ranova function in ImerTest to
test removal of random-effect terms via likelihood
ratio tests on the best minimum model. We used
the function lsmeans in the Ismeans package
(V.2.30-0, Lenth 2016) to perform post hoc con-
trasts of effects in these models using the Tukey
adjustment for multiple comparisons. Residual
plots were visually inspected for obvious deviations
from homoscedasticity and normality.

REsuLTs

Soil Nitrogen, Carbon, §'°N
and Phosphorus

At the initiation of the experiment in 1999, there
were no differences in soil nitrogen concentration
[N] between control and exclosure areas (Fig-
ure la, 0.09% £0.02 (mean=£SE) for control and
0.10% +0.03 for exclosure at bushland sites, P>
0.05, and 0.18% 40.05 for control and 0.18% =+
0.06 for exclosure at glade sites, P> 0.05). Between
1999 and 2016, soil N increased with herbivore
exclusion at both glades (+0.04%, P=0.0004) and
bushland sites (4+0.05%, P=0.005). At the same
time, glades open to herbivores lost some N (-
0.02%, P=0.02), but N in open bushland sites
stayed stable (P > 0.05). The net effect of changes
over time resulted in soil N being significantly
higher in both glades (0.22% £0.06, P < 0.0001)
and bushland (0.14% £0.06, P=0.02) with herbi-
vores excluded, than with herbivores present, in
2016. Soil carbon mirrored soil N closely; initially,
there were little differences between treatments
(Figure 1b, 0.93% £0.24 for control and 1.14% =+
0.39 for exclosure at bushland sites, P> 0.05, and
1.71% +0.50 and 1.79% £0.60 for glade sites, P>
0.05), but differences became apparent over time
with herbivore exclusion, with increases to 1.51%
£0.52 at bushland and an increase to 1.93% £0.60
at glades (P <0.0001 for both the difference be-



166 C. Coetsee and others

A Bush

Glade

0.251

0.201

Nitrogen (%)

0.101 +

Year
+ 1999

2016

h+ h-

h+ h-

Bush

Glade |

2.01

1.6

2] {

0.8 1

Carbon (%)

h+ h-

Treatment

h+ h-
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exclosures at Mpala Research Centre, and b soil carbon (%) between 1999 and 2016 inside and outside of exclosures

(means+95% CIs).

tween initial and 2016 values, as well as difference
between where herbivores absent and present).
Because bushland vegetation cover is heteroge-
neous at the scale of our 0.25-ha plots, consisting of
discrete patches of bare soil, grass cover and woody
plant cover, we examined the magnitude of
heterogeneity in soil N and C across these patch
types (Figure 2a, b). For bushland sites, the overall
effect of herbivore exclusion resulted in higher soil
[N] (Figure 2a, ¥*(1)=25.0, P <0.0001). However,
herbivore exclusion enhanced soil [N] to a much
greater degree in woody patches (0.24% £0.01 in
exclosures vs. 0.17% 4+0.01 with herbivores) than
in bare soil patches (0.14% £0.005 in exclosures vs.
0.13%=+0.006 with herbivores). Finally, the
exclusion of herbivores resulted in increased soil
[P] (Figure 3¢, x*(1)=19.1, P < 0.0001) at bushland

sites, at both depths, but no differences were de-
tected in and out of exclosures at glade sites (P>
0.05).

Soil nitrogen mineralization

Herbivore exclusion did not affect net potential N
mineralization rates in bushland soils (Figure 3a,
2.54pgg ' d'+0.07vs.2.72 pg g ' d'40.07, P=
0.19), and herbivore exclusion reduced net poten-
tial N mineralization rate in glade soils (2.56 pg g '
d'40.07 vs. 2.31 pg g ' d '£0.05, P=0.03). Her-
bivore presence enriched soil 3'°N (x*(1)=10.8, P=
0.0005, Figure 3b) in bushland soils (data were not
available for glades); however, the difference was
only significant to a depth of 5 cm (7.25%0+0.18 vs.
6.45%0+0.18, P=0.0002) with no differences at
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Figure 2. Bushland soil a nitrogen and, b carbon inside (h—) and outside (h+) of exclosures at three depths and three
cover types; bare ground, grass and tree cover (means£95% CIs).

deeper depths (7.23%0+0.17 vs. 6.82%0+0.15, P=
0.19, Figure 3b).

Foliar Nitrogen, §'°N and Phosphorus

Herbivore exclusion at bushland sites had little
consistent effect on tree foliar N across species
(*(1)=10.0, P=0.12) with effects depending on
species. On the other hand, herbivore exclusion
substantially depleted tree foliar 8'°N (3*(1)=100, P
< 0.0001), especially for the Acacias (Table 1).
With herbivore exclusion, Acacia brevispica in-
creased N, fixed by about 0.08 (or 8%), A. ethaica
almost doubled N from fixation (0.57-0.89%) and
A. mellifera more than doubled N from fixation
(0.23-0.88%) to obtain most N from atmospheric
N,. Across grass species (Table 2), herbivore
exclusion reduced grass foliar N at bushland sites
(x*(1)=23.7, P=0.001) and N in C. plectostachyus at
glade sites (x*(1)=22.7, P<0.0001), while grass
foliar P was not affected by herbivore exclusion
(x*(1)=7.33, P=0.40). In general across grass spe-
cies, herbivore exclusion resulted in depleted grass
foliar 8'°N at bushland sites (x*(1)=28.1, P<
0.0001).

DiscussioN

Our work shows herbivores have substantial long-
term effects on soil [N], but that that these effects
operate through different mechanisms and path-
ways in bushland versus glades. As predicted, at the
bushland, soil nitrogen [N] did not decline over
time in the presence of herbivores, but increased
substantially (by 28%) with herbivore removal
over 17 years. Analyses of soil [N] variation among
patches of bare soil vs. grass and woody-dominated
vegetation patches revealed that the large increases
in soil N occurred mostly in woody-dominated
patches, which was only present in bushland.
Counter to what was predicted, [N] in glade soils
decreased with herbivore presence, although these
were relative minor, such that soils still remained
enriched relative to bushland soils, while soil N
increased on protected glades.

At our bushland sites, woody vegetation was
stable over time in the face of intense browsing and
doubled in cover when protected from herbivores
(Augustine and others 2019; Wigley and others
2020). At the same time, bare patches contracted
and grass patches also expanded with herbivore
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exclosures, b soil 8'°N (%o) at bushland sites for three depths inside and outside of exclosures, and C phosphorus (%) for

bushland and glades at two depths (means+95% CIs).

removal (Augustine and others 2019). These in-
creases in vegetation cover result in higher above-
and below-ground litter inputs, which result in
increased soil N (and carbon) (Belsky and others
1989; Treydte and others 2009; Wigley and others
2014). Apart from increased inputs of litter when
herbivores are excluded, an additional factor ap-
pears to be the input of N via fixation within the
woody patches. Our analysis of 8'°N in leaves of
two of the Acacia species, both of which are capable
of fixing atmospheric N (Assefa and Kleiner 1998;
Kambatuku and others 2013), indicates that her-
bivore exclusion enabled these species to dramati-

cally increase N fixation rates. Whether this is an
effect of more P available inside exclosures, lower
browsing pressure (and more resources available)
or competition from grass (Cramer and others
2007; Kambatuku and others 2013) is a subject for
further study. Increased N fixation by plants with
herbivore exclusion has also been shown to pro-
foundly affect ecosystem N in temperate savannas
(Ritchie and others 1998; Knops and others 2000).
This could also be a mechanism for increased soil
[N] in glade exclosures, where leguminous forbs
have greatly increased over time (see Figure 4).
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Table 1. Foliar Nitrogen (mg g ') and Foliar '°N (%) for Dominant Tree Species at Bushland Sites Inside (h

—) and Outside of Exclosures (h+)

Species Treatment Foliar N (mg g™ ") 95% ClIs Foliar 8'"°N (%) 95% ClIs
Acacia brevispica h+ 35.5 32.9-37.9% 4.94 4.68-5.20*
h- 33.3 31.7-34.9% 3.73 3.05-4.39*
Acacia etbaica h+ 30.2 29.5-31.0* 3.20 1.99-4.41*
h- 32.9 31.5-34.2* 0.73 0.17-1.29*
Acacia mellifera h+ 33.8 33.1-34.5 5.70 4.65-6.75%
h- 32.9 31.6-34.3 0.76 0.16-1.37*
Balanites pedicellaris h+ 29.7 27.2-31.2 7.43 6.84-8.02*
h- 29.2 25.5-32.9 6.46 6.02-6.91*
Grewia tenax h+ 29.5 27.3-31.6 3.74 2.68-4.81
h- 31.5 29.6-33.4 4.03 3.48-4.58

“significant differences at P<0.01 with treatment, *marginal differences (P~0.05) (following Hector 2015).

Table 2. Foliar Nitrogen (mg g '), Foliar Phosphorus (%) and Foliar §'°N Values Inside (h—) and Outside of

Exclosures (h+)

Species Treatment Foliar 95% Cls Foliar 95% Cls Foliar 95% CIs
N(mgg') P (mgg') 8N (%o)

Glades

Cynodon plectostachyus h+ 31.0 27.6-34.4* 7.90 7.10-8.70%
h- 21.7 19.0-24.2%  9.17 8.00-10.4*

Bushland

Digitaria milanjiana h+ 16.1 9.80-22.4 0.57 0.10-1.30 3.67 3.35-3.99*
h- 14.9 10.6-19.2 0.90 0.60-1.20 1.77 1.08-2.46*

Cynodon dactylon h+ 28.4 25.4-31.4* 1.80 1.30-2.30 6.92 5.21-8.63%
h- 22.9 20.4-25.4* 1.47 0.90-2.00 3.43 2.46-4.42*

Enteropogon macrostachyus  h+ 20.6 14.6-20.7 1.36 1.00-1.80 4.42 3.40-5.45
h- 18.3 15.7-20.9 1.31 1.10-1.50 4.08 2.67-5.49

Eragrostis tenuifolia h+ 17.6 14.6-20.7 0.66 0.30-1.00%  3.98 2.57-5.39
h- 18.5 15.7-20.9 1.16 0.80-1.50% 2.53 1.87-3.20

Themeda triandra h+ 13.3 11.9-14.8 0.72 0.30-1.10 2.81 2.46-3.17*
h- 13.5 11.2-15.9 1.03 0.90-1.20 1.03 0.44-1.63*

Bothriochloa insculpta h+ 14.0 13.1-15.0"  1.25 0.90-1.60 3.98 2.81-5.15*
h- 15.4 13.8-17.0° 1.22 0.80-1.70 1.72 0.97-2.47*

Setaria incrassata h+ 21.1 18.6-23.5 1.20 0.80-1.60 5.01 3.68-6.35
h- 20.6 17.5-15.9 1.20 0.80-1.50 4.19 3.27-5.12

“significant differences at P<0.01, *marginal differences (P~0.05) (following Hector 2015)
Bushland grasses are in order of dominance. Foliar 8"°N was not measured at glades.

At glade sites on the other hand, soil [N] seems to
have declined slightly in the presence of herbivores
(from 0.18 to 0.16% which equates to a decline of
11% relative to the initial value). If soil N in grazed
glades were to continue to decline at this rate,
another half-century would be required for glade
soil to decline to the surrounding bushland level.
All of our study glades were present as glades in
aerial photographs from 1961 and hence were
more than 60 years old. To the extent that our
results from grazed glades are robust for the con-

ditions occurring during the 1900s, they suggest
bomas abandoned prior to 1960, which often in-
volved occupancy by livestock for many months to
years, could persist as N-enriched glades for over a
century. The loss of N over time from ex-boma sites
has been documented before. Newly abandoned
bomas have high soil [N] (~1.7%), which de-
creases to less than 1.0% by 24 years and further to
around 0.2% after 30-40 years (Augustine 2003).
More recently, experimental studies of short-term
bomas that only accumulated livestock dung and
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Figure 4. Fence-line contrast of exclosure (right) and
area open to herbivores (left) with substantial forb and
sub-shrub layer inside of the exclosure. Photograph ta-
ken by Benjamin Wigley.

urine for 14-28 days showed they can still develop
into glades (Porensky and Veblen 2015; Veblen and
Porensky 2019), but their longevity remains un-
known.

At the same time, we found that herbivore re-
moval from glades increased total soil N by 18%
over the 17-year period. We suggest herbivore re-
moval primarily altered soil N stocks by reducing
the rate of N losses, via two potential mechanisms.
First, many studies have shown that grazers affect
N cycling by increasing rates of N transformations
between organic and mineral forms in grasslands
worldwide (Ruess and McNaughton 1987; Holland
and Detling 1990; Frank and Evans 1997; Coetsee
and others 2011). Previous work at our site showed
that the pool of NH," and NO; -N in the surface
soil layer (0-15 cm) is 2-3 times greater in grazed
compared to ungrazed glades during dry seasons
and periods of low plant growth rates (Augustine
and McNaughton 2006). We also found that her-
bivores increased leaf [N] content for the dominant
stoloniferous grass (Cynodon plectostachyus) on
glades, which enhances the quality of litter inputs
to decomposers. Increases in mineral N pools and in
nitrification rates (Figure 3a) are well known to
provide the substrates and opportunity for N loss
via N,0, NO, N, and NHj3, although these rates have
not been measured at our study site. Long-term N
loss from herbivore-induced increases in mineral N
pools is less likely to affect bushland compared to N
glade stocks, given that bushland mineral N pools
are much lower than in glades and are not as
strongly affected by herbivore removal (Augustine
and McNaughton 2004, 2006). Additionally, urine
deposition represents a substantial proportion of

the N cycle in glades, estimated to be equivalent to
approximately 50% of the N contained in above-
ground net primary production by grasses during
average-precipitation years, but comprises a much
smaller component of the N cycle in bushland.
Herbivore removal from glades could therefore
substantially reduce long-term N losses to ammonia
volatilization. Reduction of these losses in ungrazed
glades, combined with inputs from leguminous
forbs, provides another potential explanation for
the long-term increase in soil N in ungrazed glades.

Second, herbivores can spatially redistribute N
between glades and the surrounding landscape via
differential rates of consumption vs. excretion in
glades, at rates that could affect total N stocks over
many years (Augustine and others 2003). During
our study, annual rainfall increased compared to
prior decades, from 546 mm during the past
44 years to 613 mm annually during 2003-2016
(Augustine and others 2019). In particular, the site
experienced four consecutive years of above-aver-
age rainfall during 2010-2013. Under these condi-
tions, extended and more productive growing
seasons enable cattle to increase consumption in
glades and redistribute more N from glades to bo-
mas. Quantitative estimates of the magnitude of
this N flux done previously at the study site suggest
that the long-term N balance depends on the bal-
ance between good growing seasons (when net
export of N by cattle dominates) vs. dormant sea-
sons (when net N inputs from impala occur; Au-
gustine and others 2003). Herbivore exclusion
prevents this pathway of N loss from glades, again
contributing to soil N accumulation from other
sources of inputs, such as litter, N deposition and N
fixation.

Overall, we found that the way large herbivores
influence soil N balance in the bushland landscape
differs notably from the way they affect soil C
storage. Using C isotopes, Wigley and others (2020)
showed that herbivore exclusion primarily en-
hances soil C via inputs of C from grasses to the soil,
which occur both in the grass-dominated patches,
and via grass in the understory of woody patches.
This result implicates large grazers (here, primarily
cattle and impala, and to a lesser extent plains ze-
bra, Grevy’s zebra, and waterbuck) as the primary
herbivore influence on soil C storage (Wigley and
others 2020). In contrast, herbivore effects on soil
N in the bushland landscape are affected primarily
by browsers, through their influence on N fixation
rates of the Acacia species that dominate the woody
community. The dramatic increase in soil C storage
driven largely by the removal of grazer effects on
grasses reported by Wigley and others (2020) at



Contrasting Effects of Grazing vs Browsing Herbivores Determine Changes 171

bushland sites may therefore be facilitated by in-
creased soil N availability associated with browser
removal and associated increases in N inputs to the
soil from the woody layer.

A key question for rangeland managers who seek
to manipulate boma and glade density to influence
landscape-level forage quality and wildlife habitat
is how the length of boma occupancy is related to
the time period over which soils remain enriched in
N, support nutrient-rich lawn grasses such as Cyn-
odon plectostachyus, and serve as a focal grazing
location for large herbivores (Veblen and Porensky
2019). Herbivores increased leaf N content for the
three most abundant stoloniferous grasses (Cynodon
plectostachyus on glades; Cynodon dactylon and Digi-
taria milanjiana on bushland soils) and for a wide-
spread,  palatable = bunchgrass (Enteropogon
macrostachyus), while foliar P and soil P were not
affected. Our results suggest that large herbivore
effects on glade N stocks are influenced by spatial
movements of nutrients in and out of glades
(which would influence both N and P balance), but
also by the degree to which herbivores accelerate
gaseous losses of N (which does not affect P bal-
ance). In conclusion, the movement of cattle and
native ungulates creates strong gradients of use in
these African savannas that in turn creates and
reinforces spatially heterogeneous landscapes. The
increased heterogeneity benefit wildlife and biodi-
versity by providing diverse habitats and create
feeding opportunities that allow much more pro-
ductive herbivore systems (Sankaran and others
2013; McCleery and others 2018; Augustine and
others 2019; Otieno and others 2019).
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