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ABSTRACT

Aboveground ecosystem structure moderates and

even confers essential ecosystem functions. This

includes an ecosystem’s carbon dynamics, which

are strongly influenced by its structure: for exam-

ple, tropical savannas like those in central Kenya

store substantial amounts of carbon in soil.

Savannas’ belowground allocation of carbon makes

them important for global carbon sequestration,

but difficult to monitor. However, the labile soil

carbon pool is responsive to changes in ecosystem

structure and is thus a good indicator of overall soil

organic carbon dynamics. Kenya’s savanna struc-

ture is controlled by belowground ecosystem

engineers (termites), ambient weather conditions,

and the aboveground engineering influences of

large-bodied, mammalian consumers. As a result,

climate change and biodiversity loss are likely to

change savannas’ aboveground structure. To pre-

dict likely outcomes of these threats on savanna

soil carbon, it is critical to explore the relationships

between labile soil carbon and ecosystem structure,

local climate, and mammalian consumer commu-

nity composition. In a large-scale, long-term her-

bivore exclosure experiment in central Kenya, we

sampled labile carbon from surface soils at three

distinct savanna structural elements: termite

mounds, beneath tree canopies, and the grassland

matrix. In one sampling year, we measured total

extractable organic carbon (TEOC), total

extractable nitrogen (TEN), and extractable micro-

bial biomass for each sample. Across three sampling

years with varying weather conditions, we mea-

sured rate of labile soil carbon mineralization. We

quantified areal coverage of each structural ele-

ment across herbivore community treatments to

estimate pool sizes and mineralization dynamics at

the plot scale. Concentrations and stocks of soil

TEOC, TEN, and microbial biomass were driven by

the structural element from which they were

sampled (soils collected under tree canopies gen-
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erally had the highest of each). Large-bodied her-

bivore community composition interacted variably

with concentrations, stocks, and carbon mineral-

ization, resulting in apparently compensatory ef-

fects of herbivore treatment and structural element

with no net effects of large herbivore community

composition on plot-scale labile carbon dynamics.

We confirmed engineering of structural hetero-

geneity by consumers and identified distinct labile

carbon dynamics in each structural element.

However, carbon and nitrogen were also influ-

enced by consumer community composition, indi-

cating potentially compensatory interacting effects

of herbivore treatment and structural element.

These results suggest that one pathway by which

consumers influence savanna carbon is by altering

its structural heterogeneity and thus the hetero-

geneity of its plot-scale labile carbon.

Key words: Biogeochemistry; Carbon cycle;

Exclosure experiment; Large herbivores; Savanna;

Zoogeochemistry.

HIGHLIGHTS

� East African savanna structure is controlled by

the presence or absence of large-bodied con-

sumer species and by below ground engineers

like termites.

� We show that labile soil carbon dynamics are

determined by the identity of the structural

element at which they are found (e.g., beneath

tree canopy, on termite mounds).

� What is more, the effects of structural element on

labile soil carbon dynamics interact with the

experimental presence or absence, and identity,

of mammalian consumers like elephants and

domestic cattle.

� As a result, we demonstrate that heterogeneity in

aboveground savanna structure, and therefore

heterogeneity in labile soil carbon cycling and

stocks, is modulated by large-bodied mammalian

consumer community composition.

INTRODUCTION

An ecosystem’s aboveground structure has long

been understood to result in predictable functional

outcomes (Lamont 1995). Studies modeling or

observing changes to characteristic structures re-

veal critical ecosystem functionality: for instance,

subalpine forests’ ribbon structure that confers

resistance to wind disturbance, freezing, and des-

iccation (Bekker and Malanson 2008; de Jager and

others 2020; Hessburg and others 2019; Liu and

others 2014); similarly, the grass tussocks and crab

burrows of tidal saltmarshes contribute to habitat

formation and stability, as well as nutrient cycling

and storage. One of the many functions mediated

by such aboveground ecosystem structure is carbon

cycling (Holdo and Mack 2014; Maestre and others

2016; Migliavacca and others 2021): ecosystem

structure’s effects on carbon cycling are critical,

given that terrestrial ecosystems take up and store

almost a third of anthropogenic carbon emissions

globally (Luo and others 2015).

In Laikipia, Kenya, savannas have a uniform

overdispersion of subterranean termite mounds

(Odontotermes spp.; Pringle and Tarnita 2017) which

confers resilience to the plant community during

droughts (Bonachela and others 2015). These

treeless mounds also localize nutrients, positively

influencing the productivity, density, and size of

the vegetation immediately surrounding them

(Fox-Dobbs and others 2010). This vegetation in-

cludes the monodominant, leguminous tree Acacia

drepanolobium (Porensky and others 2013; Young

and others 1998), or whistling thorn Acacia, which

is itself fairly predictably distributed (Staver and

others 2019) and whose mutualism with a root-

associated nitrogen-fixing bacterium creates hot-

spots of N-availability in otherwise N-poor soils

(Gichangi and others 2016). Given the prevalence

of both mounds and trees, one can visualize the

savanna as a mosaic of three structural elements:

area covered by termite mounds, tree canopy, and

grassland matrix (without either). Despite evidence

of each structural element’s importance to general

ecosystem functioning, their combined effects on

savanna carbon dynamics are relatively under-

studied.

Critically, the savanna’s animal community is

also influential to both its structure and carbon

cycle. Large-bodied, wild vertebrate consumers are

well-documented to mediate carbon cycling and

storage generally (Forbes and others 2019; Schmitz

and others 2018), and wild consumers often coexist

with (or are replaced by) domestic cattle, which

may (Veblen and others 2016) or may not (Rata-

jczak and others 2022; Wells and others 2022b)

have functional effects similar to their wild analogs.

Large consumers in the savanna engineer its

structure. For example, traditional cattle grazing

can cause establishment of new, small termite

mounds due to increased dietary resources, like

stimulated grass productivity and episodic deposits



of dung (Charles and others 2021). Elephants

knock over savanna trees while browsing, even

preferentially selecting tall trees with wide canopies

(Asner and Levick 2012; Charles and others 2021;

Pringle 2008; Young and others 2018). Tree re-

moval itself is negatively correlated with termite

mound abundance, demonstrating one of myriad

interactions between engineering fauna (Charles

and others 2021). Ambient weather conditions in

this seasonally dry savanna are also likely to

influence carbon dynamics, with effects that may

themselves interact with ecosystem structure and

animal community (Munjonji and others 2020).

However, despite Kenya’s relatively abundant

wildlife, its wild herbivore density is threatened by

more frequent drought and longer dry seasons,

which interact with increases in (economically

critical) livestock grazing to produce negative ef-

fects on wildlife occurrence (Crego and others

2020) and abundance (Ogutu and others 2016).

By utilizing the longstanding Kenya Long-term

Exclosure Experiment (KLEE) we asked: do the

savanna’s structural elements have distinct soil

carbon dynamics? Does experimental manipulation

of large herbivore ‘‘loss’’ (including herbivore

group presence, absence, and identity) and its

consequential engineering of the savanna’s struc-

tural mosaic influence soil carbon dynamics? If so,

at what scales? Lastly, does ambient weather (here,

drought) interact with carbon dynamics within

each structural element, within vertebrate com-

munity composition treatments, or at the landscape

scale?

We characterized the savanna’s surface labile soil

carbon stocks and cycling at each structural ele-

ment—termite mounds, A. drepanolobium trees, and

the grassland matrix. Given the rapid responses of

labile soil carbon (a rapid-turnover subset of the

organic carbon pool) to changes in ecosystem

structure or use, we determined that labile soil

carbon metrics were most likely to demonstrate

differences across structural elements and herbi-

vore treatments (Bünemann and others 2018; De

Brito and others 2019). Sitters and others (2020)

determined that cattle presence decreases, while

elephant presence increases, total soil carbon in the

KLEE. However, while assessing total carbon suc-

cessfully integrates and measures cumulative

treatment effects, it is not possible to parse finer-

scale soil carbon dynamics. By monitoring the la-

bile carbon pool, particularly over multiple years,

we can infer changes in soil quality and the organic

carbon pool over time in response to complex

environmental change (Biederbeck and others

1994; Tobiašová and others 2016).

We sampled soils three times across four years,

with two wet sampling years bookending an his-

toric drought year. For each year, we measured soil

respiration as a proxy for rate of microbial soil

carbon mineralization. For one of the years, we also

measured concentrations and pool sizes of 1) total

extractable organic carbon (TEOC), 2) total (or-

ganic and inorganic) extractable nitrogen (TEN),

and 3) microbial biomass carbon (MBC) and

nitrogen (MBN). (Nitrogen availability regulates

plant productivity, and thus drawdown of atmo-

spheric carbon dioxide (CO2) and inputs of soil

organic matter (Soussana and Lemaire 2014).

Nitrogen and carbon are also both essential to soil

microbial function. Characterizing soil carbon thus

requires characterizing carbon, nitrogen, and soil

microbial biomass (Zaehle 2013).)

We predicted we would observe greater con-

centrations of TEOC and microbial biomass per unit

area, and larger total pool sizes, at termite mounds

and under tree canopies compared to the grassland

matrix because of elevated organic matter inputs at

mounds (via termite importation) and under trees

(via litterfall). For the same reason, as well as

nitrogen-fixation at both termite mounds and

trees, we predicted we would observe greater TEN

concentrations and larger pool sizes at these

structural elements. We expected that these ele-

vated pools of nutrients would be associated with

faster rates of microbial carbon mineralization un-

der tree canopies and on mounds. We predicted

that the presence of large herbivores (wild,

domestic, or both) would result in smaller overall

pools of TEOC, TEN, and microbial biomass, and

slower rates of soil carbon mineralization at all

three structural elements, due to lower overall in-

puts of litter. Given the drought tolerance of the

system, we predicted that drought would lower

rates of carbon mineralization, but that the effects

of structural element and treatment would remain

the same relative to each other.

MATERIALS AND METHODS

Study Site

KLEE (0� 17’ N, 36� 52’ E) is a large-scale herbivore

exclosure experiment established in 1995 at the

Mpala Research Centre and Conservancy in Laiki-

pia County, Kenya, a working cattle ranch (stock-

ing density of 0.10–0.14 cattle/ha) (Odadi and

others 2007; Young and others 2005). Mpala re-

tains a largely intact large-bodied (> 15 kg) wild

herbivore community, totaling � 1/3 the density of

the cattle population by biomass (Veblen and oth-

Soil carbon heterogeneity driven by consumers and aboveground structure





ers 2016), including ruminants like Grant’s gazelle,

buffalo, oryx, hartebeest, eland, and giraffe and

non-ruminants like zebra and elephant. KLEE uses

semi-permeable barriers to experimentally explore

interactions between large-bodied (> 15 kg)

mammalian herbivores and savanna structure and

function. It is located on clay-rich, volcanic vertisol

soils (‘‘black cotton’’) and experiences a weakly

trimodal seasonal rainfall pattern with � 600 mm

annual precipitation.

We utilized four of KLEE’s herbivore treatments:

‘‘Wild’’ is a non-fenced treatment where all wild

large herbivores are present, but cattle grazing is

excluded (with monitoring and visual markers to

indicate plot boundaries to herders). ‘‘Wild and

cattle’’ is also non-fenced and allows for all wild

large herbivores and intentional grazing of cattle 3–

4 times per year. ‘‘Cattle’’ is a fenced exclosure

treatment where wild large herbivores are absent,

but domestic cattle graze on the same 3–4 9 yearly

schedule as in ‘‘Wild and cattle.’’ This controlled

grazing regime results in stocking density and

grazing intensity similar to Mpala Ranch and

nearby properties, and its episodic nature is con-

sistent with traditional East African pastoralism

practices; the cattle do not receive supplementary

feeding (see supplement for details). Lastly,

‘‘None’’ is also fenced, where all large herbivores

(both wild and cattle) are excluded. Each treatment

consists of a 4 ha (200 m x 200 m) plot and is

replicated in three experimental blocks across the

landscape (Young and others 1998) (Figure 1a).

Herbivore biomass and total herbivory pressure are

not additive across KLEE treatments; cattle her-

bivory reduces mesoherbivore (> 15 kg, smaller

than elephants and giraffes) use of ‘‘wild and cat-

tle’’ plots by approximately 9% (Kimuyu and oth-

ers 2017; Young and others 2018) and elephant use

by up to 35% (only in the dry season) (Wells and

others 2022a; Young and others 2005) (Figure S1).

However, cattle forage efficiency is also lower in

‘‘wild and cattle’’ versus ‘‘cattle only’’ plots due to

competition with elephants (Young and others

2018). Total herbivory pressure therefore varies by

herbivore type and covaries with environmental

variables like season.

To quantify consumer influence on aboveground

savanna structure, we estimated average coverage

(m2) of the three structural elements within each

treatment, first the area of termite mounds (Charles

and others 2021) and tree canopy cover (Sitters and

others 2020) per treatment using published data.

By subtracting their combined average area per

treatment from the size of one plot (4 ha), we

estimated average area of the grassland matrix per

treatment (Figure 1c).

Soil Sample Collection

We collected soil samples over three dry seasons

(between Jun-Aug) in 2015, 2016, and 2018.

While we anticipated that sampling over multiple

years’ dry seasons would capture strong interan-

nual signals of structural element and treatment

impacts, annual rainfall was extremely variable. In

2016 (second year of sampling), an historic, multi-

year drought began. In 2018 (third year of sam-

pling), the drought had ended, and it was unusu-

ally wet. Because drought impacts soil organic

carbon inputs as well as soil microbial growth and

carbon mineralization (Deng and others 2021), we

assumed year of collection was an important driver

of carbon dynamics.

To capture spatial variability, we conducted

stratified soil sampling at each structural element,

within each treatment plot: beneath the canopy of

living A. drepanolobium trees (‘‘Under Tree’’), from

the surface of active termite mounds (‘‘Termite

Mound’’), and from open soil in the surrounding

grassland matrix (‘‘Grassland Matrix’’). We sam-

pled the 0–5 cm layer, as the top layer of rangeland

soils is most likely to be influenced by exogenous

changes like grazing regime (Rotich and others

2018) and because the cracking morphology of

vertisol results in thorough mixing of organic

matter at the surface and a lack of stratification

(Somasundaram and others 2018). We sampled

from locations > 50 m from the boundary of each

plot to minimize edge effects.

In 2015, sampling intensity was more limited

than 2016 and 2018: we collected three samples

per structural element, within each of the four

treatments across the three experimental replicates,

randomly pre-selecting sites at least 75 m apart

bFigure 1. a Schematic diagram of KLEE, with the four

treatments used in this study highlighted in red. b

Representation of the effect of each experimental

herbivore community on aboveground savanna

structure, including on the size, abundance, and areal

coverage of tree canopies (greater in ‘‘cattle,’’ ‘‘none’’

treatments) and coverage and abundance of termite

mounds (more abundant, smaller mounds in plots with

cattle grazing). c Proportional cover of each landscape

feature within each treatment, with decreasing herbivore

group presence from left to right. Data from Sitters and

others (2020) (under canopy) and Charles and others

(2021) (termite mound), with grassland matrix the

remaining proportional area.
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(totaling 108 samples in 2015). We increased

sampling intensity in 2016 and 2018 to address

variation observed in 2015. In these years, we

placed a 100 m transect down the center of each

plot’s inner hectare (SE to NW). For grassland

matrix samples, we collected one sample every

10 m, from 0 to 90 m, ensuring each was > 10 m

from a termite mound or tree canopy. For under

canopy soils, at every 10 m we walked perpendic-

ularly away to the nearest live A. drepanolobium tree

to sample beneath its canopy (alternating left or

right to maximize distance between samples). For

termite mound soils, we used a preexisting map of

active termite mounds (Charles and others 2021) to

randomly select up to ten mounds in each plot,

sampling every active mound if fewer than ten

(totaling up to 360 samples in each 2016 and in

2018). Across all years, samples were at least 10 m

apart to ensure spatial independence (Folorunso

and others 1988). Soils were air-dried upon

returning to the lab, passed through a 2 mm sieve

to eliminate non-soil matter within 1–3 days, and

isolated from moisture, light, and air until their use

within 0.5–5 months.

Soil Incubations: Microbial Soil Carbon
Mineralization

In 2015, we assessed the soils’ water holding

capacities (WHC) by saturating 36 subsamples

(three from each structural element, within each of

the four herbivore treatments) and measuring their

gravimetric water content. While there was no

difference in WHC across herbivore treatments,

there was a significant difference across structural

elements (higher WHC on termite mounds com-

pared to under trees and the grassland matrix). We

calculated average WHC for each element. As WHC

is not expected to change without significant

changes to soil texture, we used the same WHCs for

all three years’ incubations (Lowery and others

1996).

To conduct incubations of each year’s soil sam-

ples, we rehydrated each sample to 50% WHC

before sealing them in jars for 144 h (six days).

Every 24 h, we took gas samples from the jar

headspaces via a rubber septum with a non-coring

needle and syringe. We measured CO2 concentra-

tion of each gas sample with a flow-through LI-

COR infrared gas analyzer (Li-6252) (see supple-

ment for details). We calculated total lg CO2–C

produced per gram of soil using ideal gas laws, jar

volume, and dry mass of each sample, and the rate

of mineralized C at the end of the incubation in lg

CO2–C per gram of soil per day.

Total Extractible Organic Carbon, Total
Extractible Nitrogen, Microbial Biomass
Concentrations

We selected the 2016 soils to assess non-microbially

associated TEOC, TEN, and soil microbial biomass C

and N. To do so we conducted a second incubation

of 2016 samples, allowing the soils (which had

been archived for one year) to equilibrate to ‘‘field

moist’’ conditions prior to chemical extraction. We

expected a large pulse of microbial activity (thus

soil carbon mineralization) upon rehydration due

to the Birch effect and microbial breakdown of

osmoregulatory compounds produced during the

year (Fierer and Schimel 2003; Unger and others

2010). Pre-incubation allowed for this pulse to pass

and the microbial community to equilibrate before

extraction (Blazewicz and others 2014; Slessarev

and others 2020). (While field-moist soils are

preferable, due to restrictions on export it was

necessary to use dried soils. As the soils are clay-

rich (Jones and others 2019; Kaiser and others

2015), collected from a semi-arid region in a dry

season (Fierer and others 2003; Zornoza and others

2009, 2007), and from the soil’s surface (Blazewicz

and others 2014; Slessarev and others 2020), we

assumed a negligible impact of drying and re-wet-

ting. See ‘‘Methods’’ in supplement for more details

on this determination.) At the pre-incubation’s

conclusion, we extracted each sample for TEOC,

TEN, and the TEOC and TEN associated with

microbial biomass using chloroform-fumigation

extraction (Vance and others 1987) with a 0.05 M

K2SO4 solution (Haney and others 2001) (see

‘‘Methods’’ in supplement for solution selection

process). We analyzed each liquid extract with a

Shimadzu Total Organic Carbon analyzer and

standardized outputs of TEOC, TEN, and microbial

biomass extractable C and N to concentration in

mg/kg dry soil.

By multiplying these values by soil bulk density

at each structural element, then by 5 cm sampling

depth, we calculated concentration per unit area

(kg/m2). We used data on surface soil bulk density

in KLEE collected in 2011 (by Brody and Petipas)

using metal rings to a fixed depth of 3 cm (Petipas

and Brody 2014). We compared average bulk

density between the grassland matrix and termite

mounds. Two additional datasets (Sitters and others

2020; unpublished historical KLEE data 2015) al-

lowed us to extrapolate bulk density for the grass-

land matrix and under A. drepanolobium tree

canopies and compare across herbivore treatments.

(See ‘‘Bulk Density’’ in supplement for sampling

details and extrapolation.)



Pool Sizes of Extractable Organic Carbon,
Total Extractable Nitrogen, Microbial
Biomass

To calculate pool sizes of TEOC, TEN, and microbial

biomass (kg/ha) associated with each structural

element within each treatment, we used our cal-

culated estimates of the proportional area of each

structural element per treatment (Charles and

others 2021; Sitters and others 2020). We multi-

plied TEOC, TEN, and microbial biomass concen-

tration (kg/m2) by the average area (m2) of the

structural element it was sampled from within each

treatment. To estimate total average stocks of

TEOC, TEN, and microbial biomass per herbivore

treatment (kg), we summed the pools for each

structural element within each treatment and di-

vided by plot size (4 ha).

Statistical Analysis

We did all analyses using R (version 4.0.4, R Core

Team 2021) in RStudio. We deployed linear mixed

effects models (lmerTest package; Kuznetsova and

others 2017) to ask how the experimental manip-

ulation of the large herbivore community, identity

of structural element, and (when relevant or sig-

nificant) their interactions affected each response

variable. Reference level for fixed effect of treat-

ment was ‘‘wild and cattle’’; for structural element,

‘‘grassland matrix.’’ For all models, we included

KLEE replicate (three levels) as a random intercept

to account for unmeasured environmental variance

across blocks. We assessed residual diagnostics

using the DHARMa package (Hartig 2022). We as-

sessed the final models’ null hypotheses with om-

nibus F-tests to identify systemic effects of fixed

factors and conducted a priori-identified pairwise

comparisons (Tukey adjustment for multiple com-

parisons) (emmeans package; Lenth 2022) (see

supplement for model selection and reporting).

Soil Microbial Carbon Mineralization

To assess differences in microbial soil carbon min-

eralization, we used the fixed factors of year, her-

bivore treatment, and structural element on log-

transformed CO2-C production rate, with treat-

ment (four levels), feature (three), year of sample

collection (three), and the interaction effects of all

three. We also modeled each year’s incubation

separately, with treatment and structural element

as fixed effects.

TEOC, TEN, Microbial Biomass
Concentration; Within-Treatment
and Treatment-Level Pools

We compared log-transformed soil TEOC, TEN, and

microbial biomass concentration per unit area

Table 1. Full Summary Results, Linear Mixed Effects Model of Microbial Respiration Rate (lg CO2–C/g soil/
day) with Fixed Effects of Herbivore Treatment, Structural Element, Sampling Year, and Their Interactions

Treatment, landscape element across sampling years

Predictors Estimates p

Intercept - 3.62 *** (- 3.77–- 3.46) < 0.001

Wild - 0.15 (- 0.33–0.03) 0.113

Cattle 0.07 (- 0.11–0.25) 0.422

None (no herbivores) 0.05 (- 0.13–0.23) 0.595

Tree canopy 0.20 * (0.04–0.37) 0.015

Termite mound 0.12 (- 0.05–0.28) 0.155

2016 - 0.17 *(- 0.33–- 0.01) 0.034

2018 - 0.05 (- 0.22–0.11) 0.508

Wild * tree canopy - 0.04 (- 0.19–0.10) 0.556

Cattle * tree canopy 0.03 (- 0.11–0.17) 0.672

None * tree canopy - 0.07 (- 0.21–0.07) 0.331

Wild * termite mound - 0.20 ** (- 0.34–- 0.05) 0.007

Cattle * termite mound - 0.02 (- 0.16–0.12) 0.773

None * terminate mound - 0.07 (- 0.22–0.07) 0.329

Wild * 2016 0.24** (0.06–0.43) 0.010

Cattel * 2016 0.02 (- 0.17–0.20) 0.855

None * 2016 0.09 (- 0.10–0.27) 0.362

All models conducted on log-transformed data. Bolded p values are significant to the p = 0.05 level.

Soil carbon heterogeneity driven by consumers and aboveground structure



across structural element and treatment, with ele-

ment and treatment as fixed effects. We compared

pool sizes (log-transformed) for each structural

element, within each treatment, with treatment

and structural element as fixed effects; we also

compared total plot-level stocks/pool sizes (log-

transformed) across treatments with treatment as

the sole fixed effect.

Microbial C:N at Sampling Locations

As a proxy for microbial community composition,

we compared the ratio of microbial carbon to

nitrogen (microbial biomass C:N); higher C:N

indicates a relatively higher proportion of fungi

(Wang and others 2019). We removed biologically

infeasible outliers (Cleveland and Liptzin, 2007)

and modeled log-transformed C:N with structural

element and treatment as fixed effects.

RESULTS

Structural element had the strongest and most

consistent effects on carbon cycling dynamics, fre-

quently interacting with sampling year (for exam-

ple, drought conditions) and herbivore treatment.

While sampling year and herbivore treatment also

drove effects on carbon cycling dynamics, the ef-

fects of herbivore treatment on plot-scale pools of

extractable, labile carbon and nitrogen were faint,

if undetectable, due to its interaction with struc-

tural element.

Table 2. Full Summary Results of Three Linear Mixed Effects Models of Microbial Respiration Rate (lg CO2-
C/g soil/day) with Fixed Effects of Herbivore Treatment, Structural Element, and Their Interaction (if
significant to the p = 0.05 level)

Predictors 2015 2016 2018

Estimates p Estimates p Estimates p

Intercept - 3.60 *** (-

3.80–- 3.39)

< 0.001 - 3.76 *** (-

3.83–- 3.69)

< 0.001 - 3.70 ***(-

3.81–- 3.59)

< 0.001

Wild - 0.23 * (- 0.44–-

0.01)

0.040 0.02 (- 0.06–0.10) 0.613 0.25 **(0.10–0.41) 0.001

Cattle 0.08(- 0.14–0.29) 0.480 0.09 *(0.02–0.17) 0.014 0.04(- 0.12–0.19) 0.636

None (no herbivores) 0.00(- 0.21–0.22) 0.989 0.09 * (0.01–0.16) 0.026 0.27 *** (0.11–

0.42)

0.001

Tree canopy 0.18(- 0.00–0.37) 0.054 0.13 ***(0.07–0.20) < 0.001 0.48 ***(0.32–0.64) < 0.001

Termite mound 0.05 (- 0.14–0.23) 0.622 - 0.11 ***(-

0.18–- 0.05)

0.001 0.26 **(0.10–0.41) 0.001

Wild * tree canopy - 0.18 (- 0.40–

0.04)

0.116

Cattle * tree canopy 0.03(- 0.19–0.25) 0.772

None * tree canopy - 0.07 (- 0.29–

0.15)

0.556

Wild * termite

mound

- 0.43 ***(-

0.65–- 0.21)

< 0.001

Cattle * termite

mound

- 0.02(- 0.24–

0.20)

0.848

None * termite

mound

- 0.13 (- 0.35–

0.09)

0.238

Random effects

r2 0.16 0.07 0.09

s00 0.00 replicate 0.00 replicate 0.00 replicate

ICC 0.03 0.02 0.01

N 3 replicate 10 replicate 10 replicate

Observations 108 353 354

Marginal R2 / Con-

ditional R2
0.105 / 0.131 0.145 / 0.166 0.322 / 0.326

*p < 0.05, **p < 0 01, ***p < 0.001
One model per year to disentangle effects of ambient weather from effects of herbivore treatment and structure. All models conducted on log-transformed data. Bolded p values
are significant to the p = 0.05 level.



Microbial Soil Carbon Mineralization
Rate

Microbial soil carbon mineralization varied signifi-

cantly by year (F2,515 = 99.62, p < 0.001), herbi-

vore treatment (F3,782 = 7.65, p < 0.001), and

structural element (F2,782 = 42.88, p < 0.001).

Interestingly, mineralization also varied signifi-

cantly by the interaction between sampling year

and treatment (F6,782 = 3.39, p = 0.003) and be-

tween sampling year and structural element

(F4,782 = 8.90, p < 0.001) (Table 1; Figure S2),

indicating that ambient weather likely moderated

whether treatment or structural element drove

interannual differences (Figure 2). Soils collected in

2016 (the first year of the drought) had the lowest

rate of mineralization, 15% lower than in 2015 and

27% lower than 2018 (extremely wet year post-

drought).

For example, in 2015, before the drought, her-

bivore treatment drove differences in rates of

microbial carbon mineralization (F3,100 = 2.93,

p = 0.04) (Table 2) (and not structural element;

F2,100 = 2.06, p = 0.13). In pairwise comparisons,

soils collected from plots with only wild herbivores

(‘‘Wild’’) respired slowest, 26% slower than soils

from plots where only cattle were present (‘‘Cat-

tle’’), which respired fastest (p = 0.03). No other

pairwise comparisons across treatment or feature

were significant (Figure 2; Figure S2).

In 2016, during the drought, both herbivore

treatment (F3,338 = 3.01, p = 0.03) and structural

element (F2, 339 = 26.16, p < 0.001) drove differ-

ences in microbial carbon mineralization (Table 2)

(though pairwise comparisons revealed no signifi-

cant differences between individual pairs of treat-

ments). Across all treatments, under-tree soils

respired 12% faster than grassland matrix soils

(p < 0.001) and 22% faster than termite mound

soils (p < 0.001). Grassland matrix soils respired

11% faster than termite mound soils (p = 0.003)

(Figure 2; Figure S2).

In 2018, after the drought, herbivore treatment

(F3,333 = 7.66, p < 0.001), structural element (F2,

333 = 63.21, p < 0.001), and their interaction (F6,

333 = 3.16, p = 0.005) drove differences in carbon

mineralization (Table 2). Pairwise comparisons re-

vealed that soils from plots that had no large her-

bivores present (‘‘None’’) respired 14% faster than

those from ‘‘Wild’’ plots (p = 0.006), 15% faster

than those from ‘‘Cattle’’ plots (p = 0.003), and

18% faster than those from plots where wild large

herbivores and cattle co-occur (‘‘Wild and cattle’’)

(p < 0.001). However, across all herbivore treat-

ments, soils under trees again had the highest rate

of microbial carbon mineralization: 27% faster

than termite mound soils (p < 0.001) and 35%

faster than grassland matrix soils (p < 0.001).

Interestingly, in 2018, the trend between grassland

matrix and termite mound soils reversed from that

in 2016. Post-drought, termite mound soils respired

11% faster than grassland matrix soils (p = 0.015)

(Figure 2; Figure S2).

Figure 2. Predicted rates of soil microbial respiration rate (a proxy for carbon mineralization) for each structural element,

within each herbivore treatment, across the three sampling years. 2016, the drought year, is shaded in yellow for each

treatment. Herbivore treatments are (left to right, top row) ‘‘wild + cattle,’’ ‘‘wild,’’ and (left to right, bottom row)

‘‘cattle,’’ ‘‘none.’’ Interactions between sampling year and structural element are evident by crossed lines, and

inconsistency of these interactions indicate interactions with herbivore treatment (for example, ‘‘wild’’ treatment).

Whiskers indicate the 95% confidence interval on model-predicted means. Model conducted on log-transformed data, but

visualized untransformed.

Soil carbon heterogeneity driven by consumers and aboveground structure



TEOC, TEN, and Microbial Biomass
Concentration Per Unit Area

Structural element was the strongest driver of rel-

ative differences in concentration of soil TEOC

(F2,345 = 7.49, p < 0.001), TEN (F2,345 = 36.41,

p < 0.001), MBC (F2,341 = 67.58, p < 0.001), and

MBN (F2,331 = 17.63, p < 0.001) per unit area

(Table 3). (Bulk density did not differ by herbivore

treatment; nor did it differ between the grassland

matrix and under A. drepanolobium canopies. The

only significant difference was lower bulk density

in termite mound soils compared to the other two

structural elements. As such, any effects of treat-

ment on TEOC, TEN, and microbial biomass are

likely not due to differences in compaction and are

instead demonstrative of per unit area volumetric

concentration.)

Pairwise comparisons demonstrated that termite

mound sites had approximately 25% more TEOC

per unit area than grassland matrix sites

(p < 0.001) (Figure 3), indicating significant

enrichment in soil organic carbon on mounds.

While there was no significant systemic effect of

treatment on TEOC concentration (F3,345 = 2.47,

p = 0.062) (Table S2), pairwise comparisons re-

vealed an approximately 20% higher TEOC con-

centration per unit area in ‘‘None’’ plots compared

to ‘‘Wild and cattle’’ plots (p = 0.046). Under-tree

sites had the greatest concentration of TEN:

approximately 20% higher than termite mound

(p < 0.001) and 50% higher than grassland matrix

sites (p = 0.002), and with termite mound sites

28% higher than grassland matrix sites

(p < 0.001) (Figure 3b). There was also a treat-

ment effect (F3,345 = 4.00 p = 0.008) (Table S3),

with 25% greater concentrations of TEN in ‘‘None’’

than in ‘‘Wild and cattle’’ plots (p = 0.005).

Soil microbial biomass carbon (F2,341 = 67.58,

p < 0.001) and nitrogen (F2,331 = 17.63,

p < 0.001) concentration per unit area were sig-

nificantly influenced by structural element, but not

Table 3. Full Summary Results of Linear Mixed Effects Models Examining Fixed Effects of Herbivore
Treatment, Structural Element on Concentration per Unit Area of Soil TEOC, TEN, MBC, and MBN

TEOC kg/mg2 TEN kg/mg2 MBC kg/mg2 MBN kg/mg2

Predictors Estimates p Estimates p Estimates p Estimates p

(Intercept) - 6.16 (-

6.30–

6.02)

< 0.001 - 6.45 (-

6.64–

6.26)

< 0.001 - 4.08 (–

4.25–

3.92)

< 0.001 - 6.22 (-

6.48–-

5.97)

< 0.001

Wildlife only 0.07 (-

0.07–

0.21)

0.320 0.12 (-

0.06–

0.31)

0.184 0.00 -

0.15–

0.16)

0.950 - 0.01 (-

0.23–0.21)

0.946

Cattle only 0.10 (-

0.04–

024)

0.153 0.21 (0.03–

0.39)

0.025 0.11 (-

0.04–

0.26)

0.143 0.09 (-

0.13–0.31)

0.431

No herbivores 0.19 (0.05–

0.33)

0.008 0.31 (0.13–

0.50)

0.001 0.02 (-

0.13–

0.17)

0.798 0.02 (-

0.20–025)

0.841

Under canopy 0.14 (0.02–

0.26)

0.027 0.68 (0.52–

0.84)

< 0.001 0.28 (0.15

0.41)

< 0.001 0.29 (0.10–

0.48)

0.003

Termite mound 0.24 (0.12–

0.36)

< 0.001 0.27 (0.11–

0.43)

0.001 - 0.50 (-

0.63–

0.36)

< 0,001 - 0.35 (-

0.55–0.16)

< 0.001

Random effects

r2 0.22 0.38 0.26 0.54

s00 0.00repl 0.01repl 0.0repl 0–02 repl

ICC 0.02 0.02 0.03 0.04

N 3 repl 3 repl 3 repl 3 repl

Observations 353 353 349 338

Marginal

R2/conditional

R2

0.058/

0.074

0.191/

0.299

0.277/

0.299

0.109/0.144

All models conducted on log-transformed data. Bolded p values are significant to the p = 0.05 level.



Figure 3. Mean concentration per unit area of: a total extractable organic carbon (TEOC), b total extractable nitrogen

(TEN), c microbial biomass carbon (MBC), and d microbial biomass nitrogen (MBN) at each landscape feature, within

each treatment in KLEE. Herbivore treatments (x-axis) organized as the herbivore types present decrease, from left

(‘‘wild + cattle’’) to right (‘‘none’’). Whiskers indicate one standard error from the mean.

Soil carbon heterogeneity driven by consumers and aboveground structure



treatment (Table S2). MBC concentration was 26%

greater at under-tree sites relative to grassland

matrix sites (p < 0.001), and 53% relative to ter-

mite mound sites (p < 0.001); grassland matrix

sites themselves had approximately 30% greater

concentration of MBC relative to termite mounds

(p < 0.001) (Figure 3c). Similarly, MBN concen-

tration was 27% greater at under-tree sites relative

to grassland matrix sites (p = 0.017) and 41%

greater than at termite mounds (p < 0.001) (Fig-

ure 3d) (with grassland matrix again 30% greater

than at termite soils (p = 0.003)).

Lastly, microbial biomass C:N (not converted to

unit area) was significantly impacted by structural

element (F2,322 = 8.26, p < 0.001), being lower at

termite mounds than under trees (p = 0.004) or the

grassland matrix (p < 0.001) (Figure S3).

Area-weighted TEOC, TEN,
and Microbial Biomass Pools
at Structural Elements

Once scaled to their proportional area within each

herbivore treatment, the relative pool sizes of

TEOC, TEN, MBC, and MBN were variably affected

by treatment (Table 3). The grassland matrix TEOC

pool (F3,114 = 3.57, p = 0.016) was smallest in

‘‘Cattle’’ plots: 26% smaller than in ‘‘Wild and

cattle’’ plots (p = 0.02). The under-tree TEOC pool

(F3,114 = 4.05, p = 0.009) increased with each

experimental herbivore group ‘loss’: 71% larger

TEOC in ‘‘None’’ compared to ‘‘Wild and cattle’’

plots (p = 0.009). There was no difference in the

termite mound-associated TEOC pool size across

treatments (Figure 4a).

Grassland matrix and termite mound TEN pool

size did not differ across herbivore treatments

(Table S3). However, the under-tree TEN pool size

increased with each herbivore group ‘loss’

(F3,114 = 12.60, p < 0.001), with pairwise com-

parisons revealing the TEN pool size was 60% lar-

ger in ‘‘None’’ plots than in ‘‘Wild and cattle’’ plots

(p < 0.001); 61% larger in ‘‘Cattle’’ plots than in

‘‘Wild and cattle plots’’ (p < 0.001); and 33%

larger in ‘‘Cattle’’ plots than in ‘‘Wild’’ plots

(p = 0.02) (Figure 4b).

The MBC pool in the grassland matrix decreased

in size with each herbivore group ‘loss’

(F3,114 = 3.77, p = 0.013); the only significant

pairwise difference was between the most extreme

treatments, with a 29% larger pool in ‘‘Wild and

cattle’’ than in ‘‘None.’’ The under-tree MBC pool

also differed by treatment (F3,113 = 26.18,

p < 0.001) and was by far the largest in ‘‘Cattle’’

plots (63% larger than in ‘‘Wild and cattle’’ plots,

48% larger than in ‘‘Wild’’ plots, and 24% than in

‘‘None’’ plots). Again, termite mound-associated

MBC pool size did not differ across herbivore

treatments (Figure 4c). The grassland matrix MBN

pool followed similar patterns, generally decreasing

with each herbivore group loss but with no signif-

icant differences across treatments. The under-tree

MBN pool was (similar to the under-tree MBC

pool) largest in the ‘‘Cattle’’ plots (F3,111 = 13.27,

p < 0.001): 63% larger than in ‘‘Wild and cattle’’

plots, 51% larger than in ‘‘Wild’’ plots, and 27%

larger than in ‘‘None’’ plots. The termite mound-

associated MBN pool did not differ across treat-

ments (Figure 4d).

Total Pool Size Comparison Across
Treatments

Once summed for each treatment, there was no

plot-level difference in pool size of TEOC

(F3,6 = 1.82, p = 0.24), TEN (F3,6 = 3.71,

p = 0.081), MBC (F3,6 = 1.37, p = 0.34), or MBN

(F3,6 = 0.92, p = 0.49) across herbivore treatments

(Figure 5; Table 4; Table S4). However, given the

inherently low sample size of KLEE (n = 3), a

power analysis suggests that six KLEE replicates

would have revealed a significantly reduced TEN

pool in ‘‘Wild and cattle’’ plots (supplemental

information; Figure S6).

DISCUSSION

Structural element, more than any other variable,

influenced labile organic carbon and cycling in this

savanna’s surface soils. Ultimately, the effect of

structural element was also contingent on herbi-

vore treatment and weather. The effects of treat-

ment on structural element-specific, area-scaled

pools are unsurprising, given the engineering that

different herbivore groups impose on the size and

abundance of termite mounds and trees (Charles

and others 2021; Pringle 2008) (Figure 1b). There

has been little research, however, on how this

engineering of the landscape’s structural mosaic

influences the spatial heterogeneity of its soil car-

bon (Ferraro and others 2022). Critically, we also

demonstrated interactions between herbivore treat-

ment and structural element, indicating that con-

sumer group behaviors (selective consumption of

nitrogen-rich forage in the grassland matrix; shade-

seeking under trees; and so on) may complicate the

story of animal influence beyond a mere rear-

ranging of the savanna’s mosaic.



Carbon Mineralization: Interacting
Effects OF Structural Element
and Herbivore Treatment by Year

Despite large interannual variation in rainfall, soils

from under tree canopies showed consistently

higher rates of carbon mineralization than from

other structural elements. However, the positive

effect of canopy cover was not significant in 2015;

indeed, in 2015 the treatment effect of ‘‘Wild’’ was

the only significant driver of difference, with lower

mineralization rates than the other treatments

(Figure 2). A potential explanation for 2015’s lack

of significant tree canopy effect and presence of

significant herbivore treatment effect is that sam-

pling took place shortly after a scheduled cattle

grazing event in ‘‘Cattle’’ and ‘‘Wild and cattle’’

plots. (Sampling in 2016 and 2018 took place

weeks after the most recent grazing event.) It is

possible that 2015’s sampling captured a large,

short-term, and positive (though unreplicated)

treatment effect driven by fresh inputs of cattle

feces and urine (Augustine and McNaughton

2006), leaving ‘‘Wild’’ the only treatment without

substantial inputs (of excreta or the abundant litter

inputs in ‘‘None’’). In 2016, however, there was no

effect of herbivore treatment on mineralization;

highest rates of mineralization occurred in under-

tree soils and the lowest in termite mound soils.

Faster under-tree mineralization aligns with the

expected conditions under leguminous trees in

sub-Saharan savannas—high litterfall, high relative

moisture and shade, and enhanced primary pro-

ductivity and nitrogen fixation (Belsky and others

1993, 1989).

In 2018, structural element was again the pri-

mary driver of differences in mineralization. Soils

from under trees had faster mineralization rates

than those from the grassland matrix or termite

mounds, across treatments, likely due to enrich-

ment in organic carbon and nitrogen. Grassland

matrix soils had slower mineralization rates than

termite mounds (Figure 2), a switch from 2016 that

could be drought related: mounds serve as rela-

tively edaphically stable refugia for plants in dry

conditions (Bonachela and others 2015). We

hypothesize that mounds may also sustain micro-

bial communities during droughts, allowing them

to rebound quickly when conditions improve.

Interestingly, herbivore treatment also influenced

Table 4. Full Summary Results of Linear Mixed Effects Models Examining Fixed Effect of Herbivore
Treatment on Total Plot-scale Pool Size of Soil TEOC, TEN, MBC, and MBN

Total TEOC kg/ha Total TEN kg/ha Total MBC kg/ha Total MBN kg/ha

Predictors Estimates p Estimates p Estimates p Estimates P

(Intercept) 24.31***

(15.60–

33.03)

< 0.001 20.48 ***

(8.70–

32.25)

0.005 197.61 ***

(137.93–

257.28)

< 0.001 24.36 ***

(13.60–

35.12)

0.001

Wildlife only 2.06 (- 7.42–

11.54)

0.614 11.97**

(1.43–

22.50)

0.032 8.90 (- 54.57–

72.37)

0.743 2.90 (- 9.37–

15.16)

0.584

Cattle only 2.99 (- 6.49–

12.47)

0.469 11.23**

(0.69–

21.77)

0.040 47.01 (-

16.45–

110.48)

0.120 7.95 (- 4.32–

20.22)

0.164

No herbivores 8.63 * (-

0.S5-

18.11)

0.067 11.94**

(1.40–

22.48)

0.032 4.99 (- 58.48–

68.46)

0.854 1.84 (-

10.43–

14.10)

0.727

Random effects

r2 22.51 27.83 1009.13 37.69

s00 15.57 repl 41.62 repl 775.15 repl 2031 repl

ICC 0.41 0.60 0.43 0.35

N 3 repl 3 repl 3 repl 3 repl

Observations 12 12 12 12

Marginal

R2/condi-

tional R2

0.226 / 0.543 0.288/

0.715

0.288/0.715 0.175 /0.533 0.140 / 0.441

*p < 0.1, **p < 0.05, ***p < 0.01
All models conducted on log-transformed data. Bolded p values are significant to the p = 0.1 level, given the inherently low sample size of three replicates in KLEE.

Soil carbon heterogeneity driven by consumers and aboveground structure



mineralization in 2018, which was fastest in

‘‘None’’ plots. We propose that high post-drought

primary productivity in ‘‘None’’ plots increased

litter deposition; this, and increased soil moisture,

would stimulate microbial biomass and activity

relative to plots where increased biomass was re-

moved by consumers (Munjonji and others 2020).

Soil Concentrations: Primary Effects
of Structural Element

Concentrations of labile TEOC, TEN, and microbial

biomass per unit area were primarily mediated by

structural element, except for TEN which was also

negatively affected by increased herbivore group

presence (Figure 3, Figure S7). This interacting ef-

fect is perhaps due to herbivores’ selective con-

sumption of nitrogen-rich forage, resulting in

higher C:N in the litter input pool (Ritchie and

others 1998), or drought reducing the quantity of

inputs in the year prior to sample collection (Au-

gustine and McNaughton 2006; Piñeiro and others

2010).

Termite mounds had higher TEOC and TEN

concentrations than the grassland matrix (Brody

and others 2010), likely due to termites’ importa-

tion of organic detritus (Kihara and others 2015),

which is broken down and digested into stable ag-

gregates (Jouquet and others 2016; Kihara and

others 2015; Six and others 2002; Vesala and others

2017). TEN enrichment on mounds is likely also

driven by nitrogen-fixation in termites’ gut micro-

biomes (Sapountzis and others 2016), and the

fungal combs that termites cultivate inside the

mounds (Nobre and others 2011). TEN concentra-

tion was largest, however, beneath A. drepanolo-

bium canopies, logical given the tree’s mutualism

with nitrogen fixing, root-associated bacteria (de

Faria and others 1989; Fox-Dobbs and others

2010). Microbial biomass concentration was also

elevated under tree canopies, likely by dynamic

sources of nutrients from litterfall and fixation

(Belsky and others 1989; Mlambo and others

2007).

The relatively slow mineralization we observed

from termite mound soils in 2016 was explained by

significantly lower concentration of microbial bio-

mass. In Australian vertisols, microbial biomass is

positively correlated with clay content (Holt 1996);

termite mounds in KLEE have lower clay content

than the surrounding soils (Brody and others

2010). A high density of termites may also locally

limit litter availability for microbes (Holt 1996), and

some fungus-farming termites express antimicro-

bial peptides in their saliva (Lamberty and others

2001). Termite mound samples also had lower

microbial C:N, indicating a surface community

higher in bacteria relative to non-mound soils,

complementing Baker and others 2020 (which

found that bacterial richness and diversity was

higher on mounds than off, a divergence likely

driven by their higher soil pH (Figure S4) (Baker

and others 2020; Lauber and others 2008; Mu-

vengwi and Witkowski 2020).

Area-Weighted Pools at Each Structural
Element, Within Herbivore Treatments

Structural element-specific TEOC and TEN stocks

were largely linked to the relative area of each

structural element in each herbivore treatment

(Figure 1c). As the largest relative area of grassland

matrix is in the ‘‘Wild and cattle’’ plots, those plots

have the largest grassland matrix-associated TEOC

pool and the smallest tree canopy-associated TEOC

pool (Figure 4a). Conversely, the tree canopy-as-

sociated TEN pool grew significantly with herbivore

‘‘loss,’’ corresponding with A. drepanolobium’s

increasing proportional area. Interestingly, the size

of the grassland matrix-associated TEN pool did not

increase with increasing grassland matrix coverage

(Figure 4b). This lack of effect is likely due to the

countervailing effect of treatment on TEN concen-

tration, which was significantly lower in the ‘‘Wild

and cattle’’ plots compared to ‘‘None’’ (Figure 3).

The behavior of consumers (for example, selecting

higher-quality forage) may drive lower-quality lit-

ter input, such that an increase in grassland matrix

area does not correlate to an increase in its TEN

pool. The combined result showcases the interact-

ing, even antagonistic effects of herbivore treat-

ment and structural element.

Interestingly, the tree canopy-associated micro-

bial biomass pool in ‘‘Cattle’’ plots was the largest

of all treatments. It is possible that 3–4 9 yearly

cattle grazing increases microbial biomass under

trees; greater tree cover reduces organic matter

erosion from exposure, and periodically removing

grass relieves intense competition for limited re-

sources, enhancing tree growth and enhancing

organic litter inputs to the soils beneath them

(Riginos and others 2012; Rotich and others 2018).

In South African savannas, similar rotational graz-

ing stimulates microbial biomass and activity due to

the cattle-derived nutrient subsidies (dung, urine)

combined with a resting period post-grazing, which

fuels vegetation recovery and organic inputs

(Amelung and others 2017; Rotich and others

2018). Periodic cattle grazing, and prolonged peri-

ods between grazing events, could therefore con-



tribute to enhanced microbial biomass (Figure 4c,

d) and activity (Figure 2, middle panel) beneath A.

drepanolobium in ‘‘Cattle’’ plots.

These data demonstrate that small-scale struc-

tural variability has a significant effect on both soil

carbon mineralization and organic carbon (and

associated) pools, with implications for more

widespread rangeland carbon dynamics. Tree ca-

nopy coverage expansion in rangelands that have

experienced large herbivore loss may result in lar-

ger stocks of labile organic carbon; but it is also

possible for such gains to come with concomitant

increases in carbon mineralization, loss of seques-

tered soil carbon, or less persistent carbon storage

(Dass and others 2018; Kristensen and others 2022;

Malhi and others 2022; Holdo and others 2009;

Sandhage-Hofmann and others 2021). Indeed,

2016 mineralization rates scaled to the area of each

herbivore treatment (as done for pools) indicate

that increased tree cover in ‘‘None’’ compared to

‘‘Wild and cattle’’ (Figure 1c) results in a significant

net increase in potential soil carbon mineralization

(Figure S8). While these scaled data are not

reflective of in situ emissions, the exercise

demonstrates possibly compensatory increases in

soil carbon mineralization as canopy cover in-

creases.

Effects of Large-Bodied Consumer
Community Composition on Net Carbon
Cycling, Stocks

Contrary to studies analyzing total carbon and

nitrogen in KLEE (Sitters and others 2020), labile

carbon stocks in the surface soil appear to be

unaffected by herbivore community composition.

Rather, we observed that large herbivores’ biggest

effect on net labile carbon may be in engineering

cover and abundance of distinct structural elements

(Figure 1c), shifting the mosaic of labile carbon

dynamics depending on herbivore community

composition.

While our net results seem counter to those from

Sitters and others (2020), they are instead com-

plementary. Sitters and others (2020) observed the

total carbon pool, which shrinks in plots where

cattle graze and grows in those where elephants

knock over trees. Our study indicates that the same

structural engineering by elephants merely in-

creases within-plot heterogeneity of labile carbon

and nitrogen pools; this is likely because while

Figure 4. Boxplots of area-scaled pools for a non-microbial soil TEOC, b non-microbial soil TEN, c MBC, and d MBN

associated with each structural element, within each herbivore treatment. Response variables are natural log-transformed

for ease of visualizing comparisons between treatments (see supplement for raw data; Figure S5). Significant pairwise

comparisons are indicated with brackets and the associated p value. Herbivore types present (all x-axes) decrease from left

to right.

Soil carbon heterogeneity driven by consumers and aboveground structure



Figure 5. Boxplots of total pool sizes for (top to bottom) non-microbial soil TEOC, non-microbial soil TEN, MBC, and MBN

in each of the four herbivore treatments. Means (including error bars showing one standard error from the mean) are

indicated inside boxplots with large black dots. Herbivory types present, x-axis, decreases from left to right.



knocking over trees increases total carbon inputs to

the soil, it locally reduces organic carbon and

nitrogen inputs, which are enhanced by the trees

when standing (Sitters and others 2020, 2013). Our

combined results showcase the complexities of the

carbon cycle’s underpinnings. Measuring a fraction

of a system’s carbon cycle is not sufficient to fully

characterize its response to changes in large her-

bivore community composition (Forbes and others

2019), particularly where these consumers engi-

neer fine-scale structural heterogeneity.

CONCLUSIONS

Changes in Structure Increase
Biogeochemical Heterogeneity

The most striking observations from this study are

that a) labile carbon dynamics differ significantly across

the savanna’s biogeochemically distinct structural ele-

ments, such that b) the effects of large herbivore com-

munity composition on aboveground structure indirectly

mediate the system’s soil biogeochemical heterogeneity.

Interestingly, labile carbon accrual and its miner-

alization by soil microbial activity appear to at least

partially compensate for each other at the land-

scape scale, with increased microbial biomass and

activity under trees muting effects of increased tree

canopy coverage on the labile soil carbon pool as

large herbivores are excluded. Ambient weather

creates an additional scale of heterogeneity

through time, underscoring that the effects of

consumer community composition or structural

element identity on labile carbon mineralization

are not certain across climatic conditions (and even

that, like for vegetation, small-scale heterogeneity

may contribute to recovery in soil carbon dynamics

after drought (Petipas and others 2017)).

It is critically important to acknowledge the

multiple, multi-scale drivers of heterogeneity in soil

carbon dynamics (Ettema and Wardle 2002).

Small-scale heterogeneity is an understudied, crit-

ical aspect of functions like carbon cycling, which

are traditionally characterized at the scale of land-

scapes or entire ecosystems (Ferraro and others

2022). Changes to small-scale heterogeneity can

generate diffusion gradients and new lateral

transfers of nutrients and energy (Turner and

Chapin III 2005), shifting our conceptualization of

a landscape’s nutrient pools from a static image to a

cacophony, teeming with flows. Our study shows

that ecologists must consider the drivers of change

in a landscape’s structural heterogeneity (for

example, drought, defaunation, land use change),

given the subsequent effects on biogeochemical

heterogeneity. With the ongoing and interacting

threats of climate change, land use change, and

biodiversity loss in this savanna, it is critical to in-

clude soil carbon heterogeneity in our assessments

of its soil carbon dynamics.
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Sandhage-Hofmann A, Linstädter A, Kindermann L, Angombe

S, Amelung W. 2021. Conservation with elevated elephant

densities sequesters carbon in soils despite losses of woody

biomass. Glob. Change Biol. 27:4601–4614. https://doi.org/1

0.1111/gcb.15779.

Sapountzis P, de Verges J, Rousk K, Cilliers M, Vorster BJ,

Poulsen M. 2016. Potential for nitrogen fixation in the fun-

gus-growing termite symbiosis. Front. Microbiol. 7:1–5. http

s://doi.org/10.3389/fmicb.2016.01993.

Schmitz OJ, Wilmers CC, Leroux SJ, Doughty CE, Atwood TB,

Galetti M, Davies AB, Goetz SJ. 2018. Animals and the zoo-

geochemistry of the carbon cycle. Science. https://doi.org/10.

1126/science.aar3213.

Sitters J, Edwards PJ, Olde Venterink H. 2013. Increases of soil C,

N, and P pools along an acacia tree density gradient and their

effects on trees and grasses. Ecosystems 16:347–357. https://d

oi.org/10.1007/s10021-012-9621-4.

Sitters J, Kimuyu DM, Young TP, Claeys P, Olde Venterink H.

2020. Negative effects of cattle on soil carbon and nutrient

pools reversed by megaherbivores. Nat. Sustain. 3:360–366. h

ttps://doi.org/10.1038/s41893-020-0490-0.

Six J, Conant RT, Paul EA, Paustian K. 2002. Stabilization

mechanisms of soil organic matter: implications for C-satura-

tion of soils. Plant Soil 241:155–176.
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