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Abstract
Background and aims Intensification of savannah land-
use is predicted to negatively influence soil biodiversity
and functioning such as litter decomposition by
detritivores. Loss of macrodetritivores, particularly ter-
mites, may be problematic in drier savannahs due to the
capacity of macrodetritivores to sustain litter decompo-
sition. Here we investigate how human land-use and
spatiotemporal rainfall influence the contribution of
macrodetritivores to plant litter decomposition.
Methods We measured decomposition using globally
standardized litter: labile green and recalcitrant rooibos
tea litter. The contribution of macrodetritivores to litter
decomposition was determined through exclusion using
meshed litterbags. Litter decomposition was determined
in agricultural land, pastureland and wildlife protected

areas during both wet and dry seasons and in mesic and
wet rainfall regions across the borders of the Serengeti
National Park, Tanzania.
Results Macrodetritivores consumed recalcitrant
rooibos and mainly avoided labile green tea litter. On
average macrodetritivores enhanced recalcitrant litter
decomposition by 22%, but litter mass loss varied across
land-uses, typically being higher on agricultural and
pastureland compared to wildlife protected areas, and
was sustained during periods of water scarcity. Howev-
er, we observed instances of higher decomposition of
recalcitrant litter by macrodetritivores in wildlife
protected areas. In contrast, litter decomposition by
microbes and microdetritivores was more constrained
by seasonal and regional water availability with a minor
influence of land-use.
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Conclusion We found that moderate human-modification
of savannahs is compatible with macrodetritivore litter
decomposition. As savannahs becomemore intensely used
by humans, raising ecological awareness among
agropastoralist is required to ensure continued contribution
of macrodetritivores to litter decomposition.

Keywords Detritivore . East-Africa . Litter quality .

Rainfall pulse . Soil fauna . Tea bag index . Termite

Introduction

An increasing proportion of tropical ecosystems is mod-
ified by humans with a growing land area converted
from tropical forests and wooded savannahs to agricul-
tural land and pastureland (FAO 2015; Osborne et al.
2018). More intense use of tropical ecosystems is gen-
erally predicted to have a negative influence on soil
biodiversity, abundance of soil organisms and their
functional contribution to plant litter decomposition
and nutrient cycling (Ayuke et al. 2011; Beare et al.
1997; Black and Okwakol 1997; Giller et al. 1997;
Osborne et al. 2018). However, this is not always the
case in tropical ecosystems. Detritivores continue to
remove plant litter in human managed landscapes, for
example under regulated burning or livestock grazing
(Davies et al. 2013; Smith et al. 2019). Quantifying the
contribution of detritivores to plant litter decomposition
remains a key knowledge gap in tropical ecosystems
increasingly modified by humans.

Macrodetritivores have a body length between 2 and
20 mm distinguishing them from the smaller
microdetritivores and the larger megadetritivores (Abe
et al. 2000; Gessner et al. 2010). Macrodetritivores
encompass a diversity of litter- and soil-dwelling inver-
tebrates that consume plant litter, dung and soil organic
matter, e.g. termites, millipedes and woodlice. The di-
versity of detritivores generally declines following hu-
man land-use disturbances, such as clearing tree cover
(Dangerfield 1990; Kamau et al. 2017), mechanical soil
tillage (Black and Okwakol 1997; Eggleton et al. 2002;
Okwakol 2000) and application of chemical insecticides
and pesticides (Beare et al. 1997; Jouquet et al. 2011).
However, the abundance of various macrodetritivore
species has been found to increase following forest
clearance, cultivation and livestock intensification com-
pared to unmodified tropical ecosystems (Ayuke et al.
2011; Black and Okwakol 1997; Decaëns et al. 2004;

Eggleton et al. 2002; Hagan et al. 2017; Kamau et al.
2017; Okwakol 2000; Wood et al. 1980). One of the
most important macrodetritivore taxa in tropical ecosys-
tems are termites that forage above and below the soil
surface (Abe et al. 2000; Jouquet et al. 2011; Sileshi
et al. 2010). Termite species that feed on wood, grass
and plant litter occur at higher abundances in tropical
ecosystems moderately modified humans compared to
undisturbed or protected tropical ecosystems (Ayuke
et al. 2011; Black and Okwakol 1997; Eggleton et al.
2002; Okwakol 2000; Wood et al. 1980). Building on
previous studies, we expect moderate human modifica-
tion, such as pasturelands with limited vegetation struc-
tural change, to exhibit elevated plant litter decomposi-
tion by macrodetritivores compared to unmodified eco-
systems. On the other hand, cleared and intensely dis-
turbed land-uses, such as agricultural land, would ex-
hibit reduced contribution of macrodetritivores to litter
decomposition.

Tropical savannah ecosystems are defined by distinct
wet and dry seasons based on the quantity, frequency and
duration of rainfall. During the wet season, plant litter
decomposes more rapidly than during the dry season
(Davies et al. 2013; Freymann et al. 2010; Ngatia et al.
2014). Rainfall can vary spatially and regional differences
in litter decomposition may be more nuanced following
pulses of rainfall in a given season (Anaya et al. 2012; Joly
et al. 2019). Yet, significant litter decomposition can also
occur during the dry seasons in tropical savannahs with
infrequent or limited rainfall (Freymann et al. 2010; Ngatia
et al. 2014; Veldhuis et al. 2017). Plant litter can be
removed by fire, consumed by detritivores and degraded
by ultraviolet radiation (Austin 2011; Cornwell et al.
2009). Indeed, a growing body of work shows that
macrodetritivores, particularly termites, can sustain plant
litter decomposition during periods with lower water avail-
ability in contrast to free-living soil microbes (Ashton et al.
2019; Jouquet et al. 2011; Veldhuis et al. 2017). The
majority of previous research has been undertaken in
wildlife protected tropical ecosystems with low human
disturbance. Cultivated savannahs would be expected to
have a reduced tree and shrub canopy cover and a reduced
structural heterogeneity, leading to higher rates of soil
water evaporation and substantially drier conditions. This,
in turn, could further constrain decomposition bymicrobes
and negatively influencemacrodetritivores that would seek
moist refuges and minimise foraging due to higher risk of
desiccation (Cornelius and Osbrink 2010; Joly et al. 2019;
Woon et al. 2019). Additionally, dry season foraging is not
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a universal trait to all litter feeding macrodetritivore spe-
cies, and several termite and isopod species are seemingly
dormant during the dry season months resulting in little or
no litter foraging (Davies et al. 2015; Davies et al. 2013;
Leitner et al. 2018). As such, there remains ambiguity over
the contribution of macrodetritivores to litter decomposi-
tion across temporally and spatially variable rainfall in
tropical savannah ecosystems.

We hypothesize that (i) moderate human modification
of tropical savannahs leads to an increase in litter decom-
position by macrodetritivores and that (ii) on these land-
uses the contribution of macrodetritivores to litter decom-
position is greater in drier regions and during the dry
season. In contrast, intense human land-use reduces the
contribution of macrodetritivores to litter decomposition
across spatially and temporally variable rainfall. To test
these hypotheses, we conducted a litterbag experiment
replicated across wildlife protected areas, pasturelands
and agricultural lands spanning low to high human mod-
ification in mesic and wet rainfall regions across the bor-
ders of Serengeti National Park, Tanzania. We used a
modified version of the Tea Bag Index (Keuskamp et al.
2013), decomposing standardized labile green and recalci-
trant rooibos tea litter in the wet and dry season. Meshed
litterbags were used to determine the contribution of
macrodetritivores >0.3 mm body width, targeting the ex-
clusion of termites (Smith et al. 2019; Teo et al. 2020).
Other standardized litter types, e.g. straw and wooden
blocks, are routinely employed to investigate
macrodetritivore decomposition in tropical ecosystems
(Griffiths et al. 2019; Veldhuis et al. 2017). While the
standardized Tea Bag Index has been globally adopted to
investigate microbial litter decomposition, its application
to investigate decomposition by macrodetritivores remains
understudied, particularly in tropical ecosystems (Teo et al.
2020).

Material and methods

Study area and site selection

We conducted a plant litter decomposition study inside
and outside the Serengeti National Park, Tanzania (lat-
itude 2°40′ to 2°50′S and longitude 34°00′ to 34°90′E)
during peak wet and dry seasons in 2017. We focused
our study in two rainfall regions, a mesic region in the
south-east and a wet region in the south-west of the
Serengeti ecosystem (Table 1). Annual rainfall in these

regions varies from 700 mm in the mesic east to
1300 mm in the wetter west (2015–2017 (Huffman
2017)). Rainfall varies seasonally with the majority of
rainfall, up to 800 mm, occurring during the wet season
between November and May. The dry season between
June and October receives around 150 mm of rainfall,
although the dry season is drier and longer in the mesic
region compared to the wet region (Norton-Griffiths
et al. 1975). Soil temperatures across the system are
more uniform with small fluctuations around 29 °C in
the upper 10 cm of the soil profile across the seasons
(McNally et al. 2017). The elevation of our mesic and
wet regions ranges between 1200 and 1670 m. Under-
lying soil types are primarily calcareous and stony
leptosols with pockets of clay-rich and organic vertisols
in the mesic region and organic planosols, sandy
aeronsols and vertisols in the wet region (ISRIC 2018)
(Table 1). Two-thirds of the Serengeti National Park is
open wooded savannah, dominated by leguminous trees
with nitrogen fixing symbionts such as Vachellia spp.
and non-leguminous trees such as Commiphora spp.
that are interspersed amongst a C4 grass dominated
herbaceous layer.

Knowledge of the distribution and abundance of
macrodetritivore species remains limited for the Serengeti
ecosystem. There have been a handful of studies on
macrodetritivores in the Serengeti mainly investigating
litter and detritus decomposition by termite species (i.e.
Macrotermes sp. and Odontotermes sp.) or on the diets of
insectivorous mammals, for example aardwolf consump-
tion of Trinervitermes spp. termites (de Visser et al. 2015;
Freymann et al. 2008; Freymann et al. 2007; Freymann
et al. 2010; Kruuk and Sands 1972; Smith et al. 2019).
Inside wildlife protected areas, the majority of wild herbi-
vores (including elephants, buffalos, impalas and various
species of antelope) occur at low densities, with the excep-
tion of migratory wildebeest and zebra (Hopcraft et al.
2015; Sinclair et al. 2007). Within wildlife protected areas,
landscape-scale spatial patterns of litter removal by
macrodetritivores overlap with wild herbivore movements
(de Visser et al. 2015; Freymann et al. 2010). Wildlife
protected areas are regularlymanaged through burning, but
fire management is presumed to have limited impact on
rates of litter removal by macrodetritivores (Davies et al.
2013). The dominant land-use outside wildlife protected
areas is agropastoral, comprising mosaics of small-scale
agricultural holdings intermixed with livestock pastures
(Veldhuis et al. 2019) (Table 1). Annual aboveground
grass biomass production can be similar on pasturelands
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(470 g m−2 yr−1) and wildlife protected areas
(515 g m−2 yr−1); however, livestock consume on average
70% of aboveground biomass in pasturelands compared to
40% by wildlife in protected areas (Arneberg et al. unpub-
lished data). Intense livestock rearing removes stubble
from agricultural land and reduces fuel loads on pasture-
lands and results in infrequent or no fires on agropastoral
land (Veldhuis et al. 2019).

Within the mesic and wet rainfall regions, sites were
selected across three human land-uses: agricultural
land, pastureland and wildlife protected areas. Within
each rainfall region all land-uses were within 10 km of
each other to minimize spatiotemporal variation in rain-
fall between land-uses. Termites were found in the soil
at all sites suggesting presence of termite-driven litter
decomposition processes. All sites had Macrotermes
and/or Odontotermes termite mounds, although we did
not quantify the termite activity within mounds
(Table 1). Agricultural sites were primarily used for
growing maize (Zea mays) with minimal intercropping,
but occasionally with beans and vegetables. Agricultural
land was managed by hand hoeing with limited use of
tractors and without pesticides or manmade fertilizers.
The influence of illegal livestock grazing on sites inside
wildlife protected areas was minimised by selecting sites
a minimum of 9 km into wildlife protected areas in the
mesic region, and in close proximity to a ranger post in
the wet region.

We selected four replicate sites within each land-use
(agricultural land, pastureland and wildlife protected
area), each comprising an area of approximately
50 m2. All sites were a minimum of 500 m apart from
one another, except for the agricultural sites. For these,
we selected two agricultural fields in each rainfall region
which were managed by the landowner of the adjacent
pastural site. Each agricultural field was divided in two,
thus creating paired agricultural sites on each agricul-
tural field approximately 100 m apart. In total we had 24
sites (2 rainfall regions × 3 land-uses × 4 replicate sites).

Experimental design

To investigate the influence of season, rainfall region
and land-use on plant litter decomposition we buried
litterbags during both the wet season (from late January
to early March 2017) and the dry season (from July to
September 2017). Within each site, plots for litterbag
burial were selected following a random cardinal direc-
tion and number of paces from the centre of the site. All

plots were a minimum of 1 m apart and 2 m away from
the nearest termite mound or tree canopy edge, with
100 m as the furthest distance from mound/tree. For
the wet season there were eight plots per site and for
the dry season seven plots per site.

We used a modified version of the globally standard-
ized Tea Bag Index (Keuskamp et al. 2013). The Tea
Bag Index uses two types of tea litter with distinct
qualities: (1) green tea (Camellia sinesis; EAN no.:
8722700055525 Lipton® Tea) with high cellulose con-
tent (46.8% carbon (C), 4.1% nitrogen (N) and 11.5 C:N
ratio, particle size ~6 mm2) and expected fast decompo-
sition, hereafter referred to as ‘labile litter’; and (2)
rooibos tea (Aspalanthus linearis ; EAN no.:
722700188438 Lipton® Tea) with high lignin content
(48% C, 1.2% N and 39.2 C:N ratio, particle size
~3 mm2) and expected slow decomposition, hereafter
referred to as ‘recalcitrant litter’ (Keuskamp et al. 2013).
The Tea Bag Index has based the lability and recalci-
trance of tea litter types on rates of decomposition by
soil microbes, while litter preferences of detritivores
may differ from microbes. Several macrodetritivores,
e.g. millipedes, termites and woodlice, prefer recalci-
trant litter types (Hättenschwiler and Gasser 2005;
Peguero et al. 2019; Sitters et al. 2014). For example,
termite species ferment litter within the gut through a
mutualistic relationship with microorganisms (i.e. bac-
teria, archaea and fungi) (Abe et al. 2000). Due to this
fermentation process, termites avoid substrates high in
readily digestible sugars (Abe et al. 2000), yet other
macrodetritivore species can differ in litter preferences
(Hättenschwiler and Gasser 2005).

Litterbag material was made of woven nylon with a
mesh size of 0.25 mm, allowing access to soil microbes,
microdetritivores and roots, but not macrodetritivores.
However, prior work in the Serengeti found that termites
eat through nylon litterbags to access plant litter creating
holes ~0.55 mm2 in size (Smith et al. 2019). To quantify
the contributions of macrodetritivores to litter decompo-
sition, we used a stainless steel metal mesh treatment
with an aperture size of 0.3 mm designed to exclude the
head-width of the smallest foraging termites (Smith
et al. 2019; Teo et al. 2020). Our litterbag approach
targeted termites, but could equally apply to other sa-
vannah macrodetritivores with strong mandibles such as
beetle larvae, millipedes and woodlice. Within each
20 × 20 cm plot we buried four litterbags in a factorial
design using two pairs of labile and recalcitrant tea litter,
one pair open to macrodetritivores (hereafter ‘accessible
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to macrodetritivores’) and the other pair excluding
macrodetritivores with metal mesh (hereafter ‘excluding
macrodetritivores’) (sensu (Griffiths et al. 2019); Fig. 1).
In total 1488 litterbags were buried as part of the main
experiment.

Following the Tea Bag Index protocol for warm
climates (Keuskamp et al. 2013), one litterbag was
placed in each corner of the excavated plot at a soil
depth of 8 cm and incubated for approximately 2months
(52 days in the wet season and 69 days in the dry
season). The majority of leaf litter decomposes on the
soil-surface in tropical ecosystems. Burial of litter
avoids decomposition by superterranean detritivore spe-
cies, fire and UV degradation (Austin 2011; Cornwell
et al. 2009; Davies et al. 2013). Nevertheless, we opted
to follow the Tea Bag Index methodology and assumed
observed decomposition processes were likely to be
similar to those acting on root litter decomposition in
savannahs (Smith et al. 2019). Upon collection, litter-
bags were taken out of the metal mesh, brushed clean of
any adhering soil, plant roots and termites, then placed
in paper bags and air-dried (30–40 °C) within 4 days of
collection.

Common garden experiment

To further disentangle climatic effects of season and
rainfall region and edaphic effects of land-use in the
main experiment, an additional common garden exper-
imentwas established. The common garden was located
near to the Serengeti Wildlife Research station in
Seronera in the central part of the Serengeti National
Park (Fig. 1). This involved decomposing litter in soil
transplanted from the different rainfall regions and land-
uses to a single location. Transplanting soil allowed us
to examine the direct climate response of litter decom-
position by microbes and microdetritivores, controlling
for soil properties, and the indirect response of
macrodetritivores as soil fauna originating from the
common garden could enter transplanted soil. From
the common garden, we expected that if rainfall was
the main driver of litter mass loss, decomposition by
microbes and microdetritivores or macrodetritivores
would be similar in the main experiment and common
garden when rainfall was similar between the two ex-
periments. Here, litter mass loss from the common
garden plotted against litter mass from the main exper-
iment would follow a one-to-one line. Conversely, if
there was less rainfall in the main experiment than

common garden, or vice versa, then litter mass loss
would deviate from a one-to-one line. If soil properties,
transplanted microbial community or the local
macrodetritivore community were the main drivers of
litter mass loss, we would expect similarities or devia-
tions from the one-to-one line to be site-specific or relate
to land-use rather than variation in rainfall between the
two experiments. The common garden site comprised a
total of 50m2 with four experiment blocks (Fig. 1). Each
block was approximately 2 m2 and located a minimum
of 5 m apart from one another. Within each block we
established seven plots, the same area and size as the
main experiment plots though excavated slightly deeper
to ensure that the litterbags decomposed in transplanted
soil, thus totalling 28 plots.

In the common garden experiment, 24 out of 28 plots
were randomly assigned to be filled with soil from sites in
themain experiment. Approximately 25 l of fresh soil were
collected down to a depth of 20 cm at each site in the main
experiment. Excavated soil was transported in loosely
sealed plastic buckets to the common gardenwithin 5 days.
The remaining four common garden plots, one plot per
block, were re-filled with local soil to serve as controls
(Fig. 1). In each plot, four litterbags – a combination of
labile and recalcitrant tea litter, with and without metal
mesh to exclude macrodetritivores – were buried in soil
immediately after creating the plot. Litterbags were incu-
bated for 2 months and collected following the protocols
outlined above. The common garden experiment was re-
peated for both the wet and dry season, removing old soil
and re-collecting fresh soil for each season. In total, 224
litterbags were buried in the common garden experiment.

Soil moisture and rainfall

At the start of incubation and at litterbag collec-
tion, spot measurements of soil moisture were
taken using hand-held probes in every plot. Soil
moisture was measured via electrical conductivity
(±0.1%) at a depth of 5.5 cm (ML3, Delta-T,
Cambridge, U.K.). All measurements were taken
between 7:15 h and 18:30 h during daylight hours.
One permanent logger was established in one site
per land-use within each rainfall region, to mea-
sure soil moisture throughout the experiment. Soil
moisture was measured via electrical conductivity
using a Decagon Device Em5b Analog data logger
and GS1 water content sensor with a probe length
of 5 cm (± 0.03 m−3 m−3 equivalent to ±3%
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volumetric water content in mineral soils). To re-
duce the visibility of data loggers due to risk of
theft, loggers were buried next to the base of trees.
Extended buried cables were used so that the
probe was placed outside of the tree canopy and
between 1.5 and 2 m from the tree trunk. Loggers
were regularly checked and replaced. During the
litterbag incubation period we only had missing
data for soil moisture for agricultural land in the
mesic region and pastureland in the wet region
during the dry season due to repeated logger theft.
To obtain a comparable zero measure across log-
gers, all soil moisture logger readings were adjust-
ed for differences in soil water holding capacity by

subtracting the lowest recorded value from all
values for each logger soil type.

Rainfall for the wet and dry season incubation pe-
riods were obtained from satellite-based daily rainfall
estimates from NASA’s Goddard Earth Sciences Data
and Information Services Centre (Huffman 2017), based
upon half-hourly measurements of cloud cover retrieved
using multi-satellite microwave data at 10 × 10 km res-
olution. Previous work at the study sites showed signif-
icant positive correlation between these remote satellite
based estimates of rainfall and soil moisture content
(Smith et al. 2020). From daily satellite rainfall esti-
mates we calculated cumulative rainfall for each season-
al incubation period averaged at the site-scale.

Fig. 1 Tea litterbag decomposition locations and experimental
set-up. Tea litterbags was buried in agricultural lands (A), pasture-
lands (P), inside wildlife protected areas (W) and a common
garden (C) in the centre of the Serengeti National Park (SNP),
Tanzania. Agricultural and pasture site are in close promixity to

one another. The common garden consists of blocks with
transplanted soil from each respective land-use (A, P, W) from
each site and region in the main experiement and a plot with local
common garden soil (C). The regional gradient in rainfall is shown
from wetter west (blue symbols) to drier east (yellow symbols)
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Measurements

Litter decomposition was calculated as ash-corrected
percentage mass loss for the duration of each incubation
period. Prior to burial, all litterbags were weighed
(±0.001 g) with tea litter weights calculated by
deducting the standard weight of nylon mesh, cord and
label −0.25 g (Keuskamp et al. 2013). After the decom-
position experiment, litterbags were oven-dried at 60 °C
for 48 h and re-weighed. Litter was then extracted from
the litterbag and weighed separately. Due to termite and
other macrodetritivore intrusions into litterbags, remain-
ing plant litter needed to be corrected for the weight of
soil debris. Decomposed litter and debris inside litter-
bags was homogenized by pestle and mortar. Subsam-
ples of homogenized litter were burned in a furnace at
550 °C for 4 h to determine Loss of Ignition (LOI). The
remaining inorganic mineral ash was used to correct for
amount of soil in the litterbags. Litter from 10 undecom-
posed labile and recalcitrant litterbags were also
combusted via LOI to estimate undecomposed litter
ash content. Litter mass differences of ash-corrected
undecomposed and decomposed litter were used to cal-
culate ash-corrected percentage litter mass loss.

Soil texture, carbon and nitrogen concentrations were
determined from soil samples collected for the common
garden experiment (sampling outlined above). Soil was
sieved to 2 mm to remove stones and homogenised
using pestle and mortar. Soil texture was determined
using wet season samples only, following the pipette
method (Gee and Bauder 1986). In brief, deionized
water and hydrogen peroxide were added to 10 g of
soil, which was heated until the organic material was
fully oxidized. Water was added to each sample, rather
than hydrochloric acid due to high pH, and the resultant
solution went through a sedimentation analysis by re-
peatedly removing solution and heating to determine
percentage of clay, silt and sand by weighing the pre-
cipitate. Soil carbon and nitrogen concentrations were
determined for both wet and dry season soil samples.
Soil subsamples of 16–22 mg were analysed for carbon
and nitrogen concentrations by dry-combustion using an
automated elemental analyser (vario MICRO cube,
Langenselbold, Germany).

Statistical analyses

Tea litter from 1604 litterbags (out of 1712 buried) were
recovered from the main decomposition experiment and

the common garden experiment across both seasons.
The effects of land-use, macrodetritivore exclusion, sea-
son and rainfall region on litter mass loss were analysed
separately for labile and recalcitrant litter types using
generalized linear mixed models. Percentage litter mass
loss was fitted using a Beta distribution transforming
mass loss to values between 0 and 1, thus ensuring
model predictions were bounded between 0 and 100%
after back-transformation. In our full models, fixed ef-
fect terms included: land-use (agricultural, pastureland
and wildlife protected area), macrodetritivore exclusion
(litter accessible to or excluding macrodetritivores), sea-
son (wet and dry) and rainfall region (wet and mesic)
along with two and three-way interactions. Inclusion of
rainfall region as a fixed term captured part of the spatial
design of the experiment, and the remaining spatial
structure was incorporated into random components,
namely burial plot nested within replicate site. Soil
moisture spot measurements were analysed separately
using a generalized linear mixed model fitted with a
Gaussian distribution and the same model structure
outlined above with the omission of macrodetritivore
exclusion, but with the inclusion of soil sand content
and soil carbon-to-nitrogen ratio.

The common garden experiment was analysed by
subtracting the mass loss in the main decomposition
experiment from the common garden experiment. Mass
loss in the main experiment was averaged at the site-
scale because each site in the main experiment
corresponded to a single plot in the common garden
experiment. Difference in mass loss between the exper-
iments were analysed using a linear-mixed model fitted
with a Gaussian distribution. In the model season, rain-
fall region, land-use, and macrodetritivore exclusion
were fixed effect factors without any interactions due
to lower number of data points at the site-scale. Never-
theless, site was retained as random factor to account for
paired litterbags accessible to and excluding
macrodetritivores.

Final models were simplified following Akaike’s Infor-
mation Criterion (AIC), removing terms from the full
model to improve the model likelihood and lower AIC
value. Fixed variables were retained if significant in Like-
lihood Ratio Tests. For the final model, significance of
each term was assessed contrasting models using Maxi-
mumLikelihoodwith andwithout fixed factors to generate
P-values (Bolker et al. 2009; Zuur et al. 2009). Significant
differences within terms and interactions were obtained
through multiple contrasts as a function of least square
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means. All analyses were carried out in R version 3.5.3 (R
Foundation for Statistical Computing, 2019) with GLMM
andLMMmodels tested using the ‘glmmTMB’ and ‘lmer’
functions in lme4 (Bates et al. 2015) and glmmTMB
(Brooks et al. 2017) packages and model contrasts using
the emmeans package (Lenth 2016).

Results

Litter decomposition by macrodetritivores
across land-uses and seasons

Macrodetritivore accessibility significantly increased litter
mass loss of recalcitrant (rooibos tea) litter, but
macrodetritivores seemingly did not affect mass loss of
labile (green tea) litter (Fig. 2; Table 2). Recalcitrant litter
accessible to macrodetritivores had significantly higher
mass loss on agricultural and pasturelands than wildlife
protected areas (Table 2, i.e. a significant land-use ×
macrodetritivore exclusion interaction). Contrasting litter
accessible and inaccessible to macrodetritivores,
macrodetritivores enhanced recalcitrant litter decomposi-
tion on average by 6% in agricultural and pastural land
compared to wildlife protected areas across seasons and
rainfall regions. However, there were instances when the
contribution from macrodetritivores to recalcitrant litter
decomposition was greater in wildlife protected areas than
agriculture and pasturelands depending on the season and
rainfall region (see results below). Land-use alone did not
significantly influence recalcitrant litter decomposition
(Table 2). Across all land-uses, recalcitrant litter mass loss
was 21.6% higher for litter accessible to macrodetritivores
compared to excludingmacrodetritivores, an increase from
23.7 to 45.3% mass loss, respectively (Fig. 2).

During the dry season, the contribution of
macrodetritivores to recalcitrant litter decomposition was
consistently greater in agricultural and pasturelands than in
wildlife protected areas (Fig. 2a–b). The contribution of
macrodetritivores to recalcitrant litter decomposition was
also higher overall in the wet compared to themesic region
(Fig. 2a–b). During the dry season, soil moisture loggers
recorded elevated soil water content in the wet region
(Fig. 3), which corroborated with satellite estimates of
150 mm rainfall. Yet, there was no detectable rainfall in
the mesic region with satellite estimates of only 8 mm
rainfall (Fig. 3). Macrodetritivores increased recalcitrant
litter decomposition in non-transplanted local control soil
in the common garden experiment during the dry season

when the common garden received an estimated 172 mm
rainfall (Fig. 4a). Despite negligible rainfall during the dry
season in themesic region, recalcitrant litter decomposition
accessible to macrodetritivores exceeded labile litter de-
composition by 15, 8 and 3% in pastures, agricultural land
and wildlife protected areas, respectively (Fig. 2a).

During the wet season and in the mesic region, recalci-
trant litter decomposition by macrodetritivores in wildlife
protected areas was higher than in pasture and agricultural
land with 17 and 25% greater mass loss on average,
respectively (Fig. 2c). This upregulation in the contribution
of macrodetritivore to litter decomposition in wildlife
protected areas in the mesic region during the wet season
resulted in multiple combinations of significant three-way
interactions with land-use, macrodetritivore exclusion, sea-
son and rainfall region (Table 2).

Season and macrodetritivore accessibility were the
most important factors resulting in recalcitrant litter
decomposition in the main experiment to deviate from
decomposition observed in the common garden experi-
ment, i.e. the deviation from the one-to-one line (Fig. 4;
Table 3). In the wet season, when all sites received
similar quantities of rainfall, decomposition of recalci-
trant litter accessible to macrodetritivores differed be-
tween the main experiment and common garden (Fig.
4b, d). We found no effect of land-use, determined by
transplanting soil, on recalcitrant litter decomposition in
the common garden (Table 3). Furthermore, rainfall
region did not significantly explain differences between
the main and common garden experiment due to
sustained decomposition by macrodetritivores in the
dry season in both rainfall regions and the common
garden (Fig. 4a, c; Table 3).

Litter decomposition without macrodetritivores
across land-uses depends on precipitation

Decomposition of labile and recalcitrant litter by microbes
andmicrodetritivores, excludingmacrodetritivores, did not
significantly differ between wildlife protected areas, agri-
cultural and pasturelands (Table 2; Fig. 2). However,
significant land-use differences in labile litter mass loss
occurred during the dry season (Table 2). In thewet region,
labile litter mass loss was significantly higher in wildlife
protected areas than in agricultural and pasturelands (Fig.
2b), while in the mesic region, agricultural lands had
significantly higher litter mass loss compared to pasture-
lands and wildlife protected areas (Fig. 2c). These land-use
patterns in decomposition of labile litter by microbes and
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microdetritivore followed patterns of soil moisture. In the
wet region, permanent soil moisture loggers estimated
wildlife protected areas to be on average 27% wetter than
agricultural lands, although we lacked data for a compar-
ison to pasturelands (Fig. 3b, d, f; Table 2). In the mesic
region, soil moisture spotmeasurements at two agricultural
sites, characterized as vertisols (Table 1), were wetter than
neighbouring sites and other land-uses during the dry
season. These agricultural sites on vertisols had on average
13% soil moisture compared to 4% in the other agricultural
sites, 5% in pastures and 10% in wildlife protected areas
(Fig. 3a, c, e). Unfortunately, we lacked soil moisture

logger readings for agricultural land in the mesic region
during the dry season (see methods).

Season and rainfall region, but not land-use or
macrodetritivore exclusion, exerted the strongest
influence on labile litter decomposition in the
common garden experiment (Fig. 4). During the
wet season, labile litter (and recalcitrant litter ex-
cluding macrodetritivores) mass loss in the main
experiment was similar to the common garden
experiment, i.e. following the one-to-one line
(Fig. 4b, d; Table 3). This similarity corresponds
with the uniform amount of rainfall across the

Fig. 2 Mass loss of labile green and rooibos recalcitrant tea leaf
litter across seasons (wet and dry), rainfall regions (mesic and wet)
and land-uses (agriculture, pasture and wildlife protected areas)
around the Serengeti ecosystem. Labile (circle symbol) and recal-
citrant (square symbol) tea litter are shown either as “excluding

macrodetritivores” when metal mesh was used (filled symbols) or
“accessible to macrodetritivores” without metal mesh (open sym-
bols) across different land-uses: agriculture (brown), pastures
(orange) and wildlife protected areas (green). Error bars are shown
as ±1 standard deviation
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mesic region, wet region and common garden dur-
ing the wet season (Fig. 3). In the main experi-
ment, there were no significant land-use or rainfall
region differences in decomposition of labile litter
by microbes and microdetritivores during the wet
season (Fig. 2c, d; Table 2). Meanwhile, signifi-
cantly drier conditions in the mesic region, and
wetter conditions in the common garden during
the dry season, reduced decomposition by mi-
crobes and microdetritivores in the main experi-
ment compared to the common garden experiment
(Fig. 4a; Table 3).

Land-use impact on soil moisture

Land-use exerted a weaker influence on soil moisture
compared to season or rainfall region, with no statisti-
cally significant influence on soil moisture spot mea-
surements (Table 2). All land-uses were wetter during
the wet season compared to the dry season. However,
during the wet season, soil moisture across rainfall
regions was similar in pasturelands, but agricultural land
and wildlife protected areas were wetter in the mesic
compared to the wet region (Fig. 3; Table 2, i.e. land-use
× season × rainfall region). Spot measurements of

Table 2 Generalized linear mixed model parameter estimates and
standard errors for tea litter decomposition and soil moisture spot
measurements in the main experiment. Soil moisture analysis
omitted macrodetritivore exclusion treatment, but includes soil
sand content. The litter decomposition analysis did not include
soil sand content. Models have been simplifed following Akaike’s

Information Criterion model selection and P-values were generat-
ed by contrasting models with and without variables following
Likelihood Ratio Testing. Parameter estimates are compared with
the model intercept that represents litter accessible to
macrodetritivores, wet season, wet region and wildlife protected
area

Parameters Labile litter Recalcitrant litter Soil moisture

Estimate Error P Estimate Error P Estimate Error P

Intercept 1.085 0.124 – 0.264 0.222 – 23.363 1.542 –

Land-use: wildlife vs. agriculture 0.168 0.176 0.153 0.256 0.302 0.438 −0.387 1.222 0.146
Land-use: wildlife vs. pasture 0.398 0.179 0.364 0.304 3.628 1.224

Macrodetritivore exclusion – – – −1.382 0.225 <0.001 – – –

Season −0.143 0.084 <0.001 −0.200 0.258 <0.001 −7.130 0.357 <0.001

Rainfall region −0.399 0.175 <0.001 0.979 0.297 0.047 8.467 1.434 <0.001

Soil sand content – – – – – – −0.184 0.022 0.008

Land-use × macrodetritivore: wildlife vs. agriculture – – – 0.701 0.273 <0.001 – – –
Land-use × macrodetritivore: wildlife vs. pasture – – 0.357 0.273 – –

Land-use × season: wildlife vs. agriculture −0.520 0.118 <0.001 0.492 0.345 0.019 1.927 0.505 <0.001
Land-use × season: wildlife vs. pasture −1.025 0.122 0.254 0.340 −4.154 0.505

Land-use × rainfall region: wildlife vs. agriculture 0.344 0.250 0.005 −1.324 0.395 0.008 1.538 1.827 0.013
Land-use × rainfall region: wildlife vs. pasture −0.311 0.251 −0.805 0.395 0.625 2.045

Macrodetritivore exclusion × season – – – 0.555 0.329 0.851 – – –

Macrodetritivore exclusion × rainfall region – – – −0.202 0.224 0.445 – – –

Season × rainfall region −2.946 0.135 <0.001 −2.360 0.330 <0.001 −10.224 0.506 <0.001

Land-use × macrodetritivore ×season: wildlife vs.
agriculture

– – – −1.492 0.401 <0.001 – – –

Land-use × macrodetritivore ×season: wildlife vs. pasture – – −1.239 0.400 – –

Land-use × season × rainfall region: wildlife vs.
agriculture

1.105 0.184 <0.001 1.559 0.404 <0.001 −1.142 0.714 <0.001

Land-use × season × rainfall region: wildlife vs. pasture 1.242 0.191 1.158 0.401 1.856 0.714

Macrodetritivore exclusion × season × rainfall region – – – 0.762 0.327 0.020 – – –

Marginal R2 (fixed factors only) 0.93 0.72 0.84

Conditional R2 (incl. Random factors) 1.00 0.93 0.93
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moisture were negatively related to sand content, i.e.
greater water infiltration rates, but not significantly re-
lated to soil C:N ratio (Table 2).

Discussion

Our study demonstrates that recalcitrant litter decompo-
sition by macrodetritivores can be sustained in human-
modified tropical savannahs. Contrary to our hypothe-
ses, the contribution of macrodetritivores to litter de-
composition was not diminished by agricultural cultiva-
tion of savannahs compared pasturelands or wildlife
protected areas. Moreover, on both agricultural and
pastoral land-uses in drier regions, macrodetritivore
communities were able to sustain recalcitrant litter de-
composition during periods of water scarcity. Continued
macrodetritivore foraging during the dry season has

been observed in other tropical ecosystems (Ashton
et al. 2019; Jouquet et al. 2011; Veldhuis et al. 2017),
but is not exhibited by all savannah macrodetritivore
species (Davies et al. 2015; Davies et al. 2013; Leitner
et al. 2018). In contrast, litter decomposition by mi-
crobes and microdetritivores in our study was
constrained by regional and seasonal water availability
across all land-use types, as also seen in other tropical
ecosystems (Anaya et al. 2012; Becker and Kuzyakov
2018; Ngatia et al. 2014). In spite of a lower sensitivity
to variable water availability, litter decomposition by
macrodetritivores exhibited strong seasonal differences
across land-uses and regions suggesting alternative fac-
to r s r egu la t ing the t empora l dynamics o f
macrodetritivore foraging. Currently macrodetritivores
continue to contribute to litter decomposition outside of
the borders of the Serengeti, yet the longer-term resil-
ience of this ecosystem function requires further

Fig. 3 Temporal and regional
patterns in soil moisture measured
using permanent soil moisture
loggers (grey circles) and spot
measurements using a hand-held
probe (black filled squares). Log-
ger readings are for one site per
land-use and rainfall region (a–g).
Spot measurements are averages
from multiple litterbag decompo-
sition points (eight per site) mea-
sured during the daytime at the
start and end of wet season (grey
box) and dry season incubation
period (white box). Multiple
moisture loggers on the agricul-
tural land in mesic rainfall region
and pastureland in wet region
were stolen resulting in missing
data during the litterbag incuba-
tion period. Loggers in all wildlife
protected areas were disturbed by
animals leading to some intermit-
tent readings. Error bars for spot
measurements are shown as ±1
standard deviation
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research on the composition, abundance and ecology of
the macrodetritivore communities.

Across the Serengeti, recalcitrant litter decomposition
by macrodetritivores was on average higher on
agropastoral land-uses, yet there were periods of elevated
decomposition by macrodetritivores in wildlife protected
areas. We are unable to determine to what extent differ-
ences in macrodetritivore species composition and abun-
dance between land-uses underlie differences in decom-
position. Nevertheless, our results show the contribution
of macrodetritivores to litter decomposition was fairly

consistent on agricultural and pasture land and more
seasonally variable in wildlife protected areas – notably
upregulated in themesic region during thewet season and
common garden during the dry season (Figs. 2c and 4b,
c). Both these periods coincided with high wild herbivore
abundances. During the wet season (January–April) the
wildebeest migration concentrates in wildlife protected
areas of the mesic region (Boone et al. 2006; Hopcraft
et al. 2015) and during the dry season (July–October)
wildebeest pass central Serengeti (Boone et al. 2006). As
investigated by other studies in wildlife protected

Fig. 4 Relationship between mass loss of labile green and recal-
citrant rooibos tea litter incubated across seasons, rainfall regions
and land-uses in the main experiment compared to the common
garden in central Serengeti. Each data point represents the mean
mass loss for a given land-use across four sites in the main
experiment (x-axis) compared to the mean mass loss in four plots
across four replicated blocks of transplanted land-use soils placed
in the common garden (y-axis). Labile (circle symbol) and recal-
citrant (square symbol) tea litter decomposition is shown either as

“excluding macrodetritivores” using metal mesh (filled symbols)
or “accessible to macrodetritivores” without metal mesh (open
symbols) across different land-uses: agriculture (brown), pastures
(orange), wildlife protected areas (green) and local common gar-
den soil (grey). Estimated rainfall during the litterbag incubation
periods are stated for each season, rainfall region and the common
garden. The solid black line depicts the one-to-one line and error
bars are shown as ±1 standard deviation
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savannahs, the extent of macrodetritivore foraging may
fluctuate seasonal depending on resource availability de-
rived from wild herbivores (Buitenwerf et al. 2011;
Freymann et al. 2010; Sitters et al. 2014). Likewise,
higher decomposition by macrodetritivores on
agropastoral land might reflect larger amounts of litter
and detritus generated from crop residues, dropped or
senesced plant material from livestock grazing and live-
stock dung (Dangerfield 1990; Hagan et al. 2017; Sileshi
et al. 2010; Wood et al. 1980). This said, resource avail-
ability is one of several possible reasons for differences in
macrodetritivore litter consumption between land-uses,
other reasons could include species-specific foraging be-
haviours, competition between detritivore species, regu-
lation of macrodetritivore abundances by predators (i.e.
ants, aardvarks, aardwolves etc.) amongst others (Abe
et al. 2000; Hagan et al. 2017; Jouquet et al. 2011;
Kruuk and Sands 1972; Sileshi et al. 2010).

Macrodetritivores in drier regions sustained plant
litter decomposition during periods of water scarcity in
the Serengeti. However, litter decomposition by
macrodetritivore was highest in regions that received
rainfall during the dry season rather than in the mesic
region without rainfall. In South Africa, Veldhuis et al.
(2017) found that litter removal by large fungus growing
termites versus other macrodetritivores had forage opti-
ma between 40 and 60 mm and 80–100 mm of rainfall
per month, respectively, and declined above or below
these thresholds. We found a similar intermediary rain-
fall optima for recalcitrant litter decomposition by

macrodetritivores in the wet region and common garden
during the dry season to be around 68–76mm of rainfall
per month. However, macrodetritivores may be
responding to the lower frequency of rainfall in the dry
season rather than the lower quantity of rainfall. In a
mesocosm manipulation, Joly et al. (2019) showed that
litter decomposition by woodlice increased with less
frequent rainfall events when controlling for rainfall
quantity. The exoskeleton of several macrodetritivores
reduces sensitivity to variations in soil moisture, yet
there is likely to be a moisture threshold whereby
macrodetritivore foraging is constrained by the risk of
desiccation and mortality (Joly et al. 2019; Woon et al.
2019). This moisture threshold for macrodetritivore for-
aging can be prolonged by soil properties that retain
water between rainfall events (Cornelius and Osbrink
2010), as seen in vertisols on agricultural land in our
mesic region (Fig. 2a, c). Macrodetritivores may be less
sensitive to fluctuations in soil water than soil microbes
and microdetritivores, but it is important to note that
higher litter decomposition by macrodetritivores occurs
when water is available.

One of the most striking results from our litter decom-
position experiments was that macrodetritivore consumed
only recalcitrant litter and avoided labile litter. In this study,
we applied the Tea Bag Index that is founded on the
principle that distinct litter qualities differ in rates of de-
composition by soil microbes. Labile green tea (Camellia
sinensis) has a low C:N ratio and high cellulose content
and is predicted to decompose quickly, whereas

Table 3 Linear mixed model parameter estimates and standard
errors for the difference in tea litter decomposition between the
main and common garden experiment. Average site-scale litter
decomposition is used in comparison with common garden plots
and models include no interaction terms. Models have been
simplifed following Akaike’s Information Criterion model

selection and P-values were generated by contrasting models with
and without variables following Likelihood Ratio Testing. Param-
eter estimates are derived from a comparison with intercept
representing dry season and region in the labile litter model, and
litter excludingmacrodetritivores and dry season in the recalcitrant
litter model

Parameters Labile litter Recalcitrant litter

Estimate Error P Estimate Error P

Intercept −46.568 2.528 – −11.209 3.463 –

Land-use – – – – – –

Macrodetritivore exclusion – – – 8.605 4.011 0.033

Season 30.505 2.770 <0.001 – – –

Rainfall region 30.122 2.798 <0.001 13.872 4.011 <0.001

Marginal R2 (fixed factors only) 0.68 0.13

Conditional R2 (incl. Random factors) 0.68 0.13
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recalcitrant rooibos tea (Aspalanthus linearis) is the oppo-
site, with a high C:N ratio and lignin content (Keuskamp
et al. 2013). In the Serengeti, by excluding
macrodetritivores, litter mass loss was greater for labile
than recalci t rant l i t ter . When accessible to
macrodetritivores recalcitrant litter mass loss could equal
or exceed labile litter mass loss. A number of species of
millipedes, termites and woodlice have been shown to
exhibit a preference for recalcitrant or nutrient poor litter
qualities over labile litter (Hättenschwiler andGasser 2005;
Peguero et al. 2019; Sitters et al. 2014). As mentioned
earlier, termites avoid readily digestible litter – high sugar
or labile fractions – due to the fermentation process in
termite guts (Abe et al. 2000). Similar results to our study
have been found in recent work in South East Asian
tropical rainforests testing the exclusion of termites using
the TeaBag Indexwith andwithout additionalmetalmesh.
Teo et al. (2020) found both green and rooibos tea had
similar detection rates by termites evident from holes in
nylon mesh bags; however, only recalcitrant rooibos tea
litter had significantly higher mass loss when accessible to
termites compared to when excluding termites.
Macrodetritivore affinity for recalcitrant litter represents a
major challenge utilising decomposition indices using the
Tea Bag Index: decomposition rates (K-rates) cannot reli-
ably be calculated due to variable consumption of recalci-
trant litter, and, although stabilisation (S factor) of labile
fraction into recalcitrant fraction calculation is based on
labile litter only, its underlying meaning is questionable as
it ignores the contribution of macrodetritivores to litter
stabilisation and mineralisation in the soil. For ecosystems
where macrodetritivores can easily enter litterbags, K-rates
and S factors derived from the Tea Bag Index should be
interpreted with caution unless accounting for
macrodetiritvore damage or excluding macrodetritivores
from litterbags (Teo et al. 2020). Learning from the Tea
Bag Index, integrating litter quality into the conceptual
framework and design of future global or biome-wide soil
fauna decomposition initiatives would provide valuable
insights into the generality of macrodetritivore litter
preferences.

The contribution of macrodetritivores and soil micro-
organisms to litter decomposition has been proposed to
be synergistic, i.e. macrodetritivores amplify decomposi-
tion by microbes (Liu et al. 2015). In the tropical savan-
nahs of Serengeti using tea litter, we found decomposi-
tion by macrodetritivores versus microbes and
microdetritivore to have divergent effects depending on
human land-use, water availability and litter type. These

conclusions are supported by other studies showing that
macrodetritivores continue to regulate litter decomposi-
tion across spatiotemporal variable rainfall (Ashton et al.
2019; Jouquet et al. 2011; Veldhuis et al. 2017) and that
macrodetritivores can be selective foragers (Acanakwo
et al. 2019; Smith et al. 2019). Here we show that
moderate human intervention is compatible with
macrodetritivore litter decomposition in an African sa-
vannah. The lack of intense mechanical tillage and use of
pesticides may allow macrodetritivores to persist on hu-
man dominated land-uses bordering the Serengeti. Rais-
ing ecological awareness is required to ensure that the
contribution of macrodetritivores to litter decomposition
is not lost following the predicted development and in-
tensification of agropastoral land-use practices outside
the Serengeti and other wildlife protected savannahs.
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