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ABSTRACT

Soils hold a globally important carbon pool that is generally more persistent than the carbon stored in plant biomass. However,
soil carbon is becoming increasingly vulnerable to environmental changes such as soil warming, fire, and erosion. Managing
land to increase soil carbon sequestration and persistence may therefore improve long-term soil carbon storage and contribute to
climate change mitigation. It has been hypothesized that grazing by large herbivores may enhance the persistence of soil carbon
by increasing the amount of soil organic matter forming more stable associations with mineral particles (mineral-associated
organic matter). We compared sheep-grazed and ungrazed plots within the Gibson Grazing and Successional Experiment lo-
cated in the Upper Seeds calcareous grassland in Wytham Woods, Oxfordshire, using organic matter fractionation to estimate
the surface (0-5cm) carbon stocks in the mineral-associated and particulate organic matter fractions. Counter to expectations,
after 35years sheep grazing had not increased mineral-associated organic matter carbon stocks relative to ungrazed plots. We
hypothesize that this indicates the saturation of mineral surfaces in both grazed and ungrazed treatments and the inability of
short-duration mob-grazing to increase soil fertility. Grazing also did not influence overall soil carbon stocks which, based on
various assumptions, could be consistent with the concept of net carbon storage whereby soil carbon stocks are maintained
despite reduced aboveground plant biomass inputs. The higher C:N ratio in the mineral-associated organic carbon in the spring-
grazed plots suggests this could have resulted from increased rhizodeposition in response to grazing (although we have no direct
evidence to support this). Overall, while our measurements suggest possible compensatory carbon inputs to offset losses due to
sheep grazing, they demonstrate no increase of stable soil carbon over the 35-year duration of the experiment.

Andrew Hector and Jeppe Kristensen contributed equally to this work.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.

© 2025 The Author(s). Ecology and Evolution published by British Ecological Society and John Wiley & Sons Ltd.

Ecology and Evolution, 2025; 15:¢71582 1of 14
https://doi.org/10.1002/ece3.71582


https://doi.org/10.1002/ece3.71582
https://doi.org/10.1002/ece3.71582
mailto:
mailto:
https://orcid.org/0000-0001-5506-3103
mailto:
https://orcid.org/0000-0002-1309-7716
mailto:dge26@cam.ac.uk
mailto:david.encarnation@gmail.com
mailto:andrew.hector@biology.ox.ac.uk
http://creativecommons.org/licenses/by/4.0/

1 | Introduction

The global soil carbon pool is more than three times the size of
the atmospheric carbon pool (Lal 2004). Consequently, soil car-
bon sequestration (“transferring atmospheric CO, into long-lived
pools and storing it securely so it is not immediately reemitted”)
(Lal 2004) may be a useful tool to combat climate change. Land
management regimes are often suggested as integral not only to
soil carbon storage (Conant et al. 2017) but also the long-term
persistence of the soil carbon pool (e.g., Kristensen et al. 2022).
As such, appropriate land management regimes are a potential
tool for sequestration of carbon from the atmosphere into soils.
Grasslands, which cover 20%-30% of the Earth's ice-free land
(Gibson and Newman 2019; Wilson et al. 2018) and 36% of the UK's
land cover (Ward et al. 2016), provide multiple ecosystem services
including carbon storage (Gibson and Newman 2019). Temperate
grasslands store over 12% of global carbon and are the third largest
store of carbon in soil and vegetation (Ward et al. 2016). However,
nearly half of grassland area has already been degraded with asso-
ciated declines in soil carbon stocks (Bardgett et al. 2021). Changes
in grassland management therefore have the potential to affect soil
carbon storage and persistence.

The amount of carbon stored in soils reflects the balance of in-
puts and outputs of carbon (Lal 2004), as influenced by environ-
mental conditions (pH, oxygen availability, etc.). Carbon storage
is the net outcome of a complex network of processes including
the productivity of the system, the decomposability of the carbon
inputs (intrinsic organic matter characteristics), and the pro-
tection against decomposition by physicochemical interactions
with mineral particles. Intrinsic characteristics of organic mat-
ter, such as lignin concentration, have traditionally been seen
as the main determinants of decomposability. However, recent
perspectives emphasize “bioaccessibility”—the extent to which
organic matter is accessible to microbial decomposition—as the
primary factor (Just et al. 2021; Lehmann and Kleber 2015).
While the intrinsic traits remain relevant, particularly for de-
termining the initial decomposability, bioaccessibility is largely
influenced by physical stabilization within soil aggregates and
microaggregates and chemical stabilization through association
with mineral particles (Six et al. 2002). This perspective divides
soil organic matter into fractions with distinct formation path-
ways, carbon storage capacities, and persistence levels (Cotrufo
et al. 2019; Lavallee et al. 2019; Von Lutzow et al. 2007), with
the potential for grazing to impact these processes and fractions.

Particulate organic matter (POM) consists largely of unde-
composed plant structural compounds such as root and shoot
tissues. It is primarily stabilized through the intrinsic charac-
teristics of organic matter, which reduce microbial decomposi-
tion (Cotrufo et al. 2019). However, particulate organic matter
is vulnerable to increased decomposition under environmental
changes like soil warming (Abramoff et al. 2021). The intrinsic
characteristics only protect the particulate organic matter from
decomposition for a few years to decades, though some types
of particulate organic matter (e.g., when occluded in soil aggre-
gates) can persist for hundreds of years (Angst et al. 2023; Lugato
et al. 2021; Wasak and Drewnik 2015). Grazing has the potential
to impact particulate organic matter, principally by consuming
aboveground plant material, respiring much of the carbon and
returning dung to the soil.

Mineral-associated organic matter (MAOM) primarily consists of
belowground carbon inputs like root exudates. Unlike particulate
organic matter, mineral-associated organic matter gains stability
through physical protection in soil aggregates and microaggregates
and chemical protection via sorption to mineral surfaces, making
it more resistant to decomposition and less vulnerable to environ-
mental perturbations (Kristensen et al. 2022; Lugato et al. 2021;
Wasak and Drewnik 2015). This “physicochemical inhibition”
allows mineral-associated organic matter to persist for centu-
ries, playing a key role in long-term carbon storage (Kristensen
et al. 2022). As such, carbon sequestration efforts should consider
not only carbon pool sizes but also persistence when prioritizing
land use and management strategies. Grazing has the potential
to influence mineral-associated organic matter, including by in-
creasing levels of belowground carbon inputs to the soil through
increased root growth and exudation.

While well-documented, the impacts of grazing on soil carbon
storage are highly variable, with studies reporting positive, neg-
ative, and neutral effects. A recent review (Abdalla et al. 2018)
showed that grazing led to a reduction in soil carbon stocks
globally, though this varied by climate, with grazing reducing
soil carbon stocks the most in moist-cool climate zones and
increasing soil carbon stocks in other climates such as moist-
warm climate zones. Another global meta-analysis showed that
grazing effects on soil carbon depend on the interplay between
climate, soil, and grassland type (McSherry and Ritchie 2013).
For example, on fine-textured soils of high clay content, grazing
was found to negatively influence soil carbon at higher precipi-
tation, whereas on coarse-textured sandy soils, grazing had the
opposite effect, increasing soil carbon at higher precipitation
(McSherry and Ritchie 2013).

Moreover, Roy and Bagchi (2021) present the so-called “para-
dox” of soil carbon in grazed ecosystems. They argue that one
would expect grazing to reduce soil carbon as herbivores con-
sume plant biomass, respiring carbon to the atmosphere and
therefore reducing carbon inputs to the soil. However, using a
long-term grazing experiment, they showed that moderate graz-
ing maintained soil carbon stocks despite reducing aboveground
carbon inputs compared to grazing exclusion (net carbon stor-
age). They propose that this results from decreased activity of
enzymes involved in litter degradation, in line with the concep-
tual framework by Pausas and Bond (2020), which suggests that
grazing competes with decomposition as a route to recycling
carbon from biomass to the atmosphere. On top of this, Naidu
et al. (2022) showed at the same site that moderate grazing in-
creased both the size of the soil carbon pool and the stability of
the soil carbon pool through time. Few sites have decadal time-
series of soil carbon measurements allowing such direct as-
sessment of stability over time. Hence, indirect measures of the
expected persistence of soil carbon may be valuable (Lavallee
et al. 2019).

Kristensen et al. (2022) summarized mechanisms by which
grazing may influence the distribution of carbon between pools
of different persistence. In terms of grazer effects on carbon
and nitrogen distributions between particulate organic matter
and mineral-associated organic matter pools within a given
system (the focus here, as opposed to comparison across sites),
the key mechanisms include grazing-enhanced belowground
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input of root exudates and enhanced microbial carbon use ef-
ficiency. These mechanisms and the formation of particulate
and mineral-associated organic matter depend on many soil
properties, primarily nitrogen. All soil organic matter contains
nitrogen and is produced via microbial processes that require ni-
trogen. As a result, soil carbon stocks depend on nitrogen avail-
ability (Cotrufo et al. 2019). Particulate organic matter tends to
have a low nitrogen content (a high carbon to nitrogen ratio), and
mineral-associated organic matter a relatively higher nitrogen
content (a lower carbon to nitrogen ratio) (Cotrufo et al. 2019;
Lugato et al. 2021). So, while mineral-associated organic mat-
ter is more stable long-term than particulate organic matter, its
formation requires more nitrogen (Lugato et al. 2021). There is
therefore the potential for grazing to affect soil carbon stocks via
its impact on nitrogen.

This study used a long-term sheep grazing experiment on a cal-
careous grassland to test the primary hypothesis that grazing
by large herbivores enhances soil carbon persistence by increas-
ing the amount of mineral-associated organic carbon. We also
tested the associated hypothesis that grazing by large herbivores
increases soil fertility, increasing nitrogen stocks and decreasing
C:N ratios over time.

2 | Materials and Methods
2.1 | Study Site

Soil samples were collected from the long-term Gibson Grazing
and Successional Experiment (“Gibson experiment,” formerly
known as the “Upper Seeds Experiment”) within the Upper
Seeds grassland in the Wytham Woods estate (51°46'10.6” N,
1°1954.9” W) (Gibson 2011). The site lies on top of a small hill
(160m above mean sea level) with a south-easterly aspect and

mean annual rainfall (2008-2018) of 746 mm. Upper Seeds is a
calcareous grassland approximately 10 ha in size (Figure 1) with
a shallow (10-20cm) soil crust on top of a calcareous bedrock
made up of Jurassic coral reef (Stone 2020). The site was likely
unfertilized grazed grassland for many centuries before World
War II, then converted to fertilized cereal cropping until 1980,
when it was set aside for conservation (Gibson 1986; Gibson
et al. 1987). The resulting Upper Seeds soil is a shallow, well-
drained calcareous clay soil recovering from the previous dis-
turbance (including ploughing for arable production) (Taylor
et al. 2011). The Gibson Grazing and Successional Experiment
ran for 35years (1985-2020), though after 2014 there were a few
occasions in which sheep were removed a few days early for lo-
gistical reasons so grazing duration was slightly lower. In 2021
fences between plots were removed so that sheep were free to
graze the whole experiment for one growing season after the
formal end of the experiment (see Section 4). Soil samples were
collected in January 2022 to assess the cumulative effects of
35years of differences in grazing treatments.

2.2 | Experimental Design

The Gibson Experiment comprises three treatments imposed
onto 18 30 X 30 m plots: two sheep-grazed treatments (spring-
grazed and autumn-grazed) and one ungrazed control. The
grazing regime consisted of three sheep in each of the grazed
plots, which equates to a stocking rate roughly double the rec-
ommendation by the National Sheep Association (n.d.) for pro-
ductive grasslands. The spring- and autumn-grazed paddocks
were grazed for approximately 2 weeks in April and September,
respectively (Gibson et al. 1987). Given the high stocking rate
and short duration, the grazing regime could be viewed as
high-intensity, short-duration mob-grazing. Because of the
focus of the Gibson Experiment on successional dynamics,
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FIGURE 1 | Study site. (A) Map of Wytham Woods relative to central Oxford (5km northwest of Oxford); (B) Upper Seeds grassland within
Wytham Woods. (C) Gibson Grazing and Successional Experiment within Upper Seeds. The experiment has a replicated Latin grid square design

with two blocks (A and B) and three treatments within each block (A =autumn-grazed; C=ungrazed control; S=spring-grazed). Images retrieved

from Google Satellite.
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the ungrazed plot was allowed to undergo secondary suc-
cession to a point at which young shrubs (mainly hawthorn
[Crategus monogyna Jacq.] and blackthorn [Prunus spinosa
L.]) approached a size at which they would be problematic
to remove, at which point secondary succession was reset by
removal of shrubs and mowing. Hawthorn and other shrubs
were removed to reset secondary succession in 2004, 2013,
and 2017. The experiment has an unusual replicated blocked
Latin square design with two blocks of nine plots and three
replications of each treatment within each block (Figure 1C;
Gibson et al. 1992). This design was intended to encompass
known gradients in soil quality across the field, with Latin
squares orientated to maximize variation encompassed within
control sites and thus increase confidence in any contrast de-
tected with a grazing treatment. Thus, the total sample size
is 18: 3 treatments (2 Grazed, 1 Ungrazed) X 3 replications of
each treatment within each of two blocks (3 x 3 X2 =18 plots).

2.3 | Soil Sampling

To compare grazed and ungrazed plots, we collected 18 composite
samples (one from each of the 18 Gibson plots) from the top 5cm
of soil. Each composite sample consisted of five subsamples (each
100cm?) collected in a W-formation (Figure A1) using a soil core
approximately 5cm in diameter. Composite samples were thor-
oughly mixed and dried at 40°C to constant weight, and any rocks
or other debris were removed from the samples.

2.4 | Determination of Soil Physical and Chemical
Properties

Soil pH was measured using a 1:1 soil-water ratio using the
mixed and dried composite samples. Bulk density (BD) was cal-
culated for each composite sample (500 cm?) as:

MaSSD soil (g)
BD )= ——— 2 2 1
(/cm’) Soil volume (cm?) ®
where the dry soil mass refers to the mass of the sample after it
has been dried at 40°C.

We used the loss on ignition (LOI) method to determine inorganic
carbon contents. We heated each 2-g sample to 105°C to determine
the dry soil mass, heated it to 550°C for 4h to remove the organic
carbon in the samples and then to 950°C for 2h to obtain the mass
of CaCO,. We calculated the inorganic carbon stocks in the top
5cm of soil as follows (Equation 2), where 0.12 corresponds to the
carbon mass fraction in CaCO, (Soil Survey Staff 2011):

Massc,co, (&)

MaSSDry soil(g)

Crnorganic (8 C/cm?) = BD(g C/cm?) x % 0.12 X 5cm

@

To estimate the total carbon and nitrogen content (%) of the
samples, we performed CN elemental analysis using standard
laboratory protocols (Soil Survey Staff 2011). To divide the or-
ganic matter into mineral-associated organic matter and partic-
ulate organic matter, we performed size-fractionation of organic

matter. This method separates the soil into two size-fractions:
> 53 um, which is dominated by particulate organic matter, and
<53um, which is dominated by mineral-associated organic
matter. To thoroughly mix each sample, we combined 2.5g
samples of dry soil with 35mL of distilled water and sonicated
the mixture until it reached 15,750joules (450joules/mL water).
To separate the fractions, we strained this soil-water mixture
through a 53-um sieve, dried the two fractions in an oven at
60°C, and then ground the samples. To estimate the carbon and
nitrogen content of each of the fractions in each of the samples,
we performed CN elemental analysis as described above after
size-fractionation. We calculated the carbon and nitrogen stocks
in each fraction as follows (Equation 3), where carbon can be in-
terchanged with nitrogen and mineral-associated organic mat-
ter with particulate organic matter.

Mass
« Maom(8)

MAOC stock (g C/cm?®) =BD(gC/cm?) Mass ©
Dry soi

X Cpaom X 5¢cm

©)

We calculated the C:N ratio in each fraction as follows
(Equation 4), where mineral-associated organic matter can be
interchanged with particulate organic matter.

Cyaom
C:Nypom = Ne 5 “@
MAOM

2.5 | Statistical Analysis

Our analysis used linear mixed-effects models implemented
with version 3.3.3 of the nlme R package in R (R Core Team
2023; Pinheiro et al. 2024) following a model building approach
(Pinheiro and Bates 2000). For this research question, the Latin
square design is overly complex relative to the limited sample size
leading to singularities when trying to estimate the coefficients in
complex models, necessitating simplification to achieve a model
that would converge and produce credible estimates of the coeffi-
cients of interest. The simplified mixed-effects model included a
fixed effect for the treatment of interest (grazing) and a random
effect for blocks (estimates of treatment effects were very simi-
lar with alternative simpler models—see Appendix 1). A generic
formula for the mixed-effects model using the R language imple-
mentation of the Wilkinson and Rogers (1973) syntax is:

Y ~ X + (1| Block) 5)

where, Y'is a continuous response variable (one of the 12 listed
in Table A1) and X is a fixed factor with either three levels
(spring-grazed, autumn-grazed, and ungrazed) or a simpli-
fied two-level factor comparing grazed and ungrazed plots.
“Block” is a random factor with two levels for blocks (Gelman
and Hill 2007).

3 | Results

Of the 24 formal treatment comparisons, only one was conven-
tionally statistically significant (see below). The results should
be interpreted considering the likelihood of one significant re-
sult for every 20 tests at the p<0.05 level. While the original
Gibson experiment was designed with one ungrazed and two
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grazed treatments (spring- and autumn-grazed), our core ques-
tion of grazing impact on soil carbon persistence addresses the
difference between grazed and ungrazed plots, with no specific
hypothesis about the timing of grazing. Therefore, we focus pre-
sentation of the results on our question (contrast between grazed
and ungrazed plots), but also consider the three-treatment com-
parison following the original full experimental design.

3.1 | Effects of Grazing on Soil Properties

To address our main hypothesis on the effects of grazing we
first performed comparisons of the soil properties in the grazed
and ungrazed plots (i.e., pooling the spring- and autumn-grazed
plots). In general, estimates of soil properties in the grazed and
ungrazed treatments were similar with large overlap of confi-
dence intervals (Table 1, Figure 4). The mixed-effects model
analysis revealed that sheep grazing did not affect the mineral-
associated organic carbon stock in the top 5cm of soil (Figure 2).
In addition, sheep grazing had no significant effect on the par-
ticulate organic matter carbon stocks, total organic carbon
stocks, inorganic carbon stocks, or total carbon stocks, which all
had relatively similar mean values and overlapping confidence
intervals (Table 1, Figure 4, Table A2).

Across all treatments, the carbon stored in the mineral-
associated organic matter fraction made up most of the total soil
carbon pool (range: 53.4%-89.1%). The particulate organic mat-
ter carbon stocks made up a smaller pool (range: 12.3%-26.4%).
The smallest but still sizeable pool was inorganic carbon (range:
7.9%-19.8%) (Table 1, Figure 4). The C:N ratio of the soil organic
carbon pools is an indicator of the quality of carbon inputs to the
soil (Naidu et al. 2022). Across all treatments, the C:N ratio was
higher in the particulate fraction than in the mineral-associated
organic matter fraction, as expected (Table 1).

Sheep grazing did not influence the C:N ratio in the particulate
organic matter fraction or the total C:N ratio, but it did lead to a

greater C:N ratio in the mineral-associated organic matter frac-
tion compared to the ungrazed treatment (Table 1, Figure 4).
Due to the way mineral-associated organic matter is formed in
grasslands, the C:N ratio of mineral-associated organic matter
is more reflective of the average C:N of the microbes, whereas
the C:N of the particulate organic matter is a more direct re-
flection of the C:N in the undecomposed plant material (litter)
(Sokol et al. 2022). The sheep-grazed and ungrazed treatments
had similar total nitrogen stocks (Table 1, Figure 4, Table A2).
Sheep grazing did not affect soil pH, with grazed and ungrazed
plots having relatively similar mean values and overlapping con-
fidence intervals (Table 1, Figure 4). Finally, the bulk densities
in sheep-grazed and ungrazed treatments were nearly identi-
cal, suggesting that sheep grazing did not affect bulk density
(Table 1, Figure 4, Table A2).

3.2 | Effects of Grazing Timing on Soil Properties

After performing an initial contrast of grazed versus ungrazed
plots, we proceeded to separate the spring- and autumn-grazed
plots to compare all three treatments. Once again, soil proper-
ties were generally similar across treatments, with overlap of
confidence intervals, with two exceptions. First, grazing timing
had a marginal positive effect on pH (Table A3). Spring grazing
led to a higher (more alkaline) pH than the ungrazed control,
but autumn grazing did not alter the pH relative to the ungrazed
control. However, the absolute difference is small (although the
logarithmic scale of the pH unit must be kept in mind): the mean
pH in the spring-grazed plots was 7.70 compared to a mean of
7.57 in the ungrazed plots (Table 1). Second, grazing timing had
a significant positive effect on the mineral-associated organic
matter C:N ratio (Table 1, Table A3). Spring grazing produced
the highest C:N ratio in the mineral-associated organic matter
fraction (Table 1), significantly greater than the ungrazed con-
trol. In contrast, autumn grazing did not affect the C:N ratio in
the mineral-associated organic matter fraction relative to the
ungrazed control (Figure 3, Table A3).

TABLE 1 | Effects of grazing on selected soil properties in the top 5cm. Treatment means with 95% CI bounds for ungrazed and grazed plots

(combined and separately for spring- and autumn-grazed).

Spring-grazed (n=6) Autumn-grazed (n=6)

Response Ungrazed (n=6) Grazed (n=12)
MAOM C stocks (MgC/ha) 29.14 (26.67, 31.61) 29.2(27.38, 31.02)
POM C stocks (MgC/ha) 7.66 (6.19, 9.13) 7.32(6.22, 8.42)
SOC (MgC/ha) 36.8 (33.69, 39.91) 36.52 (33.82, 39.22)
Inorganic C (MgC/ha) 4.77 3.27,6.27) 5.16 (4.12, 6.20)
MAOM N stocks (kg N/m?) 0.25(0.23, 0.28) 0.24 (0.23, 0.25)
POM N stocks (kg N/m?) 0.016 (0.015, 0.018)  0.015 (0.013, 0.017)

Total organic N (kg N/m?)
MAOM C:N ratio

POM C:N ratio

SOC C:N ratio

pH

Bulk density (g/cm?3)

0.269 (0.245, 0.293)
11.53 (11.06, 12.01)
47.81 (38.32, 57.30)
14.40 (13.21, 15.59)
7.57 (7.46, 7.67)
0.78 (0.71, 0.86)

0.257 (0.243, 0.270)
12.09 (11.67, 12.50)
49.78 (42.80, 56.76)
15.52 (14.04, 16.70)
7.65(7.58,7.71)
0.78 (0.73, 0.83)

29.58 (25.44, 33.73)
7.9 (5.59, 10.21)
37.49 (31.27, 43.70)
5.65 (3.39, 7.90)
0.24(0.21, 0.26)
0.015 (0.013, 0.017)
0.254 (0.229, 0.279)
12.37 (11.57, 13.17)
51.62 (38.32, 64.91)
16.35 (13.14, 19.57)
7.70 (7.62, 7.79)
0.81 (0.72, 0.89)

28.8(27.27, 30.36)
6.7 (5.73, 7.74)
35.55(33.92, 37.19)
4.68 (3.76, 5.59)
0.24(0.22,0.27)
0.014 (0.011, 0.018)
0.259 (0.239, 0.279)
11.80 (11.37, 12.24)
47.94 (37.61, 58.28)
14.68 (13.69, 15.68)
7.60 (7.49, 7.70)
0.75 (0.67, 0.84)
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4 | Discussion

We used a long-term (35years) sheep grazing experiment to test
the hypothesis that grazing increases soil carbon persistence
by increasing the carbon stored in the more stable mineral-
associated organic matter fraction. Our results showed that
sheep grazing did not enhance the mineral-associated stocks
(Figure 2), nor total carbon stocks (Table 1, Figure 4). Similar
carbon stocks in grazed and ungrazed plots, despite the loss
of carbon through grazer consumption and respiration, imply
net carbon storage through a compensating increase in below-
ground carbon inputs to the soil system (which we discuss fur-
ther below). The only conventionally statistically significant
result (p<0.05) from the 24 formal tests performed was of a
higher mineral-associated organic matter C:N ratio in the grazed
plots, though this was driven by increases in spring-grazed plots
specifically (Figure 3, Table A3). We discuss the implications of
this result below, but given the low sample size (n=18, 6 repli-
cates of 3 treatments) and number of tests performed, we caution
this result could be a false positive and needs confirming by in-
dependent study.

4.1 | Sheep Grazing Did Not Increase Stable Soil
Carbon in Mineral-Associated Organic Matter

In this study, sheep grazing did not increase mineral-associated
carbon sequestration (Figure 2). This suggests that sheep grazing
does not lead to a more persistent soil carbon pool in this system,

contrary to the hypothesis proposed by Kristensen et al. (2022). The
estimates of mineral-associated organic matter in the grazed and
ungrazed plots are nearly identical, as were the estimates of other
soil properties (Table 1). While many relevant stocks, flows, and
properties were not quantified in our study, our measurements can
be assessed for consistency with different possible explanations for
the lack of grazing effect on mineral-associated organic matter.

The most likely explanation for our main result is that the soil
at our study site lacked much potential for increased storage
of mineral-associated organic matter. In this study, mineral-
associated organic matter made up a high proportion of soil
organic carbon and total soil carbon (53.4%-89.1% across all
treatments) (Table 1). This suggests that the soils at Upper
Seeds may have approached their finite mineral-associated
carbon storage capacity. Mineral-associated carbon sequestra-
tion is saturating, whereas particulate carbon sequestration is
not. The amount of carbon that can be stored in the mineral-
associated organic matter is finite and largely determined
by the availability of adsorption sites at mineral surfaces—
effectively a result of the clay content and type (Georgiou
et al. 2022). This means that carbon inputs to the soil can only
be incorporated into mineral-associated organic matter when
there is a “saturation deficit” (Castellano et al. 2015). Once
the mineral surfaces become saturated with carbon, mineral-
associated carbon stocks can no longer increase, meaning
that the organo-mineral exchange is at dynamic equilibrium
(Cotrufo et al. 2019). Thus, it is possible that the lack of ef-
fect of sheep grazing on mineral-associated carbon stocks
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the linear mixed-effects model analysis likelihood profiles (n,,,, =18; n,
shown here reveals that this soil has become carbon-saturated
and that there are few available mineral surfaces to shield
the organic matter from decomposition. Given that mineral-
associated carbon sequestration is constrained by saturation
limits, any potential impact of grazing on these stocks would
likely depend on factors that influence soil fertility and carbon
inputs.

Kristensen et al. (2022) suggested that grazing by large herbi-
vores should enhance mineral-associated carbon sequestra-
tion in part by increasing soil fertility (particularly nitrogen),
which in turn increases plant productivity and the quantity of
carbon inputs to the soil, particularly belowground. The per-
sistence of soil carbon can also be nitrogen dependent, with
mineral-associated organic matter generally having a lower C:N
ratio than particulate organic matter (Lugato et al. 2021). This
general trend is reflected in this calcareous grassland as well,
with the particulate organic matter C:N ratio higher than the
mineral-associated organic matter C:N ratio across all treat-
ments (Table 1).

While a recent global review showed that grazing generally
led to significant increases in total soil nitrogen (Abdalla et al.
2018), the grazing regime in our study did not increase soil nitro-
gen stocks (Table 1, Figure 4), with no reason to expect associ-
ated increases in productivity and the quantity of carbon inputs
to the soil. This could be due to the “harvest export” (nutrient
stripping) from the system, where the sheep are moved to differ-
ent fields (and ultimately from the system when they are used for

treatment —

6).

products such as wool and meat) although they may also import
nutrients when moved into an area. All plots—both grazed and
ungrazed—also experienced potential export of nutrients from
the system during the three rounds of scrub removal needed to
maintain the system as a grassland (see Section 2). However,
scrub build up was more intense in the ungrazed than grazed
plots, and it is unlikely that the unequal removal of scrub across
the treatments would act in a way to equalize soil characteristics.

4.2 | Grazing May Have Led to Compensatory
Carbon Inputs That Offset Losses due to Grazing

Although we did not quantify aboveground biomass inputs to
the soil, by consuming aboveground vegetation, grazers are
expected to reduce aboveground plant biomass and associated
carbon inputs to the soil and thereby reduce soil carbon stocks.
However, we observed no such change in soil carbon stocks. So,
while sheep grazing did not increase soil carbon stocks or per-
sistence (as discussed above), the lack of reduction in soil carbon
stocks can be viewed as increased net storage of carbon, that is,
proportionally greater carbon storage per unit of carbon input.
This is consistent with previous studies (e.g., Naidu et al. 2022;
Roy and Bagchi 2021) that showed that moderate grazing can
paradoxically increase net soil carbon storage compared to un-
grazed plots. We only have measures of total soil carbon stocks
in the grazed and ungrazed plots, not the processes that influ-
ence the size of these stocks. The inference of compensatory
net carbon storage is therefore based on assuming everything
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remains largely the same except the loss of carbon from the
system due to grazing. One key assumption is that soil micro-
bial biomass and activity does not increase in ungrazed plots to
decompose the biomass otherwise consumed by grazers in the
grazed plots, which would offset the grazing-induced reduction
in biomass inputs in the grazed plots. A recent meta-analysis
(Zhao et al. 2017) showed that light and moderate grazing had
no effect on soil microbial, bacterial, and fungal community size
and associated soil respiration. Further, Bardgett et al. (1997)
showed that removal of sheep grazing on two grassland types in
the UK reduced both microbial biomass and microbial activity.
This suggests that any increase in respiration by sheep grazing

of aboveground biomass is additional (i.e., does not lead to a
commensurate and offsetting increase in microbial respiration).
Assuming other processes are similar in grazed and ungrazed
plots, we can make a rough estimate of the carbon removed from
the system through grazer respiration.

If we can assume that one 70-kg mule sheep (Agriculture and
Horticulture Development Board, n.d.) consumes approx-
imately 4% of its body weight per day, this would be 2.8kg
(2800¢g) of grass dry matter per day (Vipond 2017). Assuming
the grass has a carbon content of 45% (Adamovics et al. 2018)
and given there were three sheep in each 30 x30m (900 m?)
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paddock grazing for 14 days, the amount of carbon inputs con-
sumed are as follows:

2800 g Grass X 0.45 x 14 days X 3 sheep

= 58.8 g C /m? consumed
900 m? g¢/

©)

Some of this carbon is obviously returned to the soil as dung. If
we assume that each sheep produces roughly 1800g of dung per
day (Utah State University Extension, n.d.), with a 40% carbon
content (Li et al. 2022), the amount of grass-derived carbon in-
puts returned to the soil as dung is as follows:

1800 g Dung x 0.4 x 14 days x 3 sheep
900 m?

=33.6 g C/m? returned
@)

We can conclude that roughly 25gC/m? is removed from the
system. In the nearby RainDrop experiment (located only a few
hundred meters from the Gibson experiment), a recent study
revealed the average aboveground net primary productivity to
be roughly 300g/m? (Jackson et al. 2024), which would equate
to ~135gC/m?. Thus, the consumption of biomass by sheep in
our study plots represents a substantial reduction in carbon
input. Yet, despite this reduction in carbon inputs to the soil for
35years, the grazed plots did not experience a loss in soil carbon
stocks. There are several possible reasons for this.

4.3 | Possible Causes of the Potential Net Carbon
Storage

One likely explanation for the possible net carbon storage is that
sheep grazing promotes compensatory growth and alters the
quantity and quality of carbon inputs to the soil. While grazing
removes aboveground biomass, it may lead to increased carbon
inputs belowground, for example, from increased root biomass
or root exudates. These belowground inputs may be of a different
quality than aboveground inputs and more shielded from micro-
bial decomposition, which allows the grazed plots to maintain
the same carbon stocks as ungrazed plots despite a reduction in
total carbon inputs.

While grazing is expected to reduce plant biomass and abo-
veground carbon inputs (Roy and Bagchi 2021), if it can promote
compensatory growth and induce pulses of root exudation, then
it could increase the production of belowground carbon inputs
that can easily be transferred to the soil solution and mineral-
associated organic matter pool (Hamilton et al. 2008; Villarino
et al. 2021). We observed that the mineral-associated organic
matter C:N ratio was significantly higher in the sheep-grazed
treatment than in the ungrazed control. This was not consistent
across the two grazing times, with only spring grazing leading
to a higher mineral-associated C:N ratio than the ungrazed con-
trol (Figure 3, Table A3).

The C:N ratio can be considered a fingerprint of what types
of carbon inputs end up forming mineral-associated or-
ganic matter. The C:N ratio decreases during decompo-
sition, so the higher C:N ratio in the spring-grazed plots
suggests that a higher proportion of the organic matter in

the mineral-associated fraction in the spring-grazed treat-
ment is formed directly from dissolved organic carbon from
plants (e.g., root exudates) rather than microbial necromass
or shoot tissue. Dissolved organic carbon from rhizodepos-
its has a higher average C:N ratio than other carbon inputs
such as shoot tissues (Ostrowska and Porebska 2015). Thus,
the higher C:N ratio in the spring-grazed treatment could
suggest that spring grazing leads to greater rhizodeposition,
probably due to compensatory growth (Villarino et al. 2021;
Hamilton et al. 2008). Compensatory growth is a strategy
evolved to cope with disturbances causing a loss of biomass
(Jdremo et al. 1996). When plants are consumed by grazers,
they respond by growing more biomass, both above- and
belowground. Belowground compensatory growth often in-
volves increasing root growth and root exudation in exchange
for nutrients from soil microorganisms but is only relevant
during periods of active plant growth (Hamilton et al. 2008).
Hence, in the early growing season, when both growth rates
and forage quality are highest, this mechanism is most pro-
nounced. In the autumn, when root networks are more estab-
lished, the compensatory response is likely to be concentrated
aboveground. This could explain why the mineral-associated
organic matter C:N ratio is higher in spring-grazed but not in
autumn-grazed plots.

In addition to altering the quantity of carbon inputs to the
soil, grazing can also impact the quality of the carbon inputs.
Again, C:N ratio is one such indicator of input quality (Naidu
et al. 2022). The higher C:N ratio observed in the mineral-
associated organic matter in the grazed plots (specifically
the spring-grazed) (Table 1, Figure 3) aligns with the concept
that the carbon inputs that remain after grazing consist of the
least decomposable inputs and thus the incoming litter is po-
tentially less available for microbial decomposition (OIff and
Ritchie 1998).

Overall, this suggests that compensatory growth, particularly in-
creased root exudation in response to grazing, and the resulting
change in carbon input quality (higher C:N ratio) could explain
the maintenance of soil carbon stocks despite the grazing-
induced reduction in aboveground carbon inputs. However, it is
important to emphasize that this explanation is to some degree
speculative, based on the measurements taken, with many po-
tential processes unmeasured in our study.

4.4 | Other Influences on Soil Carbon
Sequestration and Persistence

Soil pH influences carbon sequestration, but its impact is most
pronounced when comparing sites that differ appreciably (e.g.,
acid vs. alkaline soils) rather than within a single site with a nar-
row pH range. Carbon storage in both particulate and mineral-
associated organic matter increases as pH decreases, primarily
due to reduced microbial decomposition (Lugato et al. 2021)
and enhanced sorption to mineral surfaces, which peaks at
pH4.3-4.7 (Lutzow et al. 2006). Organic matter sequestration
in expandable clay interlayers occurs only at pH<5 (Lutzow
et al. 2006). While grazing can alter pH (Hiernaux et al. 1999),
the minor shifts observed in our study (where average pH ranged
from 7.57 to 7.70) were insufficient to affect soil carbon storage.

9of 14



In calcareous grasslands with shallow soils over limestone, high
buffering capacity from base cations minimizes acidification,
maintaining pH above neutrality and limiting pH-induced ef-
fects on mineral-associated organic matter sorption (Abramoff
et al. 2021).

As described earlier (see Section 2), the stocking density was
quite high and grazing duration was relatively low with three
sheep in each grazed paddock for 2weeks in either the spring or
autumn. Our results show that not only did grazing have mini-
mal effect on the investigated soil properties (Figure 4, Table 1),
but the timing of grazing similarly also had minimal effect
(Table A3). This suggests that the mob-grazing regime did not
provide sufficient disturbance to perturb the soil system away
from the ungrazed state. This is supported by the neutral effect
of grazing on bulk density. Trampling by grazers is often ex-
pected to increase bulk density by compacting the soil (Abdalla
et al. 2018). However, in this case, bulk density was uniformly
low (Table 1, Figure 4), perhaps because the grazing treatments
in this study involved short-duration mob-grazing that did not
compact the soil beyond its natural resilience, as sheep tend
to compact soil less than larger grazers like cattle (Cournane
et al. 2011; Gibson 2011).

Lastly, the cessation of the continuous management of the
Gibson Grazing and Successional Experiment in 2020 and sub-
sequent removal of the fences between the plots meant that
sheep were free to graze the whole experiment for one season
before the soil sampling occurred. However, it seems unlikely
that grazing for 2weeks in one season would have eliminated
any treatment effects that had built up over the 35years of the
Grazing Experiment.

5 | Conclusion

Our study shows that 35years of sheep grazing in the Upper
Seeds grassland did not influence topsoil carbon persistence
in our study system (as measured by the size of the mineral-
associated carbon pool). Our measurements suggest this is most
likely due to the saturation of mineral surfaces and the harvest
export of nutrients from the system. Our study also showed no
effect of grazing on total soil carbon stocks, which were similar
in grazed and ungrazed plots. Given greater carbon losses in the
grazed plots, this could be consistent with net carbon storage,
where carbon stocks are maintained despite the reduction in
aboveground biomass inputs. This could be the result of com-
pensatory growth and increased rhizodeposition in response
to grazing, as evidenced by a higher C:N ratio in the mineral-
associated carbon pool in the grazed plots, particularly the
spring-grazed treatment. In total, our results are consistent with
a compensatory increase in less-decomposable belowground
carbon inputs in grazed plots but no increase in stable soil car-
bon pools, suggesting the role of livestock grazing in promoting
soil carbon persistence be re-evaluated.
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Appendix 1
Statistical Analysis

The blocked Latin square design of the Gibson grazing experiment is
too complex given the small sample size of 18 plots. A classical linear
model (i.e., implemented with the R Im() function) that includes fixed
factors for block and the rows and columns of the Latin square design
is over-parameterized such that some factor levels cannot be estimated.
Mixed-effects models can be useful for the analysis of small datasets like
this, since treating factors as random effects requires fewer degrees of
freedom because a single variance component (costing one degree of
freedom) is estimated for each factor regardless of the number of levels.

1

30m

However, for this experimental design a mixed-effects ANOVA with ran-
dom effects for block, row, and column (fitted with the R Ime4 package
Imer() function) warns of singularities and contains estimates of zero
for variance components for both block and column (see Appendix S1: R
Markdown [pp. 10-14]). There was, therefore, no option but to fit simpler
mixed-effects model: the small sample size was able to support a reduced
model with a fixed effect for treatment and a random effect for block as
reported in the main text (fitted using the Ime() function from the nlme
package for R). Importantly, the coefficients of interest—the treatment
means (or differences in means) and their confidence intervals—were
virtually unchanged by the different model formulations and so our re-
sults are insensitive to these fine details of model formulation.

O O

FIGURE Al | One block of plots showing Latin square layout (Left: A=autumn-grazed; C=ungrazed control; S=spring-grazed) and the W-
formation of sampling points within each plot (Green circles refer to each of the five subsamples taken within each plot. The five subsamples within

each plot together form one composite sample).

TABLE A1 | Response variables included in the statistical analysis.

Response variable

Description

MAOM carbon stocks
POM carbon stocks

Total organic carbon stocks
Inorganic carbon stocks
Total carbon stocks
MAOM nitrogen stocks
POM nitrogen stocks

Total nitrogen stocks

Amount of carbon (Mg C/ha) stored in the MAOM fraction in the top 5cm of soil
Amount of carbon (Mg C/ha) stored in the POM fraction in the top 5cm of soil
Amount of carbon (Mg C/ha) stored in both the MAOM and POM fractions in the top 5cm of soil
Amount of carbon (Mg C/ha) stored in the inorganic fraction in the top 5cm of soil
Amount of carbon (Mg C/ha) stored in both organic and inorganic carbon stocks in the top 5 cm of soil
Amount of nitrogen (kg N/m?) stored in the MAOM fraction in the top 5cm of soil
Amount of nitrogen (kg N/m?) stored in the POM fraction in the top 5cm of soil

Amount of nitrogen (kg N/m?) stored in both the MAOM and POM fractions in the top 5cm of soil. Based on the

assumption that most soil nitrogen is stored in an organic form (Post et al. 1985)

MAOM C/N ratio
POM C/N ratio

Total C/N ratio

Ratio of carbon to nitrogen in the MAOM fraction in the top 5cm of soil
Ratio of carbon to nitrogen in the POM fraction in the top 5cm of soil

Ratio of carbon to nitrogen in the top 5cm of bulk soil

pH Measure of acidity/alkalinity of the samples

Bulk density

The mass of soil divided by the volume of the soil
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TABLE A2 | Grazingtreatment (grazed vs. ungrazed) ANOVA table.

Response variable F1s 1]

MAOM C stocks (MgC/ha) 0.001 0.980
POM C stocks (MgC/ha) 0.177 0.679
SOC (MgC/ha) 0.021 0.886
Inorganic C (MgC/ha) 0.241 0.630
MAOM N stocks (kg N/ha) 1.28 0.277
POM N stocks (kg N/ha) 1.17 0.296
Total N (kgN/ha) 1.53 0.235
MAOM C:N ratio 4.69 0.047
POM C:N ratio 0.143 0.711
SOC C:N ratio 1.29 0.274
pH 2.52 0.134
Bulk density <0.001 0.976

TABLE A3 | Grazing type (spring, autumn, and ungrazed) ANOVA

table.
Response variable F, 4 1]
MAOM C stocks (MgC/ha) 0.092 0.912
POM C stocks (MgC/ha) 0.885 0.435
SOC (MgC/ha) 0.330 0.724
Inorganic C (MgC/ha) 0.693 0.517
MAOM N stocks (kg N/ha) 0.728 0.500
POM N stocks (kgN/ha) 0.773 0.480
Total N (kgN/ha) 0.812 0.464
MAOM C:N ratio 4.93 0.024
POM C:N ratio 0.247 0.784
SOC C:N ratio 1.72 0.215
pH 3.56 0.056
Bulk density 1.30 0.305
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