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Grassland carbon capturing and storage (CCS) is thought to benefit from regulation of grazing. The impact
is likely to depend on livestock density. Yet, few studies have tested this principle or evaluated the
consistency of grazer-carbon relationships across multiple sites. We sampled four intertidal zones across
22 salt marshes along a 650 km stretch of coast in the UK to examine the impact of livestock density on
globally important saltmarsh “blue carbon” stocks. Although there were marked impacts of grazing
pressure on above ground vegetation composition, structure and biomass, there was no detectable
relationship between grazing intensity and soil organic carbon, irrespective of tidal zone in the marsh or
soil depth-layer analyzed. A substantial spatial variation in soil carbon was instead explained by contextual
environmental variables. There was evidence that compensatory responses by vegetation, such as
increased root growth, countered carbon loss from grazing impacts. Our work suggests that grazing
effects on carbon stocks are minimal on broader scales in comparison with the influence of environmental
context. The benefits of grazing management to carbon stores are likely to be highly context dependent.
Keywords: blue carbon, grazing, saltmarsh, broad-scale, environmental context

INTRODUCTION
Environmental policies and management seek to optimize natural carbon capture and storage (CCS)
across natural landscapes (Richards, 2004; Beaumont et al., 2014). Natural landscapes that are of most
interest for carbon storage, such as peat bogs, upland heathland, mangroves and salt marshes, are often
subject to livestock grazing that can influence CCS (Reeder and Schuman, 2002; Ostle et al., 2009; Donato
et al., 2011; McSherry and Ritchie, 2013). Effective management of CCS relies both on understanding the
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nature of the relationship between CCS and intensity of land-use, and the consistency of this relationship
across environmentally variable landscapes. While there are several ways to enhance the CCS potential
of natural landscapes (Wallage et al., 2006; Ostle et al., 2009; Dung et al., 2016), adjustment of livestock
grazing pressure is perhaps one of the easiest to manage and implement.
Natural and semi-natural grasslands, such as prairies, steppes and plains provide a valuable insight into
the impact of livestock grazing on above- and below-ground processes (Kang et al., 2007). Globally, more
than 40% of grasslands are grazed by livestock (Reid et al., 2008); thus, the regulation of stocking density
provides an opportunity to positively influence carbon sequestration (Tanentzap and Coomes, 2012).
While the sum of direct emissions of carbon dioxide and methane associated with livestock respiration,
digestion and faecal decomposition increase with stocking density (Murray et al., 2001; Pinares-Patinoet
al., 2007), grazers also have strong above ground impacts on vegetation (Figures 1A,B) (McNaughton,
1979; Jensen, 1985; Facelli and Pickett, 1991; Olofsson and Oksanen, 2002; Cao et al., 2004), indirectly
linking to below ground processes associated with CCS (De Deyn et al., 2008). The direction and
magnitude of the impacts of livestock grazing are dictated by its intensity. Given the relationship between
above and below ground processes (Bardgett and Wardle, 2003), it might be expected that an increase in
grazing intensity will lead to a decrease in below ground soil carbon stocks. However, plant compensatory
responses, such as increased root growth and increased carbon allocation to the roots with elevation of
grazing pressure, can sometimes counter the above ground effects of grazers on carbon storage (Sollins
et al., 1996; Derner et al., 2006; Tanentzap and Coomes, 2012). For example, light or moderate grazing
intensity results in a fast growing, diverse plant community, increased root growth, and increased carbon
allocation to the roots. In contrast, heavy grazing intensity results in minimal above ground biomass, low
species richness and stunted root growth (Schuster, 1964; McNaughton, 1979; Jensen, 1985; Kiehl et al.,
1996).
There is the expectation that regulation of livestock density will benefit below ground carbon stocks
(Frank et al., 1995; Conant et al., 2000; Derner et al., 2006; Yu and Chmura, 2010; Ward et al., 2016). Here
we employ a multi-site study to explore whether grazing has detectable broad-scale impacts on above
and below-ground carbon stores in salt marshes, an ecosystem that is reputedly rich in carbon stocks
(Duarte et al., 2013). So far, saltmarsh grazer-carbon relationships have only been explored by small scale
studies and these have generated conflicting results from increases in soil C (Schuman et al., 1999; Derner
et al., 2006; Yu and Chmura, 2010; Elschot et al., 2015a) to decreases in soil C (Morris and Jensen, 1998;
Reader and Craft, 1999; Klumpp et al., 2009; Tanentzap and Coomes, 2012; Di Bella et al., 2015) or
varied/no impacts (Meyer et al., 1995; Ford et al., 2012; Chen et al., 2015; Schipper et al., 2017) Largescale studies are needed given that the likely cause for conflicting evidence is that grazing impact on
carbon storage is context dependent as suggested by recent systematic reviews (Conant and Paustian,
2002; McSherry and Ritchie, 2013; Davidson et al., 2017). In this study, we aim to empirically determine
whether livestock grazing shows a significant impact on above- and below-ground salt marsh blue carbon
stocks in relation to several environmental parameters across a large biogeographical region.
Salt marshes are characterized by halophytic herbs, grasses and low shrubs that are periodically
inundated with saline water, forming distinct plant communities zoned along the vertical stress-gradient
of tidal inundation (Adam, 1990a) (Figure 1B). Salt marshes, along with mangroves and seagrass beds, are
thought to provide longer-lasting and far denser “blue” carbon stores than most terrestrial systems,
although salt marsh carbon stocks do vary considerably with marsh maturity, geomorphology and
environmental setting (Sousa et al., 2010; Mcleud et al., 2011; Hayes et al., 2017; Himes-Cornell et al.,
2018). Carbon stores are rich and long-lasting in marshes because they have high plant productivity
(Middelburg et al., 1997) and sulfate rich, anaerobic sediments with slow organic deposition rates
(Howarth, 1984; Valiela et al., 1985; Mueller et al., 2017) The low-energy, depositional characteristics of
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salt marshes also make them excellent carbon sinks (Chmura et al., 2003; Andersen et al., 2010) as much
of the particulate material trapped by marshes is rich in externally produced organic matter (Van de Broek
et al., 2018; Mueller et al., 2019).

FIGURE 1 | Salt marsh ecology and impacts of grazing. (A) The contrast between an un-grazed marsh (left) and an
intensively grazed marsh (right). (B) A diagrammatic representation of a salt marsh showing zonation according to tidal
inundation: extreme high-water spring (EHWS), mean high water spring (MHWS), mean high water (MHW) and mean
high water neap (MHWN). Only the pioneer, low, mid and high zones were sampled in this study. Grazer preference is
indicated showing decreased grazing activity in the lower zones. (C) Predicted effects of a range of grazing intensities on
vegetation height, aboveground biomass, species richness and root biomass according to the literature (Stumpf, 1983;
Jensen, 1985; Facelli and Pickett, 1991; McNaughton et al., 1998). Grazing is shown as “Grazing Intensity” category
classified according to a Welsh Assembly Grazing Management Scheme (un-grazed, lightly grazed, moderately grazed and
intensively grazed) and Livestock Units per hectare per year (LSU ha −1 yr−1). (D) Location of the 22 study sites along the
coasts of west Wales and northwest England.

Globally, many salt marshes are grazed by livestock for meat production and conservation management
(Gedan et al., 2009). In un-grazed marshes the main inputs to soil carbon are sedimentation (Stumpf,
1983), degradation of root matter and plant litter deposition (Saunders et al., 2006), while the main
outputs are gas emissions of carbon dioxide and methane (Morris and Whiting, 1986; Bartlett et al., 1987;
Ford et al., 2012; Kingham, 2013) and sediment loss from wave and tidal erosion (Chalmers et al., 1985;
Kingham, 2013). Introducing livestock is likely to have conflicting effects on saltmarsh properties and
processes that affect CCS (Figure 1C) (Schuster, 1964; Jensen, 1985; Kiehl et al., 1996; McNaughton et al.,
1998; Milotic et al., 2010). For example, above ground biomass and plant litter are likely to decrease
under all grazing regimes (Bakker, 1985; Jensen, 1985; Kiehl et al., 1996). Consequently, less sediment,
and associated carbon, would be trapped by vegetation during immersion (Neuhaus et al., 1999; Mueller
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et al., 2017). Conversely, soil compaction by livestock reduces soil pore size and induces anaerobic
conditions (Tanner and Mamaril, 1958; Mueller et al., 2017), which in turn diminishes decomposition and
carbon dioxide emission rates (Scanlon and Moore, 2000; Hussein and Rabenhorst, 2002; Elschot et al.,
2015b). Grazer introduction of terrestrial sources of organic matter into marshes may alter microbial
community composition, which in turn can cause microbially-controlled pathways to allocate more
carbon to medium- and long-term storage pools (Olsen et al., 2011; Mueller et al., 2017). In terrestrial
wetlands anaerobic conditions result in microbial communities that increase methane emissions (Wang
et al., 1996), but in saltmarshes methane emissions are limited by abundant sulfate-reducing bacteria
(Winfrey and Ward, 1983); therefore soil compaction at high stocking densities would be expected to
reduce carbon loss by gas efflux in salt marshes.
We surveyed salt marshes across the west coast of the UK, covering a range of livestock densities, to
investigate the broadscale impacts of grazing intensity on salt marsh below-ground carbon stock. We
expected grazing would reduce vegetation height and biomass (Figure 1C) and predicted that below
ground carbon stock would significantly decrease at the highest stocking density, due to strong coupling
between above and below ground processes. The study explored if grazer-induced loss of above-ground
carbon input was counteracted by below-ground increased root growth at lower stocking densities
(Figure 1C). Light and intense grazing were expected to increase and reduce plant diversity, respectively
(Figure 1C). The study collected information on abiotic environmental variables to explore the influence
of environmental context on saltmarsh soil carbon, and to contrast the relative importance of context
against the effects of grazer density.
MATERIALS AND METHODS
Study Sites
Soil carbon stock was sampled in 22 salt marshes along a 650 km stretch of the west coast of the United
Kingdom (Figure 1D; Table 1). Sites were in a single biogeographical saltmarsh region (Adam, 1990a); they
were selected to incorporate a wide range of stocking densities with grazing regimes that were known
and had been consistent for the past 30 years or more (Table 1). Although there were around 35–40 salt
marshes within this region, marshes that were too small (<2 hectares), had a too much freshwater
influence, or those where access was denied by landowners were excluded.
Livestock Units (LSU ha−1 yr−1) were used as a standardized measure of stocking density, where 1 LSU = 1
cow/6.6 sheep/33 geese (Almunia, 2009; Welsh Government, 2017). Management schemes in the UK
stipulate grazing pressure by categorizing sites into a range of grazing intensities. Thus, sites were
categorized into four grazing intensities based on Tir Gofal, an agri-environmental scheme in Wales (ungrazed; lightly grazed: <0.3 LSU ha−1 yr−1; moderately grazed: 0.3–0.7 LSU ha−1 yr−1; intensively grazed:
>0.7 LSU ha−1 yr−1). Stocking densities (Table 1) and the Tir Gofal grazing categories were comparable to
those observed in grazing studies from other salt marshes (Andresen et al., 1990; Berg et al., 1997;
Neuhaus et al., 1999) and terrestrial grasslands (Rauzi and Hanson, 1966; Haveren, 1983; Graff et al.,
2007; Proensky et al., 2016).
Sampling Design
Sampling of each marsh was stratified using the four marsh vegetation zones at different shore elevations
classically recognized in the salt marsh literature: pioneer, low, mid, and high marsh (Figure 1B) (Adam,
1990a). Some sites had fewer than four marsh zones due to embankments at the top end and/or erosion
at the seaward margin (Table 1). Each zone was sampled in a 100mwide area, using 10 randomly located
2 × 2m quadrats. Above-ground plant measurements were sampled in all 10 quadrats and four of the
quadrats were additionally sampled below ground. Table 1 shows the total number of quadrats per site.
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TABLE 1 | Site details.
Quadrats sampled

Marsh
Name
Dyfi West

Grid Ref.
(BNG)
SN 62749
93642

Zones
Present
P, L, M

Vegetation
30

Core
12

Grazing
Intensity
Intensive

Stocking Rate
(LSU/ha/yr)
0.79

Livestock
Type
Sheep
(Geese)

Historical
Grazing
As current

Ynys Hir

SN 67857
97121
SN 68761
97392

M, H

20

8

Light

0.26

H

10

4

Intensive

3.45

Intensive
before 2000
As current

SH 61474
13776
SH 56065
26477
SH 57690
35232
SH 44482
58512
SH 39742
66134
SH 28148
78038
SH 66919
74629
SJ 12550
84799
SJ 25667
72756
SJ 52747
84954
SD 36189
21676
SD 39078
23861
SD 45374
25461
SD 40208
26614
SD 35472
43247
SD 43981
56127
SD 45673
56416
SD 41860
56333

P, L, M

30

12

Moderate

0.70

Sheep
(Geese)
Sheep
Cattle
(Geese)
Sheep

L, M, H

30

12

Un-grazed

0.00

N/A

As current

P, L, M, H

40

16

Moderate

0.40

As current

P, L, M, H

40

16

Un-grazed

0.00

Sheep
Cattle
N/A

P, L, M, H

40

16

Un-grazed

0.00

N/A

As current

P, L, M, H

40

16

Un-grazed

0.00

N/A

As current

M

10

4

Moderate

0.70

Sheep

As current

L, M

20

8

Un-grazed

0.00

N/A

As current

L, M

20

8

Light

0.29

Sheep

As current

H

10

4

Un-grazed

0.00

N/A

L, M, H

30

12

0.10

Cattle

M

10

4

Light /
Un-grazed*
Intensive

Light cattle
before 1999
As current

0.82

Cattle

As current

H

10

4

Light

0.24

As current

M, H

20

8

Light

0.19

Sheep
Cattle
Cattle

L, M

20

8

Un-grazed

0.00

N/A

As current

P, L, M, H

40

16

Intensive

2.26

As current

P, L, M, H

40

16

Un-grazed

0.00

Sheep
Cattle
N/A

P, L, M, H

40

16

Intensive

0.82

Cattle

Light before
1990
As current

M, H

20

8

Intensive

0.72

Sheep

As current

570

228

Dyfi North

Fairbourne
Shell Island
Morfa
Harlech
Y Foryd
Malltraeth
Four Mile
Bridge
Morfa
Madryn
Talacre
Oakenholt
Widnes
Warth
Crossens
Banks
Marsh
Longton
Warton
Bank
Stannah
Glasson
Conder
Green
Sunderland

Carnforth

SD 47808
71776

Total:

As current

As current

As current

Details for each of the 22 marshes in the study listed from south to north. There were up to four zones present on each
marsh: pioneer (P), low (L), mid (M), and high (H). Stocking rate was calculated using stocking density information
obtained from landowners, marsh size and duration of grazing throughout the year. A grazing intensity label was then
assigned to each marsh according to a stocking density scale adapted from Tir Gofal. Historical grazing information is also
shown for each marsh. Crossens is a large marsh which is mostly un-grazed. The top of the marsh (the landward side of
the high marsh) is fenced off and is lightly grazed by 100 cattle for half of the year. The seaward half of the high marsh,
the mid marsh and the low marsh zones all remain un-grazed.

Above and Below-Ground Sampling
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Ten quadrats per zone were sampled above-ground for the following. Percentage cover per vegetation
species was estimated by eye (Rodwell et al., 2000). Vegetation mean (n=5) and maximum heights (n=1)
were observed according to Stewart et al. (2001). Vegetation biomass and litter biomass were sampled
in a 25 × 50 cm area at the bottom left corner of each quadrat: live vegetation was cut at the soil level
and dead litter was collected from the soil surface. Vegetation samples were then dried (80⁰C, 3d). Four
quadrats per zone were sampled belowground for the following. One soil core (46mm diameter, 46 cm
deep) was taken centrally in the quadrat using a split tube corer with removable PVC liner that held the
sediment until analysis. Three bulk density soil samples (4.8 cm diameter, 2.5 cm deep) were taken at the
soil surface by each soil core and pooled. The mean (n=5) soil surface compaction and subsurface soil
strength were observed using a Geotest pocket penetrometer and a Pilcon shear vane, respectively. In
the laboratory, the soil core was split lengthways into two halves: a half-core for root analysis and a halfcore for soil organic carbon (SOC) analysis. The root core was divided into 5 cm depth segments; roots
per segment were washed free of sediment over a 0.5mm meshed metal sieve and dried (80⁰C, for 3d).
Sediment was extracted from the SOC half-core at five depths: 0–2, 5–7, 11–13, 22–24, and 44–46 cm;
roots were manually removed and soil organic matter (SOM) was determined by loss on ignition (Ball,
1964; Schumacher, 2002) of 10 g homogenized sub-samples per depth. SOM was converted to SOC (%)
by a quadratic formula (Craft et al., 1991). Bulk density samples (BD) had large roots and stones removed
before being dried (105⁰C, 16 h), where-after SOC density (g C cm−3) was calculated (Emmet et al., 2008).
Observations of Environmental Contextual Predictor Variables
Data on abiotic indicators of environmental context were collated to examine the influence of
environmental context on patterns of SOC. Sediment grain-size samples were taken alongside SOC
samples (core depths: 0–2, 5–7, 11–13, 22–24, and 44–46 cm) and analyzed in a Malvern Mastersizer
2000 laser particle size analyser after H2O2 treatment (Robinson, 1927). Marsh geomorphological type
was classified according to Allen (2000). Site wave exposure was calculated according to Burrows et al.
(2008). Estuarine water quality variables (dissolved inorganic N, Orthophosphate, Silicates, pH, salinity,
and suspended solids) were obtained from the June-2009 to May-2012 observational dataset held by the
Environment Agency of Wales and northwest England.
Data Analysis
The study ran separate analyses for each of the four marsh zones (Figure 1B), as well as a single analysis
with all zones incorporated. Single-zone analyses were included because substantial between-zone
variation in environmental context made it difficult to detect grazing effects in the all-data analysis.
Carbon in the top 12 cm of soils was assumed accumulated over the 30-years period for which we knew
the grazing history of sites (Table 1), given the region’s 3–4mm y−1 vertical accretion rate (Shi, 1992;
French and Spencer, 1993; Cundy and Croudace, 1996; Fox et al., 1999; Van der Wal et al., 2002; Shepherd
et al., 2007). The grazing history of soils deeper than 12 cm was uncertain. The analysis took into
consideration this depth dependent variation in the temporal coupling of soil SOC with known grazing
regimes: separate analyses were done for soil layers from 0 to 2, 0 to 10, and 0 to 50 cm. The top soil
profile (0–2 cm) was regarded to be indicative of the present flux of material from above ground biomass
(e.g., litter) to the below ground carbon pool. This layer was expected to show a tight coupling between
above and below ground processes, and to be representative of the current grazing regime. The middle
profile (0–10 cm) encompassed most of the root biomass and reflected the 30-years’ time scale for which
the grazing regimes of marshes were known. This layer was expected to be less representative of the
current above ground processes than the 0–2 cm depth profile, but to still show a weak coupling between
above and below ground processes. The deepest profile (0–50 cm) was considered a metric of grazing in
relation to the broader contextual influences. Some cores lacked the deepest soil layer (44–46 cm);
missing points were estimated using regression techniques based on the remaining real-data points from
the core.
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Analyses explored the effects of grazing intensity on a categorical scale (un-grazed, light, medium and
intense grazing), which are used by grazing management schemes, and on a continuous scale (LSU ha−1
yr−1) to look for threshold levels in carbon-grazing relationships. Analyses of Variance (ANOVA) or the
non-parametric equivalent (Kruskal-Wallis multiple comparisons) were used to assess the impact of
grazing as a categorical factor on plant height and biomass and on the individual depth profiles for root
biomass and SOC. A p-value threshold of 0.05 was used throughout the analysis. A multivariate
Permutational Analysis of Variance (PERMANOVA) (Anderson, 2005) was used to analyse the impact of
grazing as a categorical factor on root biomass and SOC across all soil depth profiles, and an Analysis of
Covariance (ANCOVA) was run on SOC with depth as a covariate to analyse the impact of grazing on the
rate of SOC decrease with depth. A series of regression analyses were used to determine the impact of
grazing as a continuous variable on both the aboveground plant characteristics and the individual depth
profiles for both root biomass and SOC. The effects of factors grazing intensity (four categorical levels)
and zone (four levels) on plant community composition was analyzed using 2-way PERMANOVA, followed
by a similarity percentage test (SIMPER) to identify species that most strongly characterized
compositional differences between grazing intensities (Primer statistical package: Clarke, 1993; Clarke
and Warwick, 2001). The PERMANOVA was run with 9,999 permutations on a log transformed Bray-Curtis
similarity matrix. False Discovery Rate (FDR) control p-values were calculated in Microsot Excel for all
analyses to compensate for the large number of tests (Verhoeven et al., 2004) and partial eta squared
effect sizes (ƞ2p) were calculated in Microsoft Excel for all results where ≥0.0099 was a small effect,
≥0.0588 was a medium effect, and ≥0.1379 was a large effect (Cohen, 1988; Richardson, 2011). Finally, a
mixed effects model was used to analyse the impact of multiple environmental and contextual factors
(including grazing measured as LSU) on soil organic carbon (R Core Team, 2012). The model was run on
the overall data set, the combined high marsh zone and mid marsh zone data (zones most used by grazers:
Sharps et al., 2017), and the combined low zone and pioneer zone data (zones least likely to be influenced
by grazers: Sharps et al., 2017).
RESULTS
Grazing had significant impacts on above ground vegetation, as expected. Plant height (ANOVA, factor
Grazing Intensity: F3, 9 = 17.67, p < 0001, ƞ2p = 0.494), above ground biomass (ANOVA, factor Grazing
Intensity: F3, 9 = 6.96, p = 0.040, ƞ2p = 0.181) and plant litter biomass (K-WMC: H3 = 135.12, p <0001) all
significantly decreased with increasing grazing intensity regardless of whether grazing was treated as a
categorical (grazing intensity category) or continuous (LSU) variable (Figure 2). There was no significant
effect of grazing on plant species richness (ANOVA, factor Grazing Intensity: F3, 9 = 0.05, p = 0.387, ƞ2p =
0.072), although community composition did change with grazing intensity in the mid marsh
(PERMANOVA, factor Grazing Intensity: Pseudo F(3) = 2.071, P(perm) = 0.029). A SIMPER analysis found
that communities of un-grazed marshes were generally highly variable and dominated by one of several
community types (Festuca rubra, Atriplex portulacoides or a diverse Plantago maritima/Puccinellia
maritima community). Light and moderately grazed marshes were less variable and were consistently
dominated by Puccinellia maritima, a stress tolerant, low marsh species. Intensively grazed marshes were
characterized by a low-diversity Festuca rubra sward, which changed little between each marsh. Grazing
also impacted surface soil compaction (ANOVA, factor: Grazing—F3,18 = 6.39, p = 0.003, ƞ2p = 0.355), with
soil compaction increasing with increasing grazing intensity.
Grazing had no single or interactive effects on below ground soil organic carbon (SOC) (PERMANOVA,
factor Grazing Intensity: Pseudo F = 1.18, P(perm) = 0.327) or root biomass (PERMANOVA, factor Grazing
Intensity: Pseudo F = 1.35, P(perm) = 0.235] for any of the sediment depths analyzed, regardless of
whether grazing was treated as a categorical or continuous variable (Figure 3) (Supplementary
Information S1: Regression Table). The rate of decline in SOC with soil depth did not vary significantly

Frontiers in Ecology and Evolution | www.frontiersin.org

May 2019 | Volume 7 | Article 151

Harvey et al.

Broad-Scale Grazing-Carbon Relationship

between grazing intensities (ANCOVA, factor Grazing Intensity: F3, 1093 = 0.64, p = 0.597, ƞ2p = 0.009),
although SOC did significantly decrease with depth (Figure 4) (ANCOVA, factor Depth: F1, 1093 = 219.96, p
< 0.001, ƞ2p = 0.166). There was no overall (all zones) relationship between root biomass and stocking
density (LSU), except for a significant positive relation of root biomass with LSU in the surface soils of the
high marsh, suggesting a possible plant compensatory response in this zone (Supplementary Information
S1: regression table).

FIGURE 2 | Grazing impacts on above ground vegetation. Results of the regression analysis showing the relationship
between grazing intensity (stocking density, LSU ha−1) and (A) average vegetation height, (B) above ground biomass and
(C) litter biomass. All significantly decreased with an increase in stocking density, with litter biomass reducing to almost
zero as soon as grazers are introduced.

FIGURE 3 | Soil organic carbon density vs. grazing intensity by zone for each of the depths analyzed. Results of the
regression analysis showing the relationship between soil organic carbon density and grazing intensity (stocking density,
LSU ha−1) for each zone and for each of the depth profiles analyzed: top 2 cm, top 10 cm, and top 50 cm. With the false
discovery rate corrections (Verhoeven et al., 2004), there were no significant impacts of grazing on soil carbon
(Supplementary Information S1: regression table).
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FIGURE 4 | Soil organic carbon with depth for four different grazing intensities. The mean ± standard error soil organic
carbon vs. soil depth for each marsh within each “Grazing Intensity” category: (A) un-grazed (n = 8 marshes), (B) lightly
grazed (n = 5), (C) moderately grazed (n = 3), and (D) intensively grazed (n = 6). Each line represents a single marsh.
TABLE 2 | ANOVA output from mixed effects model.
Effect

df
F

OVERALL
Zone
Grazing (LSU)
Marsh Area (ha)
Tidal Range (m)
Wave Fetch (m)
Marsh Geomorphology
Community Composition
Percent Coarse Sand
HIGH AND MID ZONES
Zone
Grazing (LSU)
Marsh Area (ha)
Tidal Range (m)
Wave Fetch (m)
Marsh Geomorphology
Community Composition
Percent Coarse Sand
LOW AND PIONEER ZONES
Zone
Grazing (LSU)
Marsh Area (ha)
Tidal Range (m)
Wave Fetch (m)
Marsh Geomorphology
Community Composition
Percent Coarse Sand

0-2cm depth
p

3,181
1,181
1,12
1,12
1,12
5,12
16,181
1,181

28.11
2.78
9.52
12.00
0.68
1.61
3.10
2.52

<0.001
0.097
0.010
0.005
0.426
0.231
<0.001
0.114

1, 96
1, 96
1, 12
1, 12
1, 12
5, 12
11, 96
1, 96

1.02
0.29
8.73
7.20
0.29
2.42
4.15
5.05

0.315
0.592
0.012
0.020
0.602
0.098
<0.001
0.027

1, 69
1, 5
1, 5
1, 5
1, 5
4, 5
6, 69
1, 69

26.83
6.97
0.20
8.50
0.11
3.21
3.90
5.53

<0.001
0.046
0.674
0.033
0.725
0.117
0.002
0.022

m
***
*
**

***

*
*

***
*
***
*
*

**
*

0-10cm depth
F
p
m

0-50cm depth
F
p
m

23.58
0.44
2.94
1.80
10.15
2.99
1.67
0.07

<0.001 ***
0.505
0.112
0.204
0.008 **
0.056
0.057
0.798

8.77
0.04
1.99
5.58
11.56
2.38
1.17
4.95

<0.001 ***
0.851
0.184
0.036 *
0.005 **
0.101
0.292
0.027 *

0.29
0.87
4.75
2.40
10.71
3.34
3.02
0.71

0.592
0.353
0.050
0.147
0.007 **
0.040 *
0.002 **
0.402

0.06
5.51
2.88
11.86
21.69
3.92
2.18
4.95

0.800
0.021 *
0.115
0.005 **
0.001 **
0.024 *
0.021 *
0.029 *

20.81
1.91
0.05
2.48
3.00
4.34
1.55
27.38

<0.001 ***
0.225
0.825
0.176
0.144
0.069
0.175
<0.001 ***

35.17
0.07
0.37
13.53
11.27
14.77
1.42
19.26

<0.001
0.799
0.570
0.014
0.020
0.006
0.219
<0.001

***

*
*
**
***

Results of a mixed effects model with soil organic carbon as a response variable and zone and several environmental
variables as predictor variables. Column headers depict degrees of freedom (df: numerator, denominator), F-values (F),
and p-values (p). Significant results are emboldened and indicated by a series of asterisks, where * denotes p < 0.05, **
denotes p < 0.01 and *** denotes p < 0.001.
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SOC (ANOVA, factor: Zone—F3, 18 = 5.09, p < 0.001, ƞ2p = 0.193) and root biomass (ANOVA factor: Zone—
F3, 18 = 41.47, p < 0.001, ƞ2p = 0.365) did differ between marsh zones: both were higher in the mid and
high zones than in the low marsh and pioneer zone. A Tukey HSD test showed that there was significantly
less SOC in the top 10 cm of soil of the pioneer (x ± SD = 0.009 ± 0.007) and low marsh (0.014 ± 0.008)
zones than in the mid (0.019 ± 0.008) and high (0.017 ± 0.008) marsh zones. SOC in the top 50 cm of soils
was lower in the pioneer zone (0.007 ± 0.005) than in the other three zones (low: 0.012 ± 0.007; mid:
0.014 ± 0.005; high: 0.012 ± 0.005). A similar pattern was found for root biomass where root biomass in
the top 10 cm was significantly lower in the pioneer zone (0.003 ± 0.005) than in the other three zones
(low: 0.011 ± 0.007; mid: 0.015 ± 0.011; high: 0.021 ± 0.015) and was significantly higher in the high marsh
than in the other three zones. This pattern was expected as older, higher marsh zones have had longer to
accumulate organic matter.
The substantial spatial variation in SOC (Figure 3) was due to consistent among-marsh differences in SOC
(ANOVA, factor Marsh: F18, 18 = 7.95, p < 0.001, ƞ2p = 0.315) and root biomass (ANOVA, factor Marsh: F3, 18
= 7.14, p < 0.001, ƞ2p = 0.392), suggesting that contextual differences among marshes had a greater
influence on carbon stocks than grazing. A linear mixed effects model found that SOC in the top 10 cm of
soil had a significant association with plant community composition (F16, 181 = 3.10, p < 0.001), but this
relationship generally did not translate down to the deeper soil layers (F16, 181 = 1.17, p = 0.292). SOC in
the deeper soil profiles of the higher marsh zones showed a significant association with marsh
morphology (F5, 12 = 3.92, p = 0.024), tidal range (F1, 12 = 11.86, p = 0.005) with more SOC in marshes with
higher tidal ranges, and wave fetch (F1, 12 = 21.69, p = 0.001) with higher SOC in more sheltered marshes.
SOC in the deeper profiles in the lower marsh zones was significantly associated with soil grain size, with
less SOC in coarse sediments (F1, 69 = 29.38, p < 0.001) (Table 2).
DISCUSSION
Our study shows that clear above ground effects of grazing do not necessarily translate to below ground
effects on soil carbon stocks on the broad-scale. We found no detectable effect of grazing on carbon
density (g C cm−3), irrespective of which soil depth or marsh zones were considered, or whether or not
grazing was considered a categorical or continuous predictor of carbon. The expectation of coupled above
to below-ground effect of grazing negates the many complex interactions that vegetation and carbon
may have with livestock. Grazing has complex influences on grassland abiotic (e.g., compaction) and biotic
(e.g., vegetation biomass and structure) conditions that influence carbon capture and storage (Andresen
et al., 1990; Bardgett and Wardle, 2003; Bhogal et al., 2010). Increased stocking density can also initiate
compensatory responses by the vegetation community (Holland et al., 1996; Tanentzap and Coomes,
2012) and Tanentzap and Coomes (2012) showed that a small reduction of soil carbon storing in the early
years after grazer addition tailed off to no effect of grazing when study systems had sufficient time to
develop compensatory responses to herbivory. We found that livestock grazing weakly stimulated the
root content in high marsh soils, suggesting that there is some compensation by the species in the
vegetation community, thereby mitigating any negative impact of grazing on soil carbon stocks
(Tanentzap and Coomes, 2012). Similarly, changes in the microbial communities on grazed marshes may
also have increased SOC due to the introduction of terrestrial organic matter from the livestock (Mueller
et al., 2017). Alternatively, carbon turnover in microbial communities may have been slower, due to lower
redox levels under grazed regimes, resulting in reduced microbial exoenzymes and therefore slower
decomposition rates and greater carbon accumulation in medium- and long-term storage pools (Olsen et
al., 2011; Mueller et al., 2017).
In salt marshes, above ground plant adaptation to grazing occurs within a few years to a decade of
introduction of grazers (Kuijper and Bakker, 2004). Our sites had been exposed to the same grazing
regimes for a minimum of 30 years prior to the study—long enough for plant compensation to take place.
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We do not dismiss that grazers might have diminished the annual carbon storage at some point; for
instance, in the early years following grazer introduction, when some studies have found that grazing can
impact on carbon storing (Yu and Chmura, 2010; Sammul et al., 2012). However, over time, this early
reduction of soil carbon stocks is likely to have been diluted into insignificance by decades of
compensation by the plant community (Tanentzap & Coomes 2012).
Across a large biogeographical region, variation in environmental drivers had a stronger influence on
carbon stocks than livestock density. Salt marshes are at the interface between terrestrial and marine
environments (Adam, 1990b) and are subjected to greater spatial and temporal variation in
environmental conditions, and hence more disturbance, than many grazed terrestrial grasslands (Adam,
1990c). Environmental context determines much of the external carbon inputs to salt marshes. For
instance, sedimentation rates are linked to the local tidal regime (Stumpf, 1983) and allochthonous
organic matter, that imported with marine sediment rather than created on the salt marsh, can
contribute considerably to SOC stocks where tall vegetation traps sediment (Van de Broek et al., 2018;
Mueller et al., 2019). Arguably, the impact of grazing on saltmarsh carbon is comparatively weak relative
to the influence of sharp background environmental gradients (Grime, 1974; Nolte et al., 2013). The
assumption that carbon capture and storage benefits from management of grazing might well be tenuous
in naturally variable and disturbed systems, such as salt marshes.
The observed lack of grazer effects on carbon stock is consistent with the findings of a few smaller-scale
grazer presence/absence studies (Meyer et al., 1995; Ford et al., 2012), but it disagrees with studies made
in North America (Reader and Craft, 1999; Yu and Chmura, 2010). A recent systematic review showed
grazer effects on carbon have only been demonstrated in the USA (Davidson et al., 2017), where marshes
are structurally and functionally different too much of the rest of the world (Catterjsse and Hampel, 2006;
Bakker et al., 2015). In the USA much of SOC is derived from prolific within-marsh plant production, whilst
in Europe the majority of carbon is externally derived through sedimentation (Catterjsse and Hampel,
2006; Bakker et al., 2015). Thus, carbon storing in European type marshes may be more strongly
influenced by extrinsic processes that regulate sedimentation than intrinsic processes that influence the
vegetation, such as grazing pressure. This deduction is corroborated by the observation made here that
environmental context explained the majority of spatial variation in carbon stock, whereas the effects of
grazing could not be detected.
Our expectations of negative impacts of grazing on soil carbon stocks were based on evidence from a
combination of single-site, experimental studies (Schuster, 1964; Klumpp et al., 2009; Yu and Chmura,
2010; Ford et al., 2012) and meta-data analyses from both terrestrial grasslands and coastal wetlands
(Chmura et al., 2003; Tanentzap and Coomes, 2012). None of these studies incorporated a full range of
grazing intensities, as we did here; nor did they view the influence of grazing in the context of natural
variation. Our study does not imply that grazing has no effect on carbon stocks; rather it shows that the
effect of grazing was insufficiently strong or consistent to be detectable above the broad-scale influences
of environmental variation and compensation by vegetation. This finding implies that management
schemes that stipulate grazing regimes across multiple sites are unlikely to generate spatially consistent
effects on carbon stocks. Furthermore, our study only looked at carbon stocks and not carbon
sequestration rates. The carbon stocks in this study are a product of accumulated inputs and outputs of
organic and inorganic carbon from autochthonous and allochthonous sources, and while there was no
impact of grazing on the overall carbon stocks, grazing may affect carbon sequestration rates and
mechanisms. There are still many good reasons to manage grazing, such as safeguarding the provision of
other ecosystem services, including wave attenuation (Möller et al., 1999), sea defense (King and Lester,
1995; Möller et al., 2007); habitat management (Norris et al., 1997) and biodiversity conservation (Adler
et al., 2001). It may be that the regulation of grazing intensity is of particular benefit to above-ground
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functioning of saltmarshes, such as the provisioning of wildlife habitat and the regulation of gaseous
fluxes, and less beneficial to below-ground processes, such as carbon storing.
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Supplementary Information S1 | Regression analyses for below-ground variables against LSU. Results of regression analyses for each
predictor variable vs. LSU ha-1 yr-1 for overall data set followed by analysis by zone (high, mid, low and pioneer). Results of ANOVA (df,
F and p) are shown along with FDR p-value thresholds (p(i)). An emboldened p-value denotes a significant effect. The results of the
regression are shown in the last three columns: R2, Intercept (b) and Slope (m).

Predictor Variable
Root Biomass (Top 5cm) (g cm-3)
Root Biomass (Top 10cm) (g cm-3)
Root Biomass (Top 50cm) (g cm-3)
Maximum Root Depth (cm)
Soil Organic Carbon Density (Top 2cm) (g cm-3)
Soil Organic Carbon Density (Top 10cm) (g cm-3)
Soil Organic Carbon Density (Top 50cm) (g cm-3)
Soil Shear Strength (Pa)
Root Biomass (Top 5cm) (g cm-3)
Root Biomass (Top 10cm) (g cm-3)
Root Biomass (Top 50cm) (g cm-3)
Maximum Root Depth (cm)
Soil Organic Carbon Density (Top 2cm) (g cm-3)
Soil Organic Carbon Density (Top 10cm) (g cm-3)
Soil Organic Carbon Density (Top 50cm) (g cm-3)
Soil Shear Strength (Pa)
Root Biomass (Top 5cm) (g cm-3)
Root Biomass (Top 10cm) (g cm-3)
Root Biomass (Top 50cm) (g cm-3)
Maximum Root Depth (cm)
Soil Organic Carbon Density (Top 2cm) (g cm-3)
Soil Organic Carbon Density (Top 10cm) (g cm-3)
Soil Organic Carbon Density (Top 50cm) (g cm-3)
Soil Shear Strength (Pa)
Root Biomass (Top 5cm) (g cm-3)
Root Biomass (Top 10cm) (g cm-3)
Root Biomass (Top 50cm) (g cm-3)
Maximum Root Depth (cm)
Soil Organic Carbon Density (Top 2cm) (g cm-3)
Soil Organic Carbon Density (Top 10cm) (g cm-3)
Soil Organic Carbon Density (Top 50cm) (g cm-3)
Soil Shear Strength (Pa)
Root Biomass (Top 5cm) (g cm-3)
Root Biomass (Top 10cm) (g cm-3)
Root Biomass (Top 50cm) (g cm-3)
Maximum Root Depth (cm)
Soil Organic Carbon Density (Top 2cm) (g cm-3)
Soil Organic Carbon Density (Top 10cm) (g cm-3)
Soil Organic Carbon Density (Top 50cm) (g cm-3)
Soil Shear Strength (Pa)
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df
F
Overall
1, 222
5.19
1, 222
4.80
1, 222
5.86
1, 222
4.30
1, 222
1.78
1, 222
0.34
1, 222
0.10
1, 222 40.07
High Marsh
1,54
9.58
1,54
5.96
1,54
3.51
1,54 14.02
1,54
1.10
1,54
0.21
1,54
0.00
1,54
8.09
Mid Marsh
1, 74
1.04
1, 74
0.30
1, 74
1.25
1, 74
0.36
1, 74
0.00
1, 74
0.84
1, 74
5.57
1, 74 31.35
Low Marsh
1, 54
1.02
1, 54
0.00
1, 54
0.27
1, 54
0.25
1, 54
2.65
1, 54
1.09
1, 54
0.17
1, 54 15.62
Pioneer Marsh
1, 34
2.28
1, 34
2.46
1, 34
1.51
1, 34
0.61
1, 34
0.82
1, 34
0.08
1, 34
0.00
1, 34 17.86

p

p(i)

R2

b

m

24.200

8.440

0.021
0.019

0.007
0.0046

32.300

3.950

31.600

6.320

0.024
0.029
0.016
0.039
0.183
0.562
0.750
<0.001

0.019
0.025
0.013
0.031
0.038
0.044
0.050
0.006

0.023
0.021
0.026
0.019
0.008
0.002
0.000
0.153

0.003
0.018
0.066
<0.001
0.299
0.649
0.994
0.006

0.016
0.025
0.031
0.006
0.038
0.044
0.050
0.019

0.151
0.099
0.061
0.206
0.020
0.004
0.000
0.130

0.311
0.588
0.268
0.551
0.964
0.363
0.021
<0.001

0.025
0.044
0.019
0.038
0.050
0.031
0.013
0.006

0.014
0.004
0.017
0.005
0.000
0.011
0.070
0.298

25.100

14.700

0.318
0.948
0.608
0.621
0.110
0.301
0.684
<0.001

0.025
0.050
0.031
0.038
0.013
0.019
0.044
0.006

0.018
0.000
0.005
0.005
0.047
0.020
0.003
0.224

21.200

10.500

0.140
0.126
0.227
0.440
0.372
0.776
0.981
<0.001

0.019
0.013
0.025
0.038
0.031
0.044
0.050
0.006

0.063
0.067
0.043
0.018
0.024
0.002
0.000
0.344

12.700

4.6800
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