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Abstract 19 

Herbivory plays a significant role in regulating many contemporary terrestrial plant ecosystems, but 20 

remains an imperfectly understood component of past ecosystem dynamics because the diagnostic 21 

capability of methods is still being tested and refined. To understand the efficacy of a multiproxy 22 
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approach, we compare the sensitivity of pollen and coprophilous fungal spores (CFS) to changes in 23 

grazing intensity over the last 100-150 years in six peat cores from three UK upland areas, and apply 24 

faecal lipid biomarkers to two of the cores, using agricultural census data to calculate an independent 25 

record of herbivore density. Rising sheep density adversely affected moorland ecology over the last 26 

century, which therefore provides a suitable period to test the sensitivity of these proxies. In 27 

particular, we assess whether CFS can be used to track variations in large herbivore densities over 28 

time, since this has received less attention than their ability to identify high grazing levels. At selected 29 

sites, we test whether faecal lipid biomarkers can be used to identify which herbivore species were 30 

present. Our results highlight the differential sensitivity of each proxy, demonstrating on peat- and 31 

moorlands (i) that peak CFS abundance is a more consistent indicator of ecologically influential (high) 32 

herbivore levels than variations in animal density through time; (ii) when recorded with high CFS 33 

values, the decline or disappearance of grazing-tolerant pollen taxa is a reliable indicator of high 34 

herbivory; and (iii) at low herbivore densities, faecal lipid biomarkers are not an effective indicator of 35 

herbivore presence or identity. Quantitative reconstructions of past herbivory and identifying grazer 36 

species therefore remain challenging. However, our findings indicate that pollen and CFS provide 37 

complementary evidence for high intensity grazing, and emphasise that studies using CFS should aim 38 

to define ‘high’ herbivore levels in terms of the grazing sensitivity of the ecosystem, rather than 39 

relative animal abundance. 40 

 41 
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Understanding changes in the abundance of large herbivores over time is a key challenge in 45 

long-term ecology (Bradshaw et al. 2003), particularly for assessing the role that animals play in 46 

disturbance regimes, as drivers of biodiversity change and in ecosystem resilience (Gill, 2014; Bakker 47 

et al., 2016; Jeffers et al., 2018; Kuneš et al., 2019). Pollen is the most widely used proxy to reconstruct 48 

grazing dynamics, based on the impact of herbivory on vegetation composition and structure. 49 

However, without additional sources of evidence, it remains difficult to separate the palynological 50 

impacts of large herbivores from those associated with other disturbance mechanisms (Mitchell, 2005; 51 

Edwards et al., 2015). The range of tools suitable for understanding animal presence and dynamics in 52 

sedimentary sequences now includes coprophilous fungal spores (CFS), faecal lipid biomarkers, 53 

ancient DNA and palaeodemographics (Bull et al., 2002; Lorenzen et al., 2011; Baker et al., 2013; 54 

Jeffers et al., 2018; Perrotti and van Asperen, 2019; Shillito et al., 2020). Here, we focus on CFS and 55 

faecal lipid biomarkers because they are widely applied alongside palynology in palaeoenvironmental 56 

and archaeological sciences, yet few studies combine all three (e.g. van Geel et al., 2008, 2011; 57 

Guillemot et al., 2017; Anderson et al., 2019). We integrate two indicators (pollen, CFS) at two study 58 

areas and combine all three indicators at a third area to evaluate their comparative sensitivity and 59 

contribution to our understanding of grazing history. 60 

CFS are increasingly used as an independent proxy for changes in large herbivore biomass 61 

(Baker et al., 2013), but the manner in which they are used varies, with some studies proposing a 62 

quantitative relationship with large herbivore biomass (Gill et al. 2013; Baker et al., 2016) and others 63 

taking a more qualitative approach to interpretation, focused on the relative abundance of CFS 64 

(Stivrins et al., 2019). The nature of the relationship between herbivore abundance and CFS values 65 

matters because it affects what research questions CFS can most reliably be used to address: (i) 66 

qualitative extremes or a quantitative threshold associated with major transitions, such as the 67 

functional extinction of megafauna, and periods of intense or prolonged livestock grazing (e.g. Davis, 68 

1987; Gelorini et al. 2012), or (ii) quantitative variations in CFS abundance associated with long-term 69 
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fluctuations in animal density, such as variations in ecological impact related to herbivore population 70 

size (e.g. Jeffers et al., 2018). It has been suggested that CFS are most reliable for identifying ‘high’ 71 

densities of animals – a relative term that is not always quantified but which is consistent with periods 72 

of intense livestock grazing, for example (Davis and Shafer, 2006; Gelorini et al., 2012; Raczka et al, 73 

2016; Davies, 2019; Goethals and Verschuren, 2020). The ability of CFS to track variations in large 74 

herbivore densities over time has received less attention. 75 

In addition to herbivore density, CFS production and dispersal are also affected by taphonomic 76 

and environmental factors and by animal husbandry practices (Parker and Williams, 2012; Davies, 77 

2019; van Asperen et al., 2020). Comparing CFS to other indicators is therefore valuable for testing 78 

uncertainties and improving inferences about herbivory. Faecal lipid biomarkers, in particular, have 79 

the potential to extend our understanding of grazing regimes. They are well-preserved in soil, organic-80 

rich and waterlogged environments (Mackenzie et al., 1982; Prost et al., 2017), are established 81 

indicators of manuring in buried agricultural soils, and offer insights into changing husbandry practices 82 

at archaeological site and landscape levels (Bull et al., 2002; Dubois and Jacob, 2016; Guillemot et al., 83 

2017; Prost et al., 2017; Mackay et al., 2020). Recent advances in faecal lipid biomarker analysis now 84 

allow improved differentiation between animal species (Harrault et al., 2019). Identifying which 85 

grazers were present is currently impossible using CFS and pollen analysis, so improved species 86 

discrimination from biomarkers represents a significant advance for understanding trophic diversity 87 

and biotic interactions. Multiproxy pollen/non-pollen palynomorph (NPP)/biomarker studies remain 88 

scarce in palaeoecology and archaeology, and have shown either similar (Guillemot et al., 2015) or 89 

contrasting trends between faecal lipid biomarkers and CFS (Ortiz et al., 2016). These variable results 90 

indicate the need for more comparative analyses to understand whether consistent relationships exist 91 

between proxies and grazing regimes. 92 
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Previous studies using faecal lipid biomarkers to study grazing history have focused on 93 

lacustrine sediments, rather than peat (D’Anjou et al., 2012; Ortiz et al., 2016; Zocatelli et al., 2017; 94 

Argiriadis et al., 2018). Among faecal lipid biomarkers, 5β-stanols and 5β-stanones are most frequently 95 

used in environmental studies to track faecal matter inputs as they are produced almost solely in the 96 

digestive tracts of animals, and their presence in natural environments with no known faecal input is 97 

limited (Bull et al., 2002). While faecal stanols have been identified in peat (Ardiriadis et al. 2020), this 98 

proxy has yet to be applied in peatland palaeoecology where it is unclear if faecal lipid biomarkers are 99 

present in sufficient quantity to be separated from plant and microbially-derived sterols. Addressing 100 

this gap can establish an appropriate multiproxy approach to reconstructing grazing history in 101 

peatlands, which constitute a globally significant source of evidence for long-term ecosystem 102 

dynamics. 103 

Our case study combines palaeoecological grazing indicators (pollen, CFS), faecal lipid 104 

biomarkers, and historical agricultural records of livestock abundance to test the ability of this 105 

multiproxy approach to track changing stocking levels and species over the last c.150 years in three 106 

UK upland areas. We use historical agricultural census data as an independent, quantitative record of 107 

herbivore composition and abundance to test the sensitivity of these proxies. This was a period of 108 

significant change in upland vegetation composition across Britain (Stevenson and Thompson, 1993) 109 

as well as elsewhere in NW Europe (Berglund et al., 2008). Rising stocking densities are well-110 

documented on national and regional scales (Coppock, 1976; Dallimer et al., 2009) and grazing is 111 

implicated in the loss of Calluna moorland, broader declines in plant diversity, and biotic 112 

homogenisation (Anderson and Yalden, 1981; Milligan et al., 2016). Few palaeoecological studies have 113 

used sources other than pollen to understand herbivore impacts during this time period (Hanley et al., 114 

2008; Davies, 2016). 115 
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Using a multiproxy approach in our case study areas in the North Pennines and Peak District 116 

(northern England) and in Assynt (northern Scotland), we address two main research questions: (1) 117 

Does CFS abundance track known changes in stocking densities over the last c.100-150 years? (2) Can 118 

faecal lipid biomarkers from peat sequences be used to identify which species were contributing 119 

dung? These questions allow us to consider whether CFS abundance can be used to infer variable 120 

herbivore abundance through time, or whether it is more reliable for tracking peak densities. We also 121 

assess whether CFS and faecal lipid biomarkers provide identifiable and comparable signals in a 122 

relatively simple two-herbivore peatland setting, with seasonal grazing by sheep and a permanent red 123 

grouse population (in the Pennines) or red deer population (in Assynt). Our study contributes new 124 

data to previously published pollen and (for the Pennines) CFS datasets (Hanley et al., 2008; Davies, 125 

2016, 2019). It represents the first application of faecal lipid biomarker analysis to peat sediment in 126 

the UK and also provides the first joint CFS, pollen and faecal lipid biomarker study from peat. 127 

 128 

2. Materials and methods 129 

2.1 Study sites 130 

This study included six peat cores from three upland areas, two in northern England, and one 131 

in northwest Scotland (Table 1, Fig. 1). Two study areas lie within the Pennines, the main area of deep 132 

blanket peat in England (JNCC, 2011), where we sampled two sites in the Peak District, on the south-133 

eastern range limits for extensive, deep blanket peat in Britain, and a further two from a long-term 134 

ecological experiment in the North Pennines (Bonn et al., 2009). The sites have contrasting ecologies, 135 

which may influence their palatability to grazers and sensitivity to grazing (Table 1) (Thompson et al., 136 

1995). All sites in northern England are grazed by sheep. Heather cover on Emlin Dike has undergone 137 

rotational patch burning for red grouse management since AD 1950 (Estate manager, 2010, personal 138 

communication). Hard Hill in the North Pennines is located on Moor House National Nature Reserve 139 
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(NNR), which has been managed since 1954 as an ecological experiment to study the long-term 140 

impacts of sheep grazing and burning on upland ecology and carbon sequestration (Garnett et al., 141 

2000; Ward et al., 2007; Lee et al., 2013; Milligan et al., 2016). Moor House is subject to low-intensity 142 

sheep grazing during the summer, with fences protecting experimental exclosure plots from stock 143 

ingress. Palaeoecological and ecological data suggest that grazing has, along with fire, strongly 144 

affected Calluna cover at the English sites over the last two centuries, at least (Rawes, 1983; Chambers 145 

et al., 2017; Davies, 2016, 2019). The final two sampling sites are located in Assynt, in the far north-146 

west of Scotland. Although red deer are the currently the main herbivore and a source of ecological 147 

concern (Clifford and Mackenzie, 2017), historically and into the late twentieth century, extensive 148 

sheep grazing was an important land-use (Hanley et al., 2008). 149 

A single peat core was extracted from each site using a 10 cm diameter golf-hole corer 150 

modified to sample the top 50 cm of sediment. These were closest together at the site in the North 151 

Pennines, where a core was taken from one exclosed (HHE) plot and one grazed (HHG) plot on Hard 152 

Hill to assess whether the difference in experimental treatment is reflected in proxy records. All sites 153 

have a predominantly local pollen source area owing to contributions from surface vegetation on the 154 

peat. Vegetation growing within c.2–50 m is likely to dominate the pollen signal, particularly for 155 

herbaceous and heath taxa, with smaller contributions from the surrounding 400–1000 m (Bunting, 156 

2003; Brostrom et al., 2005). Dispersal distances for CFS are estimated to range from <10 m to around 157 

80-100 m (Gill et al., 2013; Davies, 2019). The sites thus record community variability on a spatial scale 158 

comparable with ecological monitoring. Fresh sheep (Ovis aries) and red grouse (Lagopus lagopus 159 

scotica) dung were collected to provide reference material for comparison with the biomarker lipid 160 

extraction from peat samples. Pellets from individual red grouse and sheep were collected with 161 

latex/nitrile gloves at Hard Hill in July 2019 and black grouse (Tetrao tetrix) dung was collected in 162 

Suollagavallda, northwest Sweden (67°48'03.6"N 16°44'38.0"E) in July 2016 for wider comparison. The 163 

dung samples were placed in plastic bags before being freeze-dried in the lab. 164 
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 165 

2.2 Chronology 166 

Chronologies were constructed slightly differently for each area, since this paper combines 167 

data from three projects to provide new analyses. More details are provided in the earlier publications 168 

cited below. In the Peak District and Assynt, a composite chronology was constructed for each site 169 

using the probability-weighted average of calibrated AMS 14C dates to provide basal age estimates, 170 

with 210Pb and spheroidal carbonaceous particle (SCP) ages to constrain the chronology from AD 171 

c.1850 to the present (Davies, 2011; 2016). SCPs were extracted and quantified independently of 172 

pollen and NPPs. In the North Pennines, approximate chronologies were derived from SCP 173 

concentrations on pollen slides, which were used to identify three key dating horizons attributable to 174 

broad-scale changes in fossil fuel use over the last c.250 years: the earliest appearance of SCPs (AD 175 

1850 ± 25), rapid rise (AD 1955 ± 15), and peak concentration (AD 1974 ± 4) (Rose and Appleby, 2005; 176 

Davies, 2019). At each site, a linear rate of peat accumulation is assumed between dated samples. All 177 

dates are quoted in calibrated/calendar years AD and estimated ages are rounded to the nearest 5 178 

years. Given the relatively small errors associated with 210Pb dates and key SCP horizons, these 179 

chronologies are considered appropriate for comparison with historically-derived stocking records. 180 

 181 

2.3 Pollen and spore analysis 182 

Peat cores were subsampled in c.0.5 cm thick slices, and analysed for pollen and selected 183 

NPPs. The subsamples, each with a volume of 0.5-1.0 cm3, were processed using standard pollen 184 

analytical techniques, including acetolysis and the addition of Lycopodium clavatum spores to allow 185 

pollen concentrations to be calculated, but without hydrofluoric acid (Stockmarr, 1971; Moore et al., 186 

1991). Pollen identification was based on standard pollen keys (Moore et al., 1991), following the 187 
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nomenclature of Bennett (1994). A minimum of 300 (for Assynt and Peak District) or 500 (for North 188 

Pennines) total land pollen grains was counted for each sample (TLP, excluding aquatic taxa, plant and 189 

fungal spores). Samples span the full depth of the 50 cm deep cores from Assynt and the Peak District, 190 

but were taken from the upper 20 cm of the North Pennines cores to focus on the experimental period. 191 

Three pollen taxa were selected as grazing disturbance indicators based on known relationships with 192 

grazing disturbance: Plantago lanceolata, Rumex and Urtica (Sagar and Harper, 1964; Behre, 1981; 193 

Bunting, 2003). These taxa are not characteristic of peat and moorland communities so their presence 194 

in the pollen record is commonly used as an indicator of grazing disturbance. The summed value of 195 

these pollen disturbance indicators (PDI) is presented. The coprophilous fungal spore types 196 

Sporormiella HdV-113, Sordaria-type HdV-55A and Podospora-type HdV-368 were quantified on 197 

pollen slides. All have a strong, possibly obligate, preference for dung, show a strong association with 198 

the presence of large herbivores, and preserve well in peat and lake sediments (Baker et al., 2013; van 199 

Asperen et al., 2016; Perrotti and van Asperen, 2019). Fungal spore nomenclature follows Miola 200 

(2012), but lab identifiers (e.g. HdV) are omitted in subsequent text for brevity. Summary pollen 201 

diagrams (%TLP) are provided to indicate the dominant pollen types around each site over the study 202 

period. Pollen diagrams were constructed using TILIA and TILIA*GRAPH, with local pollen assemblage 203 

zones defined at each site using constrained sum of squares analysis (Grimm, 1987) to identify periods 204 

of similar pollen composition. 205 

 206 

2.4 Faecal lipid biomarker analysis 207 

Five horizons were selected for faecal lipid biomarker analysis in each peat core from Hard 208 

Hill. Sampling depths were based on pollen and CFS data which show similar trends in each core 209 

(Davies, 2019). These include pre- and post-experimental samples, peaks or troughs in both PDI and 210 

CFS data, and peaks in CFS but not pollen. One centimetre thick subsamples of peat, of c.5 g (wet 211 
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weight) were freeze-dried and powdered prior to lipid extraction. Grouse and sheep pellets from Hard 212 

Hill and the grouse pellet from Suollagavallda were processed in the same manner to extend the 213 

existing reference database of animal faecal lipid signatures. 214 

Our analysis focused on Δ5-sterols, stanols and stanones. Bile acids potentially provide 215 

complementary faecal lipid biomarkers as they are exclusively produced by vertebrates (Danielsson 216 

and Sjövall, 1985; Setchell et al., 1988), but their concentrations in soils can be very low (e.g. Guillemot 217 

et al., 2015; 2017). We therefore focus only on ‘neutral’ steroids. The extraction and analysis of steroid 218 

biomarkers from peat and faecal samples was adapted from Harrault et al. (2019). Freeze-dried 219 

samples were milled and sieved at 500 μm, then c.200 mg of peat, grouse or sheep faeces were 220 

extracted three times by sonication (room temperature, 15 min) with 10 mL of 221 

dichloromethane/methanol (DCM/MeOH, 3:1, v/v). After each extraction, samples were centrifuged 222 

(3500 rpm, 15 min, 10˚C) and the supernatant transferred to a vial and concentrated under N2. This 223 

operation was repeated twice and the three supernatants were pooled and N2-concentrated. These 224 

total lipid extracts were then separated on a silica-filled glass column into apolar and polar fractions. 225 

The former was eluted with 3 mL of n-heptane and 3 mL of a n-heptane/DCM mixture (3:1, v/v), and 226 

the latter fraction was eluted with 4 mL of a DCM/MeOH mixture (3:1, v/v). Polar fractions were then 227 

dried under N2 and redissolved in DCM, and aliquots were transferred to GC vials, dried, and 228 

derivatized with a mixture of N,O-bis(trimethylsilyl)trifluoroacetamide/trimethylchlorosilane (99:1, 229 

v/v) for 45 mins at 70˚C after addition of 50 ng of 5α-cholestane as an injection standard. Derivatized 230 

polar fractions were analysed by an Agilent GC6890N-MS5973N gas chromatograph-mass 231 

spectrometer (GC-MS). 1 µL of fractions was injected in splitless mode at 280°C. Helium was used a 232 

carrier gas (1 mL/min) through a Restek Rxi5Sil MS capillary column (30 m x 0.25 mm x 0.5 µm). The 233 

oven programme started at 200°C with a first ramp at 20°C/min to 275°C, a second ramp at 0.8°C/min 234 

to 300°C, and a final ramp at 10°C/min to 310°C, held for 20 min. The transfer line temperature was 235 

set at 310°C, the ion source at 220 °C and the electron ionization was carried out at 70 eV. Detection 236 
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and semi-quantification of steroids were performed in selective ion monitoring mode (detailed 237 

information in Table S1) with internal calibration curves of standards with relevant fragments. In 238 

addition to the eleven compounds described in Harrault et al. (2019), a twelfth compound since 239 

identified as helpful for species-level biomarker fingerprinting was also targeted: 5β-epilichestanol 240 

(24-methyl-5β-cholesta-8(9),22E-dien-3α-ol). Dwelling time was 20 ms. A signal over noise ratio (SN) 241 

of 3 was used as a limit of detection and the limit of quantification was SN = 9. 242 

The 5α-sitostanol/(5α-sitostanol+sitosterol) ratio was used as proxy for post-depositional 243 

phytosterol degradation (Naafs et al., 2019). As supplementary assessments of 5β-stanol post-244 

depositional formation and 5β-stanol post-depositional epimerisation, we also generate the 24-245 

ethylcoprostanol/(24-ethylcoprostanol+sitosterol) and 24-ethylcoprostanol/24-ethylepicoprostanol 246 

ratios, respectively. 247 

 248 

2.5 Agricultural census data on livestock abundance 249 

Historical stocking densities were calculated from animal abundance data presented in June 250 

Agricultural Census (JAC) records. These are an annual survey of farm holdings which has been 251 

undertaken since the 1860s. They include land area and livestock numbers, from which we calculated 252 

sheep stocking densities (abundance per square km). To preserve confidentiality at the individual farm 253 

level, archived census data are available at local administrative levels (parish or ward), so they reflect 254 

a landscape-level average for each study site. The parish data are held in the National Archives 255 

(England) and National Records of Scotland. The JAC data were originally collected for separate 256 

projects and livestock densities were calculated slightly differently for each area.  257 

The Peak District dataset incorporates 32 parishes (totalling c.556 km2, of which c.366 km2 is 258 

classed as agricultural land). Our JAC data for the Peak District cover the area for which vegetation 259 
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maps are available since 1913, rather than the full extent of this region, and comprise approximately 260 

62% of the area encompassed by the Peak District National Park (Dallimer et al., 2009). Records were 261 

extracted every 10 years from 1900-1988 and stocking densities were calculated per square kilometre 262 

of agricultural land to reflect changes in the proportion of land used for agriculture over time (Dallimer 263 

et al., 2009; Zayed and Loft, 2019). Both the aggregated average stocking density for the 32 parishes 264 

and the individual parish density for each study site are presented to account for geographical 265 

variability and possible inaccuracies at smaller scales (Clark et al., 1983). Emlin Dike is located in 266 

Bradfield Parish (c.142 km2, 68 km2 agricultural land), while Withens Moor is located in Tinwistle parish 267 

(c.48 km2, 31.5 km2 agricultural land).  268 

Parish-level JAC data were not obtained for Hard Hill (North Pennines) because the initial 269 

project compared pollen and CFS dispersal with local grazing patterns (Davies, 2019). However, wider-270 

scale county level data are available online from the UK government Department for Environment, 271 

Food and Rural Affairs (https://www.gov.uk/government/statistical-data-sets/structure-of-the-272 

agricultural-industry-in-england-and-the-uk-at-june) and data relating to Moor House were extracted 273 

every 10 years from 1905-2016. In this case, the density of sheep is calculated per square kilometre 274 

of total agricultural land since the categories used for pastoral ground vary between surveys. 275 

Administrative boundaries also changed over the survey period: the study site has been included in 276 

JAC surveys for Westmorland (1905-1965), Cumbria (1975-1985), and East Cumbria (1995-2016). This 277 

generated significant changes in total land area between surveys (ranging from 1850-6722 km2). These 278 

boundary transition dates do not coincide with major changes in sheep density, suggesting that the 279 

administrative shifts do not have a major effect on trends in sheep densities. The 280 

Westmorland/Cumbria county-level sheep densities are compared with site-level estimates for the 281 

area within the long-term ecological experiment at Moor House (38 km2). 282 
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For Assynt, stocking densities were calculated for the whole parish (estimated at c.447 km2 283 

from the Land Cover Map 2000), rather than the area of land suitable for agriculture, to account for 284 

lack of clarity over how the area of agricultural land changed through time. To calculate sheep 285 

densities, livestock data were collated from 1866 and for each decade until 2000 (Hanley et al., 2008). 286 

The study site at Veyatie lies on the boundary of Assynt and Loch Broom parishes, but only the data 287 

for Assynt parish are presented because both study sites formed part of a single land holding (estate) 288 

until 2005. 289 

For all study areas, historical livestock densities are only presented for sheep since they were 290 

the most abundant animal type, particularly on the hills and moors where the peat cores were 291 

obtained. Currently, red deer are the main wild herbivore in Assynt, roe deer numbers are considered 292 

low in the English sites, and a small red grouse population is resident at Hard Hill, although information 293 

on their historical densities is limited. We assume that the parish and county level stocking data reflect 294 

landscape scale patterns that are representative of herbivore densities around each site as well as 295 

contributing an airborne background CFS signal, particularly when landscape-level animal densities 296 

are high (Baker et al., 2016; van Asperen et al., 2020). However, we recognise that the geographical 297 

scale of the stocking data is an imperfect match to the predominantly local production and dispersal 298 

of pollen, spore and biomarkers, and that stocking density is likely to have varied within each parish 299 

and county. 300 

 301 

2.6 Analytical approach 302 

Differences in how CFS were recorded and quantified limits comparability between previous 303 

studies. We follow the recommendation of van Asperen et al. (2021) by presenting and evaluating 304 

individual and summed CFS values in relative (percentage) and absolute (concentration, influx) 305 

formats. To examine how quantification choices can influence the CFS signal and potential correlations 306 
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with herbivore abundance, we also examine the diagnostic value of a single (e.g. Sporormiella) versus 307 

a composite (Sporomiella-Sordaria-Podospora) CFS indicator for herbivory. We examine the relative 308 

abundance of each spore type over space and time, and apply Spearman’s rank correlation coefficient 309 

to test for correlations between CFS types and between CFS and total pollen influx to better 310 

understand taphonomic influences. 311 

To address research question one on the ability of grazing proxies to track stocking densities 312 

calculated from the JAC, we compare trends in the abundance of PDI and CFS with the JAC data. Based 313 

on existing literature, we hypothesise that the CFS signal will most consistently correlate with peak 314 

stocking densities, whereas grazing indicator pollen taxa will be sensitive to variations in sheep 315 

numbers and peak animal densities (Hanley et al., 2008; Raczka et al., 2016). The relatively short 316 

timeseries in our study prevent the use of methods like changepoint analysis to assess potential causal 317 

relations (cf. Gill et al., 2012; Wood et al., 2016). Instead, we apply Spearman’s rank correlation 318 

coefficient to test for an association between indicators, using the results from the correlation above 319 

to select the most appropriate CFS quantification method. It is not possible to run a simple correlation 320 

between JAC and the palaeo-indicators because sample ages of the historical and sedimentary sources 321 

are not identical. 322 

To address the second research question on the value of faecal lipid biomarkers as an 323 

additional grazing proxy and indicator of herbivore species in peat ecosystems, we compare trends in 324 

pollen, CFS and faecal lipid biomarker abundance with local estimated sheep density and regional 325 

stocking levels at Hard Hill. We also examine whether it is possible to distinguish faecal lipid signatures 326 

of different animals based on the abundance of twelve 5β-stanol compounds. We hypothesise that 327 

faecal lipid biomarker abundance for sheep will be higher in the grazed experimental plot than the 328 

fenced exclosure plot, whereas faecal lipid biomarkers associated with red grouse will be present in 329 

similar quantities in both plots, since the fences do not exclude small animals. Bird faeces is recognised 330 
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as a poorer fungal growth substrate than mammal dung (Richardson, 2001). However, since duration 331 

and density of herbivore activity both affect the CFS signal (Kamerling et al., 2017; Goethals and 332 

Verschuren, 2020), we explore whether year-round, low density habitation by red grouse compared 333 

with seasonal low density sheep-grazing generates an identifiable faecal signal that allows the use of 334 

CFS as a proxy for bird faunas (Wood et al., 201; Baker et al., 2016). We also test whether biomarkers 335 

can be correlated with animal density (Dubois and Jacob, 2016; Zocatelli et al., 2017). 336 

 337 

3. Results 338 

3.1 Comparison of pollen and fungal indicator signals with livestock census data 339 

Summary pollen and CFS diagrams for the last 140-400 years show the dominance of open 340 

pollen assemblages, particularly Calluna vulgaris, which was the main heath species at all sites (Fig. 341 

2). Emlin Dike provides the shortest record, with the base of the 50 cm deep core dated to AD c.1870. 342 

Withens Moor provides the oldest record, with 50 cm dated to AD 830 (Davies 2016); the last 180 343 

years are shown here. Only the upper 20 cm of the Hard Hill cores were analysed since SCP abundance 344 

indicated that this spans the last c.150 years. P. lanceolata is the most abundant PDI (Fig. 2). CFS values 345 

are often higher than PDI frequencies (Fig. 3). PDI and CFS values show similar (e.g. zones WM1, 346 

HHE2a, VEY2b) and contrasting peaks and trends (e.g. zones ED3, HHG1c, AGM1b). 347 

CFS were present in the majority of samples (Table 2). The records are dominated by 348 

Sporormiella and Sordaria, with relatively scarce and discontinuous records for Podospora (Table 2, 349 

Fig. 2). Sporormiella and Sordaria frequencies are highly or well-correlated, except at Hard Hill (Table 350 

3). There are significant correlations between percentage, concentration and influx values for the CFS 351 

sums (Table 2) and only percentage values are therefore presented (Figs. 2-3). With the exception of 352 
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Withens Moor, the values for individual CFS taxa and the CFS sum do not correlate closely with TLP 353 

influx. 354 

In the Peak District and North Pennines (Westmorland/Cumbria), the JAC records show rising 355 

sheep densities from the middle of the twentieth century and a steeper increase around the AD 1970s 356 

(Fig. 3). In Assynt two maxima are recorded, at AD 1870-1880 and AD 1950-1970. Maximum livestock 357 

densities show strong regional differences, ranging from 470-500 sheep/km2 in the Peak District and 358 

Westmorland/Cumbria, to 220-320 sheep/km2 at parish level for the Peak District study sites, and a 359 

maximum of just 60 sheep/km2 in Assynt, the northernmost study area. On finer spatial scales, 360 

stocking trends are rather variable, with Bradfield Parish (including the relatively dry moorland around 361 

Emlin Dike) following the regional trend, whereas Tintwistle Parish (including extensive blanket peat 362 

on Withens Moor) shows a more modest and shorter-lived rise (Fig. 3b). Local grazing levels at Hard 363 

Hill are also significantly lower than county-level densities and have declined since the start of the 364 

ecological experiment in 1954 rather than following the county-level rise (Fig. 3a). 365 

The CFS and PDI records show both sustained trends and single sample peaks or declines (Fig. 366 

2). Based on the finding that percentages are representative of CFS trends (Table 3) and similar tests 367 

of PDI percentages against concentration and influx (all significant at p<0.05 or p<0.1, not shown), 368 

Spearman correlation shows that the relationships between CFS and PDI vary from positive (strongest 369 

in Assynt), to slightly negative (strongest for the Hard Hill exclosure site), but all are non-significant 370 

(Table 4). This indicates that dung and vegetation indicators provide differing information regarding 371 

herbivores. 372 

To compare patterns between the grazing proxies and sheep density records, we focus on 373 

periods when stocking densities underwent marked, often multi-decadal shifts, and on trends that are 374 

maintained for three or more samples in each proxy record before considering shorter-lived CFS and 375 

pollen peaks associated with JAC maxima (Fig. 3). Twentieth-century increases in sheep densities 376 
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correspond with rising CFS values at Veyatie (AD 1930-1940) and Withens Moor (AD 1960-2000). At 377 

Emlin Dike, a sustained rise in CFS abundance (AD 1980-2000) begins during the steep increase in 378 

sheep numbers (AD 1960-2000). At Hard Hill, the county-level rise in sheep density from the 1950s to 379 

1990s corresponds with an on-site reduction in sheep numbers, during which CFS abundance falls (AD 380 

1950-1980) and then rises in both cores. In Assynt, single sample peaks and declines in CFS at Allt na 381 

Glaic Moire and Veyatie coincide with the AD 1880 peak and subsequent fall in sheep numbers. 382 

Many PDI trends go in the opposite direction to JAC values. These include reductions in PDI 383 

abundance at Withens Moor (AD 1915-70), both Hard Hill plots (AD 1955-2000) and Veyatie (AD 1870-384 

1900) as regional sheep densities rise, and a recovery in PDI frequencies in the grazed Hard Hill plot 385 

(AD 1995-2010) and at Allt na Glaic Moire (AD 1965-1995) as JAC values fall. PDI values at Emlin Dike 386 

show no clear trends and sustained falls in PDI at Allt na Glaic Moire (AD 1875-1940) and Veyatie (AD 387 

1915-1980) occur through both rising and falling sheep densities. 388 

If only peaks are compared, CFS maxima correspond with JAC maxima at Allt na Glaic Moire 389 

(AD 1880, 1915), Veyatie (AD 1880, 1940), the Hard Hill grazed plot (AD 1995-2000), Withens Moor 390 

(AD 2000) and Emlin Dike (AD 2000). PDI abundances display minima with peak stocking densities at 391 

Allt na Glaic Moire (AD 1965) and Withens Moor (AD 1975). 392 

 393 

3.2 Faecal lipid biomarkers as an additional proxy for herbivory 394 

The steroid content of grouse faeces was analysed for the first time as part of this project. Red 395 

grouse faeces contains low amounts of steroids and is dominated by sitosterol, with low amounts of 396 

other sterols and 5α-stanols and 5α-stanones; no 5β-stanols and 5β-stanones were detected (Table 397 

S2). The black grouse sample has higher concentrations of steroids overall, dominated by sitosterol 398 

and containing significant amounts of 24-ethylcoprostanol, with the other steroids detected in lower 399 
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amounts (Fig. 4). In contrast, sheep faeces are richer in steroids, and are dominated by 24-400 

ethylcoprostanol, followed by sitosterol, 5α-sitostanol, 24-ethylepicoprostanol and coprostanol, and 401 

lower contributions of other steroids. 402 

The steroids in the Hard Hill samples are largely dominated by sitosterol, and contain lower 403 

amounts of 5α-sitostanol and very low amounts of other stanols and stanones, with no particular 404 

differences between the exclosure and grazed plot (Table S2). In both profiles, the concentration of 405 

5β-stanols is low and consists mainly of 24-ethylcoprostanol and 24-ethylepicoprostanol, except for 406 

one sample in the exclosure, which displays significant contributions of coprostanol, epicoprostanol 407 

and 5β-campestanol (Fig. 5). None of the peat sample 5β-stanol distributions match the reference 408 

samples of grouse or sheep faeces. In both peat sequences, the 5α-sitostanol/(5α-409 

sitostanol+sitosterol) ratio tends to decrease with depth, while the 24-ethylcoprostanol/(24-410 

ethylcoprostanol+sitosterol) and the 24-ethylcoprostanol/24-ethylepicoprostanol ratios do not 411 

display particular trends (Fig. 5). The stanol/sterol ratios do not show clear differences between the 412 

exclosure and the grazed plot. These findings indicate that it is not appropriate to apply a Spearman 413 

test to the relationship between faecal lipid biomarkers and CFS or PDI data. 414 

 415 

4. Interpretation and discussion 416 

4.1 Selection and quantification of grazing proxies 417 

Significant correlations between Sporormiella and Sordaria, the two most abundant CFS types, 418 

show that composite CFS abundance can be used to represent trends (Table 3). This correlation 419 

indicates that using multiple CFS taxa or the aggregate abundance of CFS may be preferable to relying 420 

on one fungal type alone: similar signals in multiple spore types can strengthen the evidence, while 421 

uncorrelated signals may provide complementary evidence for ecosystem or fungal processes (van 422 
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Asperen et al., 2021). Reasons for the abundance of particular coprophilous spores cannot yet be 423 

explained, such as the scarcity of Podospora in this study compared with its abundance in van Asperen 424 

et al. (2020), but providing this basic information on the CFS assemblage remains important for 425 

developing our understanding of the method. Strong correlations between percentage, concentration 426 

and influx values for the CFS sum suggest that the choice of quantification method does not 427 

significantly affect CFS trends in this study, despite marked changes in dominant vegetation at Emlin 428 

Dike and Withens Moor (Wood and Wilmshurst, 2013; Davies, 2016). With the exception of Withens 429 

Moor, the frequency of individual spore types and the CFS sums do not correlate closely with TLP 430 

influx, confirming that, in peat, fungal spores enter the record via a different pathway to pollen (van 431 

Asperen et al., 2020) and/or that the digestive, depositional and microenvironmental attributes that 432 

control the abundance of CFS are very different from the floristic dispersal mechanisms that 433 

determine pollen abundance (Bunting et al., 2013; Perrotti and van Asperen, 2019). 434 

 435 

4.2 The use of CFS to understand changing herbivore density 436 

At the scale of regions and counties, the JAC show strong trends over the last c.100 years (Fig. 437 

3), marked by rising sheep densities from the middle of the twentieth century (post-WWII) and a 438 

steeper increase around the 1970s linked to UK entry into the European Economic Community 439 

(Condliffe, 2009). On finer spatial scales, the stocking trends are more variable, reflecting variations in 440 

ecology and land management decisions (Dallimer et al., 2009). Lower stocking densities in Assynt 441 

reflect lower productivity in more northerly regions and reduced levels between 1880 and 1950 may 442 

reflect vulnerability to competition from more productive areas in the UK and abroad (Hanley et al., 443 

2008). These marked national and regional scale trends provide a suitable context for analysing the 444 

sensitivity and replicability of our CFS and pollen signals to grazing dynamics. 445 
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The palaeoecological results present a mixed but complementary picture regarding the 446 

potential of CFS and PDI to track changing herbivore density through time. The three main findings 447 

are: (1) that trends in JAC and CFS are similar for more periods and sites than for JAC and PDI, (2) 448 

where the timing of trends does coincide, PDI values tend to show an inverse relationship with 449 

stocking levels, and (3) the most consistent correlation between stocking data and palaeoecological 450 

indicators occurs at peak herbivory levels, when CFS maxima occur in all study regions. We evaluate 451 

the CFS findings before discussing the pollen results. 452 

Our study indicates that CFS consistently reflect high or peak herbivore levels. Late twentieth 453 

century CFS maxima are recorded at all sites except Veyatie, where a peak in CFS frequencies at AD 454 

c.1935 may reflect the increase in sheep densities from AD 1930-1950. In addition, there is good 455 

correspondence between late nineteenth century AD maxima in sheep density and CFS at both Assynt 456 

sites (Fig. 3). CFS abundance also tracks rising herbivory levels, with similar trends in spore and 457 

stocking curves detected for some periods at all sites, but this evidence is less consistent than peak 458 

correlations. For instance, rising CFS abundance through the twentieth century AD at Emlin Dike, 459 

Withens Moor and Veyatie corresponds with sustained regional increases in sheep density, while CFS 460 

values from Allt na Glaic Moire and Veyatie correspond with both the regional peak and decline in 461 

sheep stocks during the late nineteenth century AD. In contrast, CFS frequencies at Hard Hill do not 462 

consistently correspond with either locally declining or regionally rising sheep densities since AD 463 

c.1950. Overall, this strengthens evidence derived from lakes that CFS are reliable indicators of high 464 

or peak herbivore levels (Gelorini et al., 2012; Raczka et al., 2016) and should be used cautiously to 465 

infer animal population dynamics. In the present study, this applies across drier and wetter moor- and 466 

peatland communities and different grazing levels, which provides increased confidence in the 467 

sensitivity of this indicator. 468 
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It is not unexpected to find that CFS abundance does not always follow regional-level stocking 469 

trends, since local environmental factors, husbandry decisions and animal feeding preferences all 470 

influence the distribution of herbivores, and CFS production and dispersal (Parker and Williams, 2012; 471 

van Asperen et al., 2020, 2021). In peat sequences, which are dominated by fungal spore production 472 

and dispersal on scales of c.10-100 m, these factors generate spatial variability in the CFS record 473 

(Kamerling et al., 2017; van Asperen et al., 2020). Farm-level stocking decisions may, for instance, 474 

explain why the mid-twentieth century peak in sheep at parish level is evident at Veyatie, but not at 475 

Allt na Glaic Moire. Multiple cores are therefore needed to understand how variations in herbivore 476 

population size over time influence ecological mosaics in heterogeneous upland terrain (Ejarque et 477 

al., 2011; Ghosh et al., 2017). Spatially detailed historical grazing records are seldom available to test 478 

interactions on finer spatial scales (Davies and Watson, 2007). In this study, even the smallest scale 479 

stocking record, from Hard Hill, relates to a more extensive area than the estimated fungal spore and 480 

pollen dispersal distances (Davies, 2019). This emphasises the importance of using multiple proxies to 481 

produce robust reconstructions of herbivore abundance and impact on peatlands, particularly when 482 

only a single coring site is available. At a landscape scale, it is important to emphasise that there are 483 

good regional matches in Assynt around the 1870-1890 JAC peak and in the Pennines around the AD 484 

2000 maximum in sheep densities (Fig. 3), indicating that there can be consistent correlations at peak 485 

stocking densities, beyond what might be anticipated for locally-dispersed indicators. As a result, 486 

regional-scale trends can be recorded, despite locally heterogeneous grazing patterns. 487 

In contrast to the positive relationship between CFS and JAC, the abundance of PDI repeatedly 488 

shows an inverse relationship with sheep densities. This applies to both trends and peak levels. At 489 

their peak, sheep herbivory exceeded the capacity for Calluna regeneration in the Peak District and 490 

Cumbria (Anderson and Yalden, 1981; Hulme et al., 2002; Pakeman et al., 2003). In combination with 491 

the competition and regeneration pressures brought about by burning and atmospheric pollution, 492 

high intensity grazing is likely to have reduced flowering, even in taxa that are generally considered 493 
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tolerant of grazing and trampling (Sagar and Harper, 1964; Davies, 2016). This can explain patterns in 494 

the Peak District. In contrast, the establishment of the ecological experiment at Hard Hill in the AD 495 

1950s decoupled stocking from the regional trend and decades of sheep exclusion have generated an 496 

increase in Calluna cover on exclosed blanket bog (Milligan et al., 2016). Declines in Plantago, in 497 

particular, around the mid-twentieth century may therefore reflect the local reduction in stocking 498 

levels (Davies, 2019) (Fig. 2). Although JAC stocking densities in Assynt remained below levels that are 499 

currently considered to be ecologically damaging, some heath communities may have been sensitive 500 

to prolonged grazing under northerly growing conditions, leading to a decline in PDI at Allt na Glaic 501 

Moire from AD 1875-1965, whereas CFS peaks coincide with higher JAC values around AD 1875 and 502 

1915 (Holden et al., 2007; Hanley et al., 2008; Davies, 2011). PDI and CFS signals thus provide 503 

complementary sources of evidence for high intensity grazing, where ‘high’ is defined in terms of the 504 

sensitivity of the ecosystem to grazing pressure. 505 

 506 

4.3 The use of faecal lipid biomarkers as a proxy for grazing on peatland 507 

In contrast to CFS and pollen, faecal lipid biomarkers were not an effective proxy for herbivore 508 

presence or stocking levels. The low concentrations and low diversity of 5β-stanols and 5β-stanones 509 

in the peat samples from Hard Hill, the absence of clear differences between the grazed and ungrazed 510 

plots, and limited correspondence with local stocking data or CFS profiles suggest that these 511 

biomarkers cannot be reliably used to detect low density herbivore populations on blanket peat. While 512 

this conclusion is based on a relatively small number of samples from one study area, the results from 513 

both peat cores were comparable and the low concentrations and diversity of 5β-stanols and 5β-514 

stanones are comparable to the only previous peatland faecal lipid biomarker study, as indicated 515 

below. There may be several reasons for this. 516 
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First, since peats are made up of plant materials, their lipid assemblage is dominated by plant-517 

derived sitosterol and its main metabolite, 5α-sitostanol, which may have diluted the signal of faecally-518 

derived 5β-metabolites (5β-stanols and 5β-stanones). However, our analyses were conducted in 519 

selected ion monitoring (SIM) mode to overcome this limitation, by targeting specific and significant 520 

diagnostic fragments. Moreover, our extraction procedure was similar to that applied by Argiriadis et 521 

al. (2020) to blanket peat and similar concentrations of 5α-stanols and Δ5-sterols were recorded in 522 

both studies, suggesting that low abundance may be characteristic of sites with low herbivore 523 

densities. While Argiriadis et al. suggest that concentrations of 5β-stanols (coprostanol and 524 

epicoprostanol) below 0.5 μ/g may be attributable to human activities, our results indicate that such 525 

low values may be below robust interpretation limits. 526 

The second possible explanation for the low abundance of 5β-stanols, post-depositional 527 

degradation, seems unlikely, since there were no visible decreasing trends with depth/age of the 24-528 

ethylcoprostanol/(24-ethylcoprostanol + sitosterol) and the 24-ethylcoprostanol/24-529 

ethylepicoprostanol ratios (Fig. 5). On the contrary, the post-depositional formation of 5α-sitostanol 530 

from sitosterol is highlighted by the increase with depth/age of the 5α-sitostanol/(5α-531 

sitostanol+sitosterol) ratio (Fig. 5). These results suggest that selective degradation of phytosterol 532 

occurs in peat sequences, but it seems limited for ‘faecal’ 5β-stanols. 533 

The third and most likely explanation for the low abundance of 5β-metabolites is the low 534 

density of sheep grazing the site, and the hyper-local mechanisms by which lipids enter peat 535 

sequences. Sheep densities on the blanket peat at Hard Hill may be as low as 10-30 sheep/km2 (Rawes 536 

and Welch, 1969). At this density, considering that a sheep can defecate c.369 g of dry faeces per day 537 

(Welch, 1982), and that stanol concentrations are c.2000 μg per gram of dry faeces (Table S3), and 538 

assuming that dung deposition has been homogeneous in the area since the beginning of the 539 

experiment, then the maximum concentration of 5β-stanol which could be encountered in the peat 540 
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sample would be c.9-154 μg/g (detailed calculation in Table S3). Even at these low input 541 

concentrations, at least some 5β-stanols should be detectable in the peat samples, but this was not 542 

the case, as the samples contained few 5β-stanols except for 24-ethylcoprostanol and 24-543 

ethylepicoprostanol. In contrast, the modern reference sample of sheep faeces from Hard Hill 544 

contained all twelve 5β-stanols (Fig. 4). Stanol concentrations are more diverse in the exclosure plot 545 

and higher in the lower sections of both Hard Hill cores (Fig. 5). This corresponds with regionally stable 546 

stocking levels prior to the local reduction in sheep numbers after the experiment began. While this 547 

signal could therefore be attributed to localised faecal inputs, the 5β-stanol signature is not 548 

comparable to those of grouse or sheep dung pellets. This reinforces the conclusion that the input of 549 

sheep faecal material was too low to be detected by the current methodology. The very local 550 

deposition and integration of faecal lipid biomarkers on peat occurs on a finer spatial scale than the 551 

dispersal and deposition of pollen and fungal spores through wind and water, and this is likely to 552 

contribute to differential sensitivity of these proxies. 553 

Finally, it should be noted that the grouse faecal reference samples did not present a clear 554 

lipid fingerprint, which limits our ability to differentiate between animal species on the basis of their 555 

faecal lipid biomarker signature using current reference materials. The presence of 5β-stanols in the 556 

grouse faeces from Sweden, and their absence from the grouse faeces from Hard Hill, suggests that 557 

faeces composition can vary with locality, due to its influence over diet and gut microbiota (Leeming 558 

et al., 1996). This highlights the importance of expanding faecal lipid biomarker databases in 559 

environmental and geoarchaeological studies to ensure that locally representative material is 560 

available and to provide a better understanding of intra-species variability (Prost et al., 2017; Harrault 561 

et al., 2019). 562 

 563 

5. Conclusions 564 
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In a study of centennial grazing dynamics on peat using pollen and CFS with the addition of 565 

faecal lipid biomarkers in one of three study areas, we find that (i) peak CFS abundance provides a 566 

more consistent indicator of ‘high’ (meaning ecologically influential) herbivore levels across a range 567 

of peat and moorland ecosystems than of variations in animal abundance through time; (ii) inverse 568 

relationships between PDI and stocking densities indicate that the decline or loss of grazing-tolerant 569 

taxa provides a reliable indicator of high levels of herbivory when accompanied by high CFS 570 

abundance; and (iii) at low herbivore densities, faecal lipid biomarkers are not an effective indicator 571 

of herbivore presence, abundance or identity in peatlands. 572 

These findings reinforce and extend evidence derived from lakes that CFS are reliable 573 

indicators of high or peak herbivore levels. CFS abundance tracks rising and falling herbivory levels in 574 

some cases, but this relationship is not consistent enough to allow quantitative reconstructions of 575 

herbivore population size through time. Given this uncertainty and differential sensitivity to grazing 576 

amongst plant species, ‘high’ or ‘peak’ herbivore levels should be defined in terms of ecological 577 

sensitivity and impacts, rather than (relative) animal abundance. Our results emphasise the 578 

differential sensitivity of each indicator, reflecting the differing mechanisms and spatial scales of 579 

dispersal and deposition. These differences in sensitivity can generate complementary insights in 580 

multiproxy studies. For instance, peak CFS and low PDI suggest herbivory levels above ecological 581 

carrying capacity, rather than low grazing levels – the potential inference if pollen alone is used. The 582 

presence of CFS and PDI with low faecal lipid biomarker concentrations and poor representation of 583 

the major lipid compounds found in reference dung samples suggests low herbivory levels, below the 584 

functional ecological threshold for the ecosystem. In this situation, variations in CFS or PDI should be 585 

interpreted with caution. As this represents the first peatland study to compare faecal lipid biomarkers 586 

with CFS and PDI and derives from one area, further testing is required, but our findings stress the 587 

importance of using multiple lines of evidence when working with diffuse faecal sources, like those 588 

associated with wide-ranging animals, rather than concentrations of animals within settlements or 589 
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corrals. More validation work is required on sites with a moderate to high grazing intensity to establish 590 

whether faecal lipid biomarkers can provide evidence for animal presence/absence and identify grazer 591 

species on peatlands and buried soil sequences, or whether the method should only be applied to lake 592 

sediments which may concentrate the signal from the catchment. The potential of faecal lipids to 593 

differentiate which species of grazers were present presents an exciting opportunity for 594 

understanding trophic diversity and interactions, but our reference samples suggest that faeces lipid 595 

composition can vary with environment for functionally similar animals, such as grouse. While this 596 

result derives from a small sample, it is an important consideration in studies where past vegetation 597 

assemblages differ from modern reference conditions or non-analogue communities are inferred. 598 

 599 

Acknowledgements 600 

This research was supported by the Ecological Continuity Trust small grants scheme, the Quaternary 601 

Research Fund of the Quaternary Research Association, the RELU programme of the UK Research 602 

Councils and by the Leverhulme Trust (F/00241/C and RPG-2019-258). 603 

 604 

Data availability 605 

Raw pollen and fungal spore data from the Peak District and Assynt have been archived in 606 

http://dx.doi.org/10.5255/UKDA-SN-6791-1. Raw pollen and fungal spore data from the North 607 

Pennines are being prepared for archiving in Neotoma.  608 

 609 

References 610 

https://doi.org/10.1016/j.palaeo.2022.111032
http://dx.doi.org/10.5255/UKDA-SN-6791-1


Accepted, peer-reviewed version of: Davies AL, Harrault L, Milek K, McClymont EL, Dallimer M, 
Hamilton A, Warburton J (2022) A multiproxy approach to long-term herbivore grazing dynamics in 
peatlands based on pollen, coprophilous fungi and faecal biomarkers. Palaeogeography, 
Palaeoclimatology, Palaeoecology 598: 111032. https://doi.org/10.1016/j.palaeo.2022.111032  
 

27 
 

Albon SD, McLeod J, Potts J, Brewer M, Irvine J, Towers M, Elston D, Fraser D, Irvine RJ. (2017) 611 

Estimating national trends and regional differences in red deer density on open-hill ground in 612 

Scotland: identifying the causes of change and consequences for upland habitats. Scottish Natural 613 

Heritage Commissioned Report No. 981. 614 

Anderson DG, Harrault L, Milek KB, Forbes BC, Kuoppamaa M, Plekhanov AV. (2019) Animal 615 

domestication in the high Arctic: Hunting and holding reindeer on the I͡Amal peninsula, northwest 616 

Siberia. J. Anthropol. Archaeol. 55: 101079. 617 

Anderson P, Yalden DW. (1981) Increased Sheep Numbers and the Loss of Heather Moorland in the 618 

Peak District, England. Biol. Conserv. 20: 195-213. 619 

Argiriadis E, Battistel D, McWethy DB, Vecchiato M, Kirchgeorg T, Kehrwald NM, Whitlock C, 620 

Wilmshurst JM, Barbante C (2018) Lake sediment fecal and biomass burning biomarkers provide 621 

direct evidence for prehistoric human-lit fires in New Zealand. Sci. Rep. 8:12113. 622 

Argiriadis E, Martino M, Segnana M, Poto L, Vecchiato M, Battistel D, Gambaro A, Barbante C. (2020) 623 

Multi-proxy biomarker determination in peat: Optimized extraction and cleanup method for 624 

paleoenvironmental application. Microchem. J. 156: 104821. 625 

Baker AG, Bhagwat SA, Willis KJ. (2013) Do dung fungal spores make a good proxy for past 626 

distribution of large herbivores? Quat. Sci. Rev. 62: 21-31. 627 

Baker AG, Cornelissen P, Bhagwat SA, Vera FWM, Willis KJ. (2016) Quantification of population sizes 628 

of large herbivores and their long-term functional role in ecosystems using dung fungal spores. 629 

Methods Ecol. Evol. 7: 1273–1281. 630 

Bakker ES, Gill JL, Johnson CN, Vera FWM, Sandom CJ, Asner GP, Svenning J-C. (2016) Combining 631 

paleo-data and modern exclosure experiments to assess the impact of megafauna extinctions on 632 

woody vegetation. Proc. Natl. Acad. Sci. 113: 847–855. 633 

https://doi.org/10.1016/j.palaeo.2022.111032


Accepted, peer-reviewed version of: Davies AL, Harrault L, Milek K, McClymont EL, Dallimer M, 
Hamilton A, Warburton J (2022) A multiproxy approach to long-term herbivore grazing dynamics in 
peatlands based on pollen, coprophilous fungi and faecal biomarkers. Palaeogeography, 
Palaeoclimatology, Palaeoecology 598: 111032. https://doi.org/10.1016/j.palaeo.2022.111032  
 

28 
 

Behre K-E. (1981) The interpretation of anthropogenic indicators in pollen diagrams. Pollen et Spores 634 

23: 225-245. 635 

Bennett KD (1994) Annotated catalogue of pollen and pteridophyte spore types of the British Isles. 636 

School of Geography, Archaeology and Palaeoecology, Queen’s University, Belfast. 637 

http://www.chrono.qub.ac.uk/pollen/pc-intro.html 638 

Berglund BE, Gaillard MJ, Bjorkman L, Persson T. (2008) Long-term changes in floristic diversity in 639 

southern Sweden: palynological richness, vegetation dynamics and land-use. Veg. Hist. Archaeobot. 640 

17: 573-583. 641 

Bonn A, Allott T, Hubacek K, Stewart J. (eds.) Drivers of environmental change in uplands. Routledge, 642 

Abingdon. 643 

Bradshaw RHW, Hannon GE, Lister AM. (2003) A long-term perspective on ungulate-vegetation 644 

interactions. For. Ecol. Manag. 181: 267-280. 645 

Broström A, Sugita S, Gaillard MJ, Hjelle K, Mazier F, Binney H, Bunting J, Fyfe R, Meltsov V, Poska A, 646 

Rasanen S, Soepboer W, Stedingk H, Suutari H, Sugita S. (2005) Estimating the spatial scale of pollen 647 

dispersal in the cultural landscape of southern Sweden. The Holocene 15: 252-262. 648 

Bull ID, Lockheart MJ, Elhmmali MM, Roberts DJ, Evershed RP. (2002) The origin of faeces by means 649 

of biomarker detection. Environ. Int. 27: 647-654. 650 

Bunting MJ. (2003) Pollen-vegetation relationships in non-arboreal moorland taxa. Rev Palaeobot 651 

Palynol. 125: 285-298. 652 

Bunting MJ, Farrell M, Broström A, Hjelle KL, Mazier F, Middleton R, Nielsen AB, Rushton E, Shaw H, 653 

Twiddle CL. (2013) Palynological perspectives on vegetation survey: a critical step for model-based 654 

reconstruction of Quaternary land cover. Quat. Sci. Rev. 82: 41-55. 655 

https://doi.org/10.1016/j.palaeo.2022.111032
http://www.chrono.qub.ac.uk/pollen/pc-intro.html


Accepted, peer-reviewed version of: Davies AL, Harrault L, Milek K, McClymont EL, Dallimer M, 
Hamilton A, Warburton J (2022) A multiproxy approach to long-term herbivore grazing dynamics in 
peatlands based on pollen, coprophilous fungi and faecal biomarkers. Palaeogeography, 
Palaeoclimatology, Palaeoecology 598: 111032. https://doi.org/10.1016/j.palaeo.2022.111032  
 

29 
 

Chambers F, Crowle A, Daniell J, Mauquoy D, McCarroll J, Sanderson N, Thom T, Toms P, Webb J. 656 

(2017) Ascertaining the nature and timing of mire degradation: using palaeoecology to assist future 657 

conservation management in Northern England. AIMS Environ. Sci. 4: 54-82. 658 

Clark G, Knowles DJ, Phillips HL. (1983) The Accuracy of the Agricultural Census. Geogr. 68: 115-120. 659 

Clifford T, Mackenzie N. (2017) Herbivore Impact Assessment of Ardvar Woodlands SSSI woodland 660 

features. Scottish Natural Heritage Commissioned Report No. 968.  661 

Condliffe, I. (2009) Policy change in the uplands, in: Bonn A, Allott T, Hubacek K, Stewart J. (eds.) 662 

Drivers of environmental change in uplands. Routledge, Abingdon, pp. 59-89. 663 

Coppock JT. (1976) An agricultural atlas of Scotland. Donald, Edinburgh. 664 

D’Anjou RM, Bradley RS, Balascio NL, Finkelstein DB. (2012) Climate impacts on human settlement 665 

and agricultural activities in northern Norway revealed through sediment biogeochemistry. Proc. 666 

Natl. Acad. Sci. 109: 20332-20337. 667 

Dallimer M, Tinch D, Acs S, Hanley N, Southall HR, Gaston KJ, Armsworth PR. (2009) 100 years of 668 

change: examining agricultural trends, habitat change and stakeholder perceptions through the 20th 669 

century. J. Appl. Ecol. 46: 334-343. 670 

Danielsson H and Sjövall J. (1985) Sterols and bile acids. Elsevier, Amsterdam. 671 

Davies AL. (2011) Long-term approaches to native woodland restoration: Palaeoecological and 672 

stakeholder perspectives on Atlantic forests of Northern Europe. For. Ecol. Manag. 261: 751-763. 673 

Davies AL. (2016) Late Holocene regime shifts in moorland ecosystems: high resolution data from 674 

the Pennines, UK. Veg. Hist. Archaeobot. 25: 207-219. 675 

Davies AL. (2019) Dung fungi as an indicator of large herbivore dynamics in peatlands. Rev. 676 

Palaeobot. Palynol. 271: 104108. 677 

https://doi.org/10.1016/j.palaeo.2022.111032


Accepted, peer-reviewed version of: Davies AL, Harrault L, Milek K, McClymont EL, Dallimer M, 
Hamilton A, Warburton J (2022) A multiproxy approach to long-term herbivore grazing dynamics in 
peatlands based on pollen, coprophilous fungi and faecal biomarkers. Palaeogeography, 
Palaeoclimatology, Palaeoecology 598: 111032. https://doi.org/10.1016/j.palaeo.2022.111032  
 

30 
 

Davies AL, Watson F. (2007) Understanding the changing value of natural resources: an integrated 678 

palaeoecological-historical investigation into grazing-woodland interactions by Loch Awe, Western 679 

Highlands of Scotland. J. Biogeogr. 34: 1777-1791. 680 

Davis OK. (1987) Spores of the dung fungus Sporormiella: Increased abundance in historic sediments 681 

and before Pleistocene megafaunal extinction. Quat. Res. 28: 290-294. 682 

Davis OK, Shafer DS. (2006) Sporormiella fungal spores, a palynological means of detecting herbivore 683 

density. Palaeogeogr. Palaeoclimatol. Palaeoecol. 237: 40-50. 684 

Dubois N, Jacob J. (2016) Molecular Biomarkers of Anthropic Impacts in Natural Archives: A Review. 685 

Front. Ecol. Evol. 4: doi: 10.3389/fevo.2016.00092. 686 

Edwards KJ, Fyfe RM, Hunt CO, Schofield EJ. (2015) Moving forwards? Palynology and the human 687 

dimension. J. Archaeol. Sci. 56: 117–132. 688 

Ejarque A, Miras Y, Riera S. (2011) Pollen and non-pollen palynomorph indicators of vegetation and 689 

highland grazing activities obtained from modern surface and dung datasets in the eastern Pyrenees. 690 

Rev. Palaeobot. Palynol. 167: 123-139. 691 

Garnett MH, Ineson P, Stevenson AC. (2000) Effects of burning and grazing on carbon sequestration 692 

in a Pennine blanket bog, UK. The Holocene 10: 729-736. 693 

Gelorini V, Ssemmanda I, Verschuren D. (2012) Validation of non-pollen palynomorphs as 694 

paleoenvironmental indicators in tropical Africa: Contrasting ~200-year paleolimnological records of 695 

climate change and human impact. Rev. Palaeobot. Palynol. 186: 90-101. 696 

Ghosh R, Paruya DK, Acharya K, Ghorai N, Bera S. (2017) How reliable are non-pollen palynomorphs 697 

in tracing vegetation changes and grazing activities? Study from the Darjeeling Himalaya, India. 698 

Palaeogeogr. Palaeoclimatol. Palaeoecol. 475: 23-40. 699 

https://doi.org/10.1016/j.palaeo.2022.111032


Accepted, peer-reviewed version of: Davies AL, Harrault L, Milek K, McClymont EL, Dallimer M, 
Hamilton A, Warburton J (2022) A multiproxy approach to long-term herbivore grazing dynamics in 
peatlands based on pollen, coprophilous fungi and faecal biomarkers. Palaeogeography, 
Palaeoclimatology, Palaeoecology 598: 111032. https://doi.org/10.1016/j.palaeo.2022.111032  
 

31 
 

Gill JL. (2014) Ecological impacts of the late Quaternary megaherbivore extinctions. New Phytol. 201: 700 

1163-1169. 701 

Gill JL, McLauchlan KK, Skibbe AM, Goring S, Zirbel CR, Williams JW. (2013) Linking abundances of 702 

the dung fungus Sporormiella to the density of bison: implications for assessing grazing by 703 

megaherbivores in palaeorecords. J. Ecol. 101: 1125-1136. 704 

Gill JL, Williams JW, Jackson ST, Donnelly JP, Schellinger GC. (2012) Climatic and megaherbivory 705 

controls on late-glacial vegetation dynamics: a new, high-resolution, multi-proxy record from Silver 706 

Lake, Ohio. Quat. Sci. Rev. 34: 66-80. 707 

Goethals L, Verschuren D. (2020) Tracing ancient animal husbandry in tropical Africa using the fossil 708 

spore assemblages of coprophilous fungi: a validation study in western Uganda. Veg. Hist. 709 

Archaeobot. 29: 509-526. 710 

Grimm EC. (1987) CONISS: a FORTRAN 77 program for stratigraphically constrained cluster analysis 711 

by the method of incremental sum of squares. Comput. Geosci. 13: 13-35. 712 

Guillemot T, Bichet V, Gauthier E, Zocatelli R, Massa C, Richard H. (2017) Environmental responses of 713 

past and recent agropastoral activities on south Greenlandic ecosystems through molecular 714 

biomarkers. The Holocene 27: 783-795. 715 

Guillemot T, Zocatelli R, Bichet V, Jacob J, Massa C, Le Milbeau C, Richard H, Gauthier E. (2015) 716 

Evolution of pastoralism in Southern Greenland during the last two millennia reconstructed from bile 717 

acids and coprophilous fungal spores in lacustrine sediments. Org. Geochem. 81: 40-44. 718 

Hanley N, Davies A, Angelopoulos K, Hamilton A, Ross A, Tinch D, Watson F. (2008) Economic 719 

determinants of biodiversity change over a 400 year period in the Scottish uplands. J. Appl. Ecol. 45: 720 

1557-1565. 721 

https://doi.org/10.1016/j.palaeo.2022.111032


Accepted, peer-reviewed version of: Davies AL, Harrault L, Milek K, McClymont EL, Dallimer M, 
Hamilton A, Warburton J (2022) A multiproxy approach to long-term herbivore grazing dynamics in 
peatlands based on pollen, coprophilous fungi and faecal biomarkers. Palaeogeography, 
Palaeoclimatology, Palaeoecology 598: 111032. https://doi.org/10.1016/j.palaeo.2022.111032  
 

32 
 

Harrault L, Milek K, Jardé E, Jeanneau L, Derrien M, Anderson, DG. (2019) Faecal biomarkers can 722 

distinguish specific mammalian species in modern and past environments. PLoS ONE 14: e0211119. 723 

Holden J, Shotbolt L, Bonn A, Burt TP, Chapman PJ, Dougill AJ, Fraser EDG, Hubacek K, Irvine B, Kirkby 724 

MJ, Reed MS, Prell C, Stagl S, Stringer LC, Turner A, Worrall F. (2007) Environmental change in 725 

moorland landscapes. Earth-Sci. Rev. 82: 75-100. 726 

Hulme PD, Merrell BG, Torvell L, Fisher JM, Small JL, Pakeman RJ. (2002) Rehabilitation of degraded 727 

Calluna vulgaris (L.) Hull-dominated wet heath by controlled sheep grazing. Biol. Conserv. 107: 351-728 

363. 729 

Jeffers ES, Whitehouse NJ, Lister A, Plunkett G, Barratt P, Smyth E, Lamb P, Dee MW, Brooks SJ, Willis 730 

KJ, Froyd CA, Watson JE, Bonsall MB, Williams J. (2018) Plant controls on Late Quaternary whole 731 

ecosystem structure and function. Ecol. Lett. 21: 814-825. 732 

JNCC. (2011) Towards an assessment of the state of UK Peatlands. JNCC, 733 

http://jncc.defra.gov.uk/page-5861. 734 

Kamerling IM, Schofield JE, Edwards KJ, Aronsson K-Å. (2017) High-resolution palynology reveals the 735 

land use history of a Sami renvall in northern Sweden. Veg. Hist. Archaeobot. 26: 369-388. 736 

Kuneš P, Abraham V, Herben T. (2019) Changing disturbance-diversity relationships in temperate 737 

ecosystems over the past 12000 years. J. Ecol. 107: 1678– 1688. 738 

Lee H, Alday JG, Rose RJ, O'Reilly J, Marrs RH. (2013) Long-term effects of rotational prescribed 739 

burning and low-intensity sheep grazing on blanket-bog plant communities. J. Appl. Ecol. 50: 625-740 

635. 741 

Leeming R, Ball A, Ashbolt N, Nichols P. (1996) Using faecal sterols from humans and animals to 742 

distinguish faecal pollution in receiving waters. Water Res. 30: 2893-2900. 743 

https://doi.org/10.1016/j.palaeo.2022.111032
http://jncc.defra.gov.uk/page-5861


Accepted, peer-reviewed version of: Davies AL, Harrault L, Milek K, McClymont EL, Dallimer M, 
Hamilton A, Warburton J (2022) A multiproxy approach to long-term herbivore grazing dynamics in 
peatlands based on pollen, coprophilous fungi and faecal biomarkers. Palaeogeography, 
Palaeoclimatology, Palaeoecology 598: 111032. https://doi.org/10.1016/j.palaeo.2022.111032  
 

33 
 

Mackay H, Davies KL, Robertson J, Roy L, Bull ID, Whitehouse NJ, Crone A, Cavers G, McCormick F, 744 

Brown AG, Henderson ACG. (2020) Characterising life in settlements and structures: Incorporating 745 

faecal lipid biomarkers within a multiproxy case study of a wetland village. J. Archaeol. Sci. 121: 746 

105202. 747 

Mackenzie AS, Brassell SC, Eglinton G, Maxwell JR. (1982) Chemical fossils: the geological fate of 748 

steroids. Sci. 217: 491-504. 749 

Milligan G, Rose RJ, Marrs RH. (2016) Winners and losers in a long-term study of vegetation change 750 

at Moor House NNR: Effects of sheep-grazing and its removal on British upland vegetation. Ecol. 751 

Indic. 68: 89-101. 752 

Miola A. (2012) Tools for Non-Pollen Palynomorphs (NPPs) analysis: A list of Quaternary NPP types 753 

and reference literature in English language (1972–2011). Rev. Palaeobot. Palynol. 186: 142-161. 754 

Mitchell FJG. (2005) How open were European primeval forests? Hypothesis testing using 755 

palaoecological data. J. Ecol. 93: 168-177. 756 

Moore PD, Webb JA, Collinson ME. (1991) Pollen Analysis, second ed. Blackwell Scientific 757 

Publications, Oxford. 758 

Naafs BDA, Inglis GN, Blewett J, McClymont EL, Lauretano V, Xie S, Evershed RP, Pancost RD. (2019) 759 

The potential of biomarker proxies to trace climate, vegetation, and biogeochemical processes in 760 

peat: A review. Glob. Planet. Change 179: 57-79. 761 

Ortiz JE, Sánchez-Palencia Y, Torres T, Domingo L, Mata MP, Vegas J, Sánchez España J, Morellón M, 762 

Blanco L. (2016) Lipid biomarkers in Lake Enol (Asturias, Northern Spain): Coupled natural and 763 

human induced environmental history. Org. Geochem. 92: 70-83. 764 

https://doi.org/10.1016/j.palaeo.2022.111032


Accepted, peer-reviewed version of: Davies AL, Harrault L, Milek K, McClymont EL, Dallimer M, 
Hamilton A, Warburton J (2022) A multiproxy approach to long-term herbivore grazing dynamics in 
peatlands based on pollen, coprophilous fungi and faecal biomarkers. Palaeogeography, 
Palaeoclimatology, Palaeoecology 598: 111032. https://doi.org/10.1016/j.palaeo.2022.111032  
 

34 
 

Pakeman RJ, Hulme PD, Torvell L, Fisher JM. (2003) Rehabilitation of degraded dry heather [Calluna 765 

vulgaris (L.) Hull] moorland by controlled sheep grazing. Biol. Conserv. 114: 389-400. 766 

Parker NE, Williams JW. (2012) Influences of climate, cattle density, and lake morphology on 767 

Sporormiella abundances in modern lake sediments in the US Great Plains. The Holocene 22: 475-768 

483. 769 

Perrotti AG, van Asperen E. (2019) Dung fungi as a proxy for megaherbivores: opportunities and 770 

limitations for archaeological applications. Veg. Hist. Archaeobot. 28: 93–104. 771 

Prost K, Birk JJ, Lehndorff E, Gerlach R, Amelung W. (2017) Steroid Biomarkers Revisited – Improved 772 

Source Identification of Faecal Remains in Archaeological Soil Material. PLoS ONE 12: e0164882. 773 

Raczka MF, Bush MB, Folcik AM, McMichael CH. (2016) Sporormiella as a tool for detecting the 774 

presence of large herbivores in the Neotropics. Biota Neotropica 16: e20150090. 775 

Rawes M. (1983) Changes in Two High Altitude Blanket Bogs after the Cessation of Sheep Grazing. J. 776 

Ecol. 71: 219-235. 777 

Rawes M, Welch D. (1969) Upland productivity of vegetation and sheep at Moor House National 778 

Nature Reserve, Westmorland, England. Oikos Suppl. 11: 1-69. 779 

Richardson MJ. (2001) Diversity and occurrence of coprophilous fungi. Mycol. Res. 105: 387-402. 780 

Rose NL, Appleby PG. (2005) Regional applications of lake sediment dating by spheroidal 781 

carbonaceous particle analysis I: United Kingdom. J. Paleolimnol. 34: 349-361. 782 

Sagar GR, Harper JL. (1964) Plantago Major L., P. Media L. and P. Lanceolata L. J. Ecol. 52: 189-221. 783 

Setchell KDR, Kritchevsky D, Nair PP. (1988) The Bile Acids: Chemistry, Physiology, and Metabolism. 784 

Springer, New York. 785 

https://doi.org/10.1016/j.palaeo.2022.111032


Accepted, peer-reviewed version of: Davies AL, Harrault L, Milek K, McClymont EL, Dallimer M, 
Hamilton A, Warburton J (2022) A multiproxy approach to long-term herbivore grazing dynamics in 
peatlands based on pollen, coprophilous fungi and faecal biomarkers. Palaeogeography, 
Palaeoclimatology, Palaeoecology 598: 111032. https://doi.org/10.1016/j.palaeo.2022.111032  
 

35 
 

Shillito L-M, Blong JC, Green EJ, van Asperen EN. (2020) The what, how and why of archaeological 786 

coprolite analysis. Earth-Sci. Rev.: 103196. 787 

Stevenson AC, Thompson DBA. (1993) Long-term changes in the extent of heather moorland in 788 

upland Britain and Ireland: palaeoecological evidence for the importance of grazing. The Holocene 3: 789 

70-76. 790 

Stivrins N, Cerina A, Gałka M, Heinsalu A, Lõugas L, Veski S. (2019) Large herbivore population and 791 

vegetation dynamics 14,600–8300 years ago in central Latvia, northeastern Europe. Rev. Palaeobot. 792 

Palynol. 266: 42-51. 793 

Stockmarr J. (1971) Tablets with spores used in absolute pollen analysis. Pollen et Spores 13, 615–794 

621. 795 

Thompson DBA, MacDonald AJ, Marsden JH, Galbraith CA. (1995) Upland heather moorland in Great 796 

Britain: a review of international importance, vegetation change and some objectives for nature 797 

conservation. Biol. Conserv. 71: 163-178. 798 

van Asperen EN, Kirby JR, Hunt CO. (2016) The effect of preparation methods on dung fungal spores: 799 

Implications for recognition of megafaunal populations. Rev. Palaeobot. Palynol. 229: 1-8. 800 

van Asperen EN, Kirby JR, Shaw HE. (2020) Relating dung fungal spore influx rates to animal density 801 

in a temperate environment: Implications for palaeoecological studies. The Holocene 30: 802 

0959683619875804. 803 

Van Asperen EN, Perrotti A, Baker A, (2021) Coprophilous fungal spores: non-pollen palynomorphs 804 

for the study of past megaherbivores. In: Marret F, O'Keefe J, Osterloff P, Pound M, Shumilovskikh L. 805 

(eds.): Applications of Non-Pollen Palynomorphs: from Palaeoenvironmental Reconstructions to 806 

Biostratigraphy. Geological Society of London Special Publications 511, 245-267. 807 

https://doi.org/10.1016/j.palaeo.2022.111032


Accepted, peer-reviewed version of: Davies AL, Harrault L, Milek K, McClymont EL, Dallimer M, 
Hamilton A, Warburton J (2022) A multiproxy approach to long-term herbivore grazing dynamics in 
peatlands based on pollen, coprophilous fungi and faecal biomarkers. Palaeogeography, 
Palaeoclimatology, Palaeoecology 598: 111032. https://doi.org/10.1016/j.palaeo.2022.111032  
 

36 
 

van Geel B, Aptroot A, Baittinger C, Birks HH, Bull ID, Cross HB, Evershed RP, Gravendeel B, 808 

Kompanje EJO, Kuperus P, Mol D, Nierop KGJ, Pals JP, Tikhonov AN, van Reenen G, van Tienderen 809 

PH. (2008) The ecological implications of a Yakutian mammoth's last meal. Quat. Res. 69: 361-376. 810 

van Geel B, Guthrie RD, Altmann JG, Broekens P, Bull ID, Gill FL, Jansen B, Nieman AM, Gravendeel B. 811 

(2011) Mycological evidence of coprophagy from the feces of an Alaskan Late Glacial mammoth. 812 

Quat. Sci. Rev. 30: 2289-2303. 813 

Ward SE, Bardgett RD, McNamara NP, Adamson JK, Ostle NJ. (2007) Long-term consequences of 814 

grazing and burning on northern peatland carbon dynamics. Ecosyst. 10: 1069-1083. 815 

Welch D. (1982) Dung properties and defecation characteristics in some Scottish herbivores, with an 816 

evaluation of the dung-volume method of assessing occupance. Acta Theriologica 27: 191-212. 817 

Wood JR, Wilmshurst JM. (2013) Accumulation rates or percentages? How to quantify Sporormiella 818 

and other coprophilous fungal spores to detect late Quaternary megafaunal extinction events. Quat. 819 

Sci. Rev. 77: 1-3. 820 

Wood JR, Wilmshurst JM, Turney CSM, Fogwill CJ. (2016) Palaeoecological signatures of vegetation 821 

change induced by herbivory regime shifts on subantarctic Enderby Island. Quat. Sci. Rev. 134: 51-822 

58. 823 

Zayed Y, Loft P. (2019) Agriculture: historical statistics. Briefing paper. House of Commons Library. 824 

https://commonslibrary.parliament.uk/research-briefings/sn03339/  825 

Zocatelli R, Lavrieux M, Guillemot T, Chassiot L, Le Milbeau C, Jacob J. (2017) Fecal biomarker 826 

imprints as indicators of past human land uses: Source distinction and preservation potential in 827 

archaeological and natural archives. J. Archaeol. Sci. 81: 79-89. 828 

  829 

https://doi.org/10.1016/j.palaeo.2022.111032
https://commonslibrary.parliament.uk/research-briefings/sn03339/


Accepted, peer-reviewed version of: Davies AL, Harrault L, Milek K, McClymont EL, Dallimer M, 
Hamilton A, Warburton J (2022) A multiproxy approach to long-term herbivore grazing dynamics in 
peatlands based on pollen, coprophilous fungi and faecal biomarkers. Palaeogeography, 
Palaeoclimatology, Palaeoecology 598: 111032. https://doi.org/10.1016/j.palaeo.2022.111032  
 

37 
 

Tables 830 

Table 1. Location and current ecology of each sampling site, including dominant vegetation cover 831 

and main herbivore species present, with estimated animal density where recent data are available. 832 

Site and location Current ecology and sampling site 

Peak District: Emlin Dike (ED) 

53° 25’ 55” N 01° 39’ 27” W, 390 m OD 

Calluna-dominated dwarf shrub heath and blanket bog. Red 

grouse present year-round, summer sheep grazing. 

Sediment core from flushed fen in natural drainage channel 

(placename element ‘dike’ refers to the stream). 

Peak district: Withens Moor (WM) 

53° 31’ 09” N 01° 50’ 59” W, 440 m OD 

Molinia and Juncus-dominated grassmoor overlying deep 

blanket peat. Summer sheep grazing. Sediment core from 

sloping deep blanket peat. 

North Pennines: Hard Hill 

experimental plots (HHE, HHG) on 

Moor House NNR 

54° 41’ 30” N 02° 23’ 57” W, 590 m 

OD 

Intact Calluna-Eriophorum blanket peat. Red grouse 

present year-round in low numbers with high interannual 

variability (c.25-140 grouse/km2, low density summer 

sheep grazing (c.10-30 sheep/km2, roe deer numbers 

considered very low (Davies, 2019). Peat cores from 30 x 30 

m unfenced experimental plot (Hard Hill grazed, HHG) and 

exclosure plot (Hard Hill exclosure, HHE), around 80 m 

apart, both established 1954. 

Assynt: Allt na Glaic Moire (AGM) 

58° 08’ 33” N 04° 57’ 10” W, 204 m OD 

Mosaic of base-rich grassland, acidic wet heath and blanket 

peat. Red deer resident (see above), summer sheep grazing. 

Peat core from c.5 m diameter valley-side flushed basin. 

Assynt: Veyatie (VEY) 

58° 03’ 41” N 05° 03’ 04” W, 120 m OD 

Undulating blanket peat with fragmentary Betula woodland 

along south shore of loch. Red deer resident (c.7-9 
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deer/km2 across Assynt; Albon et al., 2017). Peat core from 

c.10-15 m diameter basin in blanket peat. 

 833 

Table 2. Summary of fungal spore counts showing the dominance of Sporormiella and Sordaria, and 834 

the range of variability in abundance within and between sites. Influx data were not calculated at 835 

Hard Hill House owing to the less robust chronology. CFS percentage, concentration and influx 836 

values are averages with minimum and maximum values in brackets. Sites: ED = Emlin Dike, WM = 837 

Withens Moor, HHE = Hard Hill exclosure (ungrazed), HHG = Hard Hill grazed, AGM = Allt na Glaic 838 

Moire, VEY = Veyatie. 839 

 
ED WH HHE HHG AGM VEY 

Estimated age range 

(AD) 

1866-2008 830-2008 1850-2019 1850-2019 1570-2008 1580-2008 

Total no. spores counted 1298 341 260 181 1129 294 

Sporormiella total count 1250 69 173 109 573 90 

Sordaria total count 45 265 87 70 538 201 

Podospora total count 3 7 0 2 18 3 

Samples with CFS 17 of 20 

(85%) 

19 of 24 

(79%) 

13 of 13 

(100%) 

14 of 14 

(100%) 

24 of 26 

(92%) 

18 of 23 

(82% 

Samples with 

Sporormiella (% total 

no.) 

15 (75%) 18 (75%) 12 (92%) 13 (93%) 21 (81%) 15 (65%) 

Samples with Sordaria 

(% total no.) 

17 (85%) 17 (71%) 12 (92%) 13 (93%) 22 (85%) 17 (74%) 

Samples with Podospora 

(% of total no.) 

3 (15%) 4 (17 %) 0 2 (14%) 11 (42%) 3 (13%) 
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CFS percentages 21.1 (0, 

373.5) 

4.1 (0, 

14.2) 

4.3 (0.6, 

13.3) 

2.4 (0.2, 

5.7) 

13.0 (9.3, 

40) 

4.4 (0, 

16.8) 

CFS concentration 

(spores/cm3) 

4594.4 (0, 

79157) 

2947.6 (0, 

17798) 

993.2 (162, 

2226) 

1236.5 (78, 

2914) 

3454.4 (0, 

12078) 

958.9 (0, 

5630) 

CFS influx 

(spores/cm2/yr) 

3051.2 (0, 

52772) 

294.4 (0, 

2083) 

n/a n/a 438.5 (0, 

1441) 

92.5 (0, 

462) 

 840 

Table 3. Spearman rank correlation between fungal spore types and between fungal spores and total 841 

pollen influx. Significant results (p<0.05) are shown in bold font. ρ = Spearman’s coefficient. Conc = 842 

concentration. n/a = data not available. Podospora was not tested separately analysis due to 843 

infrequent occurrence. Data relate to the full age range of each sequence (see Table 2). Sites: AGM = 844 

Allt na Glaic Moire, VEY = Veyatie, ED = Emlin Dike, WM = Withens Moor, HHE = Hard Hill exclosure 845 

(ungrazed), HHG = Hard Hill grazed. 846 

Site Statistic Sporormiella

-Sordaria (%) 

Sporormiella

-Sordaria 

(conc) 

Sporormiella

-Sordaria 

(influx) 

CFS %-

conc 

CFS%-

influx 

Sporormiella

-TLP (influx) 

Sordaria

-TLP 

(influx) 

CFS-TLP 

(influx) 

ED ρ 0.287 0.505 0.627 0.855 0.863 0.206 0.435 0.346 

 
p-value 0.220 0.023 0.003 0.000 0.000 0.383 0.055 0.135 

WM ρ 0.682 0.750 0.826 0.934 0.944 0.676 0.694 0.722 

 
p-value 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

HHE ρ 0.080 -0.055 n/a 0.905 n/a n/a n/a n/a 

 
p-value 0.796 0.863 n/a 0.000 n/a n/a n/a n/a 

HHG ρ 0.142 0.297 n/a 0.763 n/a n/a n/a n/a 

 
p-value 0.628 0.302 n/a 0.001 n/a n/a n/a n/a 

AGM ρ 0.688 0.645 0.609 0.887 0.933 -0.084 0.307 0.143 
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p-value 0.000 0.000 0.001 0.000 0.000 0.684 0.127 0.486 

VEY ρ 0.828 0.809 0.821 0.969 0.962 -0.182 -0.183 -0.181 

 
p-value 0.000 0.000 0.000 0.000 0.000 0.405 0.404 0.409 

 847 

Table 4. Spearman rank correlation between summed CFS and PDI data, expressed as percentages of 848 

TLP. Symbols and abbreviations are identical to those used in Table 3. 849 

Site Rho p-value 

ED -0.05555557 0.816 

WM -0.1015763 0.7534 

HHE -0.2248278 0.4602 

HHG 0.1431718 0.6253 

AGM 0.3750857 0.1379 

VEY 0.40645 0.1681 

 850 

  851 
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Figure captions 852 

Figure 1. Locations of study sites, showing parish and county boundaries that define the geographical 853 

extent of the agricultural census data. (a) North Pennines, (b) Peak District, and (c) Assynt. 854 

Figure 2. Summary diagrams for each site over the last 140-400 years, showing changes in the 855 

dominant pollen types and the frequencies of pollen disturbance indicators (PDI) and coprophilous 856 

fungal spores (CFS) over time (%TLP). Peak District: (a) Emlin Dike, (b) Withens Moor; North Pennines: 857 

(c) Hard Hill exclosure plot, (d) Hard Hill grazed plot; Assynt: (e) Allt na Glaic Moire and (f) Veyatie. 858 

Clear curves show x10 exaggeration for clarity. 859 

Figure 3. Comparison of corprophilous fungal spores (CFS) and pollen disturbance indicators (PDI) 860 

with sheep stocking density over the last c.200 years for (a) Peak District: Emlin Dike (ED) and 861 

Withens Moor (WM), (b) North Pennines: Hard Hill exclosed (HHE) and grazed (HHG) plots, and (c) 862 

Assynt: Allt na Glaic Moire (AGM) and Veyatie (VEY). CFS sum shown in solid line and triangles, PDI 863 

sum shown in dotted line and open circles. Sheep densities for the Peak District are shown as the 32 864 

parish average (solid line and filled squares) and at individual parish-level for Bradfield (location of 865 

ED, open squares) and Tintwhistle (location of WM, crossed squares). Sheep densities for Hard Hill 866 

are shown at county level (solid line and filled squares), and NNR level (dotted line and open 867 

squares). Vertical blue bars show peak sheep densities from JAC data and dotted green lines show 868 

start of experiment at Hard Hill in 1954. Note differences in y-axis scales (truncated axis for single 869 

high CFS value at ED, high CFS abundance at AGM, lower CFS and PDI abundances at HHG, and lower 870 

sheep density in Assynt). 871 

Figure 4. Distribution of 5β-stanols in faecal reference samples. Black bars represent pellets from a 872 

black grouse sampled in Suollagavallda, Sweden, and grey bars represent sheep faeces from Hard Hill. 873 

Red grouse sample from Hard Hill is not shown as steroid content was very low. Compound details 874 

can be found in Table S1. 875 
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Figure 5. Variations in (a) 5β-stanol concentration and distribution and steroid ratio variations of 876 

peat sequences from Hard Hill exclosure (left) and grazed plot (right), relative to (b) CFS and PDI 877 

frequencies, and (c) regional and local sheep densities. 5β-stanol distributions show, from black to 878 

very light grey, respectively: coprostanol, epicoprostanol, 5β-campestanol, 24-ethylcoprostanol and 879 

24-ethylepicoprostanol. CFS sum shown in solid line and triangles, PDI sum shown in dotted line and 880 

open circles. Sheep densities shown at county (solid line and filled squares) and NNR levels (dotted 881 

line and open squares). Vertical blue bars show peak sheep densities from JAC data and dotted 882 

green lines show start of experiment at Hard Hill in 1954. Note differences in y-axis scales between 883 

sites. 884 
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