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Untangling nutrient co-regulation of ombrotrophic peatland development
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Chiverrell, R. C., Schillereff, D. N., Russell, F. E., Valentine, J., Kirby, J. R., Wilkinson, D. M. & Boyle, J. E.:
Untangling nutrient co-regulation of ombrotrophic peatland development. Boreas. https://doi.org/10.1111/
bor.70031. ISSN 0300-9483.

Ombrotrophic peatlands are the largest terrestrial store of global carbon (C). While hydroclimate controls over peat-
land development are well known, the importance of nutrient fluxes has been researched less. Atmospheric nutrient
fluxes to peatlands have increased with human activity in recent centuries. Here we explore the interplay of nutrient
and hydroclimate drivers at Holcroft Moss (northwest England), a lowland ombrotrophic peatland typical of many
across northern Europe. Parallel multi-proxy characterization of the organic matter composition and nutrient accu-
mulation rates shows a sequence dominated by switches between fresh less decomposed layers and more decomposed
peat containing abundant recalcitrant organic compounds. Hydroclimate variability governs much of the stratigra-
phy. Shifts to wetter conditions appear to trigger periods of reduced decomposition centred c. 3450, 2600-2500, 2225,
2060, 2000, 1825, 1650-1610, 1540, 1480, 1260, 1125, 1000, 740-720 and 600-550 cal. a BP. In addition, elevated N
and P deposition beginning ~1000 cal. a BP, accelerating ~500 years cal. a BP, has led to changes in the co-behaviour
between hydroclimate, peat composition and C accumulation rates. Long-term carbon/nutrient accumulation rates at
Holcroft Moss are high compared to other UK peatlands measured to date. Higher nutrient fluxes from human activ-
ities will persist through the 21st century, with the implications for long-term peatland resilience and this important
carbon sink unclear. Restoration and management of peatlands understandably focus on hydrology and vegetation,
but we show a parallel need to consider nutrient deposition, which will vary site by site.

Richard C. Chiverrell (rchiv@liverpool.ac.uk), Fiona E. Russell and John F. Boyle, Department of Geography and
Planning, University of Liverpool, Roxby Building, Liverpool L69 7ZT, UK; Daniel N. Schillereff, Department of Geog-
raphy, King'’s College London, Bush House North East Wing, 30 Aldwych, WC2B4BG London, UK Julie Valentine and
Jason R. Kirby, School of Biological and Environmental Science, Liverpool John Moores University, Byrom Street, Liv-
erpool, Merseyside L3 3AF, UK, David M. Wilkinson, School of Natural Sciences, University of Lincoln, Brayford Pool,

Lincoln LN6 7TS, UK; received 7th March 2025, accepted 24th July 2025.

Carbon (C) sequestration is a fundamental ecological
process and important in the context of global change
(Wilkinson 2023). Northern extratropical peatlands
form the largest surface terrestrial store of global carbon
and comprise approximately 500 Pg of the global soil car-
bon pool (Yu et al. 2010; Loisel et al. 2014, 2017).
Ombrotrophic peatlands are regulated heavily by chang-
ing surface wetness (Barber 1981; Clymo 1983, 1984b;
Gore 1983; Charman 2002; Barber & Charman 2014)
and so are coupled to the balance between precipitation
inputs and evapotranspiration losses. This coupling
means that peat stratigraphy often preserves signals of
past hydroclimate (Charman et al. 2004, 2006, 2013),
although not always, given how autogenic peatland pro-
cesses can respond to climate (Swindles et al. 2012).
Given their nutrient-limited status, human-amplified
nutrient deposition also impacts on the biogeochemical
cycling of peatlands globally and affects carbon storage
(Aerts et al. 1992; Toberman et al. 2015; Schillereff
et al. 2021). These impactsinclude variations in primary
productivity, decomposition and changes in peatland
vegetation. The replacement of mosses (e.g. Sphagnum)
by grasses and shrubs that have higher nutrient demands
is becoming a common observation (McClymont
et al. 2009; Swindles et al. 2015). These changes are
happening in concert with changes in moisture regimes
and climate warming (Mauquoy & Barber 1999a; Swin-
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dles et al. 2015), but also conversely, have included tran-
sitions from meso-oligotrophic fens to bogs with an
expansion of Sphagnum (Magnan et al. 2018).
Research to untangle these hydroclimatic and nutrient
drivers has largely involved fertilization experiments.
Shifts in vegetation composition, microbial activity
and rates of carbon sequestration have all been observed
in response to N and P fertilization, admittedly against
a backdrop of already elevated nutrient deposition
(Limpens et al. 2004, 2006; Fritz et al. 2012; Lin
et al. 2014). This type of experimental work, however,
does not represent the full range of historical nutrient
deposition rates, and results seem to show year-on-year
transience in experiments that monitor on a timescale of
days to a maximum of a couple of decades (Vitousek
et al. 1997; Holland et al. 1999; Legrand et al. 2023).
It is less clear how these results capture the decadal to
millennial botanical and biogeochemical dynamics of
peatland evolution. Peat stratigraphical studies have
investigated how vegetation composition, organic mat-
ter characteristics and decomposition co-vary, but most
consider only one or two components (e.g. effects of N or
P on C accumulation) (Schillereff ez al. 2021; Yang
et al. 2023). Schillereff et al. (2021) using a database
of P=N=C stoichiometry compiled for deep mid-
latitude ombrotrophic peatlands, found that long-term
elevated P deposition and accumulation correlated
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strongly with increased organic matter decomposition
and lower C accumulation. Though based on relatively
few sites globally (n = 12) (Schillereff et al. 2021), those
long-term patterns contrast with studies that show
short-term increases in P supply stimulate C accumula-
tion (Limpens et al. 2006; Fritz et al. 2012).

Palaeoenvironmental records have been accessed from
peatlands for more than a century (Blytt 1876;
Weber 1903; Sernander 1908; von Post 1909; Gran-
lund 1932). Ombrotrophic peatlands grow, accumulate
mass and sequester C when the production of vegetation
outpaces the decay of organic matter. Living plants take
up C through photosynthesis from atmospheric carbon
dioxide (CO,) for the most part, with an additional con-
tribution via the fixation of ‘old’ CO, from soil respira-
tion (Kilian et al. 1995; Chambers et al. 2011). Cislost
from peatlands via decay processes both as gaseous loss
(CO,, CHy) to the atmosphere and aqueous loss from
drainage to watercourses. Most of the vegetation decay
takes place aerobically in the surface layers of peat above
the water table. The aerobic breakdown and decomposi-
tion of plant matter into organic compounds (e.g. humic
acid) is termed ‘humification’, but decay continues also
under anaerobic conditions at a much slower rate by
microbial digestion and release of primary minerals
and CO,/CHy. Techniques used traditionally to measure
the state of decay or humification of peat are based on
either quantifying the degradation of plant remains or
the accumulated decay products, and increasingly use
more complex genomic, spectroscopic and calorific
methods in their quantification (Biester et al. 2014;
Zaccone et al. 2018).

Peatland development research often addresses one
or two factors, even though the effects on carbon seques-
tration are typically multifaceted and compound or
interactive (e.g. hydroclimate, N, P, etc) (Tipping
et al. 2017; Schillereff er al. 2021). Here we explore
how hydroclimatic and nutrient factors interact using
high-resolution proxy data reconstructing long-term
changes in peatland development spanning ~4300 years
from a radiocarbon dated sequence at Holcroft Moss
(northwest England). New and previously published
(Birks 1965; Garcés-Pastor et al. 2023) pollen investi-
gations for Holcroft Moss provide information on
changing regional land cover. Plant macrofossil and sub-
fossil testate amoebae records for Holcroft Moss provide
information on peatland vegetation and long-term
changing water tables (e.g. Charman et al. 1999, 2006;
Amesbury et al. 2016). Multi-method characterization
of the organic matter stratigraphy was conducted quan-
tifying the organic components and functional groups by
Fourier transform Infrared (FTIR), Fourier transform
near-infrared (FT-NIR) spectroscopy, thermogravi-
metric analysis (TGA) and measuring the concentra-
tions of total humic compounds (e.g. alkali extraction
methods). Geochemical methods were used to determine
nutrient (e.g. C, N, P, K, Ca) concentrations and accumu-
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lation rates. The aim is to assess the interplay of nutrient
and hydroclimate drivers on peatland development for a
lowland ombrotrophic system typical of many across
NW Europe.

Site background and methods

Study site, fieldwork and subsampling

Holcroft Moss is part of a swath of lowland ombro-
trophic bogs west and north of Manchester (Fig. 1)
(Birks 1965; Leah et al. 1997; Valentine et al. 2013;
Fletcher & Ryan 2018; Garcés-Pastor et al. 2023). Chat
Moss, the largest expanse of peat, occupied formerly an
area>42 km?, with Holcroft Moss>2.25 km?and Risley
Moss further west >7 km? (Leah et al. 1997). These
peatlands have been heavily denuded by drainage, con-
version to agricultural lands and commercial peat
extraction. As a Site of Special Scientific Interest (SSSI)
and National Nature Reserve (NNR), Holcroft Moss is
the only intact remnant of the former central dome and
the only area of uncut lowland bog in Cheshire
(Birks 1965; Leah et al. 1997). Restoration work has
been undertaken at Holcroft Moss by Cheshire Wildlife
Trust, designed to maintain water retention on the bog
(Valentine et al. 2013). Purple moor grass (Molinia caer-
ulae) is presently the dominant vegetation, but restora-
tion efforts have increased the abundance of Erica
tetralix, Vaccinium, Eriophorum and Sphagnum species.
In 2012, two bisecting transects of cores confirmed a con-
sistent stratigraphical sequence that was relatively
unchanged from Birks (1965). Three parallel duplicate
master core profiles were recovered from the centre of
the site (53.4354°N, 2.4753°W) with analysis focused
on a single master profile (Fig. 1). Water contents were
estimated using the ratio of coherent to incoherent
X-ray scattering data obtained during wet whole-core
scanning at 5 mm intervals on a GEOTEK/Olympus
DELTA uXRF Multi-Sensor Core Logger (Geotek-
MSCL) (Boyle et al. 2015). Down-core profiles for
water content (%) were used to calculate peat dry mass
accumulation rates checked against spot measurements
of volumetric wet and dry mass.

Geochronology

Age control for the peat sequence was secured by 13
Accelerator Mass Spectrometer (AMS) '*C measure-
ments supported by the use of near surface airborne pol-
lution markers dated independently within the region.
These included atmospheric airfall Pb (Le Roux
et al. 2004; Goldsmith et al. 2013), Spheroidal Carbo-
naceous Particles (SCPs) (Rose & Appleby 2005; Garcé
s-Pastor et al. 2023), and mineral dusts (Ti and Zr)
linked to adjacent motorway construction and opening.
The "*C measurements were all obtained for handpicked
plant macrofossils, mostly Sphagnum remains, to negate



BOREAS

« Stratigraphy
A Core sites

0 0.1 0.2km

Nutrient co-regulation of ombrotrophic peatland development 3

T 1
0 120 240 km

Fig. 1. Holcroft Moss (NW England) showing the core transects and the triangle (53.4354°N, 2.4753°W) denoting the location of the three dupli-
cate cores (HM2012). Aerial imagery © Getmapping PLC and contains OS data © Crown copyright (2020).

issues associated with the dating of peat bulk or organic
fractions (Kilian et al. 1995)and downward penetration
of vascular plantroots (Table 1).'*C measurementswere
conducted at both the Scottish Universities Environ-
mental Research Centre (SUERC) and Beta Analytic
(Beta) radiocarbon laboratories.

Palaeoecology

The palacoecology analyses focused on quantifying the
amoebic protists (testate amoebae), macrofossil plant
remains and subfossil pollen. Pollen preparations fol-
lowed standard procedures (Moore et al. 1991), with
identification and counting at 400 x using a Zeiss Axiovi-
sion phase contrast light microscope with reference
to Moore et al. (1991) and the Liverpool John Moores

University pollen reference collection. All pollen/spore
counts were converted to percentages of land pollen
and plotted using TGview software (Grimm 1991)
(Fig. S1). Plant macrofossil analyses followed a modified
quadrate and leaf count procedure (Mauquoy &
Barber 1999b; Chiverrell 2001) that involved quantifica-
tion of the major macrofossil components under low
power microscopy using a randomized 10 x 10 mm grid
in petri dishes. Decile scores (1-10) were given to each
component per 100 mm?squares, except for macroscopic
charcoal fragments which were counted. The major com-
ponents: total Sphagnum, Monocotyledon, Ericaceous,
other Bryophytes and Unidentifiable Organic Matter
(UOM) remains were totalled and converted to percent-
ages. To subdivide the Sphagnum into species, 100 leaves
were identified and counted under a microscope (x400)
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Tuable 1. Accelerator mass spectrometer '*C measurements and pollutant age-depth chronological markers.

Sample ID/Lab. Age Error Depth Chronological materials Median 1 sigma range 1 sigma range
code (a BP) (a) (cm) (cal. a BP) (cal. a BP) (cal. a BP) (max.)
(min.)
Top of profile —62 1 0 Top of core = sample date —62 —63 —61
SCP-peak -27 5 8 Peak in SCPs (Fig. 2A) —28 —34 -23
M62 built —-10 5 15 Dust deposition (Fig. 2A) -6 —12 -0
SCP rise 0 10 15 SCP rise (Fig. 2A) -6 -12 -0
Pb-rise 50 15 26 Sharp rise in Pb (Fig. 2A) 88 79 97
Base-Pb 100 30 31 Airfall Pb onset (Fig. 2A) 125 108 147
HM15 'C age 220 37 4] 14C age (Garcés-Pastor et al. 2023) 83 74 92
Beta-301556 680 30 50 Sphagnum spp. remains 575 563 592
SUERC-43137 894 38 76 Sphagnum spp. remains 756 749 848
SUERC-43138 1069 38 103 Sphagnum spp. remains 1028 971 1054
Beta-326587 1290 30 116 Sphagnum spp. remains 1165 1099 1204
SUERC-43139 1394 35 133 Sphagnum spp. remains 1290 1208 1312
SUERC-43140 1483 36 158 Sphagnum spp. remains 1398 1363 1465
Beta-326588 1810 30 204 Sphagnum spp. remains 1721 1691 1763
SUERC-43141 1892 38 217 Sphagnum spp. remains 1819 1777 1866
SUERC-43142 2179 38 250 Sphagnum spp. remains 2123 2067 2162
Beta-301555 2210 30 266 Sphagnum spp. remains 2237 2182 2284
SUERC-43143 2420 38 320 Sphagnum spp. remains 2664 269 2692
SUERC-43146 2808 38 352 Eriophorum vaginatum and 2992 2923 3100
Sphagnum
Beta-301557 3890 30 404 Bulk plant remains 4071 3709 4248

(following Daniels & Eddy 1990) and then expressed as
proportions of the total Sphagnum.

Subfossil protozoa (testate amoebae) were extracted
and identified following standard procedures (Ogden &
Hedley 1980; Hendon & Charman 1997; Charman
et al. 2000; Booth 2010; Amesbury et al. 2016) and
quantified by counting at least 100 individual tests in each
subsample (Payne & Mitchell 2009). Water table depth
(WTD) reconstructions were obtained from the testate
count percentages using a tolerance-downweighted
weighted averaging model with inverse de-shrinking
(WA-Tol inv) in the European transfer function of Ames-
buryet al. (2016) implemented in R (R Core Team 2020).
Detrended correspondence analysis (DCA) (Fig. S2) was
also applied to the testate amoebae data to characterize
the most significant relationships between species and
in the subfossil stratigraphy (Ter Braak & Prentice 1989;
Ter Braak 1995; Woodland et al. 1998).

Physical properties and geochemistry

Major element and trace metal dry mass specific con-
centrations were determined using a Bruker S2 Ranger
Energy-Dispersive X-ray fluorescence (ED-XRF): Si,
Al P, S, Ca, Mg, Cl, K, Fe, Mn, Ti (mg gfl); As, Ba,
Br, Cu, Ga, Pb, Ni, Nb, RD, Sr, Y, Zn, Zr (ug g_l).
Freeze-dried subsamples at 10 mm intervals were hand
ground, pressed and measured under a Helium
atmosphere under combined Pd and Co excitation
radiation and using a high resolution, low spectral
interference silicon drift detector. The ED-XRF
undergoes daily standardization procedures and has

accuracies verified using 18 certified reference materials
(e.g. Boyle et al. 2015; Schillereff et al. 2015). Total
carbon (C) and total nitrogen (N) were measured using
a Thermo Scientific Flash Smart Elemental Analyser.
The C stratigraphy of peat sequences in ratio to N
has also been used as an imperfect measure of peat
decay with lower C:N if more decomposed (Malmer
& Holm 1984; Kuhry & Vitt 1996; Biester et al. 2014).
We calculated the ratio of total carbon to total nitrogen
(C:N) as the molar ratio.

Peat humification, thermogravimetry, infrared and
near-infrared spectrometry

The organic composition of the peat was characterized
using a multi-method approach. The degree of peat
humification, broadly the concentration of humic com-
pounds, was measured using an alkali extraction proce-
dure that digested 1 gofdried ground peat in 8% sodium
hydroxide (NaOH). Percentage light transmission
through a filtered (Whatman No. 1) extract was mea-
sured at 540 nm using the average of three repeats on a
Jenway 6305 Ultraviolet/Visual spectrophotometer
(Blackford & Chambers 1993). The organic content
was analysed by pyrolysis (Yanget al. 2007), with differ-
ential scanning calorimetry (DSC) and thermogravime-
try (TGA) recorded sequentially on a PerkinElmer
STA6000 by heating samples 20 °C min~' across the
range 20-720 °C under a dynamic nitrogen air flow
(10 L h™"). Two high purity indium and silver standards
(both 99.99%) were used to calibrate the STA6000 for
both temperature (°C) and enthalpy (J g~') (Yang
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et al. 2007). The TGA data were smoothed and
expressed as mass loss 1st derivatives (mg).

FT-NIR spectra were measured on homogenized and
hand-pressed dried samples at 10 mm contiguous inter-
vals. All NIRS combined 24 scans collected at 40 cm ™!
intervals across the range 3595-12 500 cm™! on a
Bruker MPA spectrometer. NIRS, focusing 8000—
3800 cm ' as containing the key organic spectral struc-
ture, were converted to 1st derivatives using a centrally
weighted 9-point Savitzky—Golay smoothing algorithm
minimizing noise. Data-transposed (depths as columns
and wavenumbers rows) Principal Components Analysis
(tPCA) using the Psych package (R Core Team 2020)
was conducted using the NIR spectra for all samples in
correlation mode and a varimax rotation (Martinez Cor-
tizaset al. 2021,2024). The NIRS were analysed further
using multiple regression of 1st derivative spectra onto
equivalent end members spectra measured for some
known materials (Russell ez al. 2019). Using end mem-
ber materials appropriate for the composition of peat
(Table S1) led to the derivation of regression coefficients
that reflect the mixing proportions of the selected end
members. The end member proportions are expressed
as weight % once adjusted for the differing chromatic
intensities of the selected end members (Russell
et al. 2019). End member spectra multiple regression
(EMS-MR) fitting (Russell et al. 2019) was conducted
using the (LM) function in R (R Core Team 2020) in
an iterative manner exploring the fits for combinations
of three, four and five end member materials (Table S1).
Reducing the end members to three (humin, Ericaceae
and Sphagnum) led to a significant improvement in the
overall fit (R?). The NIRS tPCA also identified three
components (Cp1-3) accounting for ~99% of the overall
variance. These better fits reflect the elimination of
redundant signal from the spectral similarity of Sphag-
num and Eriophorum, and humin and fulvic/humic acid
standards (AvSHAFA). Ericaceae differentiates more
strongly owing to the presence of lignin.

Attenuated total reflectance (ATR) FTIR spectra for
the ground peat samples were obtained using a Bruker
Alpha diamond crystal ATR spectrometer. FTIR were
measured averaging 200 scans at 4 cm~ ' resolution
across the mid-infrared (MIR) region 4000-400 cm ™!
(Martinez Cortizas et al. 2021, 2024). IR spectra were
corrected using a 64-point flexible baseline in the Bruker
OPUS software to negate bias in the signal due to scat-
tering, reflection, temperature, concentration and
instrument anomalies (e.g. Griffiths & De Haseth 1986)
(Fig. S3). Data-transposed (wavenumbers as row and
samples as columns) Principal Components Analysis
(tPCA) was performed on baseline corrected ATR IR
spectra to interrogate spectral patterns across all wave-
numbers (Martinez Cortizas et al. 2021, 2024). The
tPCA was conducted in correlation mode and used var-
imax rotation in the Psych package (R Core Team 2020).
We have also calculated ratios between selected IR peaks
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(Fig. S3, Tables S2, S3) to determine the relative
changes in functional groups or organic matter com-
pounds (Martinez Cortizas et al. 2021).

Results

Geochronology, palacoecology and palaeohydrology

The '*C ages form a conformable sequence, alongside
near surface airborne pollution markers dated indepen-
dently within the region (Table 1, Fig. 2A). Those
markers included atmospheric Pb (Le Roux et al. 2004;
Goldsmith et al. 2013), Spheroidal Carbonaceous Par-
ticles (SCPs) (Rose & Appleby 2005; Garcés-Pastor
et al. 2023) and mineral dusts (Ti and Zr) associated
with 1960s motorway construction. All the age markers
were included in a Bayesian age-depth model (Table 1)
developed using ‘rBacon’ (Blaauw & Christen 2011)
operating in the R environment (R-Core Team 2020).
The Markov chain Monte Carlo repetitions were con-
strained by a gamma distribution with a 10-year cm ™!
mean accumulation and shape 1.7 and a beta distribution
with mean 0.26 and shape 25. These modelled chronolo-
gies (Fig. 2B) are used to constrain all down-core data.

The plant macrofossil, peat humification (Fig. 3) and
testate amoebae stratigraphy (Fig. 4) characterizes the
major changes in peatland development and has been
subdivided into seven major zones (black lines on Figs 3,
4). Detailed pollen data are included in Fig. S1. The
long-term development of the peatland commences with
organic muds (zone I), a more eutrophic fen phase with
abundant Monocotyledon remains including Phragmi-
tes (zone II), the establishment of oligo/ombrotrophic
conditions with abundant Ericaceae remains (zone III)
and the latter evolution of Holcroft Moss as a lowland
ombrotrophic raised mire dominated by Sphagnum
imbricatum (zones 1V to VI). Through zones IV to VI,
peaks in Sphagnum sect. Acutifolia and Sphagnum tenne-
lum denote drier episodes, with Sphagnum imbricatum
wetter conditions and Sphagnum sect. Cuspidatathe wet-
test tolerance taxa. Zone VII contains the more recent
developments when Holcroft Moss has been heavily
affected by drainage, agriculture, peripheral commercial
peat extraction and pollution (e.g. M62 motorway dust),
where Sphagnum disappears, replaced by Monocotyle-
don remains mostly Molinia caerulae.

Structure in the testate amoebae stratigraphy at Hol-
croft Moss (Fig. 4) has been explored using detrended
correspondence analysis implemented using PAST soft-
ware (Hammer ez al. 2001). Separation of speciesis good
along both DCA axis 1 (eigenvalue = 0.5678) and axis 2
(eigenvalue = 0.2693) (Fig. S2) (Ter Braak 1995), with
species arrangement along DCA axis 1 dominated by
marked changes in community composition during the
last 150 years. This period corresponds to anthropogenic
drainage impacting on Holcroft Moss with abundant dry
indicator taxa, for example, Hyalosphenia subflava and
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Fig 2. A.Chronological markers airborne pollutants for Pb, Spheroidal Carbonaceous Particles (SCP), Pb, Cu and motorway dust markers (Ti,
Zr ug g~ 1). B. Age-depth model for Holcroft Moss using the pollution markers and 13 '*C ages (blue) modelled using the Bayesian routine ‘rBA-
CON’inR (Blaauw & Christen 2011). The grey area represents the 95th confidence intervals, and the red line delineates the mean probability. Inset
plots show ‘fit’ of all MCMC iterations of the run, the prior (green) and posterior (grey) distributions of accumulation rate (bottom left) and mem-

ory (bottom right) of the Bayesian model.

Cryptodifflugia oviformis-type. DCA axis 2 shows species
distributed largely according to their tolerance of habitat
wetness (Woodland et al. 1998; Charman et al. 2000;
Amesburyet al. 2016), with dry indicator taxa, for exam-
ple, Hyalosphenia subflava and Trigonopyxis arcula, at the
opposite end to the wetter indicators, for example,
Archerella flavum and Amphitrema wrightianum. The
sample scores on DCA axis 2, therefore, form a
semi-quantitative model summarizing fluctuations

between wet (high values) and dry (low) conditions
(Fig. 4). Reconstructions of depth to the water table
(WTD) derived using a downweighted for tolerances
weighted averaging model with inverse de-shrinking
(WA-Tolinv) and the European transfer function (Ames-
bury et al. 2016) show a strong correlation (r = 0.553,
p = 3.64 x 107%)with DCA axis 2 (Fig. 4). Several spe-
cies are only present and abundant in these surface layers,
for example, Nebela and Difflugia species (Payne 2007,
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Fig 3. Time series for plant macrofossil abundances (%), macroscopic charcoal, humification stratigraphy (light absorption units, axis reversed)
and changes in peatland water tables (cm below the surface) reconstructed by ecological transfer function from testate amoebae data.

Mitchell et al. 2008), and they were excluded from
WTD reconstructions (Swindles et al. 2019). There are
strong down-core relationships between these
semi-independent indicators of water table variations,
and strong correspondence of wetter environment indica-
tors denoting distinct wetter hydroclimatic episodes
(shading on Figs 3, 4).
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Organic components and decomposition dynamics

NIR spectra for Holcroft Moss (Fig. 5A) display
broadly similar peaks and troughs throughout the core,
with the average sample spectra sitting centrally to vari-
ations in amplitude. Data-transposed (depths as col-
umns and wavenumbers rows) Principal Components
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Fig 4. Selected testate amoebae abundances plotted against age determinations, the age-depth model, and depth. Also shown are the sample
scores for DCA axes 1 and 2, the reconstructed water table depths, and + standard errors. The dendrogram shows a sum of squares cluster analysis
implemented using CONISS (Grimm 1987). Pecked lines identify major peat stratigraphic boundaries, and shading denotes wetter phases in the

development of Holcroft Moss.
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Fig. 5. A. Top: Cloud of the NIR spectra (top) baseline corrected absorbance spectra. Middle: first derivatives for all Holcroft Moss samples
(Grey), the average 1st derivative (Black) and three PCA components (Cpl to Cp3) spectra. Bottom: 1st derivative NIR spectra for selected
end members (black = Average SHAFA; red = humin; blue = Sphagnum; green = Eriophorum; orange = Ericaceae; Table S1) in the Liverpool NIRS
library. Grey shading denotes major organic and water NIRS bands (Stuart 2004). B. 1st derivative % mass loss spectra for the thermogravimetric
data and cluster analysis dendrogram highlighting two major thermal windows for mass loss.

Analysis (tPCA) produced components 1 (Cpl) and 2
(Cp2), and they account for 60.3% and 34.9% of the var-
iance in the data respectively (Fig. SA). The NIR spectra
for Cpl and Cp2 are the inverse of each other in the
regions 4545-4080 and 6060—5555 cm ™! relating to dif-
ferences in abundance of combination C-H stretching
and first overtone C-H stretching compounds (Stu-
art 2004). There are equivalent differences 5000-4545
and 7142-6666 cm ™! reflecting the combination N—-H
and O-H stretching along with first overtone N-H
and O-H stretching regions (Stuart 2004). Broadly,
these C-H compounds are abundant in Cp2 and lacking
in Cpl, where both O-H and N-H stretching and first
overtone peaks are stronger (Fig. 5A).

The end member spectra used here (Table S1) and the
peat spectra show few differences, often sharing both
peaks and spectral amplitude (Fig. 5A). The features
in fresh plant matter spectra remain present but are
heavily subdued in the humic/fulvic acid and humin
end members. This spectral similarity is central to our
doubt about whether alternative chemometric partial
least squares regression methods for interrogating NIRS
data could ever reconstruct the abundance of individual
plant species (e.g. McTiernan et al. 1998).

The down-core patterns in tPCA Cpl-3 resemble
strongly those reconstructed by End member spectra
multiple regression (EMS-MR) for % humin, Sphagnum,
and Ericaceae. The NIRS EMS-MR method thus
appears successful at distinguishing between less and
more decayed plant/peat components, with greater

N-H compounds in the decayed materials. This accords
with NIRS applications assessing animal fodder digest-
ibility, where decay/digest of plant tissue dominates the
spectral differences between fodder plants (Clark &
Lamb 1991; Park et al. 1998; Givens & Deaville 1999;
Decruyenaere et al. 2009). Ultimately, the EMS-MR
of NIRS spectra generated down-core weight % data
for three end members representing well-preserved
cellulose-rich plants (Sphagnum) (Cpl), woody plant
material (Ericaceae) (Cp3) and more decayed N-H
organic materials (Humin) (Cp2).

The TGA data were smoothed and expressed as mass
loss 1st derivatives (mg). Cluster analysis of the 1st deriv-
ative spectra identifies clear breaks in thermal behaviour
at 150, 375-410 and 550 °C (Fig. 5B) defining major
boundaries for quantifying the mass loss totals across
150-375 °C (Band 1) and 375-550 °C (Band 2). These
bands match well-known ranges for thermal decomposi-
tion of (i) readily released compounds (e.g. sugars and
cellulosic materials) from plant remains (150-375 °C)
and (i) more recalcitrant humic substances and lignin
(375-550 °C) (Zaccone et al. 2018).

We used a multi-method approach to interpret the
FTIR spectra for Holcroft Moss, given the challenges
of interpreting the mid-infrared region for heteroge-
neous materials like peat (Coates 2000; Simo-
nescu 2012; Martinez Cortizas et al. 2021, 2024). The
FTIR spectra display distinctive regions of structure
and wavenumber peaks that correspond with known
organic constituents (Fig. S3, Tables S2, S3). The IR
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spectral structure corresponds with greater relative dif-
ferences in the organic matter composition shown as
peaks in the standard deviation spectrum (Fig. S3). This
between-sample variability is greatest at the IR peaks:
3340 (region I), 2980, 2920, 2850 (region 11), 1710 (region
1V), 1610 (region V), 1420, 1380 (region VI) and 1260,
1160 and 1030 cm ! (region VII) (Fig. S3, Table S2).
Spectral Region I at Holcroft Moss comprises a broad
absorption peak centred on 3340 cm ™' (3100-3600) typ-
ically related to hydroxyl (O-H) and N-H bond vibra-
tions associated with cellulose and nitrogenated
compounds. Region II comprises well-defined peaks at
2980, 2920 and 2850 cm ! linked to C—H vibrations in
aliphatic structures (Fig. S3, Table S2) from organic
fats, wax, and lipids derived from peat forming plants
(Chapman et al. 2001; Cocozza et al. 2003). Region
III shows very low absorbances and little in the way of
variation (standard deviation spectra, Fig. S3C), but
the 2nd derivative spectra (Fig. 7D) reveal vibrations
at 2160, 2050 and 1980 cm ™! related to the C=N and
C=C bonds of aliphatic alkynes and nitriles (Stu-
art 2004). Region IV shows an IR peak at 1710 cm ™!
and two second derivative peaksat 1733 and 1712 cm™',
which can be related to polysaccharides (hemicellulose),
but also to carboxylate and carboxylic groups formed by
oxidation reactions (Chapman et al. 2001; Artz
et al. 2008). Region Vis dominated by the 1610 cm peak
and smaller 1520 cm ™' peak, with 2nd derivative vibra-
tions at 1608 and 1512 cm™'. These vibrations most
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likely reflect aromatic compounds like lignin and other
phenolic materials (Cocozza et al. 2003; Stuart 2004).
Region VI contains the 1370 cm peak ' attributed to
O-H and C-H deformations in phenolic and aliphatic
groups (Cocozza et al. 2003; Artz et al. 2008). Region
VII is dominated by the 1030 cm peak ! attributed to
both C-O stretching and O—H deformation in polysac-
charides (Cocozza et al. 2003). Other 2nd derivative
peaks at 1260 and 1160 cm™! are attributed to bond
vibrations in syringyl/guaiacyl lignin structures
(Cocozza et al. 2003; Martinez Cortizas et al. 2021).
Region VIII is subdued in terms of IR absorbances,
but 2nd derivative peaks at 897, 840 and 722 cm ! have
been associated with C—H out-of-plane vibrations in lig-
nin and O-H stretching in polysaccharides (Artz
et al. 2008; Martinez Cortizas et al. 2021).

The data-transposed Principal Components Analysis
(tPCA) (Martinez Cortizas et al. 2024) reveals tPCA
components 1 (Cpl) and 2 (Cp2) cumulatively account
for 94.6% of the variance, hence strong matches of the
Cpl and Cp2 score spectra to the mean sample IR spec-
tra (Fig. 6). The cellulose and polysaccharides 1030 and
3340 cm ™! peaks dominate Cp1 alongside opposed rela-
tionships to the aliphatic alkane and C-H stretching
compound (2980, 2920 and 2850 cm ') peaks. Much
of the Cpl pattern is reversed on Cp2, which shows
strong peaks 1260, 1610, 1710, 2850 and 2920 cm”l—
all typical of functional groups in lignin and organic
acids, for example, aliphatic (i.e. alkanes, alkenes), car-
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Fig. 6. Scorespectra of components 1 to 6 (blue lines) of avarimax PCA conducted on transposed IR data matrix (Martinez Cortizas et al. 2024).
The suffixes to the CP 1 to 6 labels reflect the percentage variation explained by each principal component as a fraction. For comparison, the red line
shows the average IR spectrum of the Holcroft Moss samples. Annotations identify major FTIR spectral peaks (Table S3).
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bonyl (i.e. acids, esters, aldehydes and ketones) and aro-
matic compounds (Martinez Cortizas et al. 2024).
Down-core patterns in Cpl and Cp2 are the inverse of
each other, thereby documenting changes in abundance
of labile (Cp1: cellulose and hemicellulose) versus recal-
citrant (Cp2: lignin and aliphatic) organic compounds.
IR1 and IR2 are ratios (Martinez Cortizas et al. 2021)
that draw on some of those peaks (Table S3)and produce
identical profiles that are the inverse of Cpl and match
Cp2 and quantify further this balance between labile
and resistant organic matter.

Cp3 accounts for 4.6% of the variance, with a strong
peak at 2980 cm ™! signifying aliphatic alkanes (methyl
symmetric C—H stretching) (Stuart 2004), with further
peaks at 2890, 1380 (aliphatic alkanes), 1253 (guaiacol
lignin) (Rana et al. 2009), 1150 (C-O, cellulose, carbo-
hydrates), 1070 and 955 cm ™! (carbohydrates/polysac-
charides) (Stuart 2004; Martinez Cortizas et al. 2021,
2024). The ratio IR-3 ((2980 + 2920 + 2850)/1600 cm ")
compares aliphaticity (CH,, CHj3) versus aromaticity
(Yao et al. 2012), and IR-8 (1265/1311 cm ") (G:S lig-
nin ratio: Rana et al. 2009) both display similar down-
core patterns to Cp3. Correspondence of these indicators
with abundant Ericaceae macrofossils suggests the abun-
dant lignin and aliphatic compounds are derived from
woody ericaceous plants 2500-2000 cal. a BP. Earlier
in the sequence, the declining IR-3 trend matches the
wood-rich fen wetland phase 4000 to 2800 cal. a BP
(Birks 1965, Fig. S1) preceding the major expansion
of Sphagnum at Holcroft Moss ¢. 2250 cal. a BP.

The other tPCA components represent <0.7% of the
total IR spectral variance and oscillate between strong

A B CAR (gm®a’) C D PAR (gm®a’) E

BOREAS

positive and negative values. Cp4 shows positive load-
ings between 1700 and 1100 with several peaks offset
slightly from the major organic components (Table S3),
and negative loadings at 1030, 1710, 2850 and 2920 cm !
(labile and recalcitrant organic components). Cp5 shows
major positive loadings associated with aromatic com-
pounds at 1620, 1520 (both C=C stretching) and 955
(C-H in-plane bending), and negative loadings at
2920, 2850 and 1260 cm ™' (aliphatic C-H stretching).
These loadings reflect variations between high values
for peat enriched in aromatic and low in aliphatic com-
pounds, and low values for opposed conditions. Cp6
shows major positive loadings at 2915, 2850 (aliphatic
CH stretching in fats, wax, lipids), 1560 (C=N aromatic
skeletal vibrations) and a major peak at 980 cm ™! (poly-
saccharide C-O stretching). Strong negative loadings
occur at 1515 (aromatic C=C stretching), and the 1200—
1050 cm ™" peak (aliphatic C-O or C-N stretching). In
part, the Cp6 spectrum resembles that obtained previ-
ously for microbial biomass (Kamnev et al. 2021;
Martinez Cortizas et al. 2024).

Nutrient concentrations and accumulation rates

Nutrient concentrations show quite different down-core
profiles (Fig. 7). Carbon content is highest (55%) in the
basal organic muds and fen peat phase (4000-2500 cal. a
BP) and then decreases slowly and steadily over the last
millennia (45%) before an abrupt dip (35%) near the bog
surface. Nitrogen concentrations are also high (>1.5%)
before 2500 cal. a BP and then fluctuate around 1.1%.
N peaks (+>0.5%) are prominent in the C:N ratio around
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Fig. 7. Nutrient profiles for Holcroft Moss, plotting the surface peat separately to show elevated nutrient concentrations from cycling via living
plant roots and materials. MAR represents total peat mass accumulation rate. CAR, NAR and PAR are the accumulation rates of carbon, nitrogen
and phosphorus, respectively. Italicized numerals at the top of the left-hand plots denote maximum values, which have been cut off purely to main-
tain aesthetics. The N:C, P:C and P:N stoichiometric profiles are calculated and plotted inversely to much of the literature as changes in N and
especially P drive fluctuations in the ratios. Pecked lines show the major peat stratigraphic zone boundaries, and shading denotes wetter phases
taken from the testate amoebae and plant macrofossil analyses (Figs 3, 4).
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2600-2200, 2000, 1800 and 500-200 cal. a BP. Through
ZoneIVto VI, troughsin C:Nin part reflect the peat stra-
tigraphy and can be attributed to wetter conditions. N
concentrations rise to >2% in the last few centuries. Prior
to 1000 cal. a BP, phosphorus shows modest fluctua-
tions around a baseline of ~200 ppm, with low variability
through the fen woodland and Sphagnum-dominated
peat. P rises markedly from 1000 cal. a BP to the bog sur-
face, with notable steps at 800, 400 cal. a BP and then
peaking at ~1200 ppm in the surface layers. The P sur-
face enrichment at Holcroft Moss resembles that of other
UK and global peatlands and is the natural effect of
phosphorus movement upwards via living plant roots
and material (Schillereff er al. 2016). Whilst the maxi-
mum concentrations (1200-1300 ppm) are higher than
other sites, the background levels (200 ppm) are spatially
consistent, implying a national or latitudinal baseline.
The rise in P from 1000 cal. a BP is associated stratigra-
phically and statistically with the behaviour of minero-
genic and conservative elements, for example, Al
(R=10.82), Y (R =0.6). K mirrors P, to some extent,
but the increase begins slightly later within the last few
centuries. A pronounced near-surface K spike coincides
with Ca and probably reflects uptake by living Sphagnum
fronds (Damman 1978) or on-site conservation grazing
impacting the nutrient status for these uppermost
samples.

The down-core P:C profile has two major phases, fluc-
tuating modestly 4000-1000 cal. a BP and then increas-
ing fourfold from 1000 cal. a BP. This equates to 100 cm
depth, so proportional P enrichment cannot be a
response purely to P recycling in the acrotelm (Dam-
man 1978; Wanget al. 2015). Rather, this implies a shift
in P behaviour that is independent of C and N dynamics
over that timescale. Profiles for P:C, N:C and P:N dem-
onstrate general synchronous fluctuations, but intervals
of inverse behaviour appear at 1300-1200, 650-550 and
200-0 cal. a BP. Most shifts in decomposition are mir-
rored in the nutrient stoichiometry, with shading
(Fig. 7) denoting P:N troughs and the intervening inter-
vals capturing the P:N peaks.

Long-term (i.e. full-core) apparent accumulation rates
of peat dry mass (MAR), C, N and P at Holcroft Moss
are91.5+3.4drypeatgm 2a ',44.3+2.6 gCm 2a ',

Nutrient co-regulation of ombrotrophic peatland development 11

1.3140.12 g N m 2 a ' and 0.040+0.004 gPm 2a .
These rates approach double that of the restricted set of
other UK peatlands (Table 2) (Schillereff ez al. 2016),
which is a function of the lowland setting, proximity to
agriculture and ~2000 years of more extensive forest dis-
turbance recorded in pollen records from Holcroft Moss
(Birks 1965; Fig. S1) and elsewhere in the northwest of
England (Wells et al. 1997; Coombes et al. 2009; Fyfe
et al. 2013). Other siteswhere C, N and P have been mea-
sured in parallel differ and are upland or expansive blan-
ket peats. CAR and NAR are very tightly correlated
throughout the core (R = 0.95). PAR also co-varies with
C and N, including in the uppermost 40-cm (R > 0.75)
and before 3000 cal. a BP, prior to establishment of
Sphagnum. More rapid accumulation is observed at
3000-2200 and 1400-1200 cal. a BP, with the lowest
rates during bog inception (pre-3000 cal. a BP),
2200-1400 a BP and in the striking deceleration between
500 and 200 cal. a BP.

Discussion

Stratigraphical relationships in the organic chemistry

Correlation coefficients and principal component anal-
ysis (Fig. 8) for the Holcroft Moss data suggest four
groups of composition parameter down-core patterns.
Group 1 parameters associate Sphagnum-rich poorly
humified peat (high % light transmission) with low tem-
perature pyrolysis components (TGA150-375 °C), and
cellulose and polysaccharide IR signals (IR-Cpl, ratios
IR1 and IR2). NIRS indicators for less decayed or
fresher organic components form part of this group
(NIR-Sphag and NIR-Cpl). The abundance of these
components dominates the independent tPCAs con-
ducted for the IR and NIR spectra, contributing 56%
and 60% of the variance, respectively. Group 2 comprises
more highly humified (absorbance) and carbon rich (%
C) peat, alongside greater proportions of recalcitrant
often unidentifiable (%UOM) organic materials,
including high temperature pyrolysis materials
(TGA375-550 °C) (Zaccone et al. 2018). High scores
on IR-Cp2 reflect abundant recalcitrant lignin and ali-
phatic organic compounds. The IR3 and IR4 ratios plot

Table 2. Nutrient stoichiometric ratios in Holcroft Moss compared to other ombrotrophic bogs in the United Kingdom and across temperate

latitudes outside the United Kingdom.

C:N C:P N:P

Acrotelm' Catotelm Both Acrotelm Catotelm Both Acrotelm Catotelm Both
Holcroft Moss 29+1.97 37.3+£0.4 36.5£0.5 535+£35 1979+£55 183666 18.94+1.2 52.8+1.2 49.4+1.5
UK peat’ 31.7 41.2 1468 2160 454 50.9
Temperate peat3 37.543.8 45.8+3.7 1096103 2654+514 29.7+2.4 54+6.8

'Acrotelm/catotelm boundary treated as 40-cm unless reported otherwise.

Schillereff ef al. (2016).
“Schillereff ez al. (2021).
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close to Group 2 signifying more abundant aliphatic CH
functional groups compared to aromatic. NIR indica-
tors for more decayed C-H compounds are abundant
in this group (NIR-Humin and NIR-CP2). These are
the second most significant components of the IR and
NIR spectra tPCAs contributing 42% and 35% of the
variance respectively. Collectively, these Group 1 and 2
indicators correlate negatively, are widely separated on
PCA component 1 and display inverse down-core pat-
terns to each other (Figs 8, 9).

Group 3 comprises woody or lignin-rich proxy records
containing abundant %kEricaceae, NIR-CP3, NIR-
inferred Ericaceae alongside IR indicators of more abun-
dant aromatic relative to aliphatic components (IR-CP3
and IR-CP5). Explaining ~2% or less of the total vari-
ance of tPCA for IR and NIR spectra, these components
are abundant in restricted parts of the stratigraphy across
zones II-III (3200 to 2225 cal. a BP) (Fig. 8), which
developed as Holcroft Moss transitioned from a woody
fen to ombrotrophic peatland (Birks 1965 and Fig. S1).
Group 4 associates IR indicators of more abundant C=0
carbonyls, N-H and C-N amides and aliphatic C-H
alkenes (IR-CP4), alongside opposed enrichments in ali-
phatic, N-rich compounds (i.e. proteins) and polysac-
charides (IR-CP6). IR-CP6 spectra also resemble that
of microbial biomass (Kamnevet al. 2021). The proxim-

ity to %N suggests a link with the abundance of N-
containing compounds. This group also displays a strong
association with proxies for atmospheric dust deposition
(Al and Zr) and elevated supply or retention of primary
nutrients (P and N) (Fig. 8). The molar ratio C:N, often
interpreted in relation to peat humification (Malmer &
Holm 1984; Kuhry & Vitt 1996; Biesteret al. 2014), dis-
plays no significant correlations with humification indi-
cators (e.g. TGA150-375, average absorbance) only
showing a strong negative correlation with % N (r =
—0.9474, p = 0.000).

Peatland development and hydroclimate control of
Holcroft Moss

The peat sequences of ombrotrophic raised mires have
long been used in peatland development and palaeocli-
mate research (e.g. Blytt 1876; Weber 1903; Sernan-
der 1908; von Post 1909; Granlund 1932). Given the
ombrotrophic character of Holcroft Moss, many of the
stratigraphical changes reflect the hydroclimate, with
the peatland water table principally though not exclu-
sively (Swindles et al. 2012) governed by summer mois-
ture deficit: the balance between evapotranspiration
water loss and precipitation gains (Charman et al. 2004,
2009; Booth 2010; Lehnhart-Barnett & Chiverrell 2025).
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G. IR ratios denoting abundant polysaccharides relative to aromatics or CH, aliphatics. H. Macrofossil data on % Ericaceae remains and IR tPCA
component Cp3 showing abundant lignin and aliphaticcompounds. I. IR-3 aliphaticity (CH, and CH;) versus aromaticity and the IR-8 guaiacol to
syringol lignin ratio (Ranaet al. 2009). J. IR tPCA component Cp4 summarizing N-containing compounds and total N%. K. Opposed enrichments
in aliphatic N-rich compounds versus polysaccharides, and log total P (mg g~ ). L. Water table variations derived from the testate amoebae data.
Pecked lines denote peat stratigraphy zone boundaries and shaded horizons are ‘wetter” episodes with lower peat decomposition.

The establishment of Holcroft Moss occurred over
underlying alluvial sands of the River Mersey terraces
and is recorded in the basal peat (Zone I, 4050 to
3250 cal. a BP). These highly decomposed organic mate-
rials were dominated initially by monocotyledonous
remains (Phragmites australis), containing abundant
charcoal (Fig. 3) and large quantities of thermally
mature aliphatic and aromatic organic compounds
(Fig. 9). Cellulose and hemicellulose organic materials
arenot abundant throughout, but there are high and then
declining FTIR signals for lignin and woody plant con-
centrations. Thus, Holcroft Moss established as a woody
alluvial fen wetland ¢. 3200 cal. a BP.

In zone II the peat transitions to become increasingly
poorly decomposed but remains dominated by aliphatic
and aromatic organic matter (Fig. 9). From 2500 to
2250 cal. a BP (Zone III), the peat is dominated by
woody Ericaceous remains with minor % monocotyle-
dons and the first appearance of Sphagnum marking
the probable onset of fully ombrotrophic conditions
(Fig. 3). The FTIR data show indications of woody
remains and lignin through zones I-IIT (4050 to
2225 cal. a BP). There is also a significant long-term
trend in the state of decomposition illustrated well by
FTIR tPCA Cpl and Cp2 showing declines in aliphatic
and aromatic organic matter relative to increases in
poorly decomposed cellulose and polysaccharide com-
pounds (Fig. 9F). These patterns are mirrored in the
TGA mass loss 375-550 °C where the more recalcitrant
humic substances and lignin gradually decline in abun-

dance (Fig. 9B). Though predominantly well-humified
throughout, these basal organic units (Zones I and II)
show periods of less well-humified peat at ¢. 3500 and
3100 cal. a BP, which may be responses to wetter condi-
tions (locally) or regional hydroclimate (Charman
et al. 2006).

The expansion of Sphagnum to dominance 2250 cal. a
BP (Zone IV) is the most substantial change in the strat-
igraphical record (Figs 3, S1) and is accompanied by a
shift to poorly humified peat (low % light absorbance;
Fig. 9C). The peat from 2250 to 250 cal. a BP subdivides
into phases that reflect changing peatland surface wet-
ness. Zone IV sees significantly different peat with
greater concentrations of cellulosic and hemi-cellulosic
organic matter, and overall, a less decomposed condition
throughout (Fig. 9B—F). Lignin markers and Ericaceae
macrofossils (Figs 3, 9H) decline in abundance through
zone IV, punctuating a long-term trend towards reduced
aliphatic and aromatic organic matter and greater cellu-
losic and hemi-cellulosic material (tPCA Cpl and Cp2:
Fig. 9F, G).

Zone IV is marked also by repeated fluctuations in
composition, which are between units that contain
fresher poorly decomposed materials (shaded bands,
Fig. 9) dominated by Sphagnum remains, cellulose and
hemicellulose organic matter. Conversely, the interven-
ing more highly decomposed units of peat (unshaded,
Fig. 9) are richer in recalcitrant aromatic and aliphatic
compounds. Nine of the poorly decomposed units occur
between 2225 and 1000 cal. a BP and are of differing
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intensity and duration. The more well-humified peat
contains abundant Sphagnum sect. Acutifolia, Ericaceae
(Fig. 3), whereas the poorly humified peat comprises
abundant Sphagnum imbricatum (c.f. Sphagnum austinii)
or Sphagnum papillosum. Abundant Sphagnum sect.
Cuspidata signifies the wettest of episodes 2250-2100,
1650-1550 and 720-600 cal. a BP. Macroscopic charcoal
tends to peak in the drier episodes (Fig. 3). The more
highly decomposed episodes are enriched with aliphatic
(i.e. alkanes, alkenes), carbonyl (i.e. acids, esters, alde-
hydes and ketones) and aromatic compounds (often C-
N and N-H) (Fig. 9). In zones V and VI, the switches
between fresher poorly decomposed peat rich in cellulose
and hemicellulose and more decomposed peat rich in
aromatic and aliphatic components are greater in ampli-
tude, more sustained and less frequent (Fig. 9). tPCA
Cp6 summarizes opposed enrichments in aliphatic, N-
rich compounds and polysaccharides and has been
mooted as resembling microbial biomass IR spectra
(Kamnev er al. 2021). tPCA Cp6 increases through
zones V to VII paralleling the trends in P (mg g™ ')
(Fig. 9K).

The most recent developments at Holcroft Moss
(Zone VII) reflect denudation of the peat by drainage
and conversion of surrounding lands to agriculture,
intensive drainage and these concur with adjacent 20th
century commercial peat extraction. The site is preserved
as the only ‘intact’ uncut remnant (SSSI and NNR) of a
formerly much more extensive lowland bog complex.
Land-use changes associated with agriculture and con-
struction of the M62 motorway have also substantially
affected the airfall nutrient and pollutant flux to the peat-
land. Zone VII sees a substantial expansion of the drier
indicating Sphagnum sect. Acutifolia, followed by Sphag-
num disappearing entirely, with the peat comprising
dominantly Ericaceae, monocotyledons (mostly Molinia
caerulea) and decayed organic matter. Thereis also abun-
dant macroscopic charcoal in these surface layers which
corresponds to the period of peat extraction and drain-
age in the wider region impacting directly on Holcroft
Moss and resulting in local fires. Zone VII displays sharp
fluctuations in composition, but for the most part the
peat is more highly decomposed, reduced in cellulose
and hemicellulose markers and contains more abundant
aromatic and aliphatic components (Figs 3, 9).

Our multi-proxy approach to characterizing the
organic composition of Holcroft Moss shows significant
changes in the decomposition of peat (Fig. 9B-G). Peat
decomposition (or humification) can reflect changes in
ecosystem surface wetness and hydroclimate. The mini-
mum summer water table governs the duration of acrobic
conditions experienced by peat whilst in the surface
layers during accumulation (Clymo 1983, 1984a,
1991). The process of humification is typically limited
to these aerobic conditions and so measures of down-
core patterns of humic acid concentrations provide
proxy records of changing peatland surface wetness
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(Bahnson 1968; Aaby & Tauber 1974; Blackford &
Chambers 1991; Blackford & Chambers 1993). Hydro-
climate interpretations of humification records are com-
plicated by other factors influencing the signal, for
example, differential decay rates between plant species
(Yeloff & Mauquoy 2006; Zaccone et al. 2018).
Broadly, the stratigraphy shows a long-term trend that
correlates with age, with the peat increasingly decom-
posed and rich in recalcitrant organic compounds at
greater depth. That trend is punctuated particularly in
the last 2700 years by marked and repeated changes
between Group 1 parameters showing poorly humified
cellulose, polysaccharide and Sphagnum-rich peat and
Group 2 dominated by more well-humified peat com-
prising more recalcitrant lignin and aliphatic organic
compounds (Figs 8, 9). These changes in dominance
are also interpreted as a response to shifts to wetter
hydroclimate conditions mirroring equivalent signatures
in the plant macrofossil and testate amoebae records
(Figs 3, 4).

The Holcroft Moss plant macrofossil and testate
amoebae stratigraphy (Figs 3, 4, 9L) shows shifts to wet-
ter conditions centred c¢. 3450, 2600-2500, 2225, 2060,
2000, 1825, 1650-1610, 1540, 1480, 1260, 1125, 1000,
740-720, 600-550 and 220 cal. a BP. These wet shifts
are quantified as water table fluctuations by testate
amoebae record which also shows drier episodes
2750-2600, 2350-2250, 1920-1825, 1750-1650,
1200-790 cal. a BP culminating with the drying trend
associated with disturbance of the bog in the surface peat
from c. 220 cal. a BP. Most if not all the shifts to wetter
conditions identified at Holcroft Moss feature in parallel
investigations across northern Britain (Charman
et al. 2006). These matches, within chronological uncer-
tainties, include the substantial changes to wet condi-
tions at 3450, 2600-2500 and 1650-1610 cal. a BP and
the less substantial shifts at 2060, 1260, 740-720 and
600-550 cal. a BP. Correspondence of these wet shifts
with those present at peatlands across the north of
England and Europe confers some confidence as to the
integrity and value of palaeoclimate records in peatlands
(Charman et al. 2006, 2015; Swindles et al. 2012).

Nutrient co-regulation of peatland development

Locations where peat mass and C accumulation have
been quantified in relation to nutrient load globally are
few (n = 11: Schillereff er al. 2021); that database
pointed to more atmospheric nutrient flux inhibiting car-
bon storage. Other peatland sites (Kylander et al. 2018;
Ratcliffe et al. 2020) affected by more intense and event-
scale nutrient input show conversely stimulation of car-
bon storage. The long-term carbon/nutrient accumula-
tion rates at Holcroft Moss approach double those of
other UK peatlands (Schillereff er a/. 2019), but none
of these sites are lowland ombrotrophic peatlands adja-
cent to intensive and persistent agricultural landscapes.
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Thus, the Holcroft Moss record is the first developed for
this type of peatland where persistent elevated levels of
nutrient flux have stimulated greater carbon storage,
highlighting divergent thresholds in the system response
to changing nutrient loads for these important ecosys-
tems. For the most part, the development of Holcroft
Moss appears to be a story of hydroclimate variability
driving shifts in vegetation, subfossil communities and
decomposition of the peat, both as the peatland estab-
lished (zones I-11T) and through zones IV to V (Figs 3,
4, 9). There are patterns in the multi-proxy dataset for
Holcroft Moss that, however, operate differently and
require further explanation.

From ZonelIV toZoneV,2200to 375 cal.a BP, thereis
a notable shift in the amplitude of the oscillations
between more and less recalcitrant organic material,
with Zone IV characterized by short-term fluctuations
with a maximum period of a few decades (Fig. 10B).
Zone V, on the other hand, after 1000 cal. a BP exhibits
longer cycles of 200-100 years fluctuating between low
and high decomposition. These patterns contrast with
the combined or stacked Holocene peatland palaeo-
water table reconstructions from northern Britain
(Charman et al. 2006), which match the pattern of more
frequent oscillations in moisture conditions through the
last 2000 years. One possibility is that this change in fre-
quency is a response to changing nutrient dynamics.
Phosphorus concentrations, and the P:N and P:C stoi-
chiometric ratios, begin to rise from around 950 cal. a
BP (Zone V). This coincides with greater input of airfall
mineral material (e.g. Al, Zr; Fig. 10F), and predates the
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surface (0-15 cm) enrichment in P from the natural
effects of phosphorus movement upwards via living
plant roots and material. We postulate that contempora-
neous landscape opening, inferred from the Holcroft
Moss pollen record (Figs S1, 10H) and regional
pollen-based  landscape  reconstructions  (Fyfe
et al. 2013), potentially destabilized surface soils, lead-
ing to greater local dust emission into the atmosphere
and then redistribution of nutrients (Tipping
et al. 2014). This soil flux would have brought P but less
N, perhaps explaining the rising P:N ratio. Some P min-
eralization with Al or Fe oxides is likely (Dam-
man 1978), but the sixfold increase in P concentrations
across the top 1 m of peat almost certainly requires
greater external input. Furthermore, in the PCA
(Fig. 8) CAR and MAR plot close to the nutrients (both
concentrations and ratios), perhaps evidencing that
nutrient load is modulating the coupling of hydroclimate
(bog wetness) and vegetation.

A series of peatland fertilization experiments show
higher nutrient input can modify decomposition and car-
bon burial dynamics (Bubier et al. 2007; Fritz
et al. 2012, 2014; Moore et al. 2019), although usually
viathe replacement of Sphagnum by shrub or herbaceous
plants. At Holcroft Moss, zones Vand VI are dominated
by Sphagnum imbricatum, latterly replaced by Sphagnum
papillosum in zone VII (Fig. 3). Through the period of
Sphagnum dominance, Sphagnum section Acutifolia
and Sphagnum section Cuspidata occasionally become
more abundant during drier and wetter periods, respec-
tively. Various drivers, including nutrient deposition,
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Fig. 10. Multi-proxy summary depicting key markers of variability in hydroclimate, vegetation, organic matter and nutrients over the 4000 years
of bog development at Holcroft Moss. A. Peat mass accumulation rate. B-C. Organic constituents and their susceptibility to decomposition are
captured by FTIR tPCA (Cpl =sphagnum and Cp2 = humin) and FTIR IR3, which captures aliphaticity relative to aromaticity. D-F. Nutrient
stoichiometry and mineral. N:C generally reflects a decomposition story of the proportional release of carbon relative to N. P:N illustrates strong P
enrichment since 1000 cal. a BP as being independent of N. This coincides with a shift in amplitude of phases of more and less intense decompo-
sition. The P curve follows Al concentrations, an indicator of allochthonous mineral dust deposition. G. Water table depths inferred from testate
amoebae. H. Tree pollen proportion from the Holcroft Moss profile (Fig. S1) represents landscape openness in northwest England.
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have been linked with the replacement of Sphagnum
imbricatum (cf. Sphagnum austinii) by other Sphagnum
species and other plants (Mauquoy & Barber 1999a;
Robroek et al. 2007; Novak et al. 2008; McClymont
et al. 2009; Swindles et al. 2015; McCarroll et al.
2016). However, Sphagnum imbricatum has responded
strongly to elevated nutrient deposition through zones
Vand VI, only declining in zone VII with major anthro-
pogenic drainage impacts, a greater frequency of surface
fires (Slater & Slater 1978) and with the expansion of
Molinia caerulea (Fig. 3). Intriguingly, manipulations
as part of Sphagnum farming on rewetted bog grasslands
(NW Germany) have also showed strong production of
Sphagnum biomass, including oligotrophic species,
under high nutrients (Vroom et al. 2020).

Major changes in peat mass accumulation, and, in
turn, carbon and nutrients, often follow the
hydroclimate-driven decomposition indicators, but
there are periods where this co-behaviour breaks down.
For instance, the striking acceleration in peat mass accu-
mulation around 1350-1200 cal. a BP coincides with a
wet shift, as expected, but earlier wet shifts did not trigger
as much of an acceleration in peat mass accumulation
(Fig. 10). These differences coincide with the increased
presence of sedges during the 1350-1200 cal. a BP phase,
whereas previous wet/dry transitions occurred within a
Sphagnum-dominated setting. The early phases of bog
development (Zones II and I11) were dominated by var-
ious sedges (e.g. rapidly growing Eriophorum tussocks)
and were also periods of high accumulation (Fig. 10),
which then reduced as Sphagnum became established
(Clymo 1984a). Taken together, this could be evidence
that a departure from a particular vegetation—hydrocli-
mate configuration pushes ecosystem functioning in
such a way that the major plant species begin to change,
bringing ecohydrological feedbacks that intensify or
mute carbon accumulation (Swindles ez al. 2012).

Zone VIdisplays the lowest dry peat and C mass accu-
mulation rates (g m 2 a~ ') at Holcroft Moss (Fig. 10).
Thisfallin rate beginsin zone V ¢. 550 cal. a BP and coin-
cides with a dramatic loss of Sphagnum replaced by
greater proportions of unidentifiable organic matter, eri-
caceous shrub and monocotyledon plants (grasses and
sedges). Molinia caerulea (purple moor grass) is cur-
rently abundant and has been dominant more recently
across Holcroft Moss. Molinia caerulea has been identi-
fied as a problem species, lowering biodiversity and neg-
atively impacting the condition status of peatlands as
defined by national conservation agencies (e.g. Natural
England). Molinia-covered peatlands carry a high risk
of wildfire ignition (Marrs et al. 2004; Tomassen
et al. 2004) and that is reflected in elevated macro and
micro-charcoal concentrations in zones VI and VII.
Some of the problems linked to Molinia domination
are suppression of Sphagnum and other species impact-
ing the provision of peatland ecosystem services. For
example, reduced surface roughness lowers the natural
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flood protection function and reduces the peatland
capacity to lock in carbon. Increased nutrient concentra-
tions and fluxes (N, P, K) accompanied this shift from
Sphagnum dominance, mimicking transitions as
observed in fertilization experiments where nutrient
deposition exceeds the capacity for processing by Sphag-
num (Tomassen et al. 2004). This results in an excess of
available P in the near-surface layers, allowing more
nutrient demanding herbs and shrubs to take hold. Thus,
human modification of the landscape through agricul-
tural expansion, reduced woodland cover, and drainage
activities have led to changes, sometimes positive and
others negative, in peatland vegetation dynamics and,
ultimately, carbon storage, from c. 950 to markedly after
¢. 500 cal. a BP (Fig. 10).

Conclusions

Parallel multi-proxy characterization of the organic mat-
ter composition and nutrient accumulation rates for
Holcroft Moss shows a sequence dominated by switches
between fresh, less decomposed layers and more decom-
posed peat containing abundant recalcitrant organic
compounds. The stratigraphical record has been used
to explore the interplay of rarely recorded nutrient and
more widely used hydroclimate drivers for this lowland
ombrotrophic peatland that is representative of many
across northern Europe.

« Our multi-method (FTIR, FT-NIR and TGA)
approaches characterizing the organic peat constitu-
ents at Holcroft Moss reveal a record of switches
between fresher, poorly decomposed peat rich with
cellulose and hemicellulose and more decomposed
peat rich with aromatic and aliphatic compounds.
These switches have dominated the last 3500 years
of peatland development.

» Hydroclimate variability governs these decomposi-
tion patterns through much of the Sphagnum-
dominated period at Holcroft Moss. These show
responses to wetter conditions centred c¢. 3450,
2600-2500, 2225, 2060, 2000, 1825, 1650-1610,
1540, 1480, 1260, 1125, 1000, 740-720 and
600-550 cal. a BP. Wet episodes are punctuated by
drier conditions 2750-2600, 2350-2250, 19201825,
1750-1650, 1200-790 cal. a BP, and a recent drying
in the last 200 years trend associated with peatland
disturbance.

« There are periods, however, where hydroclimate does
not fully explain the variability observed and instead
changes appear linked to the interplay between vege-
tation and nutrient dynamics. The amplitude of oscil-
lations between more and less recalcitrant organic
material changes from more rapid multi-decadal fluc-
tuations 2200-1000 cal. a BP to longer cycles of 200
100 yearsafter 1000 cal.a BP. This shift appears to be
a response to changing nutrient dynamics with P
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(ug g~ ') and nutrient stoichiometric ratios (P:N and
P:C) increasing from 950 cal. a BP, and that pattern is
linked here to landscape opening and associated
destabilized soils increasing the regional airborne
nutrient flux. Elevated N and P deposition respond-
ing to various human activities at Holcroft Moss
appear to have begun ~1000 cal. a BP, accelerated
~500 years cal. a BP.

» Thesecarbon/nutrient accumulation rates at Holcroft
Moss are high, and this first comprehensive nutrient
stoichiometric record for a lowland UK ombro-
trophic peatland shows that persistent elevated levels
of nutrient flux have stimulated greater long-term car-
bon storage. This almost certainly is a function of
adjacency to intensive and persistent agricultural
landscapes and mimics the carbon accumulation
responses to event scale nutrient influx seen at other
peatlands globally (e.g. volcanic ash fall or dust
storms).

« These stoichiometric relationships point to divergent
trajectories and thresholds in the system response to
changing nutrient loads for ombrotrophic peatlands,
the largest terrestrial store of global carbon. Projec-
tions suggest elevated atmospheric nutrient loads will
persist through the 21st century, and the implications
of this for long-term bog resilience and carbon sink
are unclear and will vary with the nature of peatland
nutrient status and vegetation change. Differing tra-
jectories of vegetation changes have occurred, associ-
ated with these increases in nutrient flux, for example,
changes in Sphagnum species or complete Sphagnum
decline. Peatland restoration and management pro-
jects typically focus on peatland hydrology and man-
aging vegetation cover, but nutrient deposition rates
need parallel consideration, and these require moni-
toring, assessment and management at a site scale.

« Vegetation, carbon and/or hydroclimate reconstruc-
tions exist for many temperate peatlands. Gaining a
full understanding of the drivers of temperate bog
development, therefore, depends on reconstructing
in parallel changes in vegetation, hydroclimate, nutri-
ents and organic constituents at high temporal reso-
lution. A priority for future research should be to
“fill in the gaps’ and reconstruct each missing node
of the peatland carbon cycle, integrating surface wet-
ness (or hydroclimate) reconstructions, concentra-
tions of organic constituents and comprehensive
assessment of the nutrient stoichiometry.
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Fig. S1. Percentage pollen data for the 2012 Holcroft
Moss peat profile with pollen and spore counts
expressed as percentages of total land pollen. These
data provide the % tree pollen data on Fig. 9. The
dendrogram shows a sum of squares cluster analysis
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implemented using CONISS (Grimm 1987). Pecked
lines identify zones in the vegetation history.

Fig. S2. Biplot of axes 1 and 2 of detrended correspon-
dence analysis for testate amoebae species, using
abbreviations of the names from Fig. 4.

Fig. S3. Raw ATR-FTIR spectra, baseline corrected

ATR-FTIR spectra each overlayed with the mean

spectra, the standard deviation spectrum and sec-

ond derivative spectrum for the Holcroft Moss sam-
ples. Annotations identify major FTIR regions (I to

VIII), spectral peaks and 2nd derivative vibrations

(Table S2).

Table S1. End member materials used in the NIRS end
member multiple regression (Russell ez al. 2019).

Table S2. IR bands identified at Holcroft Moss and pub-
lished assignment of the peaks to organic compo-
nents ([1] Chapman et al. 2001; [3] Cocozza et al.
2003; [4] Artz et al. 2008; [2] Heller et al. 2015; [6]
Martinez Cortizas et al. 2021, 2024).

Table S3. IR peak ratios used, and their basis (Martinez
Cortizas et al. 2021, 2024).
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