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limitation in ombrotrophic peatlands
across seasonal and spatial gradients
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Abstract

Background Blanket bogs are rare ombrotrophic peatlands that function as important long-term carbon stores.
Their persistence depends on strong nutrient limitation, which maintains Sphagnum dominance and suppresses
decomposition, yet mechanisms driving seasonal and spatial variability in microbial nitrogen and phosphorus limita-
tion patterns remain poorly understood. This study investigated nutrient soil limitation dynamics by integrating plant
elemental stoichiometry with microbial enzymatic stoichiometry.

Results We conducted snapshot sampling during two contrasting seasons (summer 2023 and winter 2024)

along an elevational sequence (550-750 m) and across peat depths (0-60 cm). Given the high-water content of peat
soils (~86% moisture), we focused on enzyme stoichiometric ratios rather than absolute enzyme activities, specifically
the ratio of urease to acid phosphatase. Seasonal variation dominated patterns in both soil elemental stoichiometry
and microbial enzymatic stoichiometry. Depth gradients were equally strong, with N:P increasing down-profile. This
highlights rapid seasonal reorganisation at the surface versus slower, depth-driven changes from peat development.
Soil nitrogen-to-phosphorus ratios were tightly coupled to microbial enzyme stoichiometry, following an inverse
power-law relationship (exponent= —1.56, R2=0.60). From this relationship, we derived a urease-based microbial
nitrogen acquisition threshold (urease:acid phosphatase =88; 95% confidence interval: 64-118), which showed strong
correspondence with the canonical plant nitrogen-to-phosphorus limitation threshold of 16, used here as a reference
for ecosystem-level nutrient balance. Microbial community composition corroborated these patterns, with bacterial-
to-fungal ratios 4.3-fold higher in winter than summer (18.9-fold in surface peat), consistent with observed N:P
stoichiometric gradients, suggesting that seasonal changes in microbial community structure align with variation

in nutrient availability, while also reflecting the influence of additional environmental controls.

Conclusions Our findings demonstrate a strong coupling between plant-soil nutrient stoichiometry and microbial
enzyme allocation in blanket bogs, structured by the interaction of dynamic seasonal forcing and persistent depth-
related constraits. Seasonal processes regulate short-term nutrient availability and microbial function in surface peat,
whereas depth reflects long-term peat development that constrains the baseline stoichiometric framework of the sys-
tem. Winter conditions were characterised by stoichiometric patterns consistent with relative N limitation at the eco-
system level, whereas summer conditions reflected stronger P constraint. We identified a quantitative microbial
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enzyme threshold that aligns with plant-derived nutrient limitation thresholds, directly linking microbial processes
to ecosystem nutrient status and providing a robust framework for diagnosing nutrient limitation in water-saturated
peat soils. Incorporating seasonal nutrient dynamics into peatland management may be critical for maintaining
microbial functioning, vegetation structure, and long-term carbon sequestration.

Keywords Blanket bog, Enzymatic stoichiometry, Nitrogen limitation, Phosphorus limitation, Peatland
biogeochemistry, Seasonal dynamics, Urease-phosphatase ratio

Background

Peatland ecosystems, characterised by waterlogged,
anoxic, and acidic conditions, play a vital role in main-
taining biodiversity, regulating water quality, reducing
flood risk, and mitigating climate change (Evans et al.
2016; Ritson et al. 2025). In the United Kingdom, peat-
lands cover approximately 12% of the land area, with
blanket bogs as the most widespread type; yet these rep-
resent the rarest form of ombrotrophic peatland glob-
ally (Swinnen et al. 2019). Blanket bogs typically develop
under high rainfall (>1,000 mm yr™') and low tempera-
ture (<15 °C) regimes (Lindsay et al. 1988). They occur
predominantly on flat to gently sloping uplands from
sea level to elevations above 1,000 m (Natural England
2015) and can reach depths from a few centimetres to
several metres (Lindsay 1995). Their extensive distri-
bution creates substantial spatial heterogeneity in peat
biogeochemistry. Seasonal fluctuations in temperature,
precipitation, and water-table level further shape the
biotic and abiotic dynamics of ombrotrophic peatlands,
driving shifts in land condition, peat shrinkage, elemental
storage and greenhouse-gas emission (Armstrong et al.
2015; Morton and Heinemeyer 2019; Feng et al. 2020;
Evans et al. 2021). These ecosystems are highly vulner-
able, with even minor environmental disturbances able
to disrupt their balance and alter ecosystem function-
ing (Lunt et al. 2019; Ferretto et al. 2019; UNEP 2022).
This heterogeneity limits the validity of spatially limited
peatland studies, underscoring the need to quantify the
relative importance of seasonal versus spatial factors in
driving peatland biogeochemical processes.

Globally, peatlands store~450-650 Gt carbon (C),
accounting for roughly 25% of total soil C (UNEP 2022;
Yin et al. 2022; Vesala et al. 2021), and they also serve as
important long-term sinks for nitrogen (N) and phos-
phorus (P) (Arsenault et al. 2018). In ombrotrophic bogs,
the term ombrotrophic refers to rain-fed hydrology rather
than nutrient sources. Contemporary new inputs of N
come from atmospheric deposition and biological N,
fixation, while new P inputs come primarily from atmos-
pheric deposition (Vile et al. 2014; Knorr et al. 2015).
However, the majority of N and P cycling occurs through
internal recycling of organic matter accumulated over
millennia (Biinemann et al. 2011). The peat profile also

contains legacy P derived from both historical atmos-
pheric deposition and weathering of mineral substrates
during peat development, with the relative contributions
varying by site geology and peat age (Schillereff et al.
2021). These nutrients strongly regulate primary produc-
tion and decomposition of the ecosystem (Schlesinger
and Bernhardt 2020; Wang and Moore 2014). Conse-
quently, the contents and stoichiometric ratios of C, N,
and P act as key indicators of plant nutrient strategies
and environmental nutrient limitation patterns. These
ratios are well-established as proxies to infer ecosystem
responses to environmental change (Elser et al. 2000;
Giisewell 2004; Cao et al. 2020). However, the spatial and
seasonal variability of elemental stoichiometric ratios,
and the relative importance of their environmental driv-
ers, remain poorly characterised in bog ecosystems. This
limits our capacity to predict how peatland nutrient
cycling will respond to environmental change.

Building on the Redfield concept, an N:P threshold of
16 has long served as a benchmark for N versus P limi-
tation (Ptacnik et al. 2010; Gruber and Deutsch 2014).
While this framework has been successfully applied to
bryophytes (Bragazza et al. 2004; Jirousek et al. 2011;
Larmola et al. 2013) and vascular plants (Guisewell and
Koerselman 2002; Olde Venterink et al. 2003), its appli-
cation to bulk soil or peat stoichiometry requires careful
conceptual consideration. Unlike plant tissue measure-
ments, bulk peat represents an integrated and heteroge-
neous pool comprising accumulated plant litter, living
and dead microbial biomass, partially decomposed and
humified organic matter, and legacy nutrient pools that
have developed over decadal to millennial timescales
(Belyea and Malmer 2004; Wang et al. 2015; Tfaily et al.
2014). These components are continuously transformed
through decomposition, microbial turnover, and internal
nutrient recycling, resulting in stoichiometric signatures
that reflect long-term ecosystem processes rather than
instantaneous biological demand. Consequently, peat
N:P ratios are more appropriately interpreted as indica-
tors of ecosystem-level nutrient balance, integrating both
contemporary biotic activity and historical accumulation
processes, rather than as direct proxies for plant physi-
ological nutrient limitation. Although bulk peat or soil
stoichiometry can correlate with vegetation nutrient
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status under certain conditions (Wang and Moore 2014),
this relationship is not necessarily one-to-one and may
vary across environmental gradients. In particular, par-
tial decoupling between peat and plant stoichiometry is
expected in deeper peat horizons, where long-term dia-
genetic processes, selective P depletion, and reduced bio-
logical activity increasingly dominate the stoichiometric
signal (Moore et al. 2018; Steinweg et al. 2018). Within
this context, interpreting peat N:P ratios as ecosystem-
level indicators provides a more appropriate framework
for linking nutrient availability to both plant and micro-
bial processes. This perspective is particularly relevant in
ombrotrophic peatlands, where nutrient inputs are lim-
ited and internal recycling dominates biogeochemical
dynamics.

Because microbes are central to organic matter turno-
ver and nutrient release, their functional responses are
critical for interpreting ecosystem-level stoichiometric
patterns (Osburn et al. 2023). The C, N and P limitation
of microbial activity has been documented across mul-
tiple ecosystems (Cui et al. 2025, 2022; Xu et al. 2022;
Zhang et al. 2023). Soil enzyme stoichiometry has thus
emerged as a powerful indicator of microbial nutrient
limitation (Sinsabaugh et al. 2009). Fluorescein diacetate
(FDA) hydrolysis is widely used to assess total microbial
activity, reflecting the potential of the soil community to
produce hydrolytic enzymes (Adam and Duncan 2001;
Prosser et al. 2011). Among specific enzymes, urease
(UA) catalyses the hydrolysis of urea to ammonia and
CO,, driving N mineralisation and accelerating organic
N turnover, which can result in N losses (Motasim et al.
2024). Acid phosphatase (ACP), critical for P mobilisa-
tion in acidic peat soils, hydrolyses organic P into plant-
available forms (Nannipieri et al. 2011). The UA:ACP
ratio therefore provides a functional proxy of micro-
bial preference for N versus P acquisition, directly link-
ing enzymatic processes to nutrient limitation status.
Although plant and microbial nutrient limitation are
often decoupled due to intense competition for scarce
N and P pools (Cui et al. 2021), recent global synthesis
suggests that their nutrient constraints can align syner-
gistically under certain environmental contexts (Xu et al.
2024). However, the response of enzyme stoichiometric
ratios to nutrient limitation in blanket bog ecosystems
remains poorly understood.

The use of enzyme activity ratios to infer nutrient limi-
tation (ecoenzymatic stoichiometry) has been critiqued
for oversimplifying microbial nutrient constraints (Mori
2020; Mori et al. 2023). Valid concerns include multiple
enzymes can acquire the same nutrient, single enzymes
can acquire multiple nutrients, and enzyme ratios may
not reflect actual growth limitation (Rosinger et al. 2019).
These critiques primarily address C:N:P frameworks
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using [-glucosidase, N-acetyl-p-glucosaminidase, and
phosphatase ratios to infer C, N, and P co-limitation.
However, N:P-focused enzyme ratios may be more robust
than broader C:N:P frameworks. UA and ACP are rela-
tively specific to N and P acquisition pathways, unlike
B-glucosidase which can also support N acquisition via
chitin degradation (Mori et al. 2021). Additionally, in
nutrient-poor systems like ombrotrophic bogs where
organic C is abundant, but N and P are scarce, micro-
bial enzyme allocation is governed by relative N versus
P scarcity rather than absolute C availability. Finally, we
can validate N- and P-related enzyme ratios against inde-
pendent measures of nutrient status (porewater chemis-
try, elemental stoichiometry) rather than using them as
stand-alone indicators.

This study aimed to elucidate the mechanisms under-
lying nutrient limitation in ombrotrophic blanket bogs
by integrating peat elemental stoichiometry with micro-
bial enzymatic stoichiometry. Specifically, we sought to
(1) Quantify the relative importance of seasonal versus
spatial factors (elevation, depth) in driving elemental
and enzymatic stoichiometries, and to characterise how
these factors interact to shape peat physical properties,
nutrient contents, and microbial biomass; (2) Establish
the mechanistic coupling between elemental (N:P) and
enzymatic (UA:ACP) stoichiometries; and (3) Character-
ise seasonal nutrient limitation at both plant and micro-
bial levels, and assess its implications for the stability and
functioning of blanket bog ecosystems.

Methods

Site description and soil sampling

The study was conducted at the Moor House National
Nature Reserve, located in the Northern Pennines of
England (54°41°N, 2°27°W). The climate of Moor House
is classified as sub-Arctic oceanic. Summers are cool and
wet, with July as the warmest month, exhibiting an aver-
age maximum temperature of 12.3 °C. Winters are cold
and snowy, with temperatures averaging 1.2 °C in Janu-
ary, the coldest month (Supplementary Table S1). The
site received an average annual precipitation of 1,633 mm
between 2015 and 2023. The wettest months typically
occur in November, December, and January, with an aver-
age monthly precipitation of 232 mm, while April, May
and June are generally the driest, averaging 104 mm (Sup-
plementary Figure S1). Sampling was conducted in July
2023 and February 2024 to represent summer and win-
ter conditions, respectively. Sampling dates represented
contrasting seasonal hydro-thermal conditions relative to
recent climate records (Hollis et al. 2025). For the region
of Northern England, July 2023 was cooler (15.2 °C, 20th
percentile) and substantially wetter (157.1 mm, 178% of
average) than typical summer conditions, while February
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2024 was the warmest February on record for this period
(6.6 °C, 1.78 °C above average) with above-average pre-
cipitation (105.5 mm, 115% of average). Regardless, these
dates captured meaningful climate extremes, a cool, wet
summer and an anomalously warm, wet winter. While
this design does not capture intra-seasonal variability or
interannual climate variation, it provides proof-of-con-
cept for our hypothesised elemental-enzymatic coupling
framework under contrasting hydro-thermal regimes.
The diverse habitats of the area include exposed sum-
mits, blanket peatlands, upland grasslands and pastures.
The specific site of this work was the gently sloping
eastern flank of Great Dun Fell, characterised by poorly
drained glacial till that fosters the development of exten-
sive blanket bog with peat depths ranging from 1 to
3 m (Supplementary Figure S2). The peat soils at Moor
House are classified as Histosols under the World Refer-
ence Base for Soil Resources (IUSS Working Group WRB
2015), specifically Fibric Histosols in surface horizons
(0-20 cm) with high fibric material content, transitioning
to Hemic Histosols at depth (20-60 cm) with increasing
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humification. Under the UK national classification (Avery
1990), these correspond to raw peat soils of the Winter
Hill association, characterised by ombrotrophic blanket
peat developed on poorly drained upland terrain. More
detailed information regarding the climate, vegetation,
and environmental variables of the Moor House area can
be accessed through the UK Environmental Change Net-
work (ECN; www.ecn.ac.uk).

Samples were collected along a single elevational
transect spanning five elevational bands (550 m, 600 m,
650 m, 700 m, 750 m; 50 m intervals) across 200 m of
vertical relief on the eastern flank of Great Dun Fell
(Fig. 1D). At each elevation, four replicate peat cores were
extracted with horizontal spacing of approximately 100 m
between replicates to capture local ecosystem variability,
yielding 20 cores per sampling campaign (5 elevations x 4
replicates). Each core was divided into three depth layers
(0-20 c¢m, 20-40 cm, 40-60 cm), producing 60 samples
per season (20 coresx 3 depths) and 120 samples total
across both seasons. This 200 m elevational range rep-
resents a temperature difference of approximately 1.3 °C
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Fig. 1 Photos and maps of the Moor House study site. A Photo from the base of the sampling transect, facing upwards to the Great Dun Fell

Radar Station. B Photo of the Moorhouse landscape taken at 650 m. C Photo of the stream Trout Beck which is adjacent to the lowest sampling
points at 550 m. D Summer and winter sampling locations at Moor House National Nature Reserve, northern England. The topographic map shows
the sampling transect from Great Dun Fell (highest) to the stream Trout Beck (lowest). The sampling design consisted of five elevational bands
along a single transect on the eastern flank of Great Dun Fell, with four replicate cores collected at each elevation (individual sampling locations

not shown at this map scale). Data from UKCEH Land Cover Map 2024 (Rowland et al. 2025). E Spatial distribution of peat coverage across Great
Britain, showing peat bodies at the surface compiledfrom national inventories. Data sources include the NatureScot Carbon and Peatland Map 2016
(Scotland, n= 7,965 polygons), Natural England Priority Habitat Inventory (England, n = 22,251polygons), and the Natural Resources Wales Peatlands
Map (Wales, n = 1 multipolygon). Brown shadingindicates mapped peatland extent. Map uses WGS84 coordinate system. Insert shows magnified
depiction of peat coverage in the study area with Great Dun Fell as the central point
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based on typical UK lapse rates (0.65 °C per 100 m; Burt
and Holden 2010), providing modest environmental vari-
ation for assessing spatial effects relative to seasonal forc-
ing. While the site’s peat deposits extend to 1-3 m depth,
we focused our analysis on the upper 60 cm, where sea-
sonal signals are most pronounced and the majority of
contemporary biogeochemical cycling occurs. At each
elevation, four replicate peat samples, up to a depth of
60 cm, were extracted using a Russian peat corer and
subsequentially divided into three layers: 0-20 cm,
20-40 cm, and 40-60 cm. Replicates were collected at
each elevation for both seasons, with horizontal intervals
of approximately 100 m between replicates, to account
for local ecosystem variability. Sampling was completed
over two days on each campaign. During the process,
samples were packed in sterile Nasco Whirl-Pak"" giant-
size sample bags and stored in a cold box filled with ice
packs. They were then immediately transported to the
laboratory, stored at 4 °C, and processed within seven
days of collection.

Determination of peat physicochemical properties
Temperature and EC were measured on site using an
RS PRO RS 1720 wired digital thermometer and Hanna
GroLine direct soil EC tester with automatic temperature
compensation, respectively. Both Probes were inserted
approximately 5 cm horizontally into the side of each
depth subsection immediately after core extraction, and
readings were recorded once they stabilised. Peat pH was
determined in extracts of 10 g of field-moist soil with
25 ml of deionised water by a pH meter (Mettler FiveEasy
F20 pH/mV Meter). Moisture content was calculated
by weighing 10 g of peat before and after oven drying at
60 °C for 48 h. Inorganic nutrients were extracted from
4 g homogenised subsamples of each soil sample using
20 ml of 0.01 M CaCl,. Inorganic N assays were then
conducted using a continuous segmented flow analyser
(Seal Analytical, Ltd.,, UK.) in accordance with ISO
13395 (nitrate + nitrite) and ISO 11732 (ammonium).
PO,>~ was analysed by the molybdate blue colorimetric
method of Murphy and Riley (1962). Elemental analy-
sis was performed using the precisION system in CNS
mode, where 5 mg oven-dried and ground peat samples
were combusted in an oxygen-rich environment, con-
verting TC and TN into their gaseous forms, followed
by separation via gas chromatography and quantifica-
tion with a thermal conductivity detector (TCD). TP was
determined using a modified nitric-peroxide block diges-
tion (EPA Method 3050B), where 100 mg of oven-dried
soil was digested with concentrated nitric acid at 120 °C
for 10 h, followed by colorimetric measurement using the
Murphy-Riley method.
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gPCR analysis of soil microbiomes

Peat subsamples (0.25 g) were stored at—20 °C and DNA
was extracted within two days of sampling using the Qia-
gen DNeasy PowerSoil Kit. Extracted DNA was then
stored at—80 °C until quantitative real-time polymer-
ase chain reaction (qQPCR) analysis. DNA concentrations
were quantified using the Qubit assay and standardised
to 1 pg/ml for downstream analysis. The absolute abun-
dances of the main groups comprising the microbiome
(bacteria, archaea, fungi) were quantified using qPCR
on an Agilent Technologies Stratagene Mx3005p sys-
tem. Quantification was performed using an internal
standard calibration curve with DNA standards for each
target gene, ranging from 10 to 10'° copies. Each 10 pl
reactant contained 5 pl of FastStart SYBR Green Mas-
ter (Merck Ltd.), 3 ul of PCR-grade water, 1 pl of 10 uM
primers, and 1 ul of DNA template. Product specificity
was confirmed by observing a single peak in the melting
curve, appearing between 80 °C and 90 °C. R? values for
the standard curves and the estimated amplification effi-
ciencies ranged between 0.91 and 1.07. Standards, nega-
tive controls and samples were run in duplicate. Copy
numbers for each sample were calculated as the average
of two analytical replicates. Information on primers and
thermocycling parameters is provided in Supplementary
Table S2. Bacterial:fungal (B:F) ratios were calculated as
the quotient of bacterial to fungal gene copy numbers,
providing an index of microbial community composition
that is independent of enzyme activity measurements.

Analysis of peat enzymatic activities

FDA hydrolase activity was quantified by incubating
0.05 g of air-dried peat with fluorescein diacetate, and
the hydrolysed fluorescein was measured at 490 nm fol-
lowing centrifugation (Biorbyt Ltd., FDA Assay Kit,
orb1499582). UA activity was determined using the indo-
phenol blue colorimetric method, where 0.05 g of air-
dried peat was incubated with urea at 37 °C for 24 h, and
the resulting ammonium concentration was measured at
630 nm (Biorbyt Ltd., Urease Assay Kit, orb545636). ACP
activity was assessed by incubating 0.1 g of air-dried peat
with p-nitrophenyl phosphate at 37 °C for 15 min, and the
resulting p-nitrophenol was quantified at 510 nm (Bior-
byt Ltd., Acid Phosphatase Assay Kit, orb219857). We
used 37 °C following standardised commercial kit proto-
cols to ensure inter-kit reproducibility and comparabil-
ity with the extensive soil enzyme literature. While this
exceeds field temperatures at Moor House (MAT ~6 °C;
July maximum 12.3 °C), we prioritise relative enzyme
allocation (UA:ACP ratios) rather than absolute in situ
rates. The 37 °C temperature standardises activities
across samples, eliminating temperature as a source of
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variation while amplifying signal detection from low-
activity peat. Temperature sensitivity is generally propor-
tional across enzyme classes within soil types (Koch et al.
2007), suggesting UA:ACP ratios should be preserved
even if absolute activities differ from field conditions.
For each enzyme assay, standard curves were generated
using at least six concentrations of standard solutions,
achieving R* values consistently between 0.98 and 1.00.
We employed multiple controls to ensure measure-
ment accuracy, including substrate blanks (buffer +sub-
strate without peat) to correct for spontaneous substrate
hydrolysis, sample blanks (peat+buffer without sub-
strate) to correct for background absorbance from peat
organic matter, and negative controls to confirm absence
of contamination. Killed controls (autoclaved peat) were
not included; the implications of this are discussed in
Sect. "Methodological considerations and the robustness
of enzymatic stoichiometric ratios".

To minimise potential artifacts and ensure comparabil-
ity, all samples underwent identical processing, including
air-drying at room temperature for 48 h, homogenisa-
tion, storage at 4 °C, and analysis within 7 days of dry-
ing. This standardised protocol ensures that any drying
effects are consistent across all seasonal, elevational, and
depth treatments, allowing valid comparisons of relative
enzyme allocation patterns within our dataset (Dunn
et al. 2014; Lopes et al. 2015). However, absolute UA:ACP
values and derived thresholds should be considered
method-specific to air-dried peat analysed at 37 °C and
require validation using field-moist samples with killed
controls before application to other systems.

Statistical analysis
Due to the non-normal distribution of the data, as con-
firmed by Shapiro—Wilk tests, non-parametric statistical
methods were applied. The Mann—Whitney U test was
applied for seasonal comparisons of peat physicochemi-
cal properties. The significance of differences across ele-
vation and depth was tested using Kruskal—Wallis rank
sum tests, while Spearman’s rank correlation coefficients
were used to assess correlations between variables.
Partial Least Squares Path Modelling (PLS-PM) was
applied to assess the relationships among soil physico-
chemical properties, microbial abundance, enzymatic
activities, and spatiotemporal factors of season and
elevation. The PLS-PM model was structured hierar-
chically, with spatial and seasonal factors as exogenous
variables (Level 1), peat physical properties, nutrient
contents, and microbial abundance as mediating varia-
bles (Level 2), elemental and enzymatic stoichiometries
as endogenous variables (Level 3). Path relationships
were specified based on ecological hypotheses. Path
coefficients were estimated using bootstrapping with
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500 iterations, identifying significant relationships and
quantifying the strength of effects. Coefficient of deter-
mination (R%) was used to assess the variance explained
in the dependent variables. Path coefficients (3 values)
represent the strength and direction of relationships
between latent variables, and their significance was
evaluated using bootstrapped p-values. Model perfor-
mance was further evaluated through Goodness-of-Fit
(GoF) index.

Variation Partitioning Analysis (VPA) and Hierarchical
Partitioning (HP) were further employed to evaluate the
shared variance and relative importance of specific vari-
ables from PLS-PM level 2 in regulating stoichiometric
relationships. VPA was conducted to partition the total
explained variance among nutrient contents, peat physic-
ochemical properties, and microbial abundance. Redun-
dancy analysis (RDA) with 4,999 permutations was used
to test the significance of unique and shared fractions.
The total variance was divided into unique, joint, and
residual components, with the residual fraction repre-
senting unexplained variability. The relative explanatory
power of each component was expressed as the propor-
tion of total variance explained, providing a quantitative
basis for identifying the dominant environmental and
microbial drivers of stoichiometric variation. Prior to HP
analysis, a Spearman correlation matrix was computed
among all predictors to assess and filter the selected vari-
ables, thereby minimising potential collinearity issues.
HP was then applied to quantify the independent con-
tributions of individual predictors, including nutrient
contents (NH,*, NO;-, PO,*) and peat physicochemi-
cal properties (temperature, pH, EC, and water content),
to the variation in N:P and UA:ACP ratios. Independ-
ent effects were estimated based on goodness-of-fit (R?)
values, and their statistical significance was assessed
through 1,000 randomised permutations.

A power-law model was used to quantify the relation-
ship between N:P ratios and UA:ACP ratios. To linearise
the relationship, both variables were log-transformed and
fitted using a simple linear regression model log (UA:ACP
ratio) =a + fSlog (N:P ratio). The intercept («) and slope
() were estimated, and then back-transformed to obtain
the equation on the original scale as UA:ACP=a x (N:P)?,
where a=e” and b=p. Model fit was assessed using the
coefficient of determination (R*) and the p-value of the
slope term. Uncertainty around the predicted curve was
estimated by non-parametric bootstrapping (1,000 resa-
mples) to generate 95% confidence intervals.

Maps were generated using ArcGIS Pro version 3.0.2.
All analyses were carried out using RStudio version 4.4.1
with the ggplot2 (Wickham 2016), dplyr (Wickham et al.
2023), vegan (Oksanen et al. 2022), hier.part, Ime4 (Bates
et al. 2015), ggforce (Pedersen 2022), MuMIn (Barton
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2023), mgcv (Wood 2000), stats (R core Team 2012) and
plspm (Sanchez 2013) packages.

Results

Seasonal and spatial variation in elemental and enzymatic

stoichiometries

Figure 2A demonstrates that elemental N:P ratios were
significantly higher in summer than in winter across all
depths (=20 per season at each depth; p<0.001). At
0-20 cm, mean N:P values increased from 11.36+2.75
in winter to 42.26 +7.40 in summer. At 20—-40 c¢cm, means
increased from 13.35+3.03 to 78.15+9.55 in summer,
and at 40-60 cm from 26.01+4.48 to 102.40+29.92.
These patterns indicate a strong seasonal shift in N:P
stoichiometry, with summer peat showing pronounced
N enrichment, while winter peat remained consistently
lower and clustered around or below the canonical N:P
threshold of 16, consistent with conditions typically asso-
ciated with relative N limitation at the ecosystem level.

In contrast, Fig. 2B shows that UA:ACP ratios were
significantly higher in winter than in summer across all
depths (n=20 per season at each depth; p <0.001). Winter
values averaged 283.53 + 14.21 at 0-20 cm, 191.54.+47.59
at 20—40 cm, and 38.52+10.87 at 40—60 cm, while sum-
mer values were much lower, averaging 59.73+10.94,
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21.37£4.58, and 12.74+6.30, respectively. This inverse
seasonal pattern, high N:P with low UA:ACP in summer,
and low N:P with high UA:ACP in winter, suggests recip-
rocal shifts in plant nutrient status and microbial enzyme
allocation strategies between seasons.

Stoichiometric and enzymatic ratios exhibited strong
and contrasting depth-dependent patterns (Fig. 3).
N:P ratios increased markedly with depth in both sea-
sons, with values at 40-60 cm approximately doubling
relative to surface layers. In winter, N:P increased from
13.23+£0.85 at 0-20 cm to 27.91+1.03 at 40-60 cm
(~2.1-fold increase), while in summer, it rose from
33.93+2.71 to 90.06 +6.49 (~2.7-fold increase). In con-
trast, UA:ACP ratios showed the opposite trend, declin-
ing sharply with depth. In winter, UA:ACP decreased
from 283.53+14.21 at 0-20 cm to 38.52+10.87 at
40-60 cm (~7.4-fold decrease), whereas in summer, it
declined from 59.73+10.94 to 12.74+6.30 (~4.7-fold
decrease). These depth-driven changes were statistically
significant, with the deepest layer consistently differing
from surface soils for both ratios.

Using a threshold of UA:ACP =88 (derived from the
power-law relationship in Sect. "Elemental-Enzymatic
Coupling Across Environmental Gradients"), nearly
all winter values from the top two layers exceeded this
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Fig. 2 Seasonal and depth variation in (A) N:P ratios and (B) UA:ACP ratios across elevation gradients. Panel A shows N:P ratios with the threshold
value of 16 (red dashed line), representing the canonical plant-based N:P benchmark and used here as a reference for relative nutrient balance

at the ecosystem level. Panel B shows UA:ACP ratios with the threshold value of 88 (red dashed line) indicating the empirically derived transition
in microbial enzymatic allocation based on the power-law relationship in Fig. 7. Error bars represent standard error of the mean (+ SE). Sample size

n=20 per season x depth (5 elevations x4 replicates, individual cores)
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Season . Summer . Winter
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benchmark (100% at 0-20 cm and 65% at 20-40 cm),
whereas exceedance was rare in summer (15% and 0%,
respectively). In the 40—-60 cm layer, only 10% of winter
values and 5% of summer values exceeded the thresh-
old, indicating that the seasonal contrast was strongest
in the upper peat layers and diminished with depth.
Microbial community composition corroborated
these stoichiometric patterns. B:F ratios were 4.3-fold
higher in winter (2.84x10%+7.77x10%) than summer
(6.67 x 10* +3.44.x 10?%), with the strongest contrast in
surface peat (18.9-fold; winter=2.93x 10%+8.14 x 10%,
summer =1.55x 102+4.47x 10). B:F ratios corre-
lated negatively with N:P ratios (Spearman p=-0.407,
p<0.05) and UA:ACP ratios (Spearman p=-0.387,
p<0.05). In surface peat, this relationship was stronger,
with B:F negatively correlated with N:P (Spearman
p=—0.709, p<0.05). These community shifts are con-
sistent with bacterial competitive advantage under
N limitation and fungal dominance under P limita-
tion (Strickland and Rousk 2010). However, these
relationships became non-significant when analysed
within individual seasons, indicating that B:F ratios
respond to broader environmental gradients rather
than directly tracking nutrient limitation at finer scales.
The observed shifts are therefore consistent with the
stoichiometric patterns, while also likely influenced by
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Fig. 3 Depth-dependent variation in peat stoichiometry. Mean (A) N:P ratios and (B) UA:ACP ratios across depth intervals (0-20, 20-40, 40-60 cm)
for summer and winter. N:P increases with depth, while UA:ACP decreases down-profile across both seasons, showing consistent vertical gradients.
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denote significant differences among depth intervals within winter (p < 0.05). Depths sharing the same letter are not significantly different
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additional factors such as temperature, redox condi-
tions, and substrate quality.

Environmental drivers of stoichiometry variation

Given the pronounced seasonal and depth-related
variation in stoichiometric ratios (Sect. "Seasonal and
spatial variation in elemental and enzymatic stoichio-
metries"), we used PLS-PM to identify the hierarchical
pathways through which environmental factors influ-
ence nutrient stoichiometry. The PLS-PM model in
Fig. 4 achieved a moderate overall GOF of 0.48, pro-
viding a holistic view of how seasonal and spatial fac-
tors propagate through physicochemical, biological,
and stoichiometric pathways. The model explained
77.2% of the variance in peat physical properties,
46.5% in nutrient content, 61.4% in microbial abun-
dance, 38.7% in peat elemental stoichiometry, and
33.3% in enzymatic stoichiometry. Season emerged as
the strongest driver, exerting positive effects on physi-
cal properties (5=0.84, p<0.001) and microbial abun-
dance (8=0.76, p<0.001). Depth had strong negative
effects on nutrient content (8= —0.47, p<0.001) and
microbial abundance (8= —0.16, p<0.05), while ele-
vation negatively influenced peat physical properties
(8= —-0.27, p<0.001) and nutrient content (= —0.16,
p<0.05). Within the enzymatic stoichiometry block,
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Elevation Season Depth
-0.16* -0.27*** -0.11 -0.48*** 0.84*** 0.76*** -0.47*** -0.06 -0.16*
\ 4 ’ T Y\
Nutrient Contents Peat Physical Properties Microbial Abundance
R2: 46% R%: 77% R% 61%
NH,* NOs PO> Temperature pH EC Water Content Bacteria || Archaea Fungi
0.39 -0.45 0.90 0.88 -0.07 0.81 0.4233 0.76 0.72 0.82
-0.27** 0.38*** 0.25* -0.31** 0.28 -0.02
Elemental Stoichiometry Enzymatic Stoichiometry
R2%: 39% R2%: 33%
C:N C:P N:P FDA:UA FDA:ACP UA:ACP
-0.38 -0.07 0.95 -0.54 0.65 0.91

Fig. 4 PLS-PM linking environmental drivers to peat stoichiometry. Environmental factors (elevation, depth, season) influence intermediate

latent constructs: Physicochemical Properties (temperature, EC, water content, pH), Nutrient Content (NH,*, NO,~, PO43’), and Microbial Biomass
(bacteria, archaea, fungi), which subsequently affect Peat Elemental Stoichiometry (C:N, C:P, N:P) and Enzymatic Stoichiometry (FDA:UA, FDA:ACP,
UA:ACP). Path coefficients are shown as arrows: red lines represent positive relationships, blue lines represent negative relationships. Solid arrows
indicate statistically significant paths (p <0.05); dashed arrows denote non-significant relationships. Arrow thickness is proportional to effect size
(B). R? values indicate variance explained in each endogenous variable. Values in italics within boxes show indicator loadings. Significance: *p < 0.05,

**p<0.01,***p<0.001

the UA:ACP ratio showed the highest loading (0.91),
highlighting it as the most representative indicator of
shifts in enzymatic allocation. This ratio approach was
adopted deliberately. In water-saturated peat (averaging
86% moisture; Supplementary Table S3), enzyme ratios
are expected to be more robust to assay artifacts than
absolute activities, as systematic biases that affect both
enzymes similarly cancel when expressed as ratios.

At the intermediate level, peat physical properties posi-
tively influenced peat elemental stoichiometry (5=0.25,
p<0.05) but negatively influenced enzymatic stoichiom-
etry (5= —-0.31, p<0.01). Conversely, nutrient content
negatively affected elemental stoichiometry (8= —0.27,
p<0.01) but positively affected enzymatic stoichiometry
(5=0.38, p<0.001). Microbial abundance had no signifi-
cant direct effects on either stoichiometric component.
Within the elemental stoichiometry block, N:P ratio
showed the highest loading (0.95), indicating it was the
strongest contributor to this latent construct. Similarly,
within the enzymatic stoichiometry block, the UA:ACP
ratio showed the highest loading (0.91), highlighting it as

the most representative indicator of shifts in enzymatic
allocation.

Given the dominant loadings of the N:P and UA:ACP
ratios within their respective stoichiometric constructs,
VPA was conducted to further explore how Level 2 com-
ponents jointly influenced these representative ratios.
For the N:P ratio (Fig. 5A), the three components collec-
tively explained 35.2% of the total variance, leaving 64.8%
as residuals. Among the unique fractions, peat phys-
icochemical properties accounted for the largest share
(8.1%, p<0.01), followed by nutrient contents (7.6%,
p<0.01) and microbial abundance (0.4%, p >0.05). Signif-
icant shared effects were observed between nutrients and
physicochemical properties (1.3%, p <0.01) and among all
three components (9.0%, p <0.001). For the UA:ACP ratio
(Fig. 5B), the three components explained 31.1% of the
total variance, with 68.9% remaining as residuals. Unique
effects were dominated by nutrient contents (11.4%,
p<0.01), followed by peat physicochemical properties
(3.9%, p>0.05). Joint fractions between nutrients and
physicochemical properties (7.5%, p<0.001) and among
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Fig. 5 Variation partitioning analysis showing unique and shared contributions of peat physical properties, nutrient contents, and microbial
abundance to (A) N:P ratios and (B) UA:ACP ratios. Overlapping regions represent shared explanatory power; non-overlapping areas indicate
unique contributions. Values shown are proportions of total variance. Residuals represent unexplained variance. Significance: *p < 0.05, **p < 0.01,

#%p 0,001

all three components (6.0%, p<0.01) further emphasised
the integrative control of nutrient and abiotic factors
on enzymatic stoichiometric variation. Together, these
results reinforce the PLS-PM findings, showing that
nutrient availability and peat physicochemical conditions
are the predominant drivers of stoichiometric adjust-
ments, while microbial abundance exerts comparatively
wealker effects.

Prior to HP analysis, a Spearman correlation matrix
was examined to evaluate potential collinearity among

correlations were observed between temperature, bacte-
rial abundance, and fungal abundance (|p|>0.6), suggest-
ing potential multicollinearity among microbial variables.
To avoid spurious variance attribution, microbial abun-
dance was therefore excluded from the HP models,
ensuring reliable estimation of independent environmen-
tal effects. HP analysis was then applied to quantify the
individual contributions of nutrient and physicochemical
predictors to stoichiometric variation. For the N:P ratio
(Fig. 6A), temperature, PO,*>", and EC exhibited the larg-

predictors (Supplementary Fig. 3). Strong positive est independent effects, explaining approximately 45%,
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Fig. 6 Hierarchical partitioning analysis showing independent contributions of environmental variables to (A) N:P ratios and (B) UA:ACP ratios. Bars
represent the percentage of variance explained independently by each predictor after accounting for effects of other variables. Nutrient contents
include NH,*, NO,~, and PO,>™; physical properties include temperature, pH, EC, and water content. Significance determined by 1,000 randomised
permutations: *p < 0.05, **p < 0.01, ***p <0.001



Guo et al. Ecological Processes (2026) 15:42

22%, and 19% of the total variance, respectively, whereas
NH,*, NO;~, pH, and water content contributed mini-
mally (<10%) and were not significant (all p>0.05). For
the UA:ACP ratio (Fig. 6B), PO,>~ accounted for the
strongest independent effect (49%), followed by EC (29%)
and temperature (17%), while other variables showed
negligible contributions.

Elemental-enzymatic coupling across environmental
gradients

To establish the mechanistic link between plant nutri-
ent status (N:P ratios) and microbial enzyme allocation
(UA:ACP ratios) that underlies the seasonal patterns in
Sect. "Seasonal and spatial variation in elemental and
enzymatic stoichiometries”, we examined their relation-
ship across all samples and environmental conditions.
Figure 7 illustrates a strong inverse power-law relation-
ship between N:P and UA:ACP ratios (n=120; R?>=0.604;
p<0.001), described by the equation:

UA : ACP Ratio = 6.63 x 10> x N : P Ratio™ 1>

UA:ACP ratios were highest at low N:P values and
declined steeply with increasing N:P, approaching mini-
mal levels at the upper N:P range. The data points were
widely dispersed at low N:P ratios but became tightly
clustered at high N:P, reflecting decreasing variability
in UA:ACP with increasing N:P ratios. Winter samples
were predominantly distributed at the low N:P and high
UA:ACP end of the curve, whereas summer samples were
mainly concentrated at the high N:P and low UA:ACP
end.

1750 | —
UA:ACP = 6.63e+03 x NP ™" Summer
R*=0.604 Winter
1550 p <0.001 — Power-Law Fit
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1250 |
3
S
% 1000 -
o
o
2 750t
§
550
250
0 .

0 20 40 60 80 100 120 140 160
N:P Ratios

Fig. 7 The relationship between blanket bog ecosystems’elemental

and enzymatic stoichiometries. Orange and blue points represent

samples from summer and winter, respectively (n=120). The curve

represents the fitted power-law model, which explained 60.4%

of the variation. Shaded bands represent the 95% confidence

intervals around the fitted curve
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Discussion
Environmental drivers structuring peatland
biogeochemical frameworks
The observed variation in peat elemental and enzymatic
stoichiometry reflects the superposition of processes
operating over distinct temporal and spatial scales. On
the one hand, seasonal dynamics drive rapid and revers-
ible changes in nutrient availability through hydro-
thermal forcing, redox fluctuations, plant uptake, and
microbial activity. On the other hand, depth-related
gradients reflect long-term peat development, including
progressive humification, selective nutrient loss, and the
accumulation of recalcitrant organic matter. Distinguish-
ing between these two axes of variation is essential for
interpreting the magnitude and ecological significance of
the stoichiometric patterns observed in this study.
Seasonal hydro-thermal forcing establishes the primary
control on short-term biogeochemical dynamics in sur-
face peat. In blanket bogs, warmer and relatively drier
periods enhance oxygen availability and concentrate sol-
utes in the upper peat layers, whereas cooler, water-sat-
urated conditions maintain anoxia and dilute porewater
chemistry. Temperature and EC jointly drive the cyclic
restructuring of elemental and enzymatic stoichiom-
etry in peatlands. They share some variance (|p|=0.44,
p<0.001; Supplementary Fig. 3), reflecting their common
response to seasonal hydro-thermal forcing, with tem-
perature governing biological activity and EC represent-
ing the associated chemical reorganisation of porewater
(Ponziani et al. 2012; Weedon et al. 2014; Machmuller
et al. 2016). Specifically, elevated temperature accelerates
litter decomposition and N mineralisation while stimu-
lating oxidative enzymes that relax the phenolic/enzymic
latch (Freeman et al. 2004). Enhanced microbial metabo-
lism increases nutrient turnover and oxygen demand,
while concurrent plant growth intensifies nutrient
uptake, especially of PO,>", tightening P supply relative
to N (Wang and Moore 2014). In parallel, elevated EC
likely arises from the accumulation of dissolved cations
such as Ca*, Mg”, Fe*", and AI** derived from mineral
weathering, atmospheric deposition, and ion exchange
within peat (Urban et al. 1995; Comas and Slater 2004).
The resulting increase in ionic strength enhances phos-
phate sorption through cation bridging and the forma-
tion of cation—P complexes (Xiong and Mahmood 2010;
Tang et al. 2025), thereby reducing P bioavailability and
shifting enzymatic allocation through ionic stress or sub-
strate binding effects. Moreover, EC may reflect diffu-
sion limitations on microbial activity in water-saturated
peat environments (Fillop et al. 2025), further linking
ionic conditions to enzyme production patterns. Under
oxic and warmer, conditions these processes intensify,
whereas cooler, water-saturated, and reducing conditions
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suppress microbial activity, lower EC, and favour redox-
driven processes, which releases previously bound phos-
phate. This interplay explains why EC accounted for a
greater proportion of variation in UA:ACP ratios (29%)
than temperature (17%), reflecting its closer association
with PO,>" availability, which explained 49% of the vari-
ance and represents the dominant control of microbial
enzymatic stoichiometry.

Oxygen limitation further constrains peatland biogeo-
chemistry, particularly under water-saturated conditions.
The high moisture content of blanket bogs (averaging
86% in our samples; Supplementary Table S3) creates
steep vertical oxygen gradients that limit aerobic enzyme
activity and constrain microbial metabolism (Freeman
et al. 2001). Seasonal variation in water-table position
modulates oxygen availability, with summer conditions
enabling aerobic decomposition in surface peat and win-
ter conditions maintaining predominantly anaerobic
conditions. These redox dynamics interact with nutri-
ent limitation by regulating access to phenolic-bound
substrates and controlling the expression of oxidative
enzymes associated with the “enzymic latch” (Freeman
et al. 2004; Urbanovda and Héjek 2021).

In contrast to these rapid seasonal processes, depth-
related stoichiometric gradients reflect long-term
diagenetic transformations associated with peat accu-
mulation. With increasing depth, peat profiles become
cooler and more anoxic (Fenner and Freeman 2011) and
are enriched in humified, recalcitrant substrates (Moore
and Dalva 2001; Tfaily et al. 2014; Drollinger et al. 2020).
Oxygen diffusion limitations constrain enzyme—sub-
strate interactions (Freeman et al. 2001; Wallenstein and
Burns 2011), leading to declines in potential enzymatic
activity and reduced capacity for rapid microbial real-
location (Pinsonneault et al. 2016; Steinweg et al. 2018;
Urbanové and Hajek et al. 2021). Our results indicate that
seasonal oscillations in elemental and enzymatic stoichi-
ometry were pronounced in surface peat but diminished
substantially below 40 c¢cm, where variability was much
weaker (Steinweg et al. 2018). Depth-related changes
were particularly evident for P-related stoichiometry, N:P
increasing threefold between 0-20 ¢m and 40-60 cm,
consistent with progressive P depletion and humifica-
tion during peat development. In deeper peat layers, bulk
stoichiometry increasingly reflects the long-term imprint
of accumulation and decomposition processes, and may
therefore be partially decoupled from contemporary
plant nutrient demand. Our sampling was limited to the
upper 60 cm (approximately 20-33% of the total peat
profile), missing the deeper peat horizons (60—-300 cm)
where the most recalcitrant organic matter resides and
where microbial activity is substantially lower (Steinweg
et al. 2018).
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Elevation modifies these patterns by influencing both
climate and atmospheric deposition. Across the studied
elevational gradient (~200 m), the corresponding tem-
perature decrease (~1.3 °C; Burt and Holden 2010) and
variation in precipitation inputs influence peat physical
properties and nutrient distributions. Higher-elevation
sites experience enhanced cloud water deposition and
greater hydrological connectivity, facilitating nutrient
transport, particularly for dissolved N species (Cape et al.
2015; Mozafari et al. 2023). However, statistical analy-
ses indicate that elevational effects were generally weak
and variable. The clearest pattern was observed for NH,*
concentrations, which declined strongly with elevation
in winter (R*=0.94, p <0.01 for 0-20 cm; Supplementary
Table 3), whereas most other variables showed non-sig-
nificant or inconsistent trends across elevation gradients
and depth layers (Supplementary Tables 4-5).

These findings indicate that peatland stoichiometry is
structured along two orthogonal axes: a dynamic sea-
sonal axis governing short-term nutrient cycling and
microbial enzyme allocation in surface peat, and a depth-
dependent axis reflecting long-term peat development
and constraining the baseline stoichiometric composition
of the system.

Methodological considerations and the robustness

of enzymatic stoichiometric ratios

Enzyme assays in peatlands present unique methodologi-
cal challenges compared to mineral soils because of the
high water content and distinct physicochemical proper-
ties of peat. Our samples averaged 85.7 £ 6.8% moisture
(range: 70.9-91.0%; Supplementary Table S3), meaning
fresh peat consists primarily of pore water with organic
matter forming a suspended or semi-solid matrix. While
air-drying reduces absolute activities, we employed a
standardised protocol to ensure that relative differences
across seasons and depths were preserved, allowing
for valid comparisons of enzyme allocation patterns. A
detailed evaluation of these methodological complica-
tions and our justification for using air-dried samples is
provided in Supplementary Text S1.

Despite these constraints, multiple lines of evidence
indicate that our enzyme metrics reflect ecologi-
cal signals rather than being dominated by methodo-
logical artefacts. Recent reviews have questioned the
validity of using enzyme activity ratios to infer nutri-
ent limitation (Rosinger et al. 2019; Mori 2020; Mori
et al. 2023), particularly in C:N:P frameworks where
B-glucosidase is used as a proxy for C acquisition,
even though it also contributes to N acquisition via
chitin degradation (Mori et al. 2021). Our framework
avoids these confounding effects by focusing exclu-
sively on N:P limitation within a C-rich system (peat
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averaging 44%, Supplementary Table S5), where micro-
bial enzyme allocation responds primarily to relative
N versus P scarcity rather than absolute C availability.
The biological validity of this approach is confirmed
by hierarchical partitioning, which showed that pore-
water chemistry variables (PO,*~, EC, temperature)
explained the dominant share of variation in both N:P
and UA:ACP ratios (Fig. 6). For UA:ACP specifically,
PO,*” accounted for 49% of variance, followed by EC
(29%) and temperature (17%), indicating that enzyme
allocation patterns track biogeochemical conditions.
Furthermore, the tight power-law relationship between
N:P and UA:ACP (R*=0.60, p <0.001; Fig. 7) and the
clear seasonal separation in surface peat ((winter
mean =237 vs summer mean =59; Fig. 2) demonstrate
that enzyme stoichiometry tracks nutrient limitation
status across contrasting peatland treatments, sea-
sons, and depths. These correlations would be unlikely
if enzyme ratios were primarily determined by assay
artefacts rather than biological regulation. Nonethe-
less, absolute UA:ACP values and the derived thresh-
old (UA:ACP =388, 95% CI: 64—118) should be treated
as method-specific until validated under field-moist
conditions and alternative assay controls (e.g. killed
controls, in situ assays) are applied.

Importantly, these enzyme patterns are further sup-
ported by microbial community composition shifts.
B:F ratios were 4.3-fold higher in winter than sum-
mer (18.9-fold in surface peat), consistent with the
observed seasonal stoichiometric gradients. This
coherence across pore-water chemistry (PO,*”
explains 49% of UA:ACP variance), elemental stoi-
chiometry (N:P-UA:ACP, R?=0.60), and microbial
community composition demonstrates that enzyme
allocation patterns reflect ecosystem nutrient status.
Integrating microbial community ratios with enzyme
stoichiometry strengthens the elemental-enzymatic
coupling framework in two key ways. First, it shows
that the framework captures processes operating
across biological scales, from molecular (enzyme allo-
cation) to community (bacterial vs fungal dominance).
Second, it provides a validation pathway that is inde-
pendent of the specific methodological constraints
affecting enzyme assays (air-drying, incubation tem-
perature). Although B:F ratios measured by qPCR
carry their own biases (e.g. differential DNA extraction
efficiency for bacteria and fungi; inability to distin-
guish dead from live cells), their close correspondence
with enzyme allocation patterns suggests that both
metrics respond to the same underlying nutrient limi-
tation gradient. This multi-scale convergence is con-
sistent with expectations if our framework accurately
diagnoses ecosystem nutrient status.
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Elemental-enzymatic coupling as an inverse power-law
mechanism

The N:P thresholds of<14 and>16 used in this study
originate from plant stoichiometric frameworks, where
they have been widely applied to diagnose N versus P
limitation in vegetation (Guisewell 2004; Ptacnik et al.
2010; Wang and Moore 2014). In the present study,
these thresholds are not interpreted as direct indicators
of plant physiological limitation, but rather as heuristic
reference points for ecosystem-level nutrient balance.
Under this framework, the plant-derived thresholds
serve as anchor points within a broader stoichiomet-
ric continuum, allowing inference of relative N versus P
constraint at the ecosystem scale, where nutrient availa-
bility emerges from the combined effects of plant inputs,
microbial processing, and long-term peat accumulation.
While this approach necessarily simplifies the complex-
ity of ecosystem nutrient dynamics, the close alignment
between elemental and enzymatic indicators in this study
suggests that these thresholds retain functional relevance
beyond plant tissues, particularly when interpreted in
conjunction with microbial activity.

Before interpreting the power-law relationship, we
acknowledge that UA represents one of multiple micro-
bial pathways for N acquisition in peatlands. In natural
ecosystems, organic N mobilization depends primarily
on polymer-degrading enzymes including N-acetyl--
glucosaminidase (NAG), leucine aminopeptidase (LAP),
and other peptidases that break down proteins and chitin
(Parvin et al. 2018; Zhai et al. 2025). UA, which hydro-
lyses urea to ammonium, is most relevant in agricultural
systems with synthetic fertiliser inputs, though it remains
active in natural systems where urea derives from atmos-
pheric deposition and microbial turnover (Motasim et al.
2024). Consequently, our UA:ACP thresholds should be
interpreted as method-specific proxies for UA-based
N acquisition rather than comprehensive microbial N
limitation indicators. They likely underestimate total
N-acquiring enzyme investment and represent a con-
servative lower bound for microbial N limitation. How-
ever, the strong coupling between bulk peat N:P ratios
and microbial UA:ACP enzymatic allocation provides
an independent, process-based indicator of nutrient
demand. The robust correlation observed across seasons,
depths and elevations confirms its utility as a reliable
tracer of ecosystem nutrient status.

Our study demonstrates that elemental and enzymatic
stoichiometries are coupled through an inverse power-
law relationship, which carries two mechanistic impli-
cations. First, the negative exponent indicates that as
the peat-plant system shifts toward higher N:P ratios,
reflecting stronger relative P scarcity, microbes reduce
the UA:ACP ratio by investing proportionally more in
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phosphatase relative to urease. Conversely, at low N:P,
UA activity dominates while ACP is suppressed, resulting
in a higher UA:ACP ratio. This pattern is consistent with
optimal foraging theory, in which microorganisms adjust
enzyme production to mitigate resource imbalances
(Margalef et al. 2017; Mooshammer et al. 2014). Given
the intrinsically high C content of peat, microbial enzyme
allocation is therefore governed by the relative availability
of N and P, with phosphatase production favoured under
P limitation and UA favoured under N limitation (Sin-
sabaugh and Moorhead 1994). Second, the magnitude
of the exponent (x—1.56) indicates strong sensitivity
at low N:P and diminishing responsiveness at high N:P.
Under N limitation, small reductions in N:P elicit large
increases in the UA:ACP ratio, whereas responses satu-
rate under pervasive P limitation. The dispersion pattern
reinforces this mechanism where variability in UA:ACP
is high under N scarcity, reflecting a broad portfolio of
microbial strategies for N acquisition. Part of this vari-
ability may also reflect the influence of legacy P pools
at depth, where accumulated and partially recalcitrant P
can decouple bulk N:P ratios from immediately bioavail-
able P. This may introduce scatter in the N:P-UA:ACP
relationship by weakening the linkage between bulk
stoichiometry and microbial enzyme allocation, par-
ticularly in deeper peat layers. By contrast, variability
converges under P limitation, when microbial strategies
are constrained to enhanced phosphatase production,
underscoring the specificity of ACP as a marker of P
acquisition (Jian et al. 2016). Consistent with these find-
ings, global analyses show that N enrichment can stimu-
late P-mediated P mobilisation without altering total or
available P pools, indicating that P availability is buffered
by enzymatic processes rather than directly reflected in
bulk stoichiometry (Chen et al. 2020). Using established
boundaries of N:P <14 and N:P > 16, we derived specific
microbial benchmarks where ratios of UA:ACP=108
indicate N limitation and UA:ACP =88 indicate P limita-
tion. These thresholds provide a proof-of-concept frame-
work linking elemental and enzymatic stoichiometry in
peatlands. Although they carry statistical uncertainty,
with 95% confidence intervals on the exponent (- 1.39
to — 1.73) propagate to the thresholds. At N:P=16, the
UA:ACP threshold’s 95% confidence interval spans 64
to 118. Values between 70 and 110 should therefore be
considered "near-threshold" rather than definitively N-
or P-limited, though the clear seasonal separation in our
data (winter mean=237 vs. summer mean=>59 in sur-
face peat) falls well outside this uncertainty range. Future
work incorporating additional N-acquiring enzymes
(NAG, LAP) would refine threshold quantification while
preserving the underlying elemental-enzymatic coupling
mechanism.
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Ecological responses to seasonal and spatial nutrient
dynamics

In blanket bog ecosystems, carbon limitation is unlikely
in peat systems, where total organic C averages 44% (Sup-
plementary Table S5), but energy limitation may occur
when oxygen scarcity restricts aerobic respiration, forc-
ing microbes to rely on less efficient anaerobic pathways.
Therefore, shifts in the balance between N and P avail-
ability regulate plant community composition, microbial
activity, and the efficiency of C storage.

Our study revealed that seasonality organises blan-
ket-bog nutrient limitation along a consistent axis from
winter N limitation to summer P limitation. The magni-
tude of these seasonal shifts is particularly pronounced
in surface peat, where N:P ratios increased substantially
between winter and summer, reflecting a transition
toward stronger P constraint during the growing season.
This pattern is consistent with the observed changes in
microbial enzyme allocation, where increases in UA:ACP
ratios indicate reduced relative investment in P-acquiring
enzymes under conditions of elevated PO,*" availabil-
ity, and a reallocation toward N processing. At the plant
level, nutrient limitation governs both community com-
position and C storage efficiency. Under N limitation,
Sphagnum mosses dominate because of their efficiency
under low-N conditions, while vascular plants remain
suppressed (Limpens et al. 2003, 2004). Although pro-
ductivity is modest, Sphagnum provides a continuous
input of recalcitrant litter that contributes substantially
to peat accumulation and supports organic matter build-
up (Temmink et al. 2023; Zhao et al. 2023). By contrast,
when P becomes limiting, N enrichment promotes vas-
cular plant expansion and reduces Sphagnum competi-
tiveness (Chiwa et al. 2018). This shift alters litter quality
toward more labile vascular plant material, enhancing
decomposability and reducing the efficiency of long-term
carbon storage (Moore et al. 2007; Zeh et al. 2020).

Microbial processes further mediate these ecosystem
responses by regulating nutrient availability and organic
matter turnover. In ombrotrophic bogs, where carbon
content is particularly high, microbial activity plays a
central role in controlling decomposition and nutrient
cycling (Barta et al. 2025). Under N limitation, micro-
bial metabolism is constrained, decomposition rates
remain low, and C preservation is relatively stable (Luo
et al. 2021). The restricted capacity for organic mat-
ter breakdown allows much of the C fixed by plants to
remain stored in peat, contributing to high C content and
sustained peat accumulation (Jayasekara et al. 2025). In
contrast, a shift toward P limitation generally reflects the
alleviation of N limitation under elevated N supply (Brag-
azza et al. 2010; Gao et al. 2022). Under these conditions,
microbial activity intensifies, accelerating organic matter
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mineralisation and increasing C turnover (Song et al.
2017; Wieder et al. 2020).

P dynamics in these ombrotrophic systems reflect
both contemporary atmospheric inputs (0.62-1.75 kg
P ha! yr! at comparable UK sites; Worrall et al. 2016)
and recycling of legacy P accumulated during peat devel-
opment. While atmospheric deposition represents the
dominant pathway for new P entering the system under
current conditions, the underlying glacial till at Moor
House likely contributed P through weathering during
initial peat formation and may continue to do so at low
rates in deeper layers. The measured total P concentra-
tions (0.014-0.157%; Supplementary Table S5) repre-
sent this accumulated P pool, most of which now cycles
internally through plant uptake, microbial processing,
and decomposition rather than being supplied annu-
ally from the atmosphere. Seasonal shifts in bioavailable
P may therefore reflect redox-mediated transformations
rather than variable atmospheric inputs. During anoxic
winter conditions, P is released from microbial biomass
turnover and desorption from phenolic compounds in
partially decomposed organic matter (Qin et al. 2024).
Small quantities of Fe/Al, derived from both historical
mineral weathering and ongoing atmospheric deposition,
form organo-metallic complexes with humic substances
that can also release P under reducing conditions (Yang
et al. 2022; Curtinrich et al. 2022). Conversely, typically
drier and oxic summer conditions promote P immobili-
sation through microbial uptake, complexation with phe-
nolic groups, and sorption to organo-metallic sites (Zak
et al. 2004). This distinction between P sources (histori-
cal accumulation from weathering and deposition) and P
cycling (contemporary redox-mediated transformations)
is important for interpreting seasonal N:P ratio shifts, as
it indicates that nutrient limitation patterns are driven by
bioavailability rather than absolute P scarcity.

Nutrient interactions further reinforce these dynam-
ics through feedbacks involving biological N fixation.
Higher PO,* concentrations in our study coincided
with increases in both N:P and UA:ACP ratios, a pattern
consistent with P stimulation of diazotrophic activity. In
Sphagnum-dominated systems, experimental additions
of inorganic P substantially increase N, fixation rates
(Van Den Elzen et al. 2017). Field observations further
show that nutrient status, including P supply, regulates
spatial and seasonal variability in biological N, fixation
(Zivkovic et al. 2022). These findings support our inter-
pretation that enrichment with PO,>" alleviates P limi-
tation of diazotrophs, enabling greater N, fixation and
thereby increasing ecosystem N relative to P.

While these responses are most strongly expressed
in surface peat layers, spatial constraints, particularly
with depth, limit the extent to which seasonal changes

Page 15 0of 19

propagate through the peat profile. Deeper peat lay-
ers, shaped by long-term accumulation and decomposi-
tion processes, have greater stoichiometric stability and
reduced microbial responsiveness, effectively buffering
deeper C stores from rapid biogeochemical reorganisa-
tion. Consequently, seasonal shifts in nutrient limitation
primarily influence the biologically active surface layer,
while deeper peat maintains the longer-term structural
and stoichiometric framework of the system. These
results demonstrate that blanket-bog ecosystem func-
tioning is governed by the interaction between dynamic
seasonal forcing and spatial constraints imposed by peat
development. Seasonal changes regulate the expression
of nutrient limitation and associated biological processes
in surface peat, while depth-dependent structure con-
strains their propagation. This coupling between tem-
poral variability and spatial structure ultimately shapes
nutrient cycling, microbial activity, and the long-term
balance between carbon accumulation and decomposi-
tion in peatland ecosystems.

Applications and implications of the nutrient limitation
threshold in bogs
The elemental-enzymatic threshold and framework
developed in this study has important practical applica-
tions for peatland science and management. First, the
application of the derived UA:ACP thresholds allows for
a rapid classification of microbial nutrient states even
when physicochemical data are unavailable. By identi-
fying whether a system is under N pressure (exceeding
the 108 benchmark) or P pressure (falling below the 88
benchmark), the functional status of the peat microbi-
ome can be assessed more efficiently. Second, it provides
a monitoring tool, as the frequency and persistence of
threshold crossings can guide the design of seasonally
informed management, such as reducing external N
inputs in winter or limiting P immobilisation in summer.
Third, it offers a parsimonious rule for models, improv-
ing predictions of plant—-microbe interaction by linking
enzyme allocation directly to elemental stoichiometry.
Nutrient limitation in these systems emerges from the
interaction between dynamic seasonal forcing and spa-
tial constraints imposed by peat development. Seasonal
variability represents the dominant driver of short-term
changes in nutrient availability and microbial func-
tion, particularly in the biologically active surface layer.
In contrast, depth reflects long-term peat accumula-
tion and diagenetic processes that establish the baseline
stoichiometric framework within which these seasonal
dynamics operate. As a result, while seasonal forcing
controls the timing and expression of N versus P limita-
tion, depth constrains its magnitude and propagation
through the peat profile. Under projected warming and
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drying, seasonal effects are likely to intensify, prolong-
ing periods of P limitation in surface peat and increas-
ing the frequency of threshold crossings, with important
consequences for ecosystem stability and long-term C
sequestration.

This snapshot seasonal comparison (July 2023 and Feb-
ruary 2024) provides proof-of-concept but cannot distin-
guish typical seasonal patterns from year-specific climate
anomalies or characterise intra-seasonal transitions. The
strong statistical relationships (R*=0.60; clear seasonal
differentiation in Fig. 2) suggest our patterns capture fun-
damental biogeochemical processes rather than stochas-
tic variation, but multi-year validation is essential before
applying this framework to predict responses to interan-
nual climate variability. Future research should priori-
tise monthly sampling across multiple years, replication
across multiple blanket bog sites spanning climatic gradi-
ents, and experimental manipulation to test causal mech-
anisms and validate that threshold crossings correspond
to measurable ecosystem state changes. Furthermore,
because our model was developed for ombrotrophic,
rain-fed blanket bogs with inherently limited nutri-
ent inputs, validation across other peatland types is also
needed. Finally, we recommend including a wider range
of N-acquiring enzymes in future assessments to refine
the evaluation of nutrient limitation and strengthen its
relationship with N:P ratios. While the absolute threshold
values are method-specific and require validation across
peatland types, the inverse power-law coupling between
N:P and UA:ACP ratios represents a robust framework
for integrating plant and microbial perspectives on nutri-
ent limitation.
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