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ABSTRACT

Peatland rewetting is an effective restoration strategy to reduce carbon losses, halt soil 
subsidence and restore ecosystem functioning. However, rewetting drained and degra­
ded peatlands may release stored nutrients and potentially toxic elements into surface 
waters, raising concerns about eutrophication and metal mobilisation. Conversely, 
rewetting might have positive effects, whereby contaminants in source waters are 
retained within the peat itself. To assess these effects, we conducted a mesocosm 
experiment using peat cores from five agricultural lowland peatlands (raised bogs and 
fens) across England. The cores were subjected to three hydrological regimes: drained 
(control), raised (rewetted) and raised but fluctuating water table conditions. We 
monitored water quality determinands, including organic and inorganic nitrogen and 
phosphorus, potassium, sulphate, calcium, magnesium, sodium, chloride and fluoride, 
in the mesocosm surface water prior to treatment initiation and in mesocosm pore 
water (as an indicator of mobility) over nine weeks. Overall, pore water chemistry 
remained relatively consistent over the duration of the experiment. There were no site-
wide effects of the water table treatments, except on nitrate concentrations, which 
were highest under drained conditions. Responses for individual determinands varied 
among sites, likely due to differences in peat type (bog vs fen), peat chemistry and land 
use history. Our results suggest that rewetting is unlikely to trigger widespread down­
stream water quality deterioration, at least not for the determinands we measured, 
though the effects vary by site and solute. These findings highlight the importance of 
site-specific assessments, particularly if nitrogen, prior to rewetting.

1.  Introduction

Anthropogenic pressures on peatland ecosystems are high, with about 12% of peatlands degraded to the extent 
that peat is no longer formed and carbon is being lost (United Nations Environment Programme [UNEP], 
2022). Peatland drainage involves lowering the water table which introduces oxygen to the peat, accelerating 
decomposition and leading to increased carbon losses (Massop and Hessel, 2024). In response, peatland 
rewetting through raising water tables, either partially or fully, is proposed as a measure to reduce carbon 
losses by restoring anoxic conditions that slow decomposition; although the water quality consequences of 
this remain uncertain (Freeman et al., 2022).

Whether peatland rewetting mobilises or retains pollutants depends on site-specific factors that are poorly 
understood. Agricultural activities on drained peatlands can expose them to excess nutrients and heavy metals. 
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These substances may be retained in the system while under drained conditions, but may become mobile, 
transported into surrounding surface waters following the raising of water tables (Kaila et al., 2016; Zak & 
Gelbrecht, 2007). This mobilisation could include various substances such as dissolved organic carbon (DOC), 
phosphorus (P) and ammonium (NH4

+) (Kaila et al., 2016; van der Laan et al., 2024; van Dijk et al., 2004; Zak 
& Gelbrecht, 2007). For example, the mobilisation of phosphate (PO4

3−) and NH4
+, which can accumulate in 

the upper peat layers can be a particular concern when rewetting agriculturally drained peatlands (Zak & 
Gelbrecht, 2007). However, most studies focus on a handful of determinands (e.g. DOC, inorganic P and the 
different forms of nitrogen [N]) (Kaila et al., 2016; Zak & Gelbrecht, 2007). Less is known about the retention 
or leaching of other less-frequently measured nutrients, metals and trace elements, which can originate from 
agricultural inputs, air pollution and the direct dumping of waste (Breward, 2003; Garcés-Pastor et al., 2023; 
Tiemeyer et al., 2007). The potential mobilisation of these substances from peat to downstream surface waters 
would have implications for aquatic ecology, drinking water quality, greenhouse gas (GHG) emissions and 
recreational water uses (Breen et al., 2018; Jones, 1992; Vuori, 1995; Xu et al., 2018). Conversely, given the 
capacity of intact peat to retain nutrients, rewetting may be an effective strategy to bind substances that might 
otherwise leach to surface waters under drained conditions, effectively remediating the downstream impact 
of peatlands that have been subject to long-term agricultural intensification (Vroom et al., 2020). In addition, 
where external surface waters are used for rewetting, the incorporation of some pollutants such as nutrients 
and organic contaminants into the saturated peat matrix could enable either their retention (e.g. through 
adsorption or incorporation into newly forming peat) or long-term breakdown into less harmful substances 
(e.g. mineral N to N2) (Temmink et al., 2023; Urbanová et al., 2011). These processes, analogous to those that 
occur in constructed wetlands, would provide an ecosystem service by improving downstream water quality 
(Berset et al., 2001; Martin-Ortega et al., 2014).

The uncertainty regarding rewetting water quality impacts is particularly critical in the UK, where industrial 
and agricultural legacies have created unique contamination profiles that may respond differently to rewetting 
than less-impacted sites studied elsewhere. Many rewetting studies have been conducted in North America 
(Chimner et al., 2017) or in continental North-West Europe (e.g. the Netherlands and Germany) (Andersen 
et al., 2017). As the birthplace of the industrial revolution, the UK has a distinct land use context; UK peatlands 
have been heavily impacted by industrialisation (Garcés-Pastor et al., 2023) and a large proportion of its 
drained peatlands are used for agriculture, rather than forestry or peat extraction (Evans et al., 2017). These 
legacies have contributed to heavy metal pollution (Rothwell et al., 2010) and resulted in some of the most 
highly degraded peatlands globally (Fluet-Chouinard and Stocker, 2023). Therefore, some UK peatlands may 
have relatively high concentrations of accumulated nutrients and heavy metals (Comber et al., 2023; Smith 
et al., 2005) that could potentially be released to downstream waters if rewetting takes place.

Early rewetting efforts in the UK were concentrated on upland blanket bogs, and the majority of the UK 
rewetting evidence base is derived from these systems (Parry et al., 2014; Williamson et al., 2023). However, 
it is estimated that about 90% of UK lowland peatlands, originally fens and raised bogs, have been drained 
for agriculture (Evans et al., 2017). These peatlands represent some of the highest-value farmland in the UK, 
accounting for a large proportion of UK horticultural crop production, with an economic value of several 
billion pounds per year (National Farmers’ Union, 2019). Despite their importance for UK food production 
and economies, their agricultural use results in the emission of 2.5% of all reported UK greenhouse gas 
emissions (Bennett et al., 2025; Evans et al., 2017), as well as leading to other environmental problems such 
as land subsidence and structural damage to infrastructure, and increased flood risk (Page et al., 2020). As 
such, increasing attention is being given to partial or full rewetting of the UK's lowland peatlands. Whilst full 
rewetting (i.e. raising water tables to or near the peat surface) is favoured for conservation management and 
maximum delivery of most ecosystem services, other than food production, partial rewetting (i.e. raising water 
tables higher within the peat, but not to the peat surface) is proposed as a possible middle ground between 
reducing GHG emissions and maintaining agricultural output and economic productivity. There remain clear 
knowledge gaps about how lowland peatland rewetting will affect biogeochemical cycles and ecosystem 
services.

In this mesocosm experiment, we obtained peat cores from five agriculturally drained lowland peatlands 
across England and exposed them to three simulated water table conditions: drained, rewetted and fluctuating. 
Consistently high water levels are likely to minimise GHG emissions (Evans et al., 2021) but are difficult to 
maintain, and unlikely to be compatible with continued high-value agricultural production. Fluctuating water 
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tables most closely mimic conditions in many rewetted and managed peatlands (Ahmad et al., 2021; Blodau 
& Moore, 2003; Peacock et al., 2019) and, in a real-world rewetting scenario, serve as a middle ground to 
balance crop production and the GHG mitigation potential of wetter soils. Conversely, wet-dry cycles may 
promote the release of nutrients and metals (Broder & Biester, 2015; Laine et al., 2013; Pinto et al., 2021). 
Thus, the objective of our study was to quantify how drained, rewetted and fluctuating water table treatments 
impact the mobilisation or retention of nutrients, metals and trace elements from five agriculturally drained 
lowland peatlands. We further aimed to determine whether treatment effects would vary across sites with 
differing geographies and land use histories. Given that the contamination history of UK lowland peatlands 
is heterogeneous across the UK, we also examined whether baseline surface water chemistry varied substan­
tially between sites, which could subsequently influence treatment responses. We focused on lowland agri­
cultural peatlands, because these are the systems where peatland emissions are highest (Evans et al., 2016) 
and where rewetting efforts for GHG mitigation are increasingly focused in the UK (Department for 
Environment, Food & Rural Affairs [DEFRA], 2021) and around the world (Lestari et al., 2024; Regulation 
(EU) 2024/1991, 2024). Such mesocosm experiments have proven insightful previously for examining GHG 
exchange in UK lowland peatlands (Matysek et al., 2019; Wen et al., 2020), while here we focus on water quality.

2.  Methods

2.1. Experimental setup

We collected peat cores from five lowland peatlands in England (two from the northwest and three from the 
southeast) that are, or have been, actively cultivated using conventional drainage-based farming methods 
(Figure 1, Table 1). Railway View is a grassland, Pymoor is arable with cereals and Wrights, Rosedene1 and 
Rosedene2 are arable with horticulture crops (e.g. lettuce, celery, radish). The two Rosedene sites are ~2.5 km 
apart, have different specific cropping histories, and Rosedene1 was subject to an experimental water table 
raise in June 2024. Depending on which definition of peat is used, e.g. >30% organic material to a depth of 
30 cm (Joosten & Clarke, 2002), Pymoor may not be considered a true peatland, but rather ‘wasted peat’ 
(JNCC, 2011). These soils form part of the extensive area of former thick peat in the lowlands of Eastern 
England that has been heavily depleted by oxidation following several centuries of agricultural drainage (Evans 
et al., 2017). Wasted peat soils retain high topsoil carbon content and are biogeochemically distinct from 
mineral soils within the same region (D’Acunha et al., 2026). As such, wasted peat soils are an important 
component of peatland management examined in this study. For more detailed information about peat 
chemistry at all sites (except Pymoor), refer to our complementary publication (Silverthorn et al., 2026). All 
sites have temperate climates: mean annual temperatures and precipitation are ~11 °C and 570 mm for the 
southeastern sites and ~10 °C and 830 mm for the northwestern sites (UK Met Office, 2025). Between 4 July 
and 14 August 2024, 12 intact peat cores were collected adjacent to one another at each site by carefully driving 
PVC drainpipes (length: 0.8 m, diameter: 0.23 m) into the soil using a mechanical excavator, discarding cores 
with inadequate soil volume or excessive soil compaction (Figure S1) and after first removing surface vege­
tation. Cores in the PVC pipes were packed in sealed plastic sacks and maintained vertically during transport 
to the UK Centre for Ecology & Hydrology (UKCEH) in Wallingford, Oxfordshire, UK where the mesocosm 
array was established in an outside area (Figure S2).

Three water level treatments were randomly assigned to the cores (n = 4 cores per site, per treatment): 
rewetted (water table maintained 10 cm below the peat surface), conventionally drained (water table main­
tained 10 cm above the bottom of the peat core, approximately 60 cm below the peat surface) and fluctuating 
(water table alternating between the rewetted and conventionally drained scenarios, every 2 weeks) (Figure 2a; 
Table S1). The cores were kept within their PVC drainpipes (which had 0.6 cm holes every 0.1 m at 180 ° 
along their lengths to allow water exchange), which were individually placed into 80-L black plastic containers 
designed with overflow holes and taps to allow precise manipulation of water levels through water additions 
directly to the container (Figure 2b). Rainfall was permitted to fall directly onto the cores, but the surrounding 
container was covered with several layers of blue plastic wrap to exclude rainwater inputs and block sunlight 
to prevent algal growth and temperature artefacts (Figure S3). This set-up was chosen for its resemblance to 
field conditions, where water levels are controlled by land managers using porous pipes running below the 
field, terminating in ditches at each side. After extensive consideration, tap water was chosen as the best and 
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Figure 1.  Mesocosm peat core sampling locations. England peaty soils extent from Natural England (2025).

Table 1. Name, region, peat type, land cover type, peat core sampling date, and water table depth  details of the lowland 
peatlands used for the mesocosm experiment. Water table depths (reported in m below ground level) are on the sampling 
date at dipwells in the same field, as close as possible to the mesocosm peat core sampling points.

Site Region Latitude, longitude Peat type Land cover
Peat thickness 

(m) Sampling date
Water table 
depth (m)

Pymoor East Anglia 52.44328, 0.2023 Fen Arable (cereals) <1 4th July 0.7
Railway View Manchester Mosses 53.46342, −2.44975 Raised bog Grassland 1.5 14th August 0.8
Rosedene1 East Anglia 52.54603, 0.46469 Fen Arable (horticulture) >1 10th July 0.3
Rosedene2 East Anglia 52.52369, 0.47666 Fen Arable (horticulture) >1 11th July 0.8
Wrights Lancashire Mosses 53.67711, −2.88331 Raised bog Arable (horticulture) 0.5 24th July 0.7

most feasible water source for the water table manipulations (see Supplementary Text 1 for more details). 
Briefly, although site-specific river or ditch water would have allowed for a more realistic experiment, this 
presented a major logistical challenge, as well as limited replicability due to the spatiotemporal variability in 
water chemistry.

All cores were initially kept under conventional drainage (water table 0.1 m above the bottom of the peat 
core), mimicking their original state. To assess leaching of contaminants into surface waters under fully 
drained conditions, we first collected 125 mL pre-treatment surface water samples (n = 60) directly from the 
mesocosm containers after peat cores had been under these pre-treatment conditions for 1 to 6 weeks (due 
to extraction occurring on different dates—mean daily temperature during this period was 17.9 °C). 
Subsequently, mesh-covered dipwells for pore water sampling were installed using a narrow-gauge auger 
centrally in all mesocosms to allow entry of pore water 0.1 m from the bottom of the mesocosm through a 
ring of 0.6 cm diameter holes. Pore water samples were extracted from the dipwells using either a small petrol 
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Figure 2. (a) Experimental design of the mesocosm experiment depicting cores collected from five sites, and split into 
replicated rewetted, conventional drainage and fluctuating water table treatments (n = 4 per site). (b) A simplification of the 
mesocosm unit consisting of a dipwell within the peat core within a PVC pipe, placed in an 80-L container. (c) The water sampling 
and water level treatment schedule, which denotes: the sampling weeks (green background); initiation of dividing the mes­
ocosms into conventional drainage, rewetted and fluctuating treatments (after the red vertical line); and time periods when 
the fluctuating treatment was lowered to conventional levels (0.6 m below peat surface) and raised to rewetted levels (0.1 m 
below peat surface).

syphon or a point source bailer (Solinst, Canada), representing a cumulative 125 mL sample since the previous 
collection. Baseline pore water samples (n = 60) from the dipwells were collected on the week of 9 September 
2024 (assigned as water table treatment week −1), prior to the experimental phase of the project commencing 
on the week of 23 September 2024 (meaning that all cores had a stabilisation period in the mesocosm array 
under drained conditions for at least nine weeks). (Figure 2c). Water table treatments were then imposed on 
the cores, and mesocosm pore water was sampled from the dipwells at 1, 2, 3, 4, 5 and 9 weeks after the start, 
for a total of n = 360 samples over an experimental duration of 9 weeks (excluding the baseline period).

2.2. Laboratory analyses

Laboratory analyses were conducted in the Ecosystems Laboratories at the Open University, England. 
Electrical conductivity (EC) and pH were measured on unfiltered samples using an Orion VERSA STAR 
multiparameter metre (Thermo Scientific, USA). Dissolved organic carbon (DOC) was measured as non-
purgeable organic carbon on a total organic carbon analyser (Shimadzu TOC-L, Shimadzu, Japan). 
Inductively coupled plasma optical emission spectroscopy (ICP-OES) and SPS 4 autosampler (Agilent 
Technologies, USA) were used to measure concentrations of: total phosphorous (TP), iron (Fe), manganese 
(Mn), aluminium (Al), copper (Cu), lead (Pb), arsenic (As), cadmium (Cd), chromium (Cr), nickel (Ni), 
silicon (Si) and zinc (Zn). Samples were run undiluted after at least 30 minutes settling time to obtain a clear 
solution. Over-range samples of clear solution were re-run after dilution with 2% nitric acid (HNO3). Anions 
fluoride (F−), chloride (Cl−), nitrate (NO3

−), nitrite (NO2
−), phosphate (PO4

3−) and sulphate (SO4
2−) as well as 

cations ammonium (NH4
+), sodium (Na), potassium (K), calcium (Ca), magnesium (Mg) and lithium (Li) 

were analysed using ion chromatography on filtered samples (0.45 µm) (930 Compact IC Flex and 889 IC 
Sample centre, Metrohm, Switzerland). Over-range samples were re-run after dilution with 18.2 MΩ·cm 
water. Due to logistical limitations, several determinands were only measured in surface water, and not pore 
water samples: pH, EC, DOC, P, Si, Al, As, Cd, Cr, Cu, Fe, Mn, Ni, Pb and Zn. For more details on these 
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analyses, including the determination of the lower limit of detection (LLD) and limit of quantification (LoQ) 
for each determinand, see Supplementary Text 2 and Table S2 for a list of the LLD and LoQ values for each 
determinand.

2.3. Statistical analysis

We used the non-parametric Kruskal–Wallis test to determine significant differences between sites for the 
pre-treatment determinands. To summarise the pre-treatment water chemistry data, we used principal 
components analysis (PCA) on scaled and centred variables to visualise differences and similarities between 
the sites. For the PCA, we kept the first two principal components, based on a visual inspection of the scree 
plot using the broken-stick method (Figure S4, Table S3), which together explained 55% of the variance in 
the data. For As and Pb all concentrations (and the majority of Li and Cd) were <LLD, and therefore results 
are not plotted or statistically analysed. Otherwise, concentrations below the LLD were treated as LLD*0.5, 
in line with best practices used in other similar studies (Finckh et al., 2022; Holman et al., 2010). To evaluate 
the individual and (two- and three-way) interactive effects of site, water table treatment and week on the pore 
water quality variables (excluding the baseline period), we used linear mixed-effects models (LMMs), mod­
elling each variable separately using the lmer function from the lme4 package (Bates et al., 2015). We included 
mesocosm ID as the random effect to account for repeated measures, for the model structure: response variable 
~ site * treatment * week + (1| mesocosm ID). We examined model residuals and Q-Q plots to assess homo­
scedasticity and normality; applying log-transformation to response variables to meet model assumptions, 
which was necessary in all cases except Cl− and F−. Statistical reporting of the LMM results in text includes 
the beta coefficient (β), representing the expected difference in the response relative to a reference level for 
categorical predictors (site and treatment) or for a one-unit change in numerical predictors (week), and the 
significance (p-value) of this effect. The fixed effects were tested using Type III analysis of variance (ANOVA) 
using Satterthwaite's approximation for degrees of freedom using anova from the lmerTest package 
(Kuznetsova et al., 2017). The ANOVA results are reported in text with their F-value and p-value. Pairwise 
comparisons were performed using estimated marginal means using the emmeans package (Lenth, 2025). 
We used Spearman correlations (RS) to test for significant monotonic relationships between water quality 
variables, visualised as a correlation matrix using the corrplot package (Wei & Simko, 2024). To account for 
multiple comparisons in the correlation matrix, p-values were adjusted using a Benjamini–Hochberg cor­
rection. Means are reported ± one standard deviation (SD) throughout. All differences were considered 
significant when p < 0.05.

3.  Results

In 3.1 we present and discuss the pre-treatment mesocosm surface water samples, which were collected before 
the start of the experiment. We use this pre-treatment data simulating drained conditions to (1) infer how 
effectively peat retains chemicals from the added source water or releases chemicals sequestered within the 
peat, and (2) compare biogeochemistry between sites. From 3.2 onwards we present and discuss the pore 
water data during the baseline and experimental phase of the project.

3.1. Pre-treatment surface water chemistry

Pre-treatment surface water Cl−, F−, K, Mg, NO2
− and SO4

2− concentrations were generally higher than tap 
water concentrations (Figure 3). Ca concentrations at both bog sites (grassland Railway View and arable 
Wrights Farm) were lower than tap water concentrations, while the two arable Rosedene Farm fen sites were 
approximately equivalent to tap water, and Pymoor Farm Ca concentrations were three times higher than 
the tap water (Figure 3a). For NH4

+, surface water concentrations for all sites except for railway view were 
below tap water concentrations (Figure 3g). Variations in water concentrations of NO3

− generally spanned 
the tap water concentration (Figure 3i). PO4

3− concentrations were lower in surface water than tap water for 
all sites (Figure 3j).

There were differences in water quality in the pre-treatment surface water samples between the five field 
sites (Figure 4). Most water quality parameters had significant differences between sites (Kruskal–Wallis test, 

Test
6      T. SILVERTHORN ET AL.



Figure 3. Mesocosm pre-treatment surface water determinands grouped by site with mean tap water concentrations for 
reference (horizontal dashed line, with standard deviation as pale blue band). Each box represents 12 samples. Note that some 
variables are plotted on a logarithmic scale for clarity. Kruskal–Wallis tests show significant differences between sites at 
p < 0.001, with the exceptions of NO3

− (p = 0.17) and NO2
− (p = 0.02). Box plots display the median, 25th and 75th percentiles, 

and whiskers display values at the 1.5× interquartile range. See Table S4 for tap water values.

p < 0.05), with the exception of NO3
− (p = 0.17). The first two PCA axes together explained just over half 

(53.6%) of the total variance in the data (Figure 4). The first PCA axis (35.2%) shows a gradient from high 
concentrations of weathering-source ions (SO4

2−, Mg, Ca, etc.) to high concentrations of biologically cycled 
ions (PO4

3−, NO2
−). The second axis (18.4%) shows a gradient from waters high in DOC and metals (Ni, Cr, 

Fe, Al, etc.) to high salt and nutrient concentrations (Na, Cl−, NO3
−).

Pymoor farm surface water had a unique water quality profile when compared to the other sites, driven 
by higher concentrations of SO4

2−, EC, Ca, Mg and Mn than the other sites (Figure 3, Figure 4, Figure S5). 
There were significant positive correlations between SO4

2−, EC, Ca and Mg when all sites were considered 
together (Figure S6).
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Figure 4. Principal components analysis of water quality variability across pre-treatment surface water samples, grouped by 
site.

The two Rosedene farm sites had similar water quality profiles, with the Rosedene1 cluster falling inside 
the Rosedene2 cluster (Figure 3). They were characterised by higher PO4

3− and F− when compared to the other 
sites (Figures 2 and 3). There were some differences between the Rosedene farm sites, notably, K and Cu 
concentrations were higher at Rosedene2 than Rosedene1 (Figure 3, Figure S5).

Railway view mesocosm surface water chemistry showed a distinct and tight cluster at the centre of the 
PCA plot, indicative of little variation and chemically intermediate conditions (Figure 4). Railway View, a 
bog grassland, had lowest concentrations of Ca (50 mg L−1) and Mg (2.7 mg L−1), and lowest EC (389 µs 
cm−1), as well as the highest NH4

+ concentrations (0.23 N mg L−1) (Figure 3, Figure S5).
Wrights Farm (bog, arable) surface water had the highest concentrations of metals Al (1426 µg L−1 vs a 

mean of 88 µg L−1 for the other sites), Fe (1230 vs 55 µg L−1 for the other sites) and Cr (6.2 vs 1.4 µg L−1 for 
the other sites) as well as the highest Fe:P (4.25 vs. 0.33 for the other sites) (Figure S5).

3.2. Effects of rewetting on pore water chemistry

3.2.1.  Nitrogen
NO3

− concentrations declined significantly over time across all treatments (β = −0.21, p < 0.001). Mean 
NO3

− concentrations declined from 8.5 ± 7.5 N mg L−1 in the baseline period converging to low values with 
low variability in week 9 (1.4 ± 1.5 N mg L−1) (Figure 5a). NO3

− concentrations significantly differed between 
sites (F = 10.8, p < 0.0001) with the highest concentrations measured at Pymoor Farm. NO3

− concentrations 
also significantly differed between treatments (F = 6.5, p = 0.002). Estimated marginal mean comparisons 
revealed that conventionally drained cores had higher NO3

− concentrations than both fluctuating (p = 0.002) 
and rewetted (p = 0.001) cores. There was a significant interaction between site and the rewetted treatment 
at Pymoor (β = 9.8, p = 0.03), indicating that rewetted treatment NO3

− concentrations were higher at Pymoor 
compared to other sites. Additionally, a significant three-way interaction between site, treatment (rewetted) 
and week at Pymoor (β = −0.24, p = 0.02) indicates that NO3

− concentrations declined more steeply over time 
at Pymoor than for the rewetted treatment at other sites.

Overall, NH4
+ concentrations slightly increased over time after the baseline period (β = 0.21, p = 0.02) 

(Figure 5b). NH4
+ concentrations did not significantly differ between sites (F = 1.1, p = 0.37). NH4

+ concen­
trations also did not significantly differ between treatments (F = 2.7, p = 0.07).
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Figure 5. Pore water a) nitrate (NO3
−), b) ammonium (NH4

+) and c) phosphate (PO4
3−) concentrations over the duration of 

the experiment, by week from the baseline period (‘BL’) in conventional drainage, rewetted and fluctuating water table 
treatments. See Figure 2 for the water table fluctuation schedule.

3.2.2.  Phosphate
PO4

3− concentrations did not have a significant temporal trend (β = 0.04, p = 0.08). Although concentrations 
across most sites (except Pymoor) and treatments were elevated at week 9. PO4

3− concentrations significantly 
differed between sites (F = 13.2, p < 0.0001) and treatments (F = 3.3, p = 0.04). However, the effect of treat­
ment was not strong enough to be observed in pairwise comparisons. The highest PO4

3− concentrations were 
measured in cores from Railway View (bog, grassland) (Figure 5c).

3.2.3.  Other ions (K, SO4
2−, Ca, Mg, Na, Cl−, F−)

For the remaining determinands, concentrations varied widely within treatments (Figure S7), obscuring any 
consistent treatment-level patterns. Their concentrations all differed significantly between sites (p < 0.001) 
but not treatments, with low within-site variation (Figure 6). The only exception to this trend was F−, which 
had a significant overall effect of treatment (p = 0.03), although not strong enough to be observed in the 
pairwise comparisons. Concentrations of the other ions were generally consistent over time with no significant 
temporal effects. Wrights Farm (bog, arable) had the highest concentrations of K (Figure 6a) which declined 
slightly after the baseline period. Rosedene2 had the second-highest mean K concentrations after Wrights 
Farm, and these dropped at week 3 in the conventionally drained mesocosms but then increased again so that 
differences with rewetted and fluctuating treatments were minor (Figure S8a). The remaining sites had K 
concentrations < 10 mg L−1, with minimal variation, for the duration of the experiment. Pymoor Farm had 
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Figure 6. Mesocosm water quality parameters over the duration of the experiment, grouped by site for all treatments, by week 
from the baseline period (week 0). The lines connecting the points (mean ± SE of each site) are to aid in visual interpretation 
and do not indicate continuous measurements. Note that high values of SO4

2− (>20 S mg L−1) were above the calibration range 
and estimated using linear extrapolation.

the highest concentrations of SO4
2−, Ca, Mg and Na, and these followed a small decline after the baseline 

period (Figure 6). Rosedene1 had the highest concentrations of Cl− and F−, and these were relatively consistent 
over time (Figure 6, Figure S8).

4.  Discussion

4.1. Pre-treatment surface water chemistry

4.1.1.  Pre-treatment leaching vs retention
During the pre-treatment phase, all mesocosms were kept under conventional drainage, with the water table 
0.1 m above the bottom of the peat core (approximately 0.6 m below the peat surface). These pre-treatment 
surface water samples thus represent a product of exchange processes between the surface water and the lower 
layers of peat. If concentrations of determinands were higher in the pre-treatment surface water than in the 
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source water that was added to the mesocosm, we presumed that net release from the lower peat into the 
surface water had occurred—this was the case for Cl−, F−, K, Mg, NO2

− and SO4
2−. Conversely, if surface water 

concentrations were lower than tap water, we presumed that retention within the peat had occurred—this 
was the case for PO4

3−. These patterns were generally consistent across sites, except for some cases. For 
example, the Pymoor Farm cores leached notable amounts of Ca compared to other sites. This Ca could be 
of groundwater origin, or perhaps more likely from the mineral soil fraction as this site has thin, mineral-
mixed ‘wasted’ peat overlying calcareous geology (British Geological Survey, 2019). Several of the substances 
that appeared to be mobilised from the cores during the pre-treatment phase (e.g. SO4

2−, Ca, Mg) were 
positively correlated. Furthermore, some are derived from mineral sources. Therefore, we assumed they were 
retained in the in situ mineral fraction of peat under field conditions, and then subsequently released into the 
surface water in the mesocosm array when the comparatively low-Ca water, was added (Hill & Siegel, 1991).

For all pre-treatment surface water samples, concentrations of metals As and Pb were below the LLD, and 
only some Li and Cd samples were slightly above their LLD. A wide body of research shows that Pb, as well 
as other metals including Cu and Zn are largely immobile in ombrotrophic peat (Novak et al., 2011), though 
metal dynamics in minerotrophic fens differ due to groundwater as an additional metal source. Nevertheless, 
generally low metal concentrations observed across all pre-treatment surface water samples suggest limited 
mobility regardless of peat type.

4.1.2.  Pre-treatment site differences
Pre-treatment surface water chemistry revealed notable differences between sites based on their peatland type, 
site histories and current management. The two Rosedene Farm sites (both arable, ~2.5 km apart) had similar 
water quality profiles, characterised by higher PO4

3− and F− when compared to the other sites. PO4
3− and F− 

were positively correlated, and this is feasibly due to fertiliser inputs at these sites, given that PO4
3− fertilisers 

are important sources of anthropogenic F−, sourced from impurities in phosphorite rock, the raw material 
used in PO4

3− fertiliser production (Li and Ma, 2023). There were, however, some differences between the 
Rosedene Farm sites, notably, K and Cu concentrations were higher at Rosedene2 than Rosedene1. Although K 
can be derived from groundwater, it was not correlated to Ca across our full dataset, suggesting site-specific 
inputs, e.g. differing fertiliser or cropping regimes between the two sites. Likewise, the higher Cu could be 
from fertiliser applications (Nicholson et al., 2006).

Railway view, mesocosm surface water had the lowest concentrations of Ca, Mg and EC, as would be 
expected for an ombrotrophic peatland with limited groundwater inputs (Bleuten et al., 2006). In contrast, 
Pymoor Farm surface water had a unique water quality profile high in weathering-sourced ions (e.g. SO4

2−, 
Mg, Ca). This may be reflective of the thin, mineral-mixed ‘wasted’ peat compared to deeper peat at most 
other sites. Railway View also had the highest NH4

+ concentrations. This could arise because a higher in-field 
water table and limited disturbance compared to the arable sites (i.e. ploughing) could promote anaerobic 
conditions, thus suppressing nitrification and promoting NH4

+ accumulation (van der Laan et al., 2024). 
Alternatively, historical land use, such as direct deposits of sewage sludge and urban wastes, which occurred 
directly onto the Manchester Mosses during the 19th century, could play a role (Breward, 2003).

Wrights Farm surface water had the highest concentrations of metals Al, Fe and Cr. These metals are 
possibly from fertiliser inputs (Nicholson et al., 2006), or due to agricultural drainage which will have exposed 
deeper peat and mineral soil layers, resulting in the release of Fe and Al from organic matter, or clays and 
iron oxides (Jansen et al., 2004; Zak et al., 2010). Along with the railway view, Wrights Farm is situated in the 
north-west of England near Greater Manchester, which was a major hub of manufacturing during the 
Industrial Revolution (Douglas et al., 2002). Therefore, elevated metal concentrations may have also come 
from regional historic coal combustion and metal smelting (Fletcher & Ryan, 2018; Osborne et al., 2024).

4.2. Effects of water table manipulations on pore water chemistry

4.2.1.  Pore water nitrogen
Peatland drainage, rewetting and fluctuating water tables will all affect N cycling. Lower water tables may 
accelerate N cycling because N mineralisation in peatlands is more effective under aerobic than anaerobic 
conditions (Laine et al., 2013; Olde Venterink et al., 2002). We observed an overall decline in NO3

− and an 
increase in NH4

+ over the duration of the experiment. NO2
− concentrations are not frequently measured in 
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peatland rewetting studies, and average values are generally close to zero (Howson et al., 2021), as we also 
observed in our study. Declines in NO3

− following rewetting have been observed elsewhere and attributed to 
saturated conditions suppressing nitrification in both long-term field and mesocosm studies (Frank et al., 
2014; Kaila et al., 2016; Nachtigall & Giani, 2022; van der Laan et al., 2024). Although in our study, the observed 
NO3

− decline occurred across all treatments, not just rewetted ones, suggesting a time-dependent process 
rather than just water table effects. However, the observed decline in NO3

− concentrations over time signifi­
cantly steeper at the rewetted treatments at Pymoor, as indicated by the significant three-way effect. Initial 
NO3

− concentrations were also the highest at Pymoor, thus, this trend likely indicates a rapid depletion of a 
relatively large NO3

− pool in response to rewetting. Saturated conditions favour denitrification, which is a 
facultative anaerobic process that converts NO3

− and NO2
− to nitrous oxide and di-nitrogen (Pinto et al., 

2021). Therefore, we might expect to see not only the lowest production of NO3
− (due to limited mineralisa­

tion) but also the highest removal of NO3
− (through denitrification) in the rewetted and fluctuating meso­

cosms. Our results aligned with this expectation only at the Pymoor site, where we observed lower NO3
− in 

the fluctuating treatment compared to the conventional drainage treatment. It is unclear why the fully rewetted 
treatment did not also have lower NO3

−compared to the drained treatment. It is possible that the alternating 
wet/dry conditions in the fluctuating treatment may have promoted denitrification or limited mineralisation 
more intensely compared to the persistently rewetted mesocosms. This has been observed in streambed 
sediments, where wet-dry cycles enhanced N losses due to a coupling of denitrification and nitrification (Pinto 
et al., 2021).

We observed a small increase in NH4
+ over the duration of the experiment, and no significant effects of 

treatments. In other studies, peatland rewetting has resulted in increased pore water NH4
+, attributed to the 

low levels of nitrification in saturated peat (van der Laan et al., 2024; Zak & Gelbrecht, 2007; Zak et al., 2010). 
In a rewetting mesocosm experiment using peat cores from a Dutch grassland fen, NH4

+ concentrations 
increased following rewetting, attributed to anaerobic conditions suppressing nitrification and promoting 
NH4

+ accumulation (van der Laan et al., 2024). In a mesocosm experiment simulating water table fluctuations 
using cores from a peatland in southern Finland, NH4

+ concentrations increased following rewetting in 
pristine peat mesocosms but not in the mesocosms using drained peat (Laine et al., 2013). This was attributed 
to the pristine peat retaining a larger pool of undecomposed organic N that becomes rapidly mineralised after 
temporary aeration, while long-term drainage has already depleted labile N substrates in the drained peat. 
The N was then released into the pore water under a fluctuating water table as mineralisation of organic matter 
increased under a low water table and was flushed out under a high water table. Surprisingly, we found that 
Pymoor Farm had the highest NH4

+ concentrations, notably in the rewetted and fluctuating mesocosms, 
despite having very shallow, degraded and mineral-mixed peat. Therefore, these elevated pore water NH4

+ 

concentrations may be due to field fertiliser inputs, although this is speculative without additional evidence.

4.2.2.  Pore water phosphate
PO4

3− mobilisation is a recognised problem resulting from rewetting formerly drained agricultural peatlands 
(Van De Riet et al., 2013; van der Laan et al., 2024; Zak et al., 2010). This is because P from fertilisers 
accumulates in the surface peat layers where it binds to redox-sensitive compounds, particularly Fe(III) 
hydroxides (as well as non-redox-sensitive Al). As redox potential decreases upon rewetting, this P becomes 
mobilised via reduction of Fe(III) (van der Laan et al., 2024). We observed a general increase in PO4

3− in week 
9, although there was no significant effect of treatment. The drainage/rewetting responses of PO4

3− are not 
straightforward, because they are further modulated by Fe and Al, as well as pH, (Forsmann & Kjaergaard, 
2014; Zak et al., 2010), and thus very site-specific. The tendency of high PO4

3− in rewetting and fluctuating 
railway views could be driven by low Fe:P molar ratios. Fe:P molar ratios have been shown to negatively 
correlate with P release in rewetted fens, and a ratio > 3 in pore water indicates strong P retention capacity 
(Zak et al., 2010). Thus, more P is retained in the Wrights Farm (and Pymoor Farm to a lesser extent) cores 
via sorption to Fe when compared to the Rosedene Farm and Railway View sites, as indicated in our surface 
water samples (Zak et al., 2010).

4.2.3.  Other pore water chemistry
The remaining determinands (K, SO4

2−, Ca, Mg, Na, Cl−, F−) did not have any significant temporal trends 
(besides a small decline in F−), nor were there any significant differences between treatments. The principal 
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differences were between the sites. As such, we can conclude that the drainage vs. rewetting methods generally 
had less of an effect on most pore water chemistry determinands—outside of N and P—than peat conditions, 
at least in the short term. There was only a marginally significant effect of treatment on F− concentrations, 
which were relatively low (0.52 mg L−1) across all sites, reflecting the low natural abundance of F− in peatlands. 
There is very little, if any, research examining F− concentrations following peatland rewetting. Rewetting of 
extracted bogs has led to post-rewetting declines (over 15 years) in Cl− at some, but not all, sites (Lundin et al., 
2017). If surface water high in SO4

2− (and NO3
−) is used for rewetting, it can promote eutrophication, increase 

decomposition rates and trigger P mobilisation (van der Laan et al., 2024). However, in a mesocosm experi­
ment comparing surface water with 10× more SO4

2− and NO3
− than groundwater, there was not an effect of 

water source on pore water SO4 concentrations (van der Laan et al., 2024). K concentrations in pore water 
have been observed to increase following rewetting due to leaching and inputs of K-rich source waters 
(Koerselman et al., 1993; van der Laan et al., 2024).

5.  Limitations

Mesocosm experiments allow for precise manipulation in a controlled environment, but present challenges 
for faithfully replicating field conditions. Given the nature of a nine-week rewetting simulation mesocosm 
experiment, there were certain concessions we had to accept as study limitations. Firstly, we acknowledge 
that the use of tap water additions, raises certain concerns due to its unique water quality profile compared 
to typical rewetting sources (ditches, rivers, groundwater), namely with high concentrations of inorganic N 
and P (Table S1). Although tap water PO4

− concentrations were within the range of mean concentrations in 
water samples taken from ditches draining some of fields that mesocosm cores were extracted from 
(Supplementary Text 1). Furthermore, before application to the mesocosms the tap water was allowed to sit 
in containers to allow Cl (used during the water treatment process) to degas.

The lack of an observable overall treatment effect on most of our determinands could be an artefact of the 
pore water sampling depth. Sampling pore water from a fixed point 0.1 m above the mesocosm base allowed 
for pore water sampling across all treatment mesocosms and was preferable to aggregating multiple depths 
with uncertain relative contributions. However, water chemistry responses to rewetting can differ between 
shallow and deeper pore water (Gaffney et al., 2018), with shallower pore water chemistry often experiencing 
a more pronounced response to raised water tables than deeper pore water. Future mesocosm studies could 
consider multi-port samplers to characterise the vertical variability in pore water chemistry, albeit at an 
increased sampling cost.

A further limitation of our study that may have introduced variation is that all cores were not collected on 
the same day due to logistical constraints and therefore spent differing amount of time ex situ prior to the 
experiment. To minimise the potential effects of this lag time, after collection, all cores were maintained under 
a low water table that closely matched their in situ hydrological conditions.

Finally, our experimental phase was limited to nine weeks (due to logistical and budgetary constraints), 
therefore, our conclusions should be considered as short-term rewetting impacts, and long-term field studies 
(e.g. Frank et al., 2014; Gaffney et al., 2018; Lundin et al., 2017; Nachtigall & Giani, 2022) should be consulted 
in parallel.

6.  Conclusions and implications

Overall, our findings have implications for peatland management and environmental regulation. In our study 
context, rewetting posed a relatively limited, short-term leaching risk for most measured nutrients and ions. 
However, between-site variation as a function of peat type and land-use history was high (e.g. site-specific 
peaks in metal concentrations), and pre-restoration assessment of both soil and water chemistry therefore 
remains important to develop effective site-specific rewetting strategies to minimise post-rewetting nutrient 
loading. Several determinands (Cl−, F−, K, Mg, NO2

− and SO4
2−) were presumed to be released into surface 

waters upon tap water addition. Our findings that NO3
− consistently declined after re-wetting while NH4

+ 

increased suggest that pre-restoration soil N concentrations should be taken into account, as well as N con­
centrations within the rewetting source water, which could lead to internal eutrophication. At Pymoor, the 
fluctuating and fully rewetted treatments had unique NO3

− responses that merit further investigation 
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regarding the impacts of wet‒dry cycles on denitrification. PO4
3− generally peaked during the last week of the 

experiment, with Fe:P dynamics potentially playing a role in the site-specific responses.
This information will help develop effective site-specific rewetting strategies to minimise nutrient loading 

following restoration. Overall, our results do not suggest that peatland re-wetting will lead to significant 
downstream biogeochemical impacts, and therefore that concerns about water quality should not act as a 
barrier to peatland re-wetting for climate mitigation or biodiversity.
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