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Fens belong to the most threatened ecosystems in Europe. Maintaining a high water
table through rewetting is an effective measure to rehabilitate many of their ecosystem
functions. However, the impact of meteorological conditions such as vapor pressure
deficit (VPD) and precipitation on water tables is still unclear for rewetted fens. Here,
we compare the impact of meteorological factors on water table dynamics in a drained
and a rewetted fen, using multiple regression with data from continuous high-resolution
(temporal) water level monitoring and weather stations. We find that an increase in the
daily mean VPD causes a higher drop in the water table at the drained and degraded
fen compared to the rewetted fen. Precipitation contributes to recharge, causing the
water table to rise higher at the drained site than at the rewetted site. We attribute the
differential influence of meteorological conditions on water table dynamics to different
soil specific yield values (i.e., water storage capacity) largely driven by lower water table
position at the drained site. Our study underlines the importance of understanding
how and why water tables in peatlands vary in response to meteorological factors
for management decisions (e.g., rewetting). Continuous monitoring of water table and
vegetation development in rewetted fen peatlands is advisable to ensure long-term
success especially under climate change conditions and associated drought events.

Keywords: peatland hydrology, peatland restoration, evapotranspiration, diurnal groundwater fluctuation, vapor
pressure deficit, climate change

INTRODUCTION

Over the past century, about 90% of minerotrophic peatlands (fens; groundwater-fed peatlands)
in Central Europe have been degraded through artificial drainage and deforestation (Joosten and
Couwenberg, 2001). As a result, fens have been recognized as one of the most threatened ecosystems
in Europe (Schrautzer et al., 2007). Maintenance of water table at or near the peat surface prevents
carbon mineralization, allows peat accumulation (Michaelis et al., 2020; Mrotzek et al., 2020),
and improves ecosystem functions such as hydrological buffering, water purification, erosion
protection, and climate regulation (Kimmel and Mander, 2010; Lennartz and Liu, 2019; Ahmad
et al., 2020c; Günther et al., 2020). Therefore, restoration of degraded peatlands is an important
climate change mitigation measure, as peatlands store much of the global terrestrial carbon stock.
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Although hydrological restoration of peatlands has been
implemented throughout Europe and North America (Lamers
et al., 2015), rewetted peatlands are under pressure from climate
change (Levison et al., 2014). Shifting precipitation patterns
and increasing evapotranspiration resulting from global warming
may further degrade peatlands (Tarnocai, 2009; Nijp et al., 2015;
Helbig et al., 2020). However, the impact of a changing climate
on peatland ecohydrology through extreme weather events such
as droughts is likely not uniform over different spatial scales and
climatic zones. Part of this variability is due to a variation in local
meteorological conditions and differences in land management.

Meteorological factors such as temperature, precipitation and
relative humidity may affect the water table in peatlands through
several processes such as recharge and evapotranspiration
(Bridgham et al., 1999; Ferone and Devito, 2004; Menberu et al.,
2016; Cooper et al., 2019). The combined effect of air temperature
and relative humidity on evapotranspiration and thus on water
table fluctuation can be understood by computing the vapor
pressure deficit (VPD). VPD is the difference between the amount
of moisture in the air and how much of it the air can hold when
at saturation at a certain temperature. VPD is considered an
accurate indicator of the actual evaporative capacity of the air
(Allen et al., 1998).

The effect of such meteorological parameters on water
table fluctuation may also be modified by microtopography,
vegetation, soil properties, and land management (Dunne et al.,
1991; Baldocchi et al., 2004). Peat soils are highly heterogeneous
porous media (Rezanezhad et al., 2016; Ahmad et al., 2020b; Liu
et al., 2020a) with hydraulic conductivities that may vary over
two orders of magnitudes within the same peat horizon (Liu
and Lennartz, 2019). The spatial differences in soil properties
can cause different responses of the water table to precipitation
at different locations within a peatland. Furthermore, peatland
rewetting can alter the prevailing vegetation structure and
composition (Schrautzer et al., 2013; Malhotra et al., 2016), which
can further modify the interactions between meteorological
factors and the water table. For example, the relationship
between temperature and water loss may be modulated by stands
of dominant vegetation, with high evapotranspirative demand
(Bridgham et al., 1999).

Water management regimes in peatlands are of key
importance and can modify how the water table reacts to
meteorological controls by altering peat properties and water
table position. In terms of peat properties, specific yield,
which is the amount of water that would drain from a unit
of soil if the water table would drop by a unit height (Childs,
1969), influence water table response to precipitation (Ahmad
et al., 2020c) and evapotranspiration (Ahmad et al., 2020a) as
well as controls water table variation (Menberu et al., 2016).
Lowering the water table, for example by artificial drainage,
exposes the peat to an oxygen-rich environment. As such,
aerobic decomposition occurs at a rapid pace, degrading
the peat and starting a cascade of different hydrophysical
and biogeochemical processes. As aerobic decomposition
continues, carbon dioxide and nitrous oxide are released
from the system further contributing to global climate forcing
(Tiemeyer et al., 2016; Liu et al., 2019, 2020b). The carbon

mineralization process and shrinkage cause the peat to become
more consolidated and compacted, and as such the hydrophysical
properties of peat change (Hooijer et al., 2012; Pronger et al.,
2014). With increased effective stress, larger pores in the
peat structure are the first to collapse as they are the least
supported (Strack et al., 2008) and as such macroporosity
decreases. Due to a reduction in macroporosity, saturated
hydraulic conductivity decreases (Branham and Strack, 2014;
Liu et al., 2016), which further affects the hydrology of peatlands
(Whittington and Price, 2006). The reduction in pore size
lowers the soil specific yield and thus lowers water storage
capacity (Liu and Lennartz, 2019; Liu et al., 2020a). At a
given site, following drainage, as the water storage capacity
reduces (indicated by a lower peat specific yield), water table
fluctuations increase (Whittington and Price, 2006; Menberu
et al., 2016). Peatland rewetting raises the water table position
and new peat accumulation can occur under saturated conditions
(Mrotzek et al., 2020), thereby increasing the peat specific yield
(Ahmad et al., 2020c).

The majority of published studies on the link between peatland
ecohydrological processes and meteorological conditions so far
focus on bogs (ombrotrophic peatlands or rainfed mires; Price,
1996; Ruseckas and Grigaliūnas, 2008; Bourgault et al., 2019;
Philippov and Yurchenko, 2019), while similar studies on fens are
sparse. Therefore, meteorological effects on water table dynamics
in fens, especially with a focus on different management measures
(such as rewetting or artificial drainage), are understudied.
Establishing such links in fen peatlands is of utmost importance
in light of shifting local and global climate regimes. For
example, while recent decades are characterized by increasing
temperatures worldwide, a resulting exponential increase in
vapor pressure deficit has also been observed. Such increases have
an impact on terrestrial ecosystems through drought-induced
plant mortality (Grossiord et al., 2020), reduced vegetation
growth (Yuan et al., 2019), and potentially evapotranspiration
associated water table decline. Therefore, rewetting of drained
peatlands may become more challenging with increasing VPD,
as these ecosystems depend on high water levels as well as plant
production to maintain peat accumulation.

To address such shortcomings, we (1) investigate how
on-site meteorological conditions (VPD and precipitation)
act as controls over water table dynamics (2) unravel the
underlying mechanisms involved, and (3) evaluate how these
hydrological controls differ over different management regimes
(drained versus rewetted). To this end, we characterize water
table dynamics, estimate the effect of daily mean VPD and
rainfall on the water table and quantify rain-free day actual
evapotranspiration at a drained and a rewetted fen in North-
east Germany.

MATERIALS AND METHODS

Study Sites
The two study sites (drained fen, PD and rewetted fen,
PW) are located in the federal state of Mecklenburg-
Vorpommern, Germany (Figure 1). They are 8 km apart
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and together belong to one of the largest connected fen
complexes in northeastern Germany (Jurasinski et al., 2020).
According to the hydrogenetic mire classification system
(Succow and Joosten, 2001; Joosten et al., 2017), they are
“percolation fens” which are minerotrophic peatlands that
depend on a large supply of water that is distributed evenly
throughout the year. Percolation fens are often located along
river valleys which are remains of meltwater channels of
the last glaciation, where permanent groundwater flow
from adjacent moraines caused paludification (Koch and
Jurasinski, 2015). Both sites were drained before 1750.
In PW, land drainage was intensified in around 1970 for
high-intensity pasture management. In 1997, the site PW
was rewetted by ditch blocking, as a part of the state
peatland conservation program and the EU-LIFE program,
while PD remains drained. PD can be considered to
be a fairly homogenous grassland, with a dominance of
Ranunculus repens L. and Deschampsia cespitosa (L.) P.
Beauv. with some Holcus lanatus L. and Poa trivialis L. PW
is much more diverse with a mosaic of several dominant
stands that established after rewetting. The studied plot
in PW is dominated by Carex acutiformis Ehrh., with few
occurrences of Epilobium hirsutum L. In recent times,
PW can be considered to feature near-natural percolation
fen vegetation and is part of a larger valley mire system
(Tiemeyer et al., 2006). Recent studies have found evidence
that rewetting of PW has resulted in peat accumulation of
around 11 cm, corresponding to 4.5 kg m−2 of organic matter
(Michaelis et al., 2020; Mrotzek et al., 2020). The relevant site
characteristics have been described by Jurasinski et al. (2020) and
Ahmad et al. (2020c).

Data Acquisition and Analyses
As part of the WETSCAPES project, described by Jurasinski
et al. (2020), one water level logger (SEBA hydrometrie Dipper-
PT) was installed for each site, and data was registered
every 15 min. Weather stations were also installed at each
site, which recorded precipitation (Rain Collector #07852,
Davis Instruments), relative humidity and temperature (KPK
1/5-ME, Galltec Mess- und Regeltechnik GmbH and MELA
Sensortechnik GmbH) every 10 min using an automated
data logger CR300 from Campbell Scientific. Datasets are
available on request.

All data were merged and temporal scales were matched
to 30-min intervals. All data analyses were carried out
using the R version 4.0.3 (R Core Team, 2019). For our
analysis, we used data from 22 September 2017 through
19 August 2020 (2.9 years) for both sites. The dataset was
aggregated to daily resolution by calculating daily precipitation
sums and daily maximum and minimum values of relative
humidity and air temperature. Following Allen et al. (1998,
Chapter-3) daily mean VPD was calculated as the difference
between saturated vapor pressure (Es) and actual vapor
pressure (Ea). Es was computed using Eq. 1 and Ea was
computed using Eq. 2. The graphical representation of
daily mean air temperature and VPD for both sites are

provided in Supplementary Material (Supplementary
Figure 1).
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}
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VPD = Es− Ea (3)

Where, Es = the saturation vapor pressure (kPa), Ea = actual
vapor pressure (kPa), Tmin = minimum daily temperature (0C),
Tmax = maximum daily temperature (0C), RHmin = minimum
relative humidity (%) and RHmax = maximum relative humidity
(%) and VPD = daily mean vapor pressure deficit (kPa).

Multiple linear regression models were constructed using the
“lm” function in R (R Core Team, 2019), by setting the water
table as the dependent variable and daily mean VPD and total
daily precipitation as the independent variables. Seasonality was
statistically adjusted by using dummy/indicator variables of each
month (11 months in total) with January as the reference month.
This approach is commonly used to control for seasonality or
periodicity (Hyndman et al., 2020 – Chapter 5.4; Maki et al., 1978;
Hylleberg et al., 1993). Our analysis is based on the assumption
that net radiation at the two study sites is the same because of
their proximity to each other.

The summary statistics of the key variables are provided in
Table 1. It should be noted that the purpose of the multiple
linear regression analysis is to compare the drained fen with
the rewetted fen and not to predict or model the peatland
water tables.

Evapotranspiration and Soil Specific
Yield Determination
To further investigate the underlying processes of how
temperature and humidity impacts water table dynamics
through VPD, rain-free day evapotranspiration (ET) from
May to October was estimated for both sites using the Hays
method (Hays, 2003), which is a modification of the White
method (White, 1932). For ecosystems with shallow water tables,
groundwater use by vegetation through evapotranspiration (ET)
in addition to evaporation of soil moisture can be estimated
by analyzing water table fluctuation which is relatively simple
to implement (Mould et al., 2010; Mazur et al., 2014; Ahmad
et al., 2020a). Water level fluctuation methods can be useful
to apply in wetland ecosystems for estimating ET especially
because it integrates several factors, including the growth-cycle
of plants, the plant types, and moisture availability which are
generally missing from micrometeorological methods of ET
determination (Lautz, 2008; Mazur et al., 2014). The equation for
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FIGURE 1 | (A) the study sites include a drained fen and a rewetted fen in Mecklenburg-Vorpommern. (B) the study plots at PD (upper panel) and PW (lower panel).
The weather station at PD appears on the right of the photo. Photo: Haojie Liu (PD) and Michael Franz (PW).

TABLE 1 | Mean values of daily water level and meteorological variables for PD and PW.

Variables PD PW

Mean daily water level (mm) −277.96 [−292.75, −263.18] 2.88 [−3.71, 9.46]

Daily precipitation (mm) 1.28 [1.09, 1.47] 1.54 [1.31, 1.76]

Mean daily vapor pressure deficit (kPa) 0.37 [0.35, 0.39] 0.39 [0.37, 0.42]

The square brackets contain the lower and upper confidence intervals.

ET determination is as follows:

ET =
[
(H1−L)+

(H2−L)

T1
T2

]
× Sy (4)

where, ET = evapotranspiration rate (mm/day); H1 = highest
water level (mm) on the observed day (usually early morning),
H2 = highest water level on the day after the observed day
(mm), L = lowest water level (mm) on the observed day
(usually evening), T1 = time between L and H2 (rising period),
T2 = time between H1 and L (drawdown period), Sy = mean
soil specific yield (dimensionless) for the observed diurnal
water table fluctuation (see an example of diurnal water table
fluctuation in Figure 2 with respective equation parameters being
labeled accordingly). Graphs of days with diurnal groundwater
fluctuation for different water table depth stages have been
provided as Supplementary Material (Supplementary Figure 2).

In the first part of Eq. 4, evapotranspiration is calculated as
the water level difference between the low L and the high H1 of
the given day. This period of groundwater level fall (T2) is the
“drawdown period” which includes water uptake by plants, soil
moisture evaporation, and net groundwater inflow. The second
component of the equation is then added, which quantifies the
latent water rise caused by inflow during the drawdown period.
A key assumption is that ET is zero during this time (Hays, 2003;
Mould et al., 2010). Another assumption is that the rate of net

groundwater inflow for a given diurnal groundwater fluctuation
is constant at H1 and H2 as they occur within a 24 h period.

Evapotranspiration was estimated using the dataset with a
30-min resolution. A user-defined function was developed in
R to determine evapotranspiration according to Eq. 4, which
calculates H1 as the maximum water level of a given day, L as the
minimum water level of the given day, and H2 as the maximum
water level of the following day. If the values of T1 and T2 did
not add up to 24 h for a given diurnal groundwater fluctuation,
the values of ET were corrected to represent 24 h by dividing the
ET value by T1 + T2 and multiplying the result by 24 (hours).
The function was applied only to days with diurnal fluctuations
in the absence of rainfall in both study sites, evaluated using a
graphical method. Diurnal water table fluctuation patterns were
not evident for flooded conditions and thus ET was not estimated
for such conditions. In total, daily ET could be determined for
the same 55 days for PD and PW. The Shapiro-Wilk test showed
that the differences of ET between the PD and PW are normally
distributed (W = 0.96; p-value = 0.108). Thus, statistical testing
was done using paired t-test, pairing the ET values of the sites
on the same day.

Soil specific yield, which is the amount of water that would
drain from a unit of soil if the water table would drop by a
unit height (Childs, 1969), is a required parameter to determine
ET when using the diurnal groundwater fluctuation method (see
above). To determine soil specific yield we used the following
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FIGURE 2 | An example of diurnal water table fluctuation (DGF) on a rain-free day at PD. Negative values indicate belowground.

equation according to several authors (Dolan et al., 1984;
Dettmann and Bechtold, 2016a; Bourgault et al., 2017; Ahmad
et al., 2020a):

Sy =
Pre

4GWL
(5)

where, Sy = soil specific yield, Pre = quantity of precipitation in
mm, during the rainfall event, 1GWL = change in groundwater
levels which is the difference between the water levels at the
start of the precipitation events and the water levels at the
end of the events.

According to Bourgault et al. (2017) this method assumes
that the time lag between the end of each precipitation event
and the resulting water table position to be sufficiently short
for evapotranspiration, net subsurface flow and water table
recession following the precipitation events. Additionally, this
method assumes that recharge is equal to precipitation (i.e.,
runoff is negligible), that the static equilibrium water content
profile within the unsaturated zone is reached instantaneously
following the precipitation event and that any deviation of the
Pre/1GWL ratio from a theoretical model will be the result of the
presence of capillary fringe, air entrapment, peat expansion and
shrinkage, net subsurface flow, water table recession following
precipitation and antecedent moisture content of the unsaturated
zone (Bourgault et al., 2017). As we are interested in finding out

difference in soil specific yield with depth, we did not include the
calculation of surface specific yield.

Pre and 1GWL were calculated using a user-defined function
following Ahmad et al. (2020a) and Ahmad et al. (2020c).
The function estimates the quantity of precipitation during
precipitation events (in mm) and the respective event duration
(in h) using a temporal moving window of 6 h. Summation of
precipitation quantity and event duration stopped if precipitation
ceased for 30 min. The initial and final water levels were
recorded, and the difference (1GWL) was calculated for each
event. The soil specific yield was plotted against the mean
water level (determined as the mean of the initial and the
final water level for each precipitation event, Figure 3). All
events with water levels above the peat surface and all negative
values of 1GWL (indicating declining water levels despite
ongoing precipitation) were removed. Specific yield values were
constrained to belowground levels as we focus on belowground
ET rates. The effect of antecedent soil moisture was assumed
to be negligible. A certain rainfall intensity is required for
initiating a water table response. We filtered PD to only
include rainfall events of at least 0.33 mm h−1 intensity. We
reduced the threshold for PW to be able to include more
events, since PW, being a rewetted site, has water level at
the surface for most of the year. Thus, events with intensities
of at least 0.1 mm h−1 were included for PW. The final
number of rainfall events for PD is 73 and for PW is 65.
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FIGURE 3 | Soil specific yield determined as the precipitation event size (mm) to groundwater table response ratio (Pre: 1GWL) according to mean water level for
(A) PD and (B) PW. The solid lines represent the loess smoothing function and the shaded area represents the 95% confidence interval. (C) water table response to
precipitation event size for both PD and PW.

The smoothing function “loess()” (R Core Team, 2019) was
used to determine the soil specific yield for a given mean
water level which is indicative of peat depth. The mean soil

specific yield for a given diurnal fluctuation was used in
the ET Eq. 4 depending on the mean water level for the
diurnal fluctuation.
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FIGURE 4 | Daily time series of (A) water level (B) precipitation (C) minimum relative humidity (D) maximum air temperature (E) mean vapor pressure deficit at PD.
Dashed lines in panel (A) represent the peat surface while positive values indicate aboveground and negative values indicate belowground. An example of rapid
water level decline during high maximum daily air temperatures and absence of substantial rainfall is indicated by the translucent pink band.

RESULTS

Water Table Characteristics and
Meteorological Conditions
Both sites show a clear seasonality in water tables as well as
in meteorological factors (Figures 4, 5). The water level at the
drained fen (PD), is below the peat surface for most of the year,
with a substantial drop from the middle of spring to the end
of summer for all 3 observed years. Even at the rewetted fen
(PW), the water table receded substantially to about −300 mm
in the summers of 2018 and 2019. Receding water tables at both
sites occur at times of rising daily maximum air temperatures
and an absence of substantial rainfall (Figures 4, 5; for each
site, an example of such a period has been indicated by a
translucent pink band). The exceptionally dry late autumn and
early winter seasons of 2018 and 2019, caused water levels to
stay well below the peat surface at PD. For PD, the maximum
daily rainfall (43 mm) occurred in October 2017 and for
PW in July 2018 (46 mm). Autumn and winter seasons are
characterized by high daily minimum humidity. Daily mean
VPD values at both sites show close agreement with daily
air temperatures.

The Effect of Meteorological Factors on
the Water Table
An increase in daily mean VPD causes the water table to fall
much further at PD than at PW. Similarly, an increase in daily
precipitation induces the water table to rise more at PD than at
PW. The water table at both sites shows an immediate response
to rainfall. All meteorological regression terms are significant.
Both models (for PD and PW) help to significantly explain more
than 59 percent of the variation in the water level. The results
of the multiple linear regression for both sites are presented in
Table 2. A graphical representation of the estimated coefficients
for the meteorological factors is provided in the Supplementary
Material (Supplementary Figure 3).

Actual Evapotranspiration and Soil
Specific Yield During Rain-Free Days
Daily evapotranspiration (ET) for 55 rain-free days was estimated
for PD and PW. Mean ET at PD was 1.96 mm d−1 (minimum-
maximum: 0.70 mm d−1 – 4.11 mm d−1), while at PW mean ET
was much higher (4.79 mm d−1, minimum-maximum: 2.16 mm
d−1 – 8.73 mm d−1). Paired t-test reveals that ET at PW
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FIGURE 5 | Daily time series of (A) water level (B) precipitation (C) minimum relative humidity (D) maximum air temperature (E) mean vapor pressure deficit at PW.
Dashed lines in panel (A) represents the peat surface while positive values indicate aboveground and negative values indicate belowground. An example of rapid
water level decline during high maximum daily air temperatures and absence of substantial rainfall is indicated by the translucent pink band.

was significantly higher than at PD for the same days (mean
difference = 2.82 mm d−1 [95% CI = 2.29 and 3.34], Figure 6A).
Evapotranspiration at both sites differed over the months, with
PW showing higher evapotranspiration compared to PD, for any
given month (Figure 6B).

The average (median) soil specific yield values with which ET
values were estimated were significantly higher at PW (0.284)
than at PD (0.229, Wilcoxon rank-sum test with continuity
correction, W = 1074, p-value = 0.008). Furthermore, the average
(median) fluctuation (calculated as the difference between H1
and H2) for these days was significantly higher at PD (10 mm)
compared to PW (8.4 mm, Wilcoxon rank-sum test with
continuity correction, W = 1850, p-value = 0.044).

DISCUSSION

According to our regression analysis, precipitation and VPD
affect the water table (significantly) at different magnitudes,
depending on the drainage status of the fen, while the direction of
the relationship between the meteorological variables and water

levels were according to expectations. This was the case even
though the local meteorological conditions at both the drained
(PD) and rewetted fens (PW) were comparable.

The magnitude of water table response to precipitation
at PD is much higher than at PW. The negative effect of
daily mean air VPD on the water level can be explained by
evapotranspiration as VPD is indicative of the ability of the
atmosphere to hold additional water that is evaporated or
transpired (evapotranspirative demand, Zipper et al., 2017).
Similar to the effect of rainfall, the effect of VPD on the water level
was much higher at PD than at PW. However, evapotranspiration
for the same dry days was substantially higher at PW than at PD,
likely because of differences in vegetation composition and plant
biomass (Jiménez-Rodríguez et al., 2019). The vegetation at PD
is much shorter (around 20 cm in height) and mostly comprises
grasses, while the vegetation at PW is dominated by taller sedges
(Carex acutiformis), around 1 m in height (see Schwieger et al.,
2020). Schwieger et al. (2020) quantified plant production in both
these sites and report a much higher plant biomass production
at PW (aboveground: 346 g m−2 y−1; belowground: 199 g m−2

y−1) than at PD (aboveground: 80 g m−2 y−1; belowground:
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TABLE 2 | Multiple linear regression of water level at (A) PD and (B) PW.

A

Sites Regression terms Estimated coefficients Std. error t value Pr(> | t|)

PD Intercept −54.12 15.22 −3.56 0.00039 ***

January (reference)

February 13.98 21.70 0.64 0.51976

March 10.96 21.28 0.52 0.60678

April −78.78 22.67 −3.48 0.00053 ***

May −257.02 22.94 −11.20 <2×10−16 ***

June −337.67 25.61 −13.18 <2×10−16 ***

July −351.95 24.99 −14.09 <2×10−16 ***

August −428.03 27.69 −15.46 <2×10−16 ***

September −428.82 24.49 17.51 <2×10−16 ***

October −213.20 21.60 −9.87 <2×10−16 ***

November −129.83 21.34 −6.08 1.65×10−09 ***

December −51.65 21.16 −2.44 0.01482 *

Daily mean VPD (kPa) −141.47 20.74 −6.82 1.52×10−11 ***

Daily precipitation (mm) 7.31 1.43 5.11 3.75×10−7 ***

B

Sites Regression terms Estimated coefficients Std. error t value Pr(> | t|)

PW Intercept 86.96 7.48 11.62 <2×10−16 ***

January (reference)

February 2.47 10.66 0.23 0.81700

March −0.83 10.47 −0.08 0.93717

April −16.72 11.24 −1.49 0.13707

May −45.34 11.40 −3.98 7.42×10−05 ***

June −103.28 12.57 −8.22 6.10×10−16 ***

July −143.82 12.29 −11.71 <2×10−16 ***

August −202.35 13.54 −14.94 <2×10−16 ***

September −206.76 12.14 −17.03 <2×10−16 ***

October −97.60 10.62 −9.20 <2×10−16 ***

November −42.66 10.47 −4.07 4.99×10−05 ***

December −7.33 10.38 −0.71 0.48019

Daily mean VPD (kPa) −47.23 9.82 −4.81 1.73×10−06 ***

Daily precipitation (mm) 1.85 0.61 3.05 0.00236 **

(A) Residual standard error 144.3 on 1049 degrees of freedom | Multiple R-squared: 0.659 | Adjusted R-squared: 0.655 | F-statistic: 156 on 13 and 1049 DF | p-value:
<2.2×10−16. (B) Residual standard error: 70.8 on 1049 degrees of freedom | Multiple R-squared: 0.587 | Adjusted R-squared: 0.582 | F-statistic: 114.6 on 13 and 1049
DF | p-value: <2.2×10−16. Signif. codes: <0.001***, <0.01**, <0.05*, <0.1. Meteorological variables and their statistics are in bold.

43 g m−2 y−1). Other than differences in vegetation as a cause
for differences in ET, the depth to water table can also provide
additional explanation. During the study period, PD had a mean
daily water level of around −30 cm while for PW the mean
daily water level is nearly 0 cm (at the surface). Several studies
show that high ET rates generally occur in sites with shallow
water tables, and lower ET rates in sites with deep water tables
(Duell, 1988; Nichols, 1994; Cooper et al., 2006; Zhang and
Schilling, 2006). Thus, even though PD has lower ET rates
than PW, the site demonstrates more water level sensitivity to
meteorological forcing.

We attribute the differential influence of meteorological
conditions on water table dynamics to different soil-specific
yield values (i.e., water storage capacity) largely driven by lower

water table position at the drained site. Specific yield relates the
change in water storage in a soil to the change in water level
(LaRose et al., 1997). Drainage of natural peatlands result in a
decline in water level, and thus in absence of water saturated
conditions peat accumulation ceases and peat degradation starts.
Both, peat degradation as well as shrinkage from lower water
table position, causes peat specific yield to decrease. In a recent
study by Ahmad et al. (2020c), the rate of water table rise
as a response to discrete rainfall events was investigated at
the same sites. They found that the water table response at
PD was much higher than at PW and attributed the higher
response rate to a lower storage capacity of the degraded peat
(in the upper horizons) as indicated by a higher bulk density
(compared to PW). Mustamo et al. (2016) who studied peat soils
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FIGURE 6 | (A) Violin plots of ET with mean and error bars (95% confidence interval). The red dotted line connects the two means (of PD and PW). The violin shapes
show the distribution of the data for each site. (B) Evapotranspiration for both sites according to months (in panels).

under different land-use options, found drained peat to have
low specific yields, causing water tables to increase substantially
and rapidly after precipitation events. Similarly, Menberu et al.
(2018) found that boreal peatlands had significantly higher water
table (WT) rise per rainfall input under drained conditions,
due to lower soil specific yield values compared to restored and
undisturbed conditions.

The soil specific yield (averaged over the days for which ET
was calculated) of peat at PD was significantly lower than that of
PW, while the diurnal fluctuation at PD was significantly higher
than at PW (although the ET derived at PD was significantly
lower than at PW). This means that one unit change in the water-
level at PD corresponds to a much lower volume of water than
what the same unit drop or rise corresponds to at PW. Therefore,
the higher impact of VPD and rainfall on the water table at PD
could, in part, be due to the lower water storage capacity of
the degraded fen peat (Ahmad et al., 2020c) driven mainly by
the difference in water table position. PW, being a rewetted site
has a water table near or above the peat surface for most of the
study period. According to our analysis, soil specific yield, for PD
are lower than for PW at depths below −250 mm, which is not
experienced by the water levels at PW. However, according to our
calculation of specific yield, the 11 cm peat accumulation over the
last 20 years, was not sufficient to increase specific yield for the
same depths. Nevertheless, Ahmad et al. (2020c), as mentioned
earlier, using a bulk density based pedotransfer function found
that the rewetted site has a higher specific yield compared to
the drained site.

When the water level is above the soil surface, in the absence
of peat as a matrix, the surface specific yield could be assumed
to be one (Dettmann and Bechtold, 2016b) and thus showing a
lower response to precipitation and VPD. According to Cooper
et al. (2019) once water table is near the soil surface, water
table response becomes limited. Thus, this difference in water
table position between the drained and the rewetted fens, is

a major control over how the sites differ in their response to
meteorological forcing.

While we were able to evaluate the relationship between
meteorological conditions and water table dynamics, several
limitations need to be considered. As we had only two
monitoring wells at only two sites, care must be taken in
generalizing conclusions, particularly for fens with different
drainage histories or with a different hydrological regime
and/or vegetation. Although the study could have benefitted
from a higher number of monitoring wells to capture spatial
variability and microtopography, water levels measured in an
observation well are representative of an area of at least several
tens of square meters (Maréchal et al., 2006). For a better
understanding of the effect of rewetting or management regimes,
a “before-after-control” approach could be more appropriate (see
Menberu et al., 2016). However, such long-term monitoring of
hydrometeorological parameters is especially rare for temperate
fen peatlands (Bechtold et al., 2014; Ahmad et al., 2020c). We
focused on belowground or soil specific yield in an attempt to
find out differences in soil properties between the sites with
depth. In terms of limitations, this means that we did not include
aboveground/surface specific yield; our focus was not the entire
landscape or ecosystem, but the locations where water table and
meteorological parameters were measured.

Our results underline the importance of meteorological
effects, namely vapor pressure deficit on water table dynamics
in fens, which in turn are influenced by water management
decisions and consequent change to water table position. Our
findings have implications for prompt and effective rewetting
of drained and degraded peatlands. Degraded fen peatlands,
because of their low water storage capacity and water table
positions, are likely to be more vulnerable to temperature
extremes which can cause water tables to rapidly decline by
increasing atmospheric water demand (vapor pressure deficit),
thereby further amplifying the process of peat degradation and
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carbon mineralization. Therefore, delays in peatland rewetting
are likely to result in additional efforts and resources being
required to restore ecosystem functions. The longer we wait
with rewetting, the more difficult it will be to achieve water
levels continuously fluctuating around the peat surface. For
rewetted fens, continuous monitoring is advisable to ensure
long-term success especially under a changing climate and
associated drought events.
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