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Abstract
1. Root phenology influences the timing of plant resource acquisition and carbon 

fluxes into the soil. This is particularly important in fen peatlands, in which peat 
is primarily formed by roots and rhizomes of vascular plants. However, most fens 
in Central Europe are drained for agriculture, leading to large carbon losses, and 
further threatened by increasing frequency and intensity of droughts. Rewetting 
fens aims to restore the original carbon sink, but how root phenology is affected 
by drainage and rewetting is largely unknown.

2. We monitored root phenology with minirhizotrons in drained and rewetted fens 
(alder forest, percolation fen and coastal fen) as well as its soil temperature and 
water table depth during the 2018 drought. For each fen type, we studied a 
drained site and a site that was rewetted ~25 years ago, while all the sites studied 
had been drained for almost a century.

3. Overall, the growing season was longer with rewetting, allowing roots to grow 
over a longer period in the year and have a higher root production than under 
drainage. With increasing depth, the growing season shifted to later in time but 
remained a similar length, and the relative importance of soil temperature for 
root length changes increased with soil depth.

4. Synthesis and applications. Rewetting extended the growing season of roots, 
highlighting the importance of phenology in explaining root productivity in 
peatlands. A longer growing season allows a longer period of carbon sequestra-
tion in form of root biomass and promotes the peatlands' carbon sink function, 
especially through longer growth in deep soil layers. Thus, management prac-
tices that focus on rewetting peatland ecosystems are necessary to maintain 
their function as carbon sinks, particularly under drought conditions, and are a 
top priority to reduce carbon emissions and address climate change.
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1  |  INTRODUC TION

Plant phenology, the timing of recurring life- history events, controls 
ecosystem processes that are crucial for the carbon storage func-
tion of peatlands, such as biomass production (Järveoja et al., 2020; 
Peichl et al., 2018). Peatlands are the most space- efficient terrestrial 
carbon sinks on the planet, storing about 20% of the global soil car-
bon pool on just 3% of the lands' surface (Joosten et al., 2016). Two 
thirds of European peatlands are minerotrophic peatlands, fens, in 
which peat is primarily formed by roots of vascular plants (Joosten 
et al., 2017; Succow & Joosten, 2001). The timing of root growth, 
that is, root phenology, strongly influences the timing of potential 
plant resource acquisition and carbon fluxes from roots into the 
soil (Finzi et al., 2015; McCormack et al., 2014). Altered root phe-
nology can also drive large changes in root production in response 
to environmental changes, such as drought (Malhotra et al., 2020). 
However, despite the importance of root phenology, the majority 
of phenological studies focused only on the above- ground plant 
parts (Abramoff & Finzi, 2015), not taking into account that above-  
and below- ground phenology do not necessarily follow the same 
patterns (Abramoff & Finzi, 2015; Liu et al., 2022; Steinaker et al., 
2010). Therefore, roots need to be explicitly considered in pheno-
logical studies to improve our general understanding of ecosystem 
processes related to carbon and nutrient cycling in peatlands.

Soil temperature is a strong driver of root growth in many sea-
sonal ecosystems, thus, an increase in growing season length in tem-
perate ecosystems is expected with warming (Keeling et al., 1996). 
However, in peatlands factors such as water table depth might be 
equally important (Joosten et al., 2017; Moore et al., 2007) or even 
override any temperature effects (Mäkiranta et al., 2018). The extent 
to which human influence, such as intensive land use and drainage, 
affects the importance of certain drivers of root growth is barely 
investigated. Here, studying root phenology in different depths is 
particularly important, as fluctuating water tables over the season 
might amplify the already prevailing differences in soil conditions 
with depth, such as soil moisture, oxygen content, bulk density and 
temperature (Jobbágy & Jackson, 2000). Plants can adapt their root-
ing depths to use emerging favourable conditions (Blume- Werry 
et al., 2019). Thus, identifying the response of root phenology to 
changes in water table and soil temperature at different depths is 
necessary to understand dynamic responses of peatlands to climate 
change.

Drainage of peatlands is widespread and turns them into car-
bon sources through enhanced decomposition (Joosten et al., 2016; 
Leifeld et al., 2019). In fact, 5% of total anthropogenic greenhouse 
gas emissions world- wide stem from drained peatlands and less 
than half of the peatlands in Europe are still accumulating peat 
(Leifeld et al., 2019; Tanneberger et al., 2017). Rewetting of drained 

peatlands may be a management option to lower emissions or even 
remove carbon from the atmosphere, but ecosystem consequences 
of rewetting are still largely unclear (Bonn et al., 2016; Joosten 
et al., 2016). Rewetting has far- reaching consequences in terms of 
plant and microbial composition, nutrient availability and soil char-
acteristics, such as bulk density and pH (Lamers et al., 2015; Zeitz 
& Velty, 2002). As root production is an essential driver of peat for-
mation in fens, estimating the effects of rewetting on root phenol-
ogy will help us to better describe the consequences of restoration 
through rewetting of formerly drained fens on their carbon storage 
potential. A potential threat to the carbon storage potential even 
under rewetting, is the occurrence of long lasting droughts (Loisel 
et al., 2021). In 2018, Central Europe experienced one of the most 
extreme droughts recorded, with temperatures 3.3°C higher than 
the long- term average (April– October, compared to 1961– 1990, 
Schuldt et al., 2020). These extreme climatic conditions are ex-
pected to occur more often in the future (IPCC, 2019), and it is thus 
important to understand its influence on root phenology.

Here, we studied root growth in different fen types: an alder for-
est, a percolation fen and a coastal fen, each in a drained and a re-
wetted state. We used minirhizotrons to estimate the start, end and 
length of the root growing season. We previously showed that these 
rewetted sites maintain higher root production at similar decompo-
sition rates under drought conditions compared to the drained sites 
(Schwieger et al., 2021). Now we aimed to gain a deeper understand-
ing on the underlying drivers of the observed high productivity by 
measuring root phenology under the same conditions and quanti-
fied net carbon balances. We hypothesized that (a) root growth hap-
pens later and longer due to the effect of higher soil water content 
dampening soil temperature effects and plant species composition 
changing to wetland specialists. We further expect that (b) the root 
growing season is prolonged in rewetted sites due to more favour-
able conditions under drought compared to the drained sites, and 
that (c) with increasing soil depth the growing season is shifted to 
later in the season as deeper soils warm later in spring and stay warm 
longer in autumn.

2  |  MATERIAL S AND METHODS

2.1  |  Study sites

All study sites are located in north- eastern Germany (mean an-
nual temperature: 8.8°C, mean annual precipitation: 565 mm, 
1981– 2010). The years 2015 to 2019 were about 2°C warmer 
and received with 450mm about 100mm less than average pre-
cipitation (Deutscher Wetterdienst). The study sites and the ex-
perimental set- up are described in detail in Jurasinski et al. (2020) 
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and Schwieger et al. (2021). In brief, we studied three different 
fen types: alder forest, percolation fen, and coastal fen. Of each 
type, we studied a drained site and one that has been rewetted for 
~25 years after being drained for almost a century.

The two alder forest sites are stands of the same forest, a for-
mer natural alder swamp, that was drained for wood pasture in the 
end of the 18th century and subsequently used as production for-
est; one site was rewetted in 2003/2004 (Jurasinski et al., 2020). 
The two sites lie within the same basin and are about 3 km apart. 
The tree layer of the drained alder stand is characterized by Alnus 
glutinosa with a few individuals of Fraxinus excelsior L., while the 
understorey is dominated by herbaceous plants. The understorey 
of the rewetted alder stand is dominated by sedges, and A. gluti-
nosa is the only tree species. The drained and rewetted lowland 
percolation fens are located in the hydrologically connected Lower 
Recknitz and Trebel Valley, respectively, c. 8 km apart. The drained 
percolation fen site is used as intensive grassland (Jurasinski 
et al., 2020) whereas the rewetted percolation fen (rewetted in 
1997) is protected for nature conservation and not managed. The 
drained and rewetted coastal sites are about 200 m apart, on ei-
ther side of a dike (rewetted by dike removal in 1993). Both are 
used for cattle grazing, and dominated by grasses. The rewetted 
site is occasionally flooded with brackish sea water during storm 
surges. See Supplements (see Table S1) for a detailed description 
of plant species at all sites.

For the study sites that are privately owned, we were granted 
access by the local communities and landowners. For sites located 
in landscape or nature conservation areas, permission was ob-
tained from the local nature conservation authority of the district 
Vorpommern- Rügen. This study did not require ethical approval.

2.2  |  Experimental set- up

Within each study site, a representative area with a size of 
10 m × 35 m was fenced to exclude pasture and wild animals. Five 
plots (3 × 3 m) were evenly distributed in c. 10 m distance from each 
other inside the study area with three plots located at the north side 
and two plots located at the south side of a central boardwalk.

We compared six sites with replicates within each site but not for 
each fen type. Appropriate, rewetted replicates at the fen type level 
are not readily available. We selected study sites that were repre-
sentative of each respective fen type in the broader region in terms 
of basic site characteristics, such as peat depth, degree of peat deg-
radation and degree of drainage (Jurasinski et al., 2020; Schwieger 
et al., 2021). Furthermore, geostatistical analyses in fen peatlands 
in the region showed that spatial autocorrelation is almost absent 
(Koch et al., 2016; Koch & Jurasinski, 2015). Therefore, spatial rep-
licates in the field can be seen as independent and their variation as 
being representative for the respective vegetation type. Based on 
these aspects, we describe our statistical results as comparisons be-
tween the six study sites, but see good reasons for them being repre-
sentative for the respective fen types (see also Davies & Gray, 2015).

2.3  |  Root phenology

We used minirhizotrons to monitor root phenology. Thereto, trans-
parent tubes were installed at an angle of 45° in the soil to insert 
a root image scanner (CI- 600 In- Situ Root Imager; CID Bio- science 
Inc.), taking c. 350° scans (image size: 21.6 × 19.6 cm) of the tube– 
soil interface and thus roots at three depths (0– 15, 15– 30 and 30– 
45 cm). The above- ground part of the tubes was wrapped with mirror 
foil to reduce thermal differences, taped and covered with a cap to 
exclude light from the tubes. Installation of the tubes took place in 
mid- August 2017 and measurements began in April 2018. As our 
study sites are very dynamic, fast- growing systems, we consider this 
time sufficient for recovery from the disturbance caused by the in-
stallation. Three minirhizotrons were installed within a distance of 
1 m within each of the five plots at each of the respective sites, but 
one tube was damaged during the study, resulting in a total of 89 
minirhizotrons (six sites × five plots × three tubes). In the rewetted 
coastal fen site, images could only be taken down to a depth of 30 cm 
for 10 tubes, due to hard mineral soil limiting the depth of minirhi-
zotrons. This might have led to an underestimation of root length in 
these sites, as we cannot rule out the possibility of root growth into 
the mineral soil. We measured biweekly until 15 October 2018 and 
then monthly until 5 December 2018, resulting in 16 image sampling 
events.

We processed the sample images with our newly developed 
automated RootDetector (see methods S1 for a detailed descrip-
tion), which outputs binary images in which white pixels represent 
detected root objects and black pixels represent background or 
non- root objects (see Figure S1). We applied a topology- preserving 
thinning algorithm as implemented by the skeletonize function in 
scikit- image v. 0.17.1 to reduce the detected root objects to one 
pixel wide lines (see Figure S2). This was to avoid the patterns being 
dominated by large roots, as it is especially the fine roots that are 
important for carbon input into the soil due to their high turnover 
and exudation rates (Iversen et al., 2015). The output was converted 
into root length in mm cm−2, given that root length is stronger re-
lated to root functionality (e.g. nutrient uptake) than mass (Freschet 
et al., 2020). We used root length as proxy for standing crop and to 
describe root phenology (i.e. increases and decreases in total root 
length over time). Soil movement and water table fluctuations some-
times led to light on images at the surface, which we excluded from 
analysis together with images affected by scanning errors (e.g. dif-
ferences in contrast, stripes produced by the scanner bar), as these 
would likely have caused artefacts in root detection by the algo-
rithm. This resulted in a total of 2,875 images of 21.6 cm × 19.6 cm 
for analysis.

2.4  |  Growing season length

We used a quantitative approach to determine the root growing sea-
son (Radville et al., 2016). The start of the growing season was de-
fined as day of the year (DOY) at which 10% of the maximum annual 
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root length was reached, while the end of the growing season was 
defined as DOY at which 90% of the maximum annual root length 
was reached. We decided to calculate 90% of the maximum root 
length instead of 100% to exclude the possibility of very few roots 
determining the observed patterns (Blume- Werry et al., 2016). We 
narrowed down to the exact date when 10% and 90% of maximum 
annual root length was reached by using a linear model to inter-
polate between two measurement dates. To determine which en-
vironmental variables (i.e. soil temperature, water table, fen type, 
management type) explain changes in root length standing crop over 
time best, we defined changes in root length as any increase and de-
crease in root length since the previous sampling event. To normalize 
irregular sampling intervals, changes in root length were expressed 
as the change in root length per day (mm/d).

2.5  |  Carbon balance

We measured the exchange of carbon gases (i.e. CO2, CH4) biweekly 
using transparent and opaque closed chambers on five permanently 
installed collars per site (Köhn et al., 2021). Based on the data gath-
ered from October 2017 to September 2019, we derived the two 
consecutive annual exchange balances of CO2 and CH4 per site using 
artificial neural network models (Huth et al., 2022). Using the aver-
age annual balances per site, we summed up the resulting CO2- C and 
CH4- C values to derive annual carbon balances (see Table S2).

2.6  |  Abiotic parameters

Precipitation data were recorded at weather stations less than 1 km 
distance from each study site. Soil temperature data were collected 
at 15- minute intervals at 5 cm, 15 cm and 30 cm depth by nine log-
gers per site (HOBO, Onset Computer Corporation). Air temperature 
was recorded at each site in 2 m height (CR300, Campbell Scientific 
Ltd.) averaged over 30 min.

Groundwater table relative to soil surface was recorded at 15- 
min intervals in a slotted PVC pipe using a CS456 pressure transducer 
connected via an SDI- 12 sensor to a CR1000 data logger (Campbell 
Scientific Ltd.) at the alder forest sites, by Dipper- PT loggers for the 
two percolation fen sites and the drained coastal fen, and by a Baro- 
Dipper and a Dipper- APT logger (SEBA Hydrometrie GmbH & Co. 
KG) for the rewetted coastal fen site. Gaps in water table data re-
cording for the rewetted alder forest site between 23 August and 
27 October 2018 resulted from water tables below -  70 cm, which 
exceeded the reach of the groundwater pipe at this site (Figure 1).

2.7  |  Data analysis

We used R version 4.0.2 (R Core Team, 2020) for all statistical analy-
ses and visualizations (r package ggplot2, version 3.2.1). We tested 
for differences in root length between the fen types, between 

management (i.e. drained, rewetted), between depths and their in-
teractions over time with a repeated measure linear mixed- effect 
model ANOVA (r package lmertest, version 3.1- 0; and nlme, version 
3.1- 137). We used fen type, management, depth and time (i.e. day of 
the year of sampling) as interacting fixed effects, and tubes nested 
within plot as a random factor (three minirhizotron tubes per plot 
per site). To test for significant differences in root length within the 
fixed effects at the α = 0.05 level, we used the criterion of whether 
or not two 83% confidence intervals overlap (Payton et al., 2003). 
To estimate differences in the start, end and length of the growing 
season, we used a linear mixed- effect model ANOVA for the above 
mentioned fixed effects except of time. For each model, we plot-
ted the residuals with normal q– q plots and residual versus fitted 
values to graphically test the assumptions of normality and homo-
geneity of variance. When necessary, data were log-  or square root- 
transformed to meet the assumptions. In case of the growing season 
end, the data were rank- transformed, resulting in a nonparametric 
test. A Tukey's HSD test (r package emmeans, version 1.4.1) was used 
for the response variables start, end and length of the growing sea-
son to test for differences within fen type, management and depth.

We used the second- order Akaike information criterion (AICc, 
R package mumIn, version 1.43.17) to estimate the best- fit model 
that explains the greatest amount of variation in root length changes 
using the fewest possible explanatory variables (i.e. water table, soil 
temperature, management, fen type). The model with the lower AIC 
score was expected to strike a balance between its ability to fit the 
dataset and its ability to avoid over- fitting the dataset (Akaike, 1974). 
Afterwards, we estimated the marginal R2 for describing the propor-
tion of variance explained by the fixed factor(s) alone. These tests 
were performed for the soil depths 0– 15, 15– 30 and 30– 45 cm sep-
arately to test for differences in the importance of abiotic factors 
for root length changes in different depth. Effects were considered 
significant at p < 0.05.

3  |  RESULTS

3.1  |  Root length

Root length was highest in the percolation fens, three times higher 
than in the alder forest, which had the lowest root length (F = 53.1, 
p < 0.001). Root length was higher in the rewetted than in the 
drained sites (F = 4.4, p = 0.039, Table 1). This was mainly caused 
by large differences in root length between the drained and rewet-
ted percolation fen, while root length did not differ between the 
drained and rewetted alder stands and coastal fens (Fen type × 
Management: F = 22.1, p < 0.001; Figure 1). Root length changed 
over time (F = 82.4, p < 0.001) and also whether the root lengths dif-
fered between the management types depended on the time of the 
season (Management × Time: F = 15.0, p < 0.001). From July onward 
root length in the drained percolation fen started to decrease, while 
root length in the rewetted site stayed stable until the end of the 
measuring period resulting in a larger root length for the rewetted 
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F I G U R E  1  Root length (in mm/cm2) over time in Alder forest, Percolation fen and Coastal fen in drained (yellow) and rewetted (blue) 
sites under the 2018 drought. Displayed are the soil depths 0– 15 (solid), 15– 30 (dashed) and 30– 45 cm (dotted) for root length and soil 
temperature. Vertical ribbons highlight the calculated growing season length. Water table depth (in cm) for rewetted and drained sites, 
dashed grey lines indicate the soil depths in which root length was measured. Between 23 August and 27 October 2018, the water table 
in the rewetted alder forest site fell below −70 cm, exceeding the groundwater pipe at this site (white ribbon). Coloured bands show 83% 
confidence intervals to test for significant differences in root length between management type over time at the α = 0.05 level.
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percolation fen from July onwards. In the other two fen types root 
length differed only temporarily between management types (Fen 
type × Management × Time: F = 15.0, p < 0.001, Figure 1).

Root length was highest in the upper soil layers (0– 15 cm) and 
decreased with soil depth (F = 1022.4, p < 0.001; Figure 1). This de-
crease in root length with depth was more pronounced in the drained 

sites. Here, root length differed between all three depths, whereas 
root length in rewetted sites did not differ significantly between the 
upper and the middle soil layer (0– 15, 15– 30 cm) in the percolation 
fen and the alder stand, and for the middle and the deepest soil 
layer (15– 30, 30– 45 cm) in the costal fen (Fen type × Management × 
Depth: F = 14.6, p < 0.001; see Figure S5).

Root length increased simultaneously with warming soils in 
spring in all sites, except the drained alder stand (Figure 1). Root 
length increased in spring even under waterlogged conditions and 
did not decline as water tables rose in autumn in the rewetted sites. 
Except for the drained percolation fen, we detected almost no de-
cline in root length towards the end of the year, despite of a much 
earlier estimated end of the growing season, that is, no growth was 
detected, but also no root loss.

3.2  |  Root growing season

In general, roots in the rewetted sites started to grow, that is, ob-
served increase in root length, significantly earlier (DOY 119 ± 3.0; 
mean ± SE) than in the drained sites (DOY 124 ± 4.6; F = 4.7, 
p = 0.034; Figure 2, Table 2). This was not the case for the percola-
tion fens, where the growing season started 45 days earlier in the 
drained site than in the rewetted site (Type × Management: F = 39.4, 
p < 0.001, Figure 2). However, the end of the growing season was 
only significantly different between managements for the percola-
tion fens (HSD Tukey: p < 0.001) where the growing season ended 
72 days later than in the drained site. In contrast, the end of the 
growing season did not depend on management in the alder forest 
and coastal fen (Type × Management: F = 13.0, p < 0.001).

TA B L E  1  ANOVA results for root length in different fen types 
(Alder forest, percolation fen, coastal fen), management types 
(drained, rewetted), depths (0– 15, 15– 30, 30– 45 cm) and over time 
(16 sample events from 4 April 2018 to 5 December 2018), and 
their interactions.

Fixed effects df F p

Fen type 2 53.1 <0.001

Management 1 4.4 0.039

Depth 2 1,022.4 <0.001

Time 15 82.4 <0.001

Fen type × Management 2 22.1 <0.001

Fen type × Depth 4 80.5 <0.001

Management × Depth 2 4.3 0.014

Fen type × Time 29 5.4 <0.001

Management × Time 15 15.0 <0.001

Depth × Time 30 4.6 <0.001

Fen type × Management × Depth 4 14.6 <0.001

Fen type × Management × Time 25 15.0 <0.001

Fen type × Depth × Time 58 1.5 0.013

Management × Depth × Time 30 2.3 <0.001

Fen type × Management × Depth × Time 46 2.2 <0.001

Note: Values in bold indicate significant differences (p ≤ 0.05).

F I G U R E  2  Root growing season length 
in drained and rewetted Alder forest, 
Percolation fen and Coastal fen under 
the 2018 drought. Circles mark the start 
and end of growing season averaged over 
depth (0– 15, 15– 30, 30– 45 cm). Grey bars 
show 83% confidence intervals to test for 
significant differences in start and end 
of growing season at the α = 0.05 level. 
Asterisks indicate significant differences 
in start (left) and end (right) of the growing 
season between the management types 
respectively (***p < 0.001).
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Overall, the growing season was 1 month longer in the rewetted 
sites (100 ± 4.8 days) than in the drained sites (66 ± 3.9 days; F = 39.1, 
p < 0.001). Growing season in the rewetted percolation fen was 42%, 
and in the rewetted alder stand 41% longer than in their drained 
counterpart. However, there was no difference in growing season 
length between the two coastal fen sites (Type × Management: 
F = 8.7, p < 0.001).

The start of the growing season differed significantly between 
all three depths (0– 15, 15– 30, 30– 45 cm), while the end of the 
growing season differed only between the upper (0– 15 cm) and 
deepest soil layer (30– 45 cm). With deeper soil depths, the grow-
ing season started and ended later (start: F = 31.0, p < 0.001; end: 
F = 4.9, p = 0.010; Figure 3). However, this was a mere shift in time, 
as we found no difference in growing season length with soil depth 
(Table 2).

Start and end of the growing season differed between fen 
types (start: F = 18.7, p < 0.001, end: F = 19.1, p < 0.001). Growing 
season in the coastal fens was the shortest (70 ± 3.0 days; F = 6.1, 
p = 0.004), while the growing season length in the percolation fens 
(85 ± 6.0 days) and in the alder stands (96 ± 7.9 days) did not differ 
from each other.

3.3  |  Drivers of root length changes

The best- fit model of root length changes for the 0– 15 cm soil layer 
included the parameters soil temperature, water table, fen type 
and management type with their interaction effects, explaining 
53% of the variation of root length changes (Table 3). The next- 
best- fit model for the depth 0– 15 cm includes only the parameters 

TA B L E  2  ANOVA results for start, end and length of the root growing season in different fen types (Alder forest, Percolation fen, Coastal 
fen), management types (drained, rewetted), depths (0– 15, 15– 30, 30– 45 cm) and their interactions.

Fixed effects df

Start End Length

F p F p F p

Fen type 2 18.7 <0.001 19.1 <0.001 6.1 0.004

Management 1 4.7 0.034 10.1 0.002 39.1 <0.001

Depth 2 30.9 <0.001 4.9 0.010 0.0 0.989

Fen type × Management 2 39.4 <0.001 13.0 <0.001 8.7 <0.001

Fen type × Depth 4 1.3 0.290 1.2 0.332 3.4 0.015

Management × Depth 2 0.5 0.597 2.6 0.083 5.6 0.006

Fen type × Management × Depth 4 5.7 <0.001 2.1 0.097 2.5 0.053

Note: Values in bold indicate significant differences (p ≤ 0.05).

F I G U R E  3  Root growing season 
length for the soil depths 0– 15, 15– 30 
and 30– 45 cm in the fen types Alder 
forest, Percolation fen and Coastal fen 
under the 2018 drought. Grey bars show 
83% confidence intervals to test for 
significant differences in start and end 
of growing season between the depths 
at the α = 0.05 level. Asterisks indicate 
significant differences in start (left) and 
end (right) of growing season between 
the soil depths (***p < 0.001, **p < 0.01, 
*p < 0.05).
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soil temperature, water table and fen type, which explained 49% 
of the variation in root length changes. The best- fit models for 
the 15– 30 and 30– 45 cm soil layers included the parameters soil 
temperature, management type and fen type with their interaction 
effects. The fixed effects explained 33% of the variation in root 
length changes for the depth 15– 30 cm and 26% of variation in 
30– 45 cm (Table 3).

3.4  |  Carbon balance

During the dry and warm study period, all sites showed a positive 
carbon balance. Rewetted sites, however, lost considerably less car-
bon in the percolation fen (−366.4 g m−2 year−1) and slightly less in 
the coastal fen (−30.4 g m−2 year−1; see Table S2 for details).

4  |  DISCUSSION

The root growing season was up to 1 month (34 days) longer in the 
rewetted than in the drained fens. This extension of the growing sea-
son, rather than a higher growth rate, can explain the overall higher 
root productivity in response to rewetting under drought conditions 
measured previously (Schwieger et al., 2021) and the positive effect 
on carbon balance (see Table S2). With increasing depth, the begin-
ning and end of the growing season shifted later in time, resulting 
in an overall similar length of the growing at the different depths 

despite. The relative importance of soil temperature for changes in 
root length increased with increasing soil depth.

4.1  |  Extension of root growing season 
with rewetting

As we expected, drained and rewetted sites differed in their phenol-
ogy, which was expressed by shifts in the start and end, but also in 
the length of the growing season depending on the fen type. We 
measured a significantly longer root growing season with rewetting 
in two of three cases. These results support our assumption that, 
under drought conditions, rewetting promotes plant growth by pro-
viding sufficient soil moisture conditions compared to the drained 
sites. The longer growing seasons are linked to increased carbon 
storage (see Table S2; Churkina et al., 2005; Dragoni et al., 2011; 
Keenan et al., 2014). Furthermore, our results suggest that the pre-
viously reported higher annual productivity of these rewetted fens 
under drought (Schwieger et al., 2021) was driven by an extension of 
the growing season. While it was a carbon source in the dry year, the 
percolation fen has accumulated c. 106 g C m−2 year−1 since rewet-
ting in 1997 (Mrotzek et al., 2020).

The observed differences in phenology between the drained 
and rewetted sites may not be rooted in the management per se, 
but rather caused by differences in plant functional types between 
the sites (Mäkiranta et al., 2018). Different plant functional types or 
species may respond differently to interannual variability in resource 

TA B L E  3  Marginal R2 
(

R2
m

)

 and conditional R2 
(

R2
c

)

 for root length changes with the tested fixed effects soil temperature in °C (soil T, 
recorded in respective depth to root length changes), water table depth in cm, management type (drained, rewetted) and fen type (Alder 
forest, Percolation fen and Coastal fen).

Model parameters (fixed effects)

0– 15 cm 15– 30 cm 30– 45 cm

R
2

m
R
2

c
AICc R

2

m
R
2

c
AICc R

2

m
R
2

c
AICc

Soil T × water table × management × 
fen type

0.53 0.67 −4157 0.49 0.63 −4707 0.30 0.66 −5065

Soil T × management × fen type 0.49 0.71 −4069 0.33 0.48 −4736 0.26 0.64 −5213

Water table × management × fen type 0.47 0.61 −4096 0.33 0.48 −4548 0.18 0.55 −4944

Soil T × water table × fen type 0.49 0.71 −4100 0.45 0.66 −4629 0.29 0.67 −5035

Soil T × water table × management 0.11 0.42 −3886 0.11 0.42 −4469 0.10 0.57 −4963

Management × fen type 0.21 0.36 −4061 0.22 0.35 −4638 0.14 0.50 −5071

Soil T × fen type 0.23 0.38 −4076 0.24 0.39 −4667 0.19 0.54 −5124

Soil T × management 0.02 0.35 −4028 0.05 0.38 −4621 0.06 0.55 −5105

Water table × fen type 0.45 0.64 −4067 0.28 0.44 −4501 0.15 0.50 −4910

Water table × management 0.09 0.42 −3886 0.05 0.34 −4432 0.02 0.49 −4898

Soil T × water table 0.11 0.42 −3888 0.06 0.38 −4436 0.06 0.55 −4938

Soil T 0.01 0.35 −4030 0.00 0.34 −4596 0.05 0.54 −5105

Water table 0.11 0.43 −3889 0.02 0.33 −4421 0.01 0.49 −4897

Management 0.01 0.35 −4023 0.01 0.34 −4595 0.01 0.48 −5062

Fen type 0.20 0.35 −4064 0.19 0.34 −4635 0.13 0.49 −5076

Note: Models with the lowest AICc for the respective depths are highlighted in bold.
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supply and climatic constraints (McCormack et al., 2014). Plants in all 
the drained sites, such as forbs and grasses, are adapted to drained 
soils but not necessarily to drought. The rewetted sites, however, are 
generally dominated by graminoids (i.e. Poaceae and Cyperaceae), 
which are adapted to high and prolonged water tables. Their spe-
cial adaptations, such as aerenchyma, permit root growth deep into 
waterlogged conditions (Voesenek et al., 2006). In fact, root length 
in the depths 45– 60 cm in the graminoid- dominated rewetted per-
colation fen was twice as high as in the drained counterpart (see 
Table S3), and water tables in the rewetted percolation fen did not 
drop below −25 cm during the growing season (Figure 1). Thus, roots 
still reached water saturated soil layers in the rewetted sites. The 
root system of the drained sites and the rewetted coastal fen, how-
ever, experienced a lowering of the water table of −75 cm and deeper 
during most of the year (Figure 1). As a result, the growing season 
in the drained sites was significantly shorter than in the rewetted 
sites. Clearly, rewetting is not only beneficial for peat formation and 
climate change mitigation during ‘normal’ weather conditions, but 
also may help alleviate drought stress and thus maintain a higher 
production/decomposition ratio under drought conditions— driven 
by an extension of the root growing season.

Interestingly, we found no decrease in root length in four of six 
sites at the end of the year despite of decreasing soil temperatures 
in autumn. This suggests that even if the season of active growth 
(i.e. increase in root length) ended, many of the roots are living (and 
presumably functional) for a majority of the year, contributing to 
ecosystem carbon and nutrient fluxes. The stagnation of the root 
length might also indicate that as many roots were decomposed as 
produced in this time.

4.2  |  Abiotic factors driving changes in root length 
in different depths

As expected, the root growing season was shifted later in the season 
with increasing depth, while growing season length did not change 
with depth (Figure 3). This offset of growth with a later start, but also 
a later end of the growing season with increasing soil depth is likely 
related to dampened temperature dynamics (Figure 1). The model 
that included both, soil temperature and water table described root 
length changes best in the upper soil layer (0– 15 cm), while with 
deeper soil depth the relative importance of water table decreased 
(Table 3). While differences in species composition are most likely 
still the main determinant of root length changes, these results imply 
that soil temperature is important when predicting root phenology 
at depth. As water was either present (rewetted sites) or absent 
(drained sites) in deeper soil layers, it fluctuated in the upper soil lay-
ers of the rewetted sites, thus, the relative importance of soil tem-
perature might have increased with depth. Changing controls of root 
phenology with increasing depth might be linked to such changes in 
soil properties (Jobbágy & Jackson, 2000), but also to different root-
ing depths between species, and thus a change in ‘species composi-
tion’ with depths. The fact that the length of the growing season at 

deeper depths remains the same, even though the factors determin-
ing root length changes are changing, shows that the potential for 
carbon sequestration also in deeper soil layers might be high. More 
so because colder and wetter conditions with increasing soil depth 
are ideal to promote the accumulation of organic matter and trap the 
carbon in the soil.

An earlier start in the root growing season was detected for 
the rewetted alder forest and costal fen, despite waterlogged con-
ditions in spring, most likely because the prevailing plant species 
are adapted to flooding. In the rewetted percolation fen and alder 
forest, the growing season was clearly linked to soil warming in 
spring and ended shortly after soil temperatures peaked in the end 
of August (Figure 1). In contrast to that, root length changes were 
less affected by soil temperature in the drained counterparts. The 
drained sites experienced a water table drawdown up to −45 cm, 
which resulted in a significantly earlier end of the growing season 
even before maximum soil temperatures where reached. It appears 
that the plant communities in the drained sites (and the rewetted 
coastal site) were less able to cope with the drier soils and that those 
conditions overrode the generally positive effects of temperature 
on root length changes, whereas plants on the rewetted sites even 
maintained their high productivity in the dry and warm summer of 
this year. Mäkiranta et al. (2018) also showed that in boreal sedge- 
dominated fens, increase in temperature alone affected root produc-
tion and phenology less than water- level drawdown. Drought stress 
has also been shown to inhibit root growth and can cause root pro-
duction to shift to more favourable, in this case wetter, times of the 
year (Hendrick & Pregitzer, 1997; Joslin et al., 2000). Furthermore, 
root production can also be related to the previous year precipita-
tion (Withington et al., 2021). In contrast to the alder forests and 
percolation fens, the water table in the rewetted coastal fen is highly 
dependent on sea levels, with water tables above soil surface twice 
during storms and flooding, in October and November 2018. Root 
phenology, therefore, strongly resembles that of the drained coastal 
fen except for the slight increase in root length at the end of the year.

Since anoxia from high water tables is the main driver of peat 
accumulation, increasing droughts in the future seriously threaten 
their carbon sink function (Loisel et al., 2021). Our results might not 
reflect the long- term consequences of continuing summer droughts, 
including possible changes in plant composition to drought- adapted 
species, thus, further studies on the effects of changing climate and 
land use on root phenology are crucial.

5  |  CONCLUSIONS

Our results underline the high potential of rewetting peatlands to 
support their carbon sink function even under drought. A longer 
growing season with rewetting enhances root production and al-
lows for longer carbon sequestration in form of root biomass. Root 
growth in deeper soil depth especially may promote carbon se-
questration, as soils remain anoxic even under drought conditions, 
which impedes the decomposition of organic matter. Rewetting 
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drained peatlands is thus crucial to turn them from carbon sources 
back to carbon sinks— an important step to addressing climate 
change.
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