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Abstract The water table depth (WTD) in peatlands determines the soil carbon decomposition rate and
influences vegetation growth, hence the above-ground carbon assimilation. Here, we used satellite-observed
Solar-Induced chlorophyll Fluorescence (SIF) as a proxy of Gross Primary Production (GPP) to investigate
water-related vegetation stress over northern peatlands. A linear model with interaction effects was used to
relate short- and long-term anomalies in SIF with WTD anomalies and the absolute WTD. Most locations
showed the occurrence of drought and waterlogging stress though regions with exclusively waterlogging or
drought stress were also detected. As a spatial median, minimal water-related vegetation stress was found for
a WTD of —0.22 m (short-term) and —0.20 m (long-term) (+0.01 m, 95% confidence interval of statistical
uncertainty). The stress response observed with SIF is supported by an analysis of in situ GPP data. Our
findings provide insight into how changes in WTD of northern peatlands could affect GPP under climate
change.

Plain Language Summary Water table depth is an important variable influencing the carbon

cycle and vegetation growth in northern peatlands. In this paper, the impact of changing wetness conditions

on vegetation growth over peatlands was studied through satellite measurements of solar-induced fluorescence
(SIF), which is a radiation signal emitted by vegetation during photosynthesis. Previous studies over ecosystems
on mineral soil, that is, not over peatland, suggested a response of SIF to drought conditions. In our study, it
was shown that peatland vegetation experiences moisture-related growth stress under both very wet and very
dry conditions, which might reduce the photosynthesis efficiency and the ability to capture and store CO,.
Stress due to drought conditions was detected for peatlands in the south of the Western Siberian Lowlands and
the Boreal Plains. Stress due to prolonged wet conditions occurred for example, in the north of the Western
Siberian Lowlands and the north of the Hudson Bay Lowlands.

1. Introduction

Peatlands are wetlands that contain 30% or more accumulated decomposed organic material in the surface soil
layer with a minimum thickness of 30 cm (Joosten & Clarke, 2002; Limpens et al., 2008). Wet conditions are
necessary to ensure the continuing accumulation of dead plant material by limiting aerobic decomposition
(Clymo et al., 1998; Gallego-Sala et al., 2018). Therefore, disturbances such as droughts may pose a threat to
both the water and carbon balance in peatlands (Helbig et al., 2020; Rinne et al., 2020; Waddington et al., 2014).
Even though a long-term lowering of the water table depth (WTD) would most likely increase aerobic peat
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decomposition, and thus also the CO, flux from the soil to the atmosphere (Fenner & Freeman, 2011), it may also
result in a higher gross primary production (GPP) when vegetation adapts to the new conditions. The resulting net
effect on the carbon budget is unclear (Loisel et al., 2021; Moore, 2002). Similarly, short-term variations in WTD
also influence vegetation growth and above-ground carbon uptake, as well as below-ground carbon processes
(Waddington et al., 2014).

Satellite retrievals of Solar-Induced Fluorescence (SIF) provide a new opportunity to investigate the response
of GPP to soil moisture (Jonard et al., 2020; Wang et al., 2021) and possibly WTD variations. SIF is emitted
by excited chlorophyll molecules after absorption of light (Lees et al., 2018; Mohammed et al., 2019). SIF, as a
proxy of photosynthesis (Baker, 2008), is strongly related to GPP (Frankenberg et al., 2011; Guanter et al., 2012).
Several studies reported a decline in SIF due to environmental stress (Panigada et al., 2014; Sun et al., 2015;
Wieneke et al., 2018). Sun et al. (2015), for example, showed that negative soil moisture anomalies (droughts) led
to negative anomalies in SIF for non-peatland areas. Peatlands might additionally exhibit a stress behavior—with
an anomalously low SIF—during excessively wet conditions that frequently occur in peatlands.

While thermal and multispectral satellite data were successfully used for detecting plant water stress during
drought conditions (Brown et al., 2008; Harris, 2008; Wardlow et al., 2012), those signals are difficult to interpret
during waterlogging conditions. The high water content causes strong alterations to the thermal properties and
reflectance that are not related to vegetation stress (Worrall et al., 2019). Furthermore, the Normalized Difference
Vegetation Index and other optical indices related to plant biomass have time lags in response to stress (Tian
et al., 2019; Walther et al., 2018) while SIF more directly reflects stress-induced changes in photosynthesis.
Several studies showed that Sphagnum mosses, a prominent plant genus across peatlands, react with a decline
in photosynthesis both at the dry and wet edge of a typical moisture range for peatlands by measuring CO, gas
exchange (Robroek et al., 2009; Schipperges & Rydin, 1998) or by assessing photosynthetic efficiency at the
leaf level through the pulse-amplitude-modulation chlorophyll fluorescence method (Harris, 2008; Van Gaalen
et al., 2007). These findings encourage the use of SIF for studying water-related vegetation stress in peatlands.
However, it is important to exercise caution in interpreting the results due to the distinct nature of the measure-
ments (active vs. passive, leaf scale vs. landscape scale).

In this study, the temporal behavior of SIF was related to WTD variations at a large scale over peatlands of the
Northern Hemisphere for the first time. More specifically, it was hypothesized that the relationship between SIF

anomalies (SIF ) and WTD anomalies (WTD,__ ) depends upon WTD.

n, anom anom:

2. Methodology
2.1. Data Sources

This study used SIF retrievals from the TROPOMI sensor on board Sentinel-5P, which collects data at a spatial
resolution of 7 km along-track to 3.5-7 km across-track and a daily temporal resolution (Kohler et al., 2018). The
analysis was performed on far-red SIF at 740 nm. Various quality control measures were applied in the retrieval,
including the removal of outliers by a y*-test and the removal of view zenith angles larger than 60°. Furthermore,
SIF was daily corrected to account for the large swath width of Sentinel-5P which covers multiple time zones
(Kohler et al., 2018).

SIF emitted by excited chlorophyll molecules is largely influenced by Photosynthetic Active Radiation (PAR). To
allow isolating the relationship between SIF and WTD, the effect of varying incoming radiation over space and
time was eliminated by normalizing SIF (Wm~2 sr~! pm~') by PAR (Wm~2):

SIF, = — ey

where SIF (sr! pm~) is the normalized SIF. PAR data were taken from the Clouds and the Earth's Radiant
Energy System (CERES) project (Doelling et al., 2013, 2016) and were available on a 1° X 1° grid at an hourly
resolution. The total PAR was computed as the sum of diffuse and direct radiation. The PAR measurements were
temporally matched to the SIF measurements by linear interpolation.

In peatlands, root-zone soil moisture conditions are closely linked to WTD due to the generally shallow water
table (Burdun et al., 2020). Therefore, WTD was taken as a proxy to describe plant water availability in a peatland.
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Regional WTD estimates were obtained from a data assimilation product in which L-band brightness temperature
observations from the Soil Moisture Ocean Salinity were assimilated into the NASA Catchment Land Surface
Model that included peatland-specific routines (PEATCLSM, (Bechtold et al., 2019, 2020)). The WTD estimates,
here defined as negative below ground, were available at a 9 km and daily resolution.

2.2. Data Preparation

All data sets were harmonized to an 8-day, 0.2° X 0.2° resolution for the period from 2018 through 2021. The
regridding was based on averaging the finer-resolution SIF and WTD data to 0.2°. Before averaging, SIF meas-
urements for which the cloud fraction was larger than 0.7, were masked out. We applied a rather relaxed cloud
filter in combination with a normalization by PAR to derive a good temporal coverage as suggested by Guanter
et al. (2021). Regridding to a coarser resolution mitigated the noise in the SIF data. PAR data were processed
through first-order conservative remapping. Only the Northern Hemisphere growing season from June through
September was taken into account, resulting in a maximum of N = 15 data points per pixel per growing season.

Additional masking was applied to the aggregated data. First, data during frozen soil conditions as indicated by
PEATCLSM simulations were masked out using a topsoil temperature threshold of 4°C, which is well above 0°C
to account for possible model errors in freeze-thaw estimation (Gruber et al., 2020). Second, only pixels with a
peat fraction larger than 0.5 according to Reichle et al. (2023) were kept for the analysis.

2.3. Anomalies for Stress Detection

When a non-stressed reference state or flux is difficult to derive, anomalies in vegetation and soil moisture time
series can be used to monitor drought impacts on ecosystems (AghaKouchak et al., 2015; Nanzad et al., 2019; Sun
etal., 2015; Wardlow et al., 2012). While in previous literature on stress detection anomalies were typically calcu-
lated with respect to the climatology, in our study, we split up the anomalies into a high- and a low-frequency
signal (Draper & Reichle, 2015; Gruber & Reichle, 2022). Short-term anomalies were calculated as the difference
between the 8-day averaged data and the seasonality, whereas long-term anomalies were calculated as the devia-
tions of the seasonality from the climatology. The seasonality was obtained by running a 5-week moving-average
window over the data in each year, and the climatology was defined as the average of the seasonality on each day
of the year over all 4 years.

We propose the use of short-term anomalies as an approach to analyze the immediate response of the current
vegetation to WTD changes. It follows the basic idea of relating the change in one variable between two succes-
sive time steps to the change in another variable. By using short-term anomalies instead of simple differences, the
confounding effect of long-term gradual changes (e.g., the seasonal phenological cycle) is minimized through the
removal of the current seasonality (Gruber & Reichle, 2022). In contrast, long-term anomalies allow analyzing a
possible vegetation response to interannual variability of soil moisture conditions and also include lagged effects
of stress due to altered vegetation development (Lund et al., 2012).

2.4. WTD Stress Model

Figure [ illustrates our hypothesis that the sign of the relationship between SIF, . and WTD, . depends on the
WTD state itself. Amid the growing season, where WTDs are typically deep, it is expected that anomalously deep
WTDs (i.e., negative WTD, ), cause anomalously low SIF due to enhanced drought stress (state 4 in Figure 1).
In contrast, early or late in the growing season, when WTDs are usually shallow, negative WTD, are expected
to cause positive SIF, , .. by mitigating waterlogging stress (state 2 in Figure 1). Likewise, positive WTD, . at
shallow WTDs will further increase waterlogging stress (state 1 in Figure 1), whereas positive WTD,  at deep
WTDs will mitigate drought stress (state 3 in Figure 1). Put simply, we expect a negative relationship between
WTD,,,, and SIF, . atshallow WTDs and a positive relationship at deep WTDs. At each pixel, this temporal

relationship was approximated by a linear model with an interaction effect, hereinafter referred to as the WTD
stress model:

Sll:"n,anom = ((l + ﬁ WTD)WTDanom (2)

in which a (sr7'm~2) and S (sr'm~3) are fitting parameters. a represents the slope of the graph in Figure 1c at
WTD = 0 m. In PEATCLSM, WTD = 0 m is the maximum WTD and represents a state at which half of the
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Figure 1. (a) Illustration of a peat soil profile with a shallow water table depth (WTD) in the early and late growing season, and a deep WTD in the middle of the
growing season. The dashed lines indicate positive or negative anomalies for (state 1 or 2) shallow and (state 3 or 4) deep WTDs. (b) Illustration of the hypothesized
relation between SIF, and WTD. State 1 and 4 describe an increase in stress, that is, lower SIF,, states 2 and 3 describe a decrease in stress, that is, higher SIF,. (c)
Illustration of the used stress model: for deep WTDs a positive relationship between SIF, and WTD, s expected, for shallow WTDs a negative relationship is
expected. At WTD__,, it is SIF, =0 for any WTD

opt® n, anom

n, anom

anom*

peatland microrelief is flooded. @ would be negative (= waterlogging regime) if our hypothesis held true. If
WTD < 0 m, then the slope of the SIF, versus WTD,  relationship equals to a + # WTD, that is, it changes
with WTD. This change is proportional to f, which ought to be negative to reduce the slope from negative to
positive when moving from shallow (e.g., —0.05 m) to deep (e.g., —0.5 m) WTD (move from right to left on

Figure 1b).

Resulting from Equation 2, the optimal WTD (WTD,,) at which no drought or waterlogging stress occurs, that

is, when a non-zero WTD results into a zero SIF is:

anom n, anom”

WTDop = —% 3)

If the above-described moisture-related stress response behavior would indeed hold and the WTD range at a

particular location covered sufficiently dry and wet conditions during the study period, WTD__, calculated by

opt’
Equation 3, ought to be found between the deepest and shallowest WTD.

We estimated the linear coefficients a and f of Equation 2 by minimizing the sum of the total squared error
between modeled and observed SIF, , . at each peatland pixel, separately for short- and long-term anoma-
lies, and without imposing any constraints on the coefficients. Thereafter, we verified whether the fitted model
Equation 2 met our hypothesis or not. This was done based on an evaluation of (a) the regressed @ and S, (b) the
predicted WID,,

all pixels in the domain, individually. The significance of the fits was calculated based on the F-test for which a

and (c) the significance of the temporal fit in terms of the coefficient of determination (R?), for

significance threshold of p < 0.05 was applied and the sample size was corrected for temporal autocorrelation.
We further used the WTD stress model Equation 2 to estimate the percentage of waterlogging and drought regime
days for each pixel. Timesteps for which a + # WTD in Equation 2 was negative were considered a waterlogging
regime, timesteps for which a + f WTD were positive were considered a drought stress regime.

2.5. Validation of Modeling Approach at Eddy Covariance Flux Towers

Due to the lack of in situ measurements of SIF in peatlands, it is not possible to directly validate the calibrated
models. However, there exists a strong positive relationship between SIF and GPP (Guanter et al., 2014; Sun
et al., 2017), and the link of in situ GPP signals with WTD could thus serve as a validation of our model with
satellite-based SIF. Unfortunately, GPP from Eddy Covariance (EC) flux towers is only available in areas with
peatlands intermixed by upland forest soils or other land covers, and those grid cells were masked based on our
peat fraction threshold. Thus a comparison at pixel level was not possible.

Despite these limitations, we fitted the proposed WTD stress model to GPP data from six different flux towers in
northern peatlands with at least 4 years of overlapping in situ GPP, PAR, and WTD data (see Table S1 in Support-
ing Information S1 for the site overview). Similar to the SIF data, 30-min GPP data (without gap filling) was
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Figure 2. Time series for an example pixel (52.3°N, 85.5°W) of (a) SIF, and its seasonality (Seas), (b) same for water table depth (WTD), (d) SIF, seasonality and
climatology (Clim), and (e) same for WTD. For this pixel, the WTD stress model was calibrated for (c) short-term anomalies and (f) long-term anomalies of SIF, and

WTD. The fitted surface is visualized by the different lines in two panels (left: WTD < WTD

opt,It =

ope Tight: WTD > WTD, ), and crosses SIF, ., = 0 (lightest color)

—0.23 m, for short- and long-term anomalies, respectively. The gray zones of the colorbars are centered around the respective

temporally aggregated to 8-day averages, and was normalized by locally measured PAR (also 8-day aggregated
after cross-masking with 30-min GPP data) prior to the calculation of anomaly time series. Similar results for the
calibrated WTD stress model (Equation 2) with in situ GPP and satellite-based SIF

1, anom . anome Would validate the

underlying WTD stress model assumptions.

3. Results and Discussion
3.1. Detection of Waterlogging and Drought Stress Regimes

Figure 2a—2e shows example time series of SIF, and WTD together with their seasonality and climatology at
a single pixel. SIF, scales out the direct influence of PAR but seasonal trends remain, which are explained by
changing photosynthetically active biomass. We did not additionally normalize SIF by a biomass proxy as is
done, for example, with fractional PAR, NIRv or NIRvP (R. Qiu et al., 2022b; Dechant et al., 2022), due to the
high sensitivity of optical vegetation indices to seasonally varying vegetation composition and water fraction in
peatlands (Ji et al., 2009; Walther et al., 2018). Instead, we based our analysis of water-related stress fully on
anomalies, which minimizes the effects of the remaining seasonal cycle.

Anomalously shallow WTD occurred at the beginning of the growing season of 2020 (Figure 2b). Around that
same period, SIF, was also lower than its seasonality, suggesting a waterlogging stress response (i.e., a negative
short-term SIF, ). One of the deepest WTDs occurred in September 2021 when WTD dropped to —0.28 m.

n, anom

For this period, the seasonalities of WTD and SIF, also dropped below the climatology, suggesting that the appar-

ent drought stress persisted over a considerable amount of time (i.e., negative long-term SIF, ). In contrast, the

n, anom
growing season of 2018 was an exceptionally wet period with the WTD (seasonality) continuously being above
the climatological average (Figure 2e). During the same period, the SIF seasonality was consistently lower than

its climatology, suggesting waterlogging stress.

Figures 2c and 2f show SIF and WTD,____ at different WTD levels, separately for WTDs below and above

n, anom anom

WID,,,, and for short- and long-term anomalies, respectively. Also shown, is the fitted WTD stress model

when WTDOPLsl =—-0.19 m or WTD
WTID,,.
VALKENBORG ET AL.

Sof 12

95USO17 SUOWILIOD A1) 9|ed!(dde Uy Ag peusAob afe Sapile YO ‘8sn JO Sa|nJ 10} AkeiqiT 8UljUQ AB|IM UO (SUONIPUOD-PUB-SLLBIALIY"AB | 1M ARG BUIIUO//SANY) SUORIPUOD PuUe SWB 1 31 39S *[£202/0T/EZ] Uo Afiqi auljuo A8|IM ‘Ssotes eIMINLBY JO AISAILN USIPBMS AQ SOZS0T TDEZ0Z/620T 0T/10p/wod"As|imAkeiqjpuluosgndnBey/sdiy wouy papeojumod ‘6T ‘€202 ‘L008YY6T



A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2023GL105205

(Equation 2) and the corresponding parameters. Although R? values were rather low (R2, = 0.14, R,zt = 0.35,
N = 60), the fitted WTD stress model behaved as hypothesized (Section 1 and Figure 1), that is, it exhibited
a negative slope at shallow WTDs and a positive slope at deep WTDs with a WTD,,,, within the natural WTD
range at that pixel. This behavior is seen for both short-term and long-term anomalies, but is most prominent for
the long-term anomalies which show a distinct negative relationship between SIF, , .. and WTD,_for shallow

WTD due to waterlogging. The change in sign in the relationship between SIF, and WTD, . is characteristic

for northern peatlands and had not been observed over mineral soils, where the sign of this relationship usually
remains positive (Sun et al., 2015).

Note that our WTD stress model estimated only a single WTD level, WTDOPI, at which SIF is insensitive to WTD
anomalies (i.e., “moisture-related stress-free” conditions). In reality, however, there might be a range of WTDs
for which plants experience optimal growing conditions. However, the limited amount and rather low quality of
available SIF observations were insufficient to properly fit a more complex model that might be able to accurately

account for this behavior.

As a validation of the WTD stress model, Figure 3 shows the results of fitting the WTD stress model to the in
situ GPP data. For the short-term anomalies, fitted models align with the hypothesis for five of the six sites (i.e.,
not for site US_LOS). While the individual fits were not significant, a single fit to the short-term anomalies
of all sites resulted in a significant fit (p = 0.02) in line with the hypothesis. For the long-term anomalies, the
stress model only identified waterlogging stress for one site with high annual precipitation (site DE_SFS, Table
S1 in Supporting Information S1) whereas all other sites were dominated by drought stress with only minor
WTD-dependent modulation of the SIF, ., to WID, ., relationship. For those model fits, WTD,, lies outside

the observed WTD range and cannot be interpreted as optimal WTD. Interestingly, the observed difference
between short-term and long-term results regionally agrees with SIF-based results (see Section 3.2).

The application of the WTD stress model to in situ GPP data indicates that waterlogging stress might be more
directly detectable in short-term anomalies. In contrast, long-term anomalies do not only reflect instantaneous
stress reactions but also include time-lag effects. The latter is supported by Lund et al. (2012) who reported that
peatlands are more sensitive to drought impacts during leaf-out and canopy development than during the full
canopy stage, and that early season droughts result in anomalies later in the season. At the same time, our results
based on the short-term SIF anomalies should be considered with caution. Recent findings indicate a weaken-
ing of the strong positive fluorescence-GPP relationship at canopy scale during short-term drought events for a
deciduous tree species (Helm et al., 2020) and even an inversion of the fluorescence-GPP relationship during an
extreme heat wave at both the canopy and leaf scales for evergreen broadleaved trees (Martini et al., 2022). Future
research should establish a better understanding of leaf-level mechanisms under stress conditions and the related
fluorescence signal measured at the canopy scale also for peatland ecosystems.

3.2. Spatial Evaluation of the WTD Stress Model

Figure 4 shows the frequency distribution of a, f, WTD,, and R? for short- and long-term anomalies. It is
acknowledged that there are many more pixels with a non-significant fit than with a significant fit, which results
from our simple model with a single variable, the high data noise, and the limited time period. Still, the abun-
dance of pixels supports a valid interpretation.

For the majority of the pixels, @ and f values were negative, that is, according to the hypothesis (of significant
fits: a = 76%, p = 64% (short-term), a = 95%, p = 42% (long-term); of non-significant fits: @ = 60%, = 55%
(short-term), a = 54%, = 54% (long-term), see Figure 4). The median of all WTD,,, was —0.22 m for the short-
term and —0.20 m for the long-term analysis. To estimate the 95% confidence intervals of these median values,
we fitted the model at each pixel 100 times using bootstrapped samples. The fits were then used to calculate
100 times the spatial median of WTD, . The resulting 95% confidence intervals of the median values were
determined to be +0.01 in both cases. This value represents the statistical uncertainty and does not include any
possible systematic uncertainties for example, related to a bias in WTD from PEATCLSM which can regionally
reach about +0.1 m (Bechtold et al., 2019).

For most pixels, the WTD,, estimates were between the minimum and the maximum WTD for the short-term
(significant: 55%, non-significant: 60%) analysis but not for the long-term (significant: 16%, non-significant:
45%) analysis (see Figure 1b). This has similarly been observed for the in situ GPP data and may indicate the
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Figure 3. Similar to Figures 2c and 2f but with the water table depth (WTD) stress model fitted to Gross Primary Production data from six eddy covariance sites for (a
to f) short-term anomalies and (g to 1) long-term anomalies. Parameter values are indicated at the top of each subplot. WTD,, values marked with an asterisk cannot be
interpreted as optimal WTD because either the model fit did not correspond to the model hypothesis (US_LOS, short-term) or an optimal WTD was fitted outside of

the observed WTD range and only drought stress was detected (five of six sites, long-term).
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Figure 4. Histograms of a, #, WTD,

opt

anomalies (e-h). R? refers to the coefficient of determination between observed and modeled SIF

and R? values for all pixels and pixels with significant (SGFNT) model fits for short-term anomalies (a—d) and long-term

Dashed lines in panels (c¢) and (g) represent the median

n, anom*

maximum water table depth (WTD) and the median minimum WTD of all pixels, dotted lines represent the median WTDopl of all pixels.

influence of time-lag effects in long-term anomalies which our model does not account for. Unrealistic estimates
of WTD,, might also occur when optimal conditions have never been reached over the 4 years of data and there-
fore the f parameter was not sufficiently constrained. In general, R? values were larger for long-term anomalies
than for short-term anomalies, but by correcting the sample size for temporal autocorrelation the number of

significant pixels was less for the long-term compared to short-term analysis.

Figure 5 spatially shows the model-based estimates of the percentage of drought regime days per growing season
from the SIF and the in situ GPP analysis. Dominant drought stress regimes were present for the short- and
long-term analysis in the south of the Western Siberian Lowlands and the Boreal Plains. At those locations,
peatlands are close to their climatic tolerance limits suggesting a higher probability of drought conditions (Devito

(@)

65°N |-
60°N
55°N
50°N
45°N

65°N
60°N
55°N
50°N
45°N

T150°W  130°W 110°W  90°W

N —
0 25 50 75 100
% of drought regime days

Figure 5. The percentage of days in a drought regime per growing season for (a) short-term anomalies and (b) long-term
anomalies. The locations from the Eddy Covariance flux tower Gross Primary Production data are shown as stars. Pixels and
stars for which WTD,, was within the observed water table depth range but § was positive do not permit the calculation of
drought regime days and are shown in dark gray.
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et al., 2012; Gallego-Sala et al., 2018). The long-term analysis additionally identified a predominant drought
stress regime in Finland which was not indicated in the short-term results. The same disagreement between short-
and long-term results was observed for the three nearby EC flux tower sites and might be related to time-lag
effects that are included in long-term but not in short-term anomalies (Lund et al., 2012).

4. Conclusion

The main novelty of this study is that not only drought but also waterlogging stress was identified in peat-
lands through SIF observations. Earlier studies on mineral soils identified either only drought stress or indirect
impacts of flooding through delayed planting on agricultural fields (Helm et al., 2020; R. Qiu et al., 2022b; Yin
et al., 2020; Zhang et al., 2019; Sun et al., 2015).

We identified water-related stress by using an anomaly based, peatland-specific WTD stress model, which builds
upon laboratory fluorescence observations on S. mosses that indicated drought and waterlogging stress as a
function of water table (Schipperges & Rydin, 1998). Our analysis was performed with either short- or long-term
anomalies and revealed that the corresponding spatial median of optimal WTD, that is, minimum water-related
stress, across all northern peatlands was —0.22 or —0.20 m, respectively, with only a small uncertainty of the
spatial median of +£0.01 m as indicated by bootstrap analysis. Our findings are in basic agreement with results
from the same type of analysis of in situ GPP data. Future research should investigate the possible time-lagged
impact of water-related stress on vegetation growth (Lund et al., 2012) that we likely observed in our long-term
anomaly results.

The findings from our study could be used to evaluate and eventually constrain the water-related stress function
in peatland-specific models (Mozafari et al., 2023). For instance, analyzing the output from peatland models
with the proposed WTD stress model, as we did here with observations, could serve as a first insight into how
well peatland models represent the characteristics of the observed stress response over peatlands. While reduced
transpiration due to waterlogging stress has been recently added to a tropical peatland model (Apers et al., 2022),
the effect on GPP has not been addressed yet and may help to better predict the feedback of peatlands to climate
change (C. Qiu et al., 2022a).

Future research should also investigate the spatial pattern of the SIF-WTD relationship and how it depends on the
vegetation type. Vascular vegetation tends to experience waterlogging stress already in less wet conditions than
Sphagnum vegetation and may, to some extent, be more resilient to prolonged dry periods (Dimitrov et al., 2011;
Harris et al., 2005). Upcoming higher spatial resolution SIF missions (e.g., the Fluorescence Explorer with an
expected launch in 2025) may help to resolve the effect of vegetation type.

Data Availability Statement

TROPOMI SIF retrieval products are available for download from Koehler and Frankenberg (2020), CERES PAR
data from NASA/LARC/SD/ASDC (2017), and modeled peatland WTD data from Bechtold et al. (2023). In situ
GPP data is available at databases indicated in Table S1 in Supporting Information S1.
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