
General response:

Dear editor, dear reviewers,
your thoughtful comments and constructive suggestions will be extremely helpful in further improving the manuscript. In

particular, the reviewer’s suggestion to include CH4 data will broaden our perspective on drought effects in our study site. We
will add a statement on the relevance of CH4 emissions for short-term climate effects due to rewetting in the introduction and5
add CH4 flux data from 2011 onwards to the study. As explained below, our data do not allow us to derive more information
about possible effects during the post-drought year 2019, but we agree, that we could use the existing data more efficiently to
extend our mechanistic understanding of drought-related processes. We therefore added a light use efficiency model and carbon
uptake periods as additional environmental forcing that help to better understand the biophysical mechanisms driving the CO2

exchange under drought. Further, since our study is not suited to address post-drought effects, we provide some hypotheses on10
future development trajectories and their implications for the CO2 and CH4 exchange. The reviewer’s suggestions were also
very helpful to stimulate new thoughts on the practical relevance of our study, which will be included in the Introduction and
the Discussion section. As an example, we will relate our study to existing uncertainties in nature-based climate solutions to
achieve the mitigation targets under a changing climate. Furthermore, our data suggests the importance of peatland rewetting
to create hydrological retention areas as important prerequisite for landscapes resilient to climate change. Next, we provide15
our specific answers to the individual comments of the reviewers. This is followed by our edited manuscript, in which we have
marked all changed text parts in red. We have also improved Figures 2, 3, 5 as well as B2 and added additional content.

Kind regards,
Franziska Koebsch/Florian Beyer

Authors comments to Reviewer 1:20

Consider adding more context, in the intro, concerning why re-wetted peatlands could be an important climate change
mitigation strategy. One important consideration is that many ‘natural climate solution’ potential portfolios often lack any
consideration for how future climate change and disturbance regimes will impact the potential enhanced (or avoided) seques-
tration. There is an opportunity to better make the case of how crucial it is to use natural experiments like this to understand
the implications of disturbance on C sink potential of restored landscapes. Some references on NCS and peatlands:25

Reply: We strengthened the relevance of our study by presenting the topic in the light of nature climate solutions and the
inherent uncertainty to reach the mitigation goals under a changing climate. This is also well in line with a recent study empha-
sizing the necessity of peatland rewetting to re-establish the net CO2 sink function of the terrestrial land system (Humpenöder
et al., 2020). The new content is presented in the introduction (line 166f.) and the conclusion chapter (line 487f. and line 523).

Literature30
Humpenöder, F., Karstens, K., Lotze-Campen, H., Leifeld, J., Menichetti, L., Barthelmes, A., and Popp, A.: Peatland pro-

tection and restoration are key for climate change mitigation, Environmental Research Letters, 15, 104 093, https://doi.org/-
10.1088/1748-9326/abae2a, 2020.

Runkle, B. R. K., Suvocarev, K., Reba, M. L., Reavis, C. W., Smith, S. F., Chiu, Y.-L., and Fong, B.: Methane Emission
Reductions fromthe Alternate Wetting and Drying of Rice Fields Detected Using the Eddy Covariance Method, Environmental35
Science & Technology, 53,671–681, https://doi.org/10.1021/acs.est.8b05535, 2019.

Get more explicit about methane and N2O, two other important GHG’s that are quite dynamic in wetland/peatland systems,
especially during drawdowns:

Reply: Although the primary climate mitigation effect in peatland rewetting is due to the switch from a CO2 source to a CO2

sink, we decided to add CH4 flux data to our study. Therefore, we added to the introduction a description of the role of CH440
in occasional droughts (line 185f.). Further, we present and discuss the CH4 flux patterns, as they occurred during the drought
(line 431f.) and elucidate potential implications for the climate mitigation prospects of peatland rewetting (line 485f.). In this

1

https://doi.org/10.1088/1748-9326/abae2a
https://doi.org/10.1088/1748-9326/abae2a
https://doi.org/10.1088/1748-9326/abae2a
https://doi.org/10.1021/acs.est.8b05535


regard, we found the reference suggestion of Runkle et al. (2019) very helpful to link our findings on temporary drought to the
wet-dry-cycles deliberately introduced in rice cultivation to reduce CH4 emissions (line 486). We also added a passage on N2O
in the results & discussion part (line 443f.), although we cannot provide N2O data from the drought period. We have measured45
N2O fluxes in 2009 and 2010, in the last year of drainage (dry conditions) and in the first year of rewetting (wet conditions).
These data indicate that N2O fluxes were negligible under both hydrological regimes.

3. More discussion of future legacy effects.

Reply: We understand that the addition of 2019 data in general would be helpful to better constrain carry-over effects of the
drought. However, in January 2019 the area was flooded with brackish water from the adjacent Baltic Sea, which substantially50
affected the biogeochemistry of the peatland including vegetation and greenhouse gas exchange. The conditions in 2019 will
therefore be determined by both brackish water intrusion and possible effects after the drought, and we are unfortunately
not able to clearly assign the observations in 2019 to either of these two factors. In order to prevent false conclusions on
post-drought effects, we refrain from including 2019 data.

4. Better diagnosis of the mechanistic biophysical drivers of the biogeochemical changes. It is unclear what the specific55
biophysical cause of the reduced GEP and enhanced Reco is during the drought . . . :

Reply: We agree that the observation data provide a good opportunity to deepen our mechanistic understanding on drought
effects. We therefore added fPAR, the fraction of absorbed photosynthetically active radiation as additional vegetation index
and a light use efficiency (LUE) model to better constrain potential drought-related limitations in plant photosynthesis. The
LUE model indicated stomata closure as potential biophysical mechanism for the reduction of GEP in the first phase of the60
drought period (line 420f.). For the 2nd phase of the drought period, LUE stressed the efficiency of CO2 assimilation for the
vigorous biomass production of pioneer species and the reinforcing effect of high temperatures to enhance the capacity of
photosynthetic CO2 assimilation late in the season (line 410f.)

Line 27: “Therefore, climate mitigation measures in peatlands need to focus primarily on the reduction of the CO2 source”.)
+ Line 37: “drought implies a lowering of the ground water level” What about impacts onCH4 evolution if redox conditions65
change?

Reply: We chose to include methane data, as another relevant greenhouse gas and present the relevance of methane for
short-term climate impacts in the introduction (line 185f.).

Authors comments to Reviewer 2:

I am wondering if the results of this study can be generalised. The authors present aninteresting case study, but it could70
be that specific site characteristics and the specificdrought characteristics were mainly responsible for the observed responses
in CO2fluxes. The authors mention that the water table in spring 2018 was unusually high dueto the previous year’s high
precipitation. This apparently led to a discrepancy betweenmeteorological drought (mainly in May) and hydrological drought
(from August on whenthe water table dropped below the surface). This specific setting might be responsiblefor the high GPP
rates early in the growing season (see Fig. 5a). If the meteorologicaland hydrological drought would co-occur, a negative effect75
on GPP could be possiblepotentially leading to the fen becoming a net CO2 source. This hypothesis might bedifficult to test
with the existing data, but the authors might consider discussing thisscenario.

Reply: We think that the reviewer is right in his/her suggestion that the filled water reservoirs from last year’s high rainfall
contributed to the postponement of the hydrological drought and could thereby buffer the effect of the meteorological drought.
This is now discussed in line 477. Nevertheless, we think that the inherent hydrological sink function is a common feature for80
fens, and actually strengthens the representativity of our study. Therefore, we point out the necessity to restore the natural
hydrological sink function to create peatlands resilient to drought events (line 482f.). Further, we characterize the study as
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important starting point for further research and describe the circumstances under which our results could be transferred to
other cases (line 519f.)

The authors use MODIS EVI data in their analysis. Using remote sensing data wouldalso allow them to quantify the vege-85
tation response at other rewetted peatland sitesin the region and would make their findings more generalizable. If near-natural
fensexist in the region, the authors could also use a “reference site” to analyse the differentvegetation responses between a
rewetted and an intact system. I think this approachwould provide additional evidence that the observed ecosystem responses
can be generalised

Reply: You are absolutely right that remote sensing is a suitable tool to scale the described processes. However, we think90
that the major benefit of this study is the long-term reference data set on vegetation development and greenhouse gas exchange,
which allows to discriminate the effects of the summer drought 2018 from climate-normal years. We think that, by including
additional data on CH4 emissions, light use efficiency modelling and carbon uptake periods as additional environmental
forcing, we can provide a deeper understanding on the drought-related processes at this study site.

The authors quantify the immediate drought effects on vegetation dynamics and CO2fluxes. However, as they point out in95
the discussion, it remains unclear what the long-term effects of this drought will be. Will the newly established vegetation
survive ina following year with extended flooding? They discuss this issue briefly in their lastparagraph. However, I think it
would be beneficial to at least assess how EVI and/orCO2 fluxes in 2019 were affected by the 2018 drought if such an analysis
is feasible

Reply: We understand the demand to add data from the following year(s). However, as described in response to reviewer100
1, we refrain from including 2019 data, because the site had been flooded with brackish water in January 2019 and we want
to prevent false conclusions on post-drought effects. Instead, we added some considerations on possible future scenarios and
their implications for the CO2 and CH4 exchange (line 496f.)

Other comments Line 25: Consider using “short-term climate warming”

Reply: We have reorganized the entire part to desribe the warming effect of CH4 emissions in more detail.105

Line 50: Are there any drought studies for fens? It would be helpful to shortly summarise the current knowledge of drought
impacts on carbon cycling in fens. Here area few examples of fen studies:
Knorr et al. (2008): https://doi.org/10.1016/j.soilbio.2008.03.019
Robroek et al. (2017): https://royalsocietypublishing.org/doi/10.1098/rsos.170449O
Leifeldt et al. (2017): https://doi.org/10.1111/gcb.13612110
Schreader et al. (1998): https://doi.org/10.1029/98GB02738

Reply: Thanks for the literature suggestions, these are now complementing the introduction and add to a more comprehensive
description of drought effects in both, bogs and fen (line 181f.)

Line 153: What was the overlap between eddy covariance flux footprint and MODISpixel?

Reply: We computed the footprint climatology and present the overlap with the MODIS products in Figure B2. According115
to the resulting footprint climatology, 90 % of the measured gas exchange comes from within 200 m distance around the eddy
covariance tower which is well within the MODIS grid cell.
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Line 163: Is it possible to quantify how much the increased light availability contributedto enhanced GPP? This could be
done by comparing light-response curves. Even withsimilar light response curves, GPP could be different in 2018 due to
differences in lightavailability.120

Reply: We used a simple light use efficiency (LUE) model to provide more insights into the biophysical mechanisms con-
trolling GEP during drought. This model is also indicative for the capacity of photosynthetic CO2 assimilation the maximum
photosynthesis rate at light saturation, both of which could exlain the high GEP rates in autumn 2018 (line 425f.)

Line 220: The authors could consider comparing so-called carbon uptake periods be-tween the drought year and other years:
For example: Fu et al. (2017): https://doi.org/10.1016/j.agrformet.2017.05.009125

Reply: We thank for this valueable hint. We estimated the start, end and length of the CUP and it turned out that the high
GEP rates in late autumn 2018 coincided will an extension of the CUP by 26 days in comparison to average years.We added
this fact into the discussion (line 427f.)

Fig. 5c: Adding a 7-day moving average line to the graph would make the seasonalvariations more visible.

Reply: We added auch a moving average line to our figures and agree that it substantially improves the readability of the130
figures
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Abstract. The rewetting of peatlands is regarded as important nature-based climate solution and intended to reconcile climate

protection with the restoration of self-regulating ecosystems that are resistant to climate impacts. Although the severity and

frequency of droughts is predicted to increase as a consequence of climate change, it is not well understood whether such

extreme events can jeopardize rewetting measures. The goal of this study was to better understand drought effects on vegetation135

development and the exchange of the two important greenhouse gases CO2 and CH4 especially in rewetted fens. Based on long-

term reference records, we investigated anomalies in vegetation dynamics, CH4 emissions, and net CO2 exchange, including

the component fluxes ecosystem respiration (Reco) and gross ecosystem productivity (GEP), in a rewetted fen during the

extreme European summer drought 2018. Drought-induced vegetation dynamics were derived from remotely sensed data.

Since flooding in 2010, the fen was characterized by a patchy mosaic of open water surfaces and vegetated areas. After140

years of stagnant vegetation development, drought acted as a trigger event for pioneer species such as Tephroseris palustris

and Ranunculus sceleratus to rapidly close persistent vegetation gaps. The massive spread of vegetation assimilated substantial

amounts of CO2. In 2018, the annual GEP budget increased by 20 % in comparison to average years (2010–2017). Reco

increased even by 40 %, but enhanced photosynthetic CO2 sequestration could compensate for half of the drought-induced

increase in respiratory CO2 release. Altogether, the restored fen remained a net CO2 sink in the year of drought, though net145

CO2 sequestration was lower than in other years. CH4 emissions were 20 % below average on an annual basis, though stronger

reduction effects occurred from August onwards, when daily fluxes were 60 % lower than in reference years.

Our study reveals an important regulatory mechanism of restored fens to maintain their net CO2 sink function even in

extremely dry years. It appears that, in times of more frequent climate extremes, fen restoration can create ecosystems resilient

to drought. However, in order to comprehensively assess the mitigation prospects of peatland rewetting as nature-based climate150

solution, further research needs to focus on the long-term effects of such extreme events beyond the actual drought period.
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1 Introduction

Peatlands constitute the largest terrestrial C store and exert signi�cant feedback effects on the climate system (Gorham, 1991;

Frolking and Roulet, 2007; Yu et al., 2010). Under the massive human disturbance of recent times, the global peatland biome

has shifted from a net sink to a source of greenhouse gases (GHG) (Leifeld et al., 2019). The shift in peatlands climate155

function is mainly a result of extensive drainage: when water levels fall, oxgygen availability initiates a cascade of organic

matter breakdown that culminates in peat decomposition (Freeman et al., 2004; Fenner and Freeman, 2011). In this way,

drainage turns peatlands from CO2 sinks to CO2 sources. Among minerotrophic peatlands (fens) in mid Europe, 90 % have

been drained, most of them for agricultural purposes (Pfadenhauer and Grootjans, 1999; Moen et al., 2017). Drained peatlands

rank among the largest CO2 sources from agriculture and forestry in many European countries, even when they cover only a160

small percentage of the national areas (Tiemeyer et al., 2016; Tubiello et al., 2016). A reduction of these emissions is urgently

required because drained peatlands consume 10–41 % of the remaining emission budget to maintain global warming below 2°

C (Leifeld et al., 2019).

Rewetting is a common measure, not only to restore the natural habitat function of peatlands, but also to stop CO2 emis-

sions and thereby to mitigate climate change (Leifeld and Menichetti, 2018). Peatland conservation and rewetting is therefore165

considered one of the major natural climate solutions (Griscom et al., 2017; Leifeld and Menichetti, 2018) and a key measure

to turn the terrestrial land system to its natural net CO2 sink function (Humpenöder et al., 2020). As rewetting re-establishes

anaerobic conditions, it diminishes CO2 emissions from peat degradation. However, rewetting may also resume the emissions

of methane (CH4), a strong, yet short-lived greenhouse gas (Wilson et al., 2016). The net cooling effect of peatland rewetting

is essentially accomplished by the savings of CO2 emissions, which is why climate mitigation measures in peatlands focus170

primarily on the reduction of the CO2 source (Tiemeyer et al., 2020). However, the warming pulse caused by concurrent CH4

emissions can retard the desired mitigation effect (Günther et al., 2020).

The successful implementation of peatland rewetting can be challenging, as the degradation processes provoked by drainage

are largely irreversible. Under intense compaction and decomposition, the peat surface can subside for several decimeters

(Leifeld et al., 2011) and rewetted fen areas can easily develop to shallow lakes with average water depths of 20—60 cm175

(Steffenhagen et al., 2012). Slow or stagnant vegetation development withholds the extensive spread of peatland species as

prerequisite for CO2 uptake and C accumulation (Timmermann et al., 2009; Koch et al., 2017).

Given the importance of hydrological conditions for peat conservation and formation, also meteorological drought can

severely impact peatland functioning (Dise, 2009). In analogy to human-induced drainage, drought implies a lowering of the

ground water level which may enhance ecosystem respiration (Reco) and peat consumption (Alm et al., 1999; Knorr et al.,180

2008; Lund et al., 2012). Further, gross ecosystem productivity (GEP) may decrease as plant stress due to drought limits

photosynthetic CO2 uptake (Shurpali et al., 1995; Schreader et al., 1998; Arneth et al., 2002; La�eur et al., 2003; Lund

et al., 2012; Olefeldt et al., 2017). At the same time, temporary drought can lower the obligate anaerobic production of CH4

(Morozova and Wagner, 2007; Knorr et al., 2008) and increase the oxic consumption of CH4 in the peat areas fallen dry (Ma

et al., 2013). Altogether, years of drought may reduce CH4 emissions and turn peatlands from net CO2 sinks to sources of185
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CO2 (La�eur et al., 2003; Lund et al., 2012), whereby the magnitude of effects can be further modulated by plant community

composition (Robroek et al., 2017).

Worldwide 43–51 Mha of peatlands are drained (Joosten et al., 2016; Leifeld and Menichetti, 2018; Leifeld et al., 2019).

Rewetting these areas is essential to achieve our climate goals (Humpenöder et al., 2020; Günther et al., 2020). However,

estimates on the mitigation potential of nature based climate solutions often lack any consideration for how future climate190

change will impact peatland functioning and greenhouse gas exchange. In view of increasing frequency and severity of climatic

extreme events (Pachauri et al., 2014), drought has the potential to jeopardize the climate mitigation goals of peatland rewetting

(Lavendel, 2003; Harris et al., 2006). Yet, our understanding of drought effects on rewetted peatlands is largely incomplete,

which adds considerable uncertainty on the mitigation potential achievable through natural climate solutions under a changing

climate. The majority of drought studies are designed as mesocosm and/or treatment experiments and address near-natural195

bogs (Shurpali et al., 1995; Alm et al., 1999; Arneth et al., 2002; La�eur et al., 2003; Lund et al., 2012). As hydrological and

vegetation differ between peatland types, the same drought-related mechanisms may not necessarily occur in fens (Sulman

et al., 2010). Even comparisons with pristine fens may be misleading, because the drainage-rewetting sequence irreversibly

affects ecosystem functioning of restored fens (Koch et al., 2017). Hence, a better understanding of drought-induced processes

in restored fens is needed.200

Here, we aim to elucidate the in situ effects of drought on vegetation development, as well as the exchange of CO2 and

CH4 in rewetted fens. To this end, we investigated the impact of the extreme summer drought 2018 on a rewetted degraded

fen in north eastern Germany. The drought event caused the water level to drop below the ground surface, for the �rst time

since rewetting and therefore provided a good opportunity to investigate our research question. Vegetation development and

the exchange of CO2 and CH4 in our particular fen site have been monitored since the rewetting started in 2010, which offers205

a valueable long-term reference record for the assessment of drought-induced effects. Vegetation dynamics were evaluated

both, on canopy and species level. For the canopy level we used satellite-derived remote sensing products such as the enhanced

vegetation index (EVI) and the fraction of absorbed photosynthetically active radiation (fPAR). Information on species level

were obtained through vegetation mapping derived from multi-sensor data of an unmanned aerial system (UAS). Drought

effects on greenhouse gas exchange, including the CO2 component �uxes Reco, and GEP were investigated based on a multi-210

year record of eddy covariance measurements (Montgomery, 1948; Baldocchi, 2003). The CO2 �ux time series was also

used to infer the start and end of the carbon uptake period (CUP) as proxy to derive drought effects on plant phenology. In

addition, we deployed a simple GEP light-use ef�ciency model (Hunt JR, 1994; Gower et al., 1999) to further elucidate the

biophysical mechanisms that control photosynthetic CO2 uptake during periods of drought. This interdisciplinary long-term

approach, including ecosystem-scale monitoring of vegetation development and greenhouse gas exchange, allowed us to track215

the response mechanisms of a rewetted fen to a severe drought event and thereby to infer insights about the resilience of this

novel ecosystem in times of more frequently upcoming climate extremes.
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