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Abstract The fate of tropical peatland carbon cycling under environmental change is highly uncertain. We
found that a palm swamp peatland in the Peruvian Amazon that was a strong annual sink for 2 years switched to
carbon neutral in the absence of a major anthropogenic disturbance. We attributed the change in carbon sink
strength to (a) photoinhibition of canopy photosynthesis when skies were clearer and thus solar irradiance
higher and (b) increased ecosystem respiration when the water table position was below the peat surface, and
heterotrophic respiration was amplified. These mechanisms were not, however, synchronous in time. The
importance of photoinhibition as a driver of changes in peatland carbon budgets is a novel finding, and an
understudied mechanism of canopy photosynthetic impairment. Shifts in climate that increase periods with
sustained high solar irradiance and/or low water table are thus likely to amplify interannual variability in the
carbon sink strength.

Plain Language Summary Peatlands store about one third of global soil carbon despite occupying
less than 5% of the land area. Recent estimates show that tropical peatlands store much more carbon than
previously thought. There are considerable gaps in knowledge regarding the interannual variability of carbon
budgets in tropical peatlands and the way that changing environmental conditions influence the carbon cycling
in these ecosystems. We show that a palm swamp peatland in the Peruvian Amazon is sensitive to changes in
environmental conditions and can flip from a large carbon sink to carbon neutral when there are prolonged
periods with (a) clear skies and higher light intensities that impair canopy photosynthesis and (b) a lower water
table that increases peat decomposition. These findings show that the carbon budgets of these ecosystems are
highly sensitive to environmental variability.

1. Introduction
Peatlands cover 3%–4% of Earth's land surface yet store about one third of global soil carbon (C), making them
“keystone ecosystems” in the global C cycle (UNEP, 2022; Z. Yu et al., 2011). The rapid release of C accu-
mulated over thousands of years represents an important, yet highly uncertain, positive feedback on the climate
system (Hanson et al., 2020; Z. C. Yu, 2012; Z. Yu et al., 2011). We are particularly interested in tropical
peatlands because recent estimates of C stocks of 152–288 Gt‐C are significantly higher than previously thought
(Ribeiro et al., 2020).

The total peatland area within the Amazon basin is 251,015 km2 (95% confidence interval [CI], 128,671–
373,359), of which 55,890 (28,748–83,032) is in Peru (Hastie et al., 2024). Peruvian peatlands, which occupy
about 5% of the total land area, have a belowground C stock of is 5.4 (2.6–10.6) Pg‐C, approximately equal to the
entire aboveground C stock of Peru (Hastie et al., 2022). Here, we specifically focus on a moriche palm (Mauritia
flexuosa L.f) swamp peatland, known locally as aguajales, and are the dominant kind of Amazonian peatland
(López Gonzales et al., 2020).

The scant ecosystem flux literature on tropical peatlands has documented substantial interannual variability, with
coefficients of variation of annual net ecosystem CO2 exchange (NEE) ranging from 1% to 117% (Table S1 in

RESEARCH LETTER
10.1029/2025GL114642

Key Points:
• Clear skies and low water tables caused

an Amazonian peatland to switch from
a large carbon sink to being carbon
neutral

• Canopy photosynthesis was subject to
photoinhibition when there were
prolonged periods with clear skies and
higher solar irradiance

• When the water table dropped below
the surface, ecosystem respiration
increased

Supporting Information:
Supporting Information may be found in
the online version of this article.

Correspondence to:
J. D. Wood and T. J. Griffis,
woodjd@missouri.edu;
timgriffis@umn.edu

Citation:
Wood, J. D., Roman, D. T., Griffis, T. J.,
Cadillo‐Quiroz, H., Del Castillo, D.,
Fachin, L., et al. (2025). A large
Amazonian peatland carbon sink was
eliminated by photoinhibition of
photosynthesis and amplified ecosystem
respiration. Geophysical Research Letters,
52, e2025GL114642. https://doi.org/10.
1029/2025GL114642

Received 6 JAN 2025
Accepted 1 MAY 2025

Author Contributions:
Conceptualization: Jeffrey D. Wood,
D. Tyler Roman, Timothy J. Griffis
Data curation: D. Tyler Roman
Formal analysis: Jeffrey D. Wood
Funding acquisition: Jeffrey D. Wood,
Timothy J. Griffis, Hinsby Cadillo‐Quiroz,
Lizardo Fachin, Erik Lilleskov, Randall
K. Kolka
Investigation: Lizardo Fachin,
Jhon Rengifo
Project administration: D. Tyler Roman,
Timothy J. Griffis, Lizardo Fachin
Resources: Dennis Del Castillo

© 2025. The Author(s).
This is an open access article under the
terms of the Creative Commons
Attribution‐NonCommercial‐NoDerivs
License, which permits use and
distribution in any medium, provided the
original work is properly cited, the use is
non‐commercial and no modifications or
adaptations are made.

WOOD ET AL. 1 of 10

https://orcid.org/0000-0001-6422-2882
https://orcid.org/0000-0002-1670-7348
https://orcid.org/0000-0002-2111-5144
https://orcid.org/0000-0002-4908-4597
https://orcid.org/0000-0002-2863-7279
https://orcid.org/0000-0002-9208-1631
https://orcid.org/0000-0002-6419-8218
https://orcid.org/0000-0001-7572-1855
mailto:woodjd@missouri.edu
mailto:timgriffis@umn.edu
https://doi.org/10.1029/2025GL114642
https://doi.org/10.1029/2025GL114642
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2025GL114642&domain=pdf&date_stamp=2025-06-30


Supporting Information S1) (Deshmukh et al., 2021; Griffis et al., 2020; Hirano et al., 2007, 2012; Kiew et al.,
2018, 2020; Ohkubo et al., 2021; Tang et al., 2020). Furthermore, the variability was such that Indonesian
peatlands in an intact peat swamp forest (Hirano et al., 2012) and a drained peatland in years after a fire
disturbance (Ohkubo et al., 2021) switched from being a CO2 sink to a source.

Large increases in soil respiration induced when the water table falls below the surface and a peat layer becomes
oxic is a classic peatland disturbance response (Hirano et al., 2012; Kiew et al., 2018; Ma et al., 2022). Indeed,
tropical peatlands became strong CO2 sources in response to disturbances that lowered the water table and
decreased aboveground biomass, which amplified respiration in the peat, and decreased canopy photosynthesis,
respectively (Deshmukh et al., 2021; Hirano et al., 2012; Ohkubo et al., 2021). Tropical peatland hydrology can
also be affected by large‐scale modes of climate variability like the El Niño‐Southern Oscillation, a key factor that
regulates peatland C cycling in Southeast Asia (Deshmukh et al., 2021; Hirano et al., 2012; Kiew et al., 2018;
Ohkubo et al., 2021). The increase of ecosystem‐level CO2 emissions in response to conditions that lower water
tables are often attributed to amplified soil respiration (Deshmukh et al., 2021; Hirano et al., 2012; Kiew
et al., 2018). There have, however, been few observations in South American peatlands.

Our previous work at a peatland in Quistococha Peru, found that seasonal variations of NEE were linked to
decreased canopy photosynthesis and increased ecosystem respiration during the drier season when the water
table was below the surface, but both years were strong annual CO2 sinks (Griffis et al., 2020). Here, we extend
our analyses to include a year when the forest was CO2 neutral. Though the system experienced a water table
drawdown confined to the drier season, it could not explain the dramatic change in the annual net CO2 budget
from sink to neutrality. We tested two hypotheses to diagnose the mechanisms underlying the significant change
in the annual net CO2 budget:

• Respiration Hypothesis: When the water table is below the surface, increased soil respiration is triggered,
thereby increasing ecosystem respiration, which drastically decreases the net CO2 sink strength.

• Photoinhibition of Photosynthesis Hypothesis: Under clearer skies with high light, photoinhibition decreases
canopy photosynthesis and thus the net CO2 sink strength.

2. Materials and Methods
2.1. Site Description and Measurements

The Quistococha AmeriFlux site (PE‐QFR; latitude − 3.8344, longitude − 73.3190; 104 m above sea level) is
located near Iquitos, Peru (Griffis et al., 2020). Tree density and basal area are 1,846 ± 335 trees ha− 1 and
19.4± 2.8 m2 ha− 1, respectively for stems with diameter at breast height greater than 10 cm (Bhomia et al., 2019).
Mauritia flexuosa L.f. represents ∼65% of the total palm basal area (Bhomia et al., 2019).

Peat thickness is 1.92–2.45 m (Bhomia et al., 2019; Lähteenoja et al., 2009) with a total soil C pool of ∼740 Mg‐
C ha− 1. Total aboveground and belowground biomass C stocks are 97.7 ± 15 and 24.9 ± 4.1 Mg‐C ha− 1,
respectively (Bhomia et al., 2019). The mean annual air temperature and precipitation are 27.2°C and 2,753 mm,
respectively (Griffis et al., 2020). The wetter and drier seasons typically occur during February–April and
August–October, respectively. The water table position is often above the peat surface during the latter part of the
wet season and rarely drops below a level of 20 cm from the peat surface (Hergoualc'h et al., 2020; Kelly
et al., 2017).

Complete descriptions of the eddy covariance and hydrometeorological measurements are available in Text S1 in
Supporting Information S1 and in Griffis et al. (2020). Eddy covariance data processing and gap‐filling pro-
cedures (Burba et al., 2008; Deventer et al., 2019; Fratini et al., 2012; Horst & Lenschow, 2009; Moncrieff et al.,
2005; Morgenstern et al., 2004; Papale et al., 2006; Tanner & Thurtell, 1969; Webb et al., 1980; J. D. Wood et al.,
2017) are described in detail in Text S2 in Supporting Information S1. Briefly, observed net ecosystem CO2

exchange was gap‐filled following the marginal distribution sampling method implemented in REddyProc
(Wutzler et al., 2018). The uncertainty in the annual totals resulting from data losses and gap‐filling was
determined using a Monte‐Carlo approach (Griffis et al., 2003). Here, we report our first 3 complete full years of
data: 2018, 2019, and 2022. The 2‐year gap was caused by disruptions from lightning strikes and extended times
to ship and repair equipment because of the Covid‐19 pandemic. Owing to large gaps in rainfall measured at the
tower, we used data from a weather station at Puerto Almendra, which is ∼6 km from the Quistococha site.
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2.2. Data Analysis

We compared divergent ecosystem behavior across years by breaking the annual cycles down into 4 phases,
which corresponded to DOY ranges of 1–45 (P1), 46–200 (P2), 201–300 (P3), and 301–365 (P4), respectively.
The phases were defined based on when the behavior of the cumulative NEE curve for 2022 diverged from the
curves for 2018 and 2019. We focused our analyses on NEE observations to avoid uncertainties associated with
partitioning, which is challenging at this site because temperatures are stable at longer than sub‐daily time scales.
Note that at night, measured NEE corresponds to ecosystem respiration (Reco) because there is no photosynthesis.

2.2.1. Flux and Meteorological Data

Flux and meteorological data were aggregated for each phase in each year, with 83% CIs computed taking
autocorrelation into account (Ziȩba & Ramza, 2011). Presenting 83% CIs is a more appropriate visual aid for
assessing statistical differences in means compared to the more common 95% CI (Goldstein & Healy, 1995).
Means with non‐overlapping 83% CIs can be interpreted as significantly different at p < 0.05 (Goldstein &
Healy, 1995). We also conducted analysis of variance analyses to compare means within a phase using the
approach of Lund et al. (2016), which was developed for cases with autocorrelated data (Text S3 in Supporting
Information S1). Multiple means comparisons were conducted using Tukey's HSD and interpreted as significant
if p < 0.05.

We report water table data as the “water table integral” (WTI) (Figure S5 in Supporting Information S1). This
provides an integrated measure of the magnitude and duration that the water level is above (i.e., inundated) or
below the surface. For each time period of interest, positive water table time was computed as
WTI+ =∑max(WTt, 0) and negative water table time was computed as WTI− =∑min(WTt, 0) , where WTt is
the 24‐hr mean water table elevation. The total WTI is the sum of WTI− and WTI+.

2.2.2. Canopy Light Responses

For each phase of the three annual cycles, we fitted light response curves to enable comparison of canopy
photosynthesis traits. Like our earlier work (Griffis et al., 2020), we fitted the rectangular hyperbolic light
response to incoming photosynthetic photon flux density (Q↓):

− NEE =
ϕ0PmaxQ↓

ϕ0Q↓ + Pmax
− Rd (1)

where Pmax is the maximal light‐saturated canopy photosynthesis (i.e., gross primary productivity;
μmol m− 2 s− 1), ϕ0 is the initial apparent quantum yield at Q↓ = 0 μmol m− 2 s− 1, and Rd is an estimate of daytime
ecosystem respiration (μmol m− 2 s− 1). For each phase, Equation 1 was fitted to all half hourly data for which Q↓

was >5 μmol m− 2 s− 1 to retrieve Pmax, ϕ0, and Rd (all free parameters) using MATLAB (R2022B, The Math-
Works Inc., Natick MA) using the lsqcurvefit.m function. The Jacobian matrix of the solution was used to
estimate 83% CIs using the nlparci.m function. Following de A. Lobo et al. (2013), we used the fitted light
response parameters to calculate the light compensation point (LCP), as well as quantum yields at the LCP (ϕLCP)
and at Q↓ = 300 μmol m− 2 s− 1, ϕ300 (Text S4 in Supporting Information S1).

2.3. Evaluation of Hypotheses

We evaluated hypotheses by comparing fluxes and hydrometeorology across phases of the annual cycle across
years and analyzing canopy light responses. The tests were designed to diagnose the mechanisms underlying the
shift in the net CO2 budget from strong sink (2018/2019) to C neutrality (2022) and were evaluated for each phase
of the annual cycle.

The Respiration Hypothesis was evaluated by testing for amplified ecosystem respiration coincident with water
tables below the surface, a classic peatland response associated with increased heterotrophic respiration in oxic
peat layers (Hirano et al., 2012; Kiew et al., 2018). Indeed, Ma et al. (2022) found a globally robust relationship
between declining water tables and increasing CO2 emissions from peatlands. We assume that higher Reco during
periods with water tables below the surface is largely driven by increases in soil respiration rather than autotrophic
respiration, which was noted by Ma et al. (2022).

Geophysical Research Letters 10.1029/2025GL114642

WOOD ET AL. 3 of 10

 19448007, 2025, 13, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025G

L
114642 by C

ochrane Peru, W
iley O

nline L
ibrary on [30/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



The Photoinhibition Hypothesis was evaluated by testing for changes in light response parameters (Figure S1 in
Supporting Information S1) as conceptualized in Murchie and Niyogi (2011). Moderate photoinhibition is
characterized by (a) decreased quantum yields at sub‐saturating light, (b) increased LCP, and (c) no change in
Pmax. Severe photoinhibition would show further (a) decreased quantum yields, and (b) increased LCP, with (c)
decreased Pmax. In the case of moderate photoinhibition, the lower quantum yields at low light decreases CO2

assimilation during these times, while under full midday sun CO2 uptake would remain high. Because photo-
synthesis exhibits many environmental responses it can be difficult to disentangle mechanisms causing declines in
CO2 assimilation (Busch et al., 2024; Murchie & Niyogi, 2011). We therefore test for the changes in light
response parameters that occur during periods with higher‐than‐normal light, but without marked differences in
other environmental variables.

3. Results
Across the 2018 and 2019 annual cycles, cumulative NEE did not deviate beyond the limits of uncertainties, with
annual fluxes of − 466 [− 564.8, − 380.0] and − 461 [− 531.7, − 400.9] g‐C m− 2 y− 1, respectively (Figure 1a). In
contrast, cumulative NEE in 2022 was consistently higher (i.e., less negative) across the annual cycle, ending the
year at 20 [− 47.9, 88.3] g‐C m− 2 y− 1. Early in 2022 (P1) the forest was CO2 neutral, while the other years were
strong CO2 sinks. Eventually in 2022 (P2), the forest became a consistent, but smaller CO2 sink compared to the
other years. In all years, the forest behaved as a CO2 source for an extended period during P3 (roughly corre-
sponding to the drier season), but the highest emissions occurred in 2022 when the water table drawdown was the
strongest in the record (Figure 2i). At the end of 2022 (P4), the forest returned to CO2 neutral behavior while the
other years were CO2 sinks.

The hydrometeorology during 2022 showed several notable deviations compared to 2018 and 2019, with
significantly higher daily light integrals (DLI) and daily maximum Q↓ at the beginning and the end of the year,
that is, P1 and P4, respectively (Figures 2a and 2d). There was also less rainfall during these phases of 2022,
though the difference was only notable at the end of the year (Figure 2g and Table S2 in Supporting Informa-
tion S1), while VPD equaled or was significantly higher than the other years (Figure 2c). Air temperatures were,
however, more consistent among years (Figures 2b, 2e, and 2h). Importantly, water table dynamics stood out in
2022, with P3 having the largest drawdown and most sustained period with water tables below the surface, while
water table elevations were generally higher throughout the rest of the year (Figure 2i, Figure S3 and Table S3 in
Supporting Information S1).

3.1. Phases 1 and 4: Beginnings and Endings of the Annual Cycles

Early in the strong sink years, nighttime Reco and daytime NEE deviated from one another (Figures 1b and 1c,
respectively), while the nighttime Reco to daytime NEE ratios (Figure S2 in Supporting Information S1) and thus
cumulative NEE were consistent (Figure 1a). The overall ecosystem metabolism was thus scaled down in 2019
compared to 2018. Indeed, the start of 2019 stood out as having the lowest Pmax, Rd as well as lowestQ↓ relative to
the other years at the same time (Figures 3c, 3e, 2a, and 2d, respectively). During early 2022, nighttime Reco was
consistent with one of the strong sink years (2018), with both being higher than 2019. Additionally, none of the
years displayed a strong water table drawdown (Figure 2i, Figure S3 and Table S3 in Supporting Information S1).
Taken together, these observations are not consistent with the Respiration Hypothesis. Daytime NEE was the
lowest in 2022, though not significantly different from 2019 (p = 0.067), implying that canopy photosynthesis
may have been impaired.

When the forest was CO2 neutral during early and late 2022 (Figure 1a), the LCP was significantly higher, while
ϕ0 and ϕ300 (i.e., light‐use efficiency at different light levels) were lower compared to the strong sink years
(Figures 3a, 3b, and 3f, respectively). Notably, Rd did not show enhancement relative to both other years
(Figure 3e), supporting that canopy photosynthesis was suppressed during P1 and P4 of 2022. The absence of (a)
strong Reco enhancement during nighttime or daytime (i.e., Rd) and (b) strong water table drawdowns (Figure 2i,
Figure S3 and Table S3 in Supporting Information S1) during these phases of 2022 versus the other years supports
the hypothesis that the smaller CO2 sink was a symptom of inhibition of canopy photosynthesis rather than a
heterotrophic respiration response.

Early and late 2022 were characterized by unusually high light and/or VPD (Figures 2a, 2c, and 2d). Across all
phases and years, the quantum yields (ϕ0, ϕLCP, and ϕ300) were significantly anticorrelated with mean DLI, while
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the LCP was significantly correlated with mean DLI (Figure S4 in Supporting
Information S1), which are responses consistent with moderate photo-
inhibition of photosynthesis (Murchie & Niyogi, 2011). The LCP was also
significantly correlated with daytime VPD. In contrast, Pmax was correlated
with neither light nor VPD. These results demonstrate that exposure to more
stressful conditions of high light and/or VPD compromises LUE and de-
creases CO2 assimilation at low light.

The lack of atypically high respiration during nighttime or daytime
(Figures 1b and 3e, respectively), combined with the unusually low canopy
quantum yields and high LCP supports the Photoinhibition of Photosynthesis
Hypothesis and that impaired canopy photosynthesis during early and late
2022 drove the net CO2 neutral behavior (Figure 1a).

3.2. Phase 2: Usually a Strong CO2 Sink

Unlike the other phases, the hydrometeorology during P2 of 2022 did not
present anomalies consistent with our hypotheses. Though mean daily
maximum Q↓ was significantly higher than the other years, this was not the
case for the DLI (Figures 2d and 2a, respectively), which represents inte-
grated exposure to light. However, water table elevations were the highest
during 2022, though the peatland was usually flooded for most of this phase of
the annual cycle.

During P2, the forest was a net CO2 sink in 2022, though it was weaker than
the other years (Figure 1a), which may have been caused by sustained LUE
disadvantage at low light as evidenced by significantly lower ϕ0, ϕLCP, and
ϕ300 relative to the other years based on comparing the estimates and their
83% CIs (Figures 3b, 3d, and 3f). While there were differences in quantum
yields, they were not as striking as was the case in P1. It is notable that we did
not find a striking difference in LCP as was the case for P1 (Figure 3a). The
forest was thus able to recover photosynthetic function during this cooler
phase in 2022 (Figures 2b, 2e, and 2h).

Once the peat is completely flooded and anoxic, higher water tables are un-
likely to substantially alter biogeochemical cycling and heterotrophic respi-
ration. It is, however, possible that autotrophic respiration could be suppressed
if trees become stressed. The respiration data do not offer compelling evidence
to make any judgment in this regard. In 2022, Rd was consistent with 2019 or
substantially lower than 2018 (Figure 3e). Furthermore, nighttime Reco was
highest in 2022, though only significantly higher than 2019 (Figure 1b), while
daytime NEE was consistent across years (Figure 1c).

These results demonstrate that in 2022, there was probably some residual
damage that was incurred by exposure to high light during P1 (evidenced by
the lower quantum yields). However, mean daytime NEE was similar across

years (Figure 1c), so if there was photoinhibition, it was not strong enough to leave a clear imprint on the carbon
balance. Additionally, nighttime Reco did not display anomalous behavior consistent with the Respiration Hy-
pothesis. We thus reject both the Respiration and Photoinhibition hypotheses. It is thus likely that there were
subtle differences in ecosystem functioning too small to detect that gave rise to the lower sink strength.

3.3. Phase 3: Usually a Small CO2 Source

During the drier season (P3), the forest had been a small source or close to CO2 neutral in 2018 and 2019
(Figure 1a). However, in 2022, mean nighttime Reco was the highest observed over the 3 years (Figure 1b) while
daytime net CO2 uptake was consistent with the strong sink years (Figure 1c), giving a ratio of nighttime Reco to
daytime NEE of ∼1.4 that was the highest on record (Figure S2 in Supporting Information S1). Furthermore, the

Figure 1. (a) Cumulative (calculated as the running sum) net ecosystem CO2
exchange (NEE) of an Amazonian palm swamp peatland; shaded areas
represent uncertainties of cumulative flux integrals; and the mean (±83%
confidence intervals) of (b) nighttime ecosystem respiration (Reco), and
(c) daytime NEE for the different phases of the annual cycles. Within phases,
means sharing the same letter are not significantly different (p < 0.05).
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lowest water tables, which were consistently below the surface, were also observed during this phase of 2022
(Figure 2i, Figure S3 and Table S3 in Supporting Information S1). There was no compelling evidence supporting
photoinhibition of canopy photosynthesis.

These observations support the Respiration Hypothesis and that an amplified heterotrophic respiration signal was
responsible for the strong net CO2 source behavior in P3 of 2022 (Figure 1a).

4. Discussion and Conclusions
Soil C accumulation at this site has averaged 74 ± 15 g‐C m− 2 y− 1 over the last 2,300 years (Lähteenoja
et al., 2009) indicating consistent C sink behavior. Our early eddy covariance measurements suggested a recent
sink strength of∼450 g‐C m− 2 y− 1 (Griffis et al., 2020). Modeling studies suggest that under an extreme scenario,
the C sink of Amazonian peatlands is vulnerable to warming toward the end of the 21st century (Wang
et al., 2018). Our finding that the site switched from a strong C sink to carbon under contemporary environmental
variation was thus surprising.

Our results support both the Respiration and Photoinhibition of Photosynthesis Hypotheses as explanations for the
C neutral behavior of the forested peatland during 2022. At certain times, there was evidence supporting both
hypotheses; however, these mechanisms were active at different times.

Figure 2. Meteorological variability over the four phases of the annual cycles (a–i). Bars represent the mean (±83% confidence interval). In panel (i) the positive and
negative integrated water table integrals are shown as bars, and the total water table integral as the black circles. Within phases, means sharing the same letter are not
significantly different (p < 0.05). DLI, daily light integral;Q↓, incident photosynthetic photon flux density; VP, vapor pressure; VPD, vapor pressure deficit; and Tair, air
temperature.
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When water tables fall below the surface peat layers are exposed to oxic conditions, which increases soil
respiration rates (Hirano et al., 2012; Kiew et al., 2018; Ma et al., 2022). We found clear evidence of this behavior,
supporting the Respiration Hypothesis during the drier season (P3) of 2022 when the forest was the strongest net
CO2 source of the 3 years (Figure 1a), and there was the strongest water table drawdown and highest nighttime
Reco (Figures 2i and 1b, respectively), the latter being 33%–38% higher than the other years.

During early and late 2022, we noted important changes in canopy light responses that point to decreased LUE,
particularly during periods of low light (Figures 3a, 3b, 3d, and 3f), while Pmax was unaffected (Figure 3c). During
these times, DLIs were 25%–54% higher than the other years at the same times (Figure 2a). Furthermore, DLIs
were above 30 mol m− 2 d− 1 across the whole 2022 annual cycle, while in the other years this was the case only
during the drier season (P3, DOY 201–300).We hypothesize that the considerably brighter conditions contributed
to moderate photoinhibition of photosynthesis, which decreased the magnitude of the CO2 sink.

Under high light, excitation energy exceeds capacity for electron transport (Gu et al., 2019). Managing the excess
energy is an essential function facilitated through nonphotochemical quenching, which represents a collection of
processes (Kramer et al., 2004; Murchie & Niyogi, 2011; Papageorgiou & Govindjee, 2004). From a

Figure 3. Variations of canopy light response parameters (error bars indicate 83% confidence intervals) during phases of the
annual cycles (a–f). LCP, apparent canopy light compensation point; Pmax, maximal gross canopy photosynthesis; Rd,
daytime respiration; ϕ0, apparent canopy quantum yield at zero light; ϕLCP, apparent canopy quantum yield at the LCP; and
ϕ300, apparent canopy quantum yield at light = 300 μmol m− 2 s− 1.
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photoprotection standpoint, energy‐dependent quenching (qE) occurs on timescales of seconds to minutes and is
most important, dissipating much of the excitation energy as heat (Gu et al., 2019; Murchie & Niyogi, 2011). If
light intensity is sustained above saturation for long periods of time, quenching by photoinhibition (qI) occurs,
whereby photosystem II (PSII) is subject to irreversible inactivation from which recovery requires protein syn-
thesis in chloroplasts (Tyystjärvi, 2013; Yamamoto et al., 2013). Photoinhibition can be moderate or severe,
whereby quantum yields decrease without or with a reduction in maximal photosynthetic CO2 uptake (Murchie &
Niyogi, 2011).

Our light response analyses were consistent with moderate photoinhibition influencing canopy quantum yields
without compromising Pmax. This was most notable during early and late 2022, when light was significantly
higher than other years. It is also noteworthy that during these times, VPD was high, either matching at least one
of the other years or significantly exceeding by 65%–83% (Figure 2c). The high radiation loads and VPD reflect
high atmospheric demand for water vapor. If the vascular system of the plants cannot deliver enough water to
match atmospheric demand, leaves can dehydrate and lose turgor (Sack & Holbrook, 2006)—even when growing
in a (temperate) bog with plentiful water in the peat profile (Warren et al., 2021). Photoinhibition may be
compounded by other stresses like water deficits that influence PSII structure and function (Hu et al., 2023). We
do not have direct observations of leaf water potentials, so we can only speculate that the higher atmospheric
demand could have led to compounding stresses that exacerbated photoinhibition. Our results suggest that outside
of the drier season, the forest is sensitive to photoinhibition when there are sustained periods with
Q↓ > 30 mol m− 2 d− 1. Future studies of canopy sun‐induced fluorescence to probe the light reactions of
photosynthesis (Gu et al., 2019, 2023; Sun, Gu, et al., 2023; Sun, Wen, et al., 2023), and more specifically,
changes in energy partitioning in the photosystems will develop deeper understanding of the susceptibility of
these systems to photoinhibition.

Historically, peatland carbon cycling has been viewed through the lens of how disturbances or environmental
change impact water table dynamics, and how the aeration of peat releases CO2 (Hirano et al., 2012; Kiew
et al., 2018; Ma et al., 2022). Warming and declining water tables can shift peatlands from C sink to source
(Hanson et al., 2020), and projections indicate climate change may cause this shift in Amazonian peatlands (Wang
et al., 2018). Our results add to the body of evidence that peatlands in general, and specifically in the Amazon, are
at risk of losing large quantities of carbon when water tables fall below the surface. Additionally, we find novel
evidence that Amazonian peatland forests are subject to photoinhibition of photosynthesis during clear weather.

Recent studies of the photosynthetic responses of Amazonian forests have focused on how VPD (Green
et al., 2020) or soil moisture (Green et al., 2019) influence plant water relations and thus stomatal conductance.
Our findings suggest that tropical rainforests could be more sensitive to photoinhibition than previously thought.
Photoinhibition has been recognized in the tropics, particularly in humid seasonally dry areas (Krause &
Winter 2021), with particular concern for the ecology of shade‐grown understory plants after a disturbance
(Lovelock et al., 1994), but not at canopy scale. Further investigations are warranted to determine if canopy
photoinhibition is generalizable, and if so, how to address it within a modeling framework.

Our results show that the CO2 budgets of peatland forests in the Peruvian Amazon are sensitive to fluctuations in
both water table and changes in the light environment. Our findings imply that these forests are sensitive to
photoinhibition during key parts of the annual cycle, notably transitional between the drier and wetter seasons
(i.e., P1 and P4). Further efforts to characterize leaf water relations and photosynthetic traits in these forests will
help to better understand and predict how vulnerable these systems are to changes in light environment.
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