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ABSTRACT

Boreal peatlands store vast amounts of soil organic carbon (C) owing to the imbalance between productivity and
decay rates. In the recent decades, this carbon stock has been exposed to a warming climate. During the past
decade alone, the Arctic has warmed by ~ 0.75°C which is almost twice the rate of the global average. Although,
a wide range of studies have assessed peatlands’ C cycling, our understanding of the factors governing source /
sink dynamics of peatland C stock under a warming climate remains a critical uncertainty at site, regional, and
global scales. Here our focus was on answering two key questions: (1) What drives the interannual variability of
carbon dioxide (CO,) fluxes at the Bonanza Creek rich fen in Alaska, and (2) What are the internal carbon
allocation patterns during the study years? We addressed these knowledge-gaps using an intermediate
complexity terrestrial ecosystem model calibrated by a Bayesian model-data fusion framework at a weekly
timestep with publicly available eddy covariance, satellite-based earth observation, and in-situ datasets for 2014
to 2020. We found that the greening trend (a relative increase of leaf area index ~0.12 m? m by 2020) in the fen
ecosystem is forced by a CO; fertilisation effect which in combination resulted in increased gross primary pro-
duction (GPP). Relative to 2014, GPP increased by ~75 gC m2 year'1 (by 2020; 95% confidence interval (CI):
-41.35 gC m2 year™ to 213.55 gC m? year™) while heterotrophic respiration stayed constant. Consistent with the
observed greening, our analysis indicates that the ecosystem allocated more C to foliage (~50%) over the
structural (A carbon pool consisting of branches, stems and coarse roots; ~30%) and fine root C pools (~20%).

1. Introduction

Northern peatlands play a significant role in the global carbon (C)

et al., 2022). The Arctic has warmed at ~4 times faster than the rate of
the rest of the planet during the industrial period (IPCC, 2023;
Myers-Smith et al., 2020; Post et al., 2019; Rantanen et al., 2022). These

cycle by storing a third of the global soil organic C pool (~415 + 150
PgC (Beaulne et al., 2021; Hugelius et al., 2020)), despite only covering
~3% of the Earth’s surface (Gorham, 1991; Limpens et al., 2008; Loisel
et al., 2014; Yu, 2011). In comparison, a similar amount; 409 PgC is
stored in the global vegetation biomass (Spawn et al., 2020). Peatlands,
in their natural hypoxic state are net sinks of carbon due to lower rates of
decomposition compared to C fixed by the plants (Makiranta et al.,
2018; Sonnentag et al., 2010). These organic soils are exposed to
intensified climate warming (Huang et al., 2017; Post et al., 2019) and
extreme events such as droughts, leading to a water table decline (Ma
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events can start a domino effect of climatic responses (Belyea, 2009). For
example, the vapour pressure deficit (VPD) in the boreal biome alone
has increased ~10% since the late 2000s (Helbig et al., 2020) and
resulted in increased evapotranspiration. Warming could extend the
period of thaw, shorten winter, prolong the growing season, and trigger
flooding during the C uptake period. Sources and timing of these
floodings can have significant impact on the inter-annual variability of C
(Euskirchen et al., 2020). For instance, water table drawdown could
trigger enhanced decomposition or gross primary productivity (GPP),
shifts in phenology and community structure (Antala et al., 2022;
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Davidson et al., 2021; Guay et al., 2014; Peichl et al., 2018; Wilkinson
et al., 2023; Zhang et al., 2018). Satellite-based Earth Observation (EO)
provided indices of vegetation cover and leaf area have shown positive
trends which indicate increased photosynthetic activity and potentially
an associated increases in biomass, canopy cover/leaf area (Berner et al.,
2020; Guay et al., 2014; Ju and Masek, 2016; Myers-Smith et al., 2020).
On the other hand, a warming induced browning effect is also reported
in parts of the Arctic (Myers-Smith et al., 2020; Phoenix and Bjerke,
2016).

A multitude of controlled experiments have looked at the impact of
elevated temperature, water table fluctuations, and atmospheric CO5
concentrations on plant growth, growing season length and C exchange
(Chivers et al., 2009; Kane et al., 2021; McPartland et al., 2019; Olefeldt
et al., 2017). While these studies shed light into climate change impact
on peatland C cycle, it is limited to number of sites, scarce number of
biotic and abiotic factors and to major fluxes such as net ecosystem
exchange (NEE), ecosystem respiration (Reco), and GPP. Hence it is
imperative to include peatland CO2 dynamics in process-based models.

Several recent studies have focused on process-based modelling of
high latitude peatland C accumulation, decomposition rate and climatic
influence in the past and future (Belyea and Malmer, 2004; Chaudhary
etal., 2020; Gorham et al., 2012; Qiu et al., 2020; Yu, 2011; Zhang et al.,
2018). However, uncertainties remain in the magnitude, extent, and
inter-annual variability of climate-carbon feedback, as is the role of
multiple biogeochemical processes. This includes the peatland C allo-
cation patterns and its response to climate warming. Recent field and lab
experiments found contrasting evidence for allocation patterns under
increased temperature (Tian et al., 2020; Zeh et al., 2022) leading to
differences in soil respiration estimates (Walker et al., 2016; Zeh et al.,
2022). This can be further complicated by CO fertilisation as it is the
only negative feedback (increased uptake of CO; by terrestrial ecosys-
tems). Models, field, and EO driven studies have reported varying
sensitivity of the terrestrial ecosystems to increased atmospheric con-
centration of CO5 (Chen et al., 2024; Keenan et al., 2023; Tian et al.,
2020; Smith et al., 2016; Liu et al., 2019). These differences could
contribute significantly to the C budget especially in the Arctic and
sub-Arctic ecosystems. Consequently, net C uptake, its allocation to
plant tissues (e.g. foliar, litter, and root), their residence time, and C
stock of live and dead biomass pools under changing climate remain
especially poorly understood.

In light of these knowledge gaps, we investigated the boreal peatland
plant C cycling under the warming climate using an intermediate
complexity model; Data Assmilation Linked Ecosystem Carbon model
version 2 (DALEC2) (Bloom and Williams, 2015; Williams et al., 2005)
calibrated using a Bayesian model-data fusion (MDF) framework called
CARbon DAta MOdel fraMework (CARDAMOM) (Bloom et al., 2016).
CARDAMOM probabilistically estimates the parameters of DALEC2
using a combination of eddy covariance (EC) information and EO for
Bonanza Creek rich fen in Alaska, USA. In this study we seek answer to
two research questions and test four hypotheses (H):

1. What drives the interannual variability of CO, fluxes at the site?
a. Hi: Production has increased due to CO, fertilisation
b. Hy: A reduction in decomposition has driven the C balance.
2. What is the internal carbon allocation patterns during the study
years?
a. Hs: Fractional allocation of photosynthate will be greater to fo-
liage than fine root
b. Hy: Fractional allocation of photosynthate to wood / structural C
(DALEC2 representation of the structural C includes coarse roots)
will be significantly greater than foliage.

2. Materials and methods

In this study, a Bayesian MDF framework, CARDAMOJ, is used to
calibrate an intermediate complexity model of the terrestrial ecosystem
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(DALEC2) at site scale using location specific biophysical and biogeo-
chemical observations (outlined below). We examined the meteorolog-
ical and biophysical factors that govern the interannual variability of
CO fluxes and plant C traits describing internal dynamics such as
photosynthate allocation to different plant tissues, residence time of C in
the live and dead biomass pools by considering a seven-year period at
weekly time-step (2014-2020). For this, we initialized the model with in-
situ observations of soil organic carbon stock (SOC), aboveground
biomass (AGB), and fine root C stock (Table 1). The model was cali-
brated with publicly available EC tower dataset (US-BZF, (Euskirchen,
2022a)), and EO. We used the model retrieved C variables (NEE, GPP,
Reco, and LAI) to investigate the reasons behind the inter-annual vari-
ability of plant C dynamics and C uptake at the site scale. Additional
synthetic experiments on the calibrated model were caried out to
examine the individual effects of the climatic drivers on the inter-annual
variability of GPP, LAI and heterotrophic respiration (Ry). The study
site, model inputs, model, Bayesian framework, synthetic experiments,
and statistical tests performed are outlined below.

2.1. Study site

Bonanza Creek is a rich fen peatland situated ~45 km southeast of
Fairbanks in interior Alaska (64.82°N, 147.87 W). The site is positioned
within the Tanana River floodplain and is characterised as rich fen (pH
5.2-5.4). The vegetation is comprised of marsh cinquefoil (Potentilla
palustris), wheat sedge (Carex atherodes), water horsetail (Equisetum
fluviatile) and a ground cover mostly comprised of brown mosses (Dre-
panocladus aduncus and Hamatocaulis vernicosus) and sparse Sphagnum
spp. (Euskirchen, 2022). The site is part of a long-term ecological
experimental study dating back to 2005. The total above ground carbon
stock for the year 2009 was 282 (SE: + 49.165) gC m™ and the ancillary
biomass data indicates an above ground net primary productivity (NPP)
of 186.5 (+ 63.16) gC m2 year! and a maximum vascular green area of
around 2.5 m? m’2, achieved in summer season. The depth of peat is ~1
m and is within an area of discontinuous permafrost with seasonal
freezing. The long-term (1917-2000) mean annual temperature is
-3.1°C. In comparison, the mean annual air temperature for 2014-2020
was -0.95°C. In accordance with the updated Koppen-Geiger climate
classification scheme, the site falls within the sub-Arctic climate (con-
tinental, warm summer, and without a dry season; Dfc zone) (Kottek
et al., 2006).

2.2. Inputs

We used an array of observations spanning in-situ inventory and EC,
along with EO and databased information. NEE and night-time parti-
tioned Reco (Reichstein et al., 2005) were extracted from EC (US-BZF,
Euskirchen, 2022a). We chose night-time partition modelled data over
day-time partition because it aligns with the in-situ GPP (Churchill

Table 1
In-situ measurements used for the model calibration and validation with
CARDAMOM.

Parameter Value + SE Unit Relevant literature
Total NPP 214.33 + gC m™> Churchill et al.
150.5 year! (2015)
Belowground (BG) NPP 34.8+£10.165 gCm™ Churchill et al.
year! (2015)
Aboveground (AG) NPP 186.5 + 63.16 gC m? Churchill et al.
year! (2015)
Aboveground carbon 282 + gCm? Churchill et al.
stock* 49.165* (2015)
Fine root carbon stock* 247.06 + gCm? McConnell et al.
140.86 (2013)

Soil organic carbon (SOC) 64055 + 5000  gCm™ Fan et al. (2013)

stock*

*Assimilated data.
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2011; Fan et al., 2013; Churchill et al., 2015). Uncertainty associated
with NEE was assumed to be 0.58 gC m™ day™ based on an analysis by
Hill et al. (2012) and previously applied in CARDAMOM (e.g. Fami-
glietti et al., 2021). Reco uncertainty is composed of the NEE uncertainty
plus the mean mass balance mismatch from the flux partitioning (0.16
gC m day™!) and inflated to account for uncertainty in the partitioning
approach totalling an uncertainty of 1 gC m™ day’. Time series infor-
mation on LAI was extracted from the 300m Copernicus product (Fuster
et al., 2020), using the product provided uncertainty but with a mini-
mum bound of 0.5 m? m to account for model-structural uncertainty.
Continuous LAI time series were only available for the months starting
from April until September for most of the seven-year period, while the
rest were absent because of the deciduous nature of the plant foliage. We
assimilated NEE, LAI, and Reco at weekly timestep and the in-situ SOC
stock and fine root C stock were used for the model initialisation. The
aboveground C stock data was assimilated as time series where it was
used as a point in the first week of 2014, leaving the rest of the time steps
empty. We assimilated EC and LAI data from the alternating years
(2014, 2016, 2018, 2020). The remaining EC and in-situ data were used
for model validation (see Table 1 for the list of in-situ data).

2.3. Climatic drivers

A set of weekly time-step meteorological data (SI table 2) was
required as model drivers. We used the atmospheric CO5 concentration
for 2014, 2015 and the first six months of 2016 from the nearby black
spruce forest EC data (US-BZS, Euskirchen, 2022b), since the measure-
ments for this period were unavailable for the rich fen peatland.

2.4. DALEC2

DALEC2 is a C mass balance model representing four live biomass
pools and 2 dead biomass pools (Fig. 1). Parameters within DALEC2
represent the initial C states in the first time step and define the internal
C-cycling and their sensitivity to the environment (Table S1).

Photosynthesis, GPP, is estimated as a function of leaf area, canopy
photosynthetic capacity, temperature, shortwave radiation, and atmo-
spheric CO;, concentration by the aggregated canopy model version 1
(ACM-1) (Williams et al., 1997). Autotrophic respiration (R,) is esti-
mated as a fixed parameterizable fraction of GPP, the remainder being
NPP. NPP is then allocated to the four live biomass pools using fixed
fractions retrieved during the calibration process. Canopy growth is
determined by a combination of direct allocation of NPP and C supply
from a labile pool based on a day of year model. Canopy senescence to a
litter pool is determined by a day of year model. The litter pool is either
decomposed to SOC or released as Ry, based on an exponential temper-
ature function. Mineralisation of SOC also follows an exponential tem-
perature function.

GPP R,

NPP

(©)
()
NPP allocation

Live biomass
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2.5. CARDAMOM

The CARDAMOM MDF framework uses a Bayesian approach with an
Adaptive-Proposal Markov Chain Monte Carlo (AP-MCMC) algorithm
(Haario et al., 2001) to retrieve ensembles of model parameters and pool
sizes (28 parameters; Table S1) for a model that are consistent with the
observations, their uncertainties and ecological theory embedded in
ecological and dynamical constraints (EDCs, Bloom and Williams,
2015). The use of MCMC allows uncertainty characterisation without
assuming the shapes of the distribution. The MCMC with the help of
EDCs, uniform prior ranges (Table S1), and initial prior estimates (where
applicable) retrieve a sample parameter hyperspace. This then becomes
the new prior estimate which is then is tested against the assimilated
data and draws new sets of parameters that are consistent with EDCs and
the other samples are rejected. CARDAMOM analyses each time step
three times (known as chains) independently and assess 100 million
parameter proposals in each chain. 100 subsamples (parameter ensem-
bles) are drawn from each of the three chains for estimating posterior
probability density estimates for each of the 28 parameters. The
retrieved parameter ensembles allow us to directly quantify parameter
uncertainty and through simulating these ensembles, the uncertainty in
the ecosystem C stocks and fluxes. We normalised the likelihood esti-
mates of the posterior parameter probability estimates generated by
CARDAMOM by calculating square root to balance multiple data con-
straints and the imbalance between large volume of EC data compared
to the field observations (Wutzler and Carvalhais, 2014).

2.6. Statistical analysis performed on the model posteriors

CARDAMOM calibrated weekly time-step posterior probability dis-
tributions of C variables, meteorological drivers, and time invariant
parameters along with their characterised uncertainties at 95% confi-
dence interval (CI, it is estimated using quantiles (in fractional form);
0.025, 0.5 and 0.975) were averaged at an annual scale. To assess the
associations between fluxes, parameters, and climatic factors, we
calculated the changes in CARDAMOM profiled probability estimates of
C fluxes relative to the year 2014 to find the driving factors behind the
growth in the production in the ecosystem. Further corroborative
analysis using simple linear regressions answering our research ques-
tions were also made.

2.7. Experiments to analyse the individual contributions of the climatic
drivers in the CO, balance

We designed two simulation experiments on the calibrated DALEC
model for extracting the information on the independent contribution of
the meteorological drivers in CO, exchange. To do this we repeat the
retrieval of the C variables at a fixed atmospheric CO5 concentration
(400.584 ppm, this estimate represents the atmospheric COq

Foliar Ry
Z c
e
; =
Labile £ @
g S 0
£ &
a

Wood

Dead organic matter

Fig 1. DALEC2 model carbon path.
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concentration on the first week of the study period. and simulated
DALEC and retrieved the C variables. This was then compared with the
original CARDAMOM calibrated DALEC estimates. These original CO5
estimates (from the sensor onboard the EC tower) on average were
increasing during the study period (mean annual estimate is ~ 432
ppm). In the second experiment, we removed the interannual variations
in the meteorological drivers (except atmospheric CO2 concentration)
aggregating by the weekly timesteps and estimated the mean across the
seven-year study period (estimated mean of week 1 for each year, week
2 for each year and so on). We repeated the retrieval of the C variables
again and compared against the CARDAMOM profiled DALEC estimates.

We then isolated the direct CO, fertilisation effect and the indirect
effect through the changes in LAI by driving ACM-1 with the respective
model drivers of the two experiments. The difference in ACM-1 esti-
mated GPP and the respective experiments represent this indirect effect.

All the analysis on the posterior probability estimates generated by
CARDAMOM and outputs from the tests performed on the calibrated
model were done using the R programming language version 4.1.3 (R
Core Team, 2022) in RStudio version 2023.12.0.369 (Posit team, 2023).

3. Results
3.1. Carbon balance

We provide a simplistic representation of the peatland plant C cycle
dynamics (Fig. 2; These estimates are generated from weekly timestep
estimates simulated by CARDAMOM (Fig S1). We validated the
CARDAMOM estimates with the data which were not part of the
assimilation (Fig S2)) starting with GPP. CARDAMOM calibrated DALEC
model estimated, the fen peatland on an average fixed 543.9 gC m™
year'! as GPP with an uncertainty (95% CI) ranging from 489.6 gC m2
year! to 597.4 gC m? year. From this, a NPP of 286.5 gC m™ year™
(95% CI: 242.5 g Cm2 year ! to 333.6 gC m2 year'!) was allocated to the
four live biomass pools represented in DALEC, giving a plant carbon use
efficiency (CUE, NPP: GPP) of ~0.52. While the foliage C pool got 129.8
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gCm2 year! (95% CI: 77.8 gCm2 year! to 243.8 gCm™2 year™) for the
seven years, the fine root and structural C pools received only 56.1 gCm’
2 year! and 88.8 gC m™ year™! respectively. These estimates resemble
the field data closely (Table 1, Table S3). We estimate that labile C pool
takes up the second largest share of the NPP after foliage (116.9 gC m™
year with 95% CI: 75.3 gC m™ year™ to 148.5 gC m™ year'?) which is
then used for leaf flushing during the spring onset.

DALEC estimate of the fine root C stock; 252.8 gC m™ (Fig. 2 & 5b,
95% CI: 136.5 gC m™ to 406.9 gC m2) accurately represent the bio-
physical conditions at the site (in-situ data 247 + 145 gC m?
(McConnell et al., 2013; A meta analysis of published literature is pro-
vided in Table S3). CARDAMOM profiled mean annual estimates of
structural, labile and foliage C stock were 327.6 gC m™ (95% CI: 172.6
gCm™ to 433.8 g€ m2), 70.8 (95% CI: 39.7 gC m2 to 95.7 gC m2) and
136.3 gCm2 (95% CI: 83.2 gCm2 to 182.1 gC m™2) respectively (Figs. 1
& 5b). From this live biomass pool, due to foliage and fine root mor-
tality, litter C stock accounts for 100 gC m™2 (Fig. 5b; 95% CI: 42.2 gC m™
to 1186.9 gC m'?) annually. CARDAMOM also estimated 6.6 gC m™
year! (0.3 gCm?year to 135.8 g Cm™2 year™) to be part of the organic
C stock annually from the litter C pool and 83.0 gC m™ year (27.5 gC
m? year! to 128.6 gC m™ year!) from the structural (woody) C pool.
These two dead biomass pools contributed 178.6 gC m™ year (50.9 gC
m? year'1 to 240.6 gC m? year'l) and 95.3 gC m? year'1 (40.4 gC m?
year! to 244.4 gC m2 year™?) in that order to an annual Ry, (273.5 gC m2
year'1 (228.4 gC m? year'1 to 341.6 gC m?2 year‘l)).

3.2. The inter-annual variability of CO5 fluxes

We found the increasing net carbon uptake was most likely driven
primarily by a positive trend seen in the photosynthesis (Fig. 3a; and 6a
(Rgdj = 0.97, p value= 2.62e-05)) and a stable Ry, (Fig. 3b).

This is corroborated by the increasing LAI (Figs. 3¢ & 4a). Relative to
2014, GPP exhibited a steady growth of around 75 gC m™ year (95%
CL: -41.35 gC m2 year™! to 213.55 gC m2 year!) by 2020 (Fig. 3a). The
relative increase of Ry, by ~8 gCm2 year! (95% CI: -36.03 gCm™2 year'!
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rates L 126 |, |, -126 | rates
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Fig 2. CARDAMOM C-cycle analysis of Bonanza Creek rich fen peatland (AK-US), weekly time step between 2014-2020. Numbers show median estimate of fluxes
(alongside arrows) and of stocks (in boxes). Units are gC m? for stocks and gC m? year‘1 for fluxes. 95% confidence intervals are shown in a fractional form with 2.5
and 97.5 percentiles as numerator and denominator. Carbon use efficiency (CUE) is the ratio of NPP to GPP. Black fluxes are biogenic, including NPP, mortality
(Mort), R,, and Ry,. NEE = R, + R}, — GPP. Net biome exchange (NBE) = NEE - Disturbance fluxes. Since there were no fire events, NBE is the same as NEE. Wood in
the subscripts indicates structural C (coarse roots, stems, and branches where applicable) of the plants.
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section 2.7

to 44.75 gC m2 year) (Fig. 3b) was not enough to offset this growth in
photosynthetic capacity. This could be because the rich fen peatland was
flooded (~40 cm above the peat surface) for most of the growing seasons
(Euskirchen et al., 2024). We think any increase in the mean annual
temperature (Fig. 6¢) was not enough to cancel out this effect and the

flooding pointed to an absence of SWC limitation of GPP and NEE

(Fig. 7).
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3.3. Elevated atmospheric CO; concentration drives production

The increase in GPP seen above (Fig. 3a) was caused by the impact of
LAI (Fig. 4a; Rﬁdj = 0.96, p value = 4.5e-05, residual standard error
(RSE) = 5.35 with 5 degrees of freedom (DF)) and CO,, fertilisation effect
(Fig. 4b, Rgdj =0.29, p value = 0.13, RSE = 23.53 at 5 DF). Our synthetic
experiments show that compared to the original CARDAMOM estimates
(marked as CARDAMOM in Fig. 4c & 4d), the fixed CO5 experiment
revealed a decline in GPP (Fig. 4c) and LAI (Fig. 4d). DALEC revealed
similar effects in the NEE and Reco estimates (Fig. S3). The Fixed
Climate experiment did not show any independent climate-carbon
feedback (Fig. S4) suggesting that the effect is restricted to CO fertil-
isation. Furthermore, we did not see any changes in GPP compared to
CARDAMOM estimates, when the sub-model ACM-1 was driven by the
same synthetic meteorological datasets used in the fixed CO5 and
climate experiments and thus separated the indirect CO5 fertilisation
effect through changes in LAI (Fig. S5).

3.4. Foliage allocation is favoured over the fine root and structural C pool
allocation

Foliage received the largest allocation of NPP (Fig. 5a). On an
average 50% of the NPP is foliage allocation, ~30% of NPP is allocated
to woody (i.e. structural, including coarse root) C pool with the
remaining 20 % of NPP allocated to fine roots (Fig. 5a). Our analysis
estimates that the foliage C pool has a residence time of six to eight
months (Fig. 5¢).

The fine roots and woody C pools are estimated to have a C residence
time of 4.6 (95% CI: 4.5 to 4.7 years) years (This is supported by pub-
lished literature. See Table: S3).

4. Discussion

Research on peatland C cycling, associated phenological and bio-
physical traits including carbon allocation patterns and residence times
of the C pools is a necessity and seldom explored to our knowledge. We
investigated the inter-annual variability of the major C fluxes (GPP,
Reco), internal C allocation patterns and C residence times of a sub-
arctic lowland boreal rich fen peatland using model-data fusion. We
found that the increasing production is driven by CO, fertilisation by
designing two experiments. We provide a novel and innovative Bayesian
calibration framework, CARDAMOM which can be applied for esti-
mating the plant C cycle budget changes and its internal C traits.
CARDAMOM will provide probabilistic estimates of the model
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parameters and its available inputs accounting for the quantity, their
type, and associated errors. For this CARDAMOM uses APMCMC to run
the model millions of iterations and search for parameter posteriors that
are consistent with the observations. This allows CARDAMOM to pro-
duce large parameter ensembles making uncertainty characterisation
possible. As opposed to traditional models, CARDAMOM does not
impose strict steady state and thus avoids model spin up of 100s of years
to attain steady state. Here CARDAMOM use the EDCs to reach a quasi-
steady state if there is no clear parameter knowledge. This uncertainty
will be registered when determining whether the ecosystem is a source
of C or not (Williams, 2022).

4.1. Inter-annual variability of CO2 fluxes

The fen peatland exhibited an increase in production and Ry, failed to
counterbalance it. Since we calibrated DALEC2 with weekly time-step
EC tower and EO data for a reasonably longer time-period of seven
years, the model may have captured any short-term perturbance in the
climate and biases in the data inputs which is accounted for in the un-
certainty characterisation. This estimation of the error propagation is a
key factor for detecting trends in the inter-annual variations (Baldocchi
et al., 2018). We found that the uncertainty dominated the mean esti-
mates (Figs. 2, 6a, b, & ¢; RSE: 1.91, Rgdj = 0.97, F-statistic: 216.3 on 1
and 5 DF, p-value: 2.627e-05; RSE: 7.38, R?,dj = 0.59, F-statistic: 9.918
on 1 and 5 DF, p-value: 0.0254; and RSE: 2.14, Rgdj = 0.97, F-statistic:
171.7 on 1 and 5 DF, p-value: 4.618e-05 respectively). This uncertainty
could originate from the lack of sufficient data on the pool sizes, internal
fluxes, and model structure (Table 1, Table S1). For example, litter, and
fine root C stock uncertainty have a huge 95% CI of 42.2 gC m 2 to
1186.9 gCm2 and 136.5 gC m™ to 406.9 gC m respectively (Figs. 2, &
5). Though, the trend in the mean annual estimates of CO5 fluxes implies
at plant growth, we did not observe an explicit interannual variation.
This is partly due to the uncertainty in the interannual estimates.

Several recent studies have shown a production-driven greening ef-
fect globally (Piao et al., 2020) and in the Arctic (Ackerman et al., 2017;
Arndt et al., 2019; J. Jia et al., 2009; Myers-Smith et al., 2011, 2015,
2020). This implies that the browning trend reported by Phoenix &
Bjerke (2016) for the period 2011 to 2014 may have been a local
short-term temperature acclimation trend. Although the global and
Arctic greening trend has been explained by land surface temperature
(Hopple et al., 2020; Li et al., 2023), our results do not show temperature
sensitivity of GPP. Instead, the increase in GPP is driven by higher at-
mospheric COy concentration.
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4.2. COg fertilisation effect on greening

We separated the impact of atmospheric CO5 concentration on GPP
from climatic drivers (minimum and maximum temperature, incoming
shortwave radiation, and precipitation) by two synthetic experiments
with the calibrated model. In the Fixed CO5 experiment we fixed at-
mospheric CO, at 400.584 ppm and left the other model drivers un-
changed. The experiment revealed CO, concentration as the limiting
factor for primary production in the rich fen (Fig. 4, Fig. S3). We also
separated the effect of CO, fertilisation through changing LAL

A manipulation experiment on monoliths from a sedge-dominated
boreal peatland in Canada showed the impact of temperature and At-
mospheric CO5 (Tian et al., 2020). Our work, to the best of our knowl-
edge, is the first long-term ecosystem-scale study to partition between
effects on peatland C dynamics. While we found evidence of CO; fer-
tilisation effect on peatland production, temperature (McPartland et al.,
2019) and other climatic factors including SWrad and precipitation did
not show any impact on plant productivity (Fig. S4). Still, there is recent
evidence on both individual and synergistic effects of climatic factors on
plant community structure, species abundance, and succession. How-
ever, these aspects are not directly in the scope of this study.

4.3. Role of soil moisture in the COz fluxes

It is worthwhile to note at this point that DALEC2 does not include
soil moisture input or parameterisation of moisture-related abiotic fac-
tors. Soil moisture did explain almost 60% of the variations in mean
annual estimates of GPP (Fig. 7c; Rgdj = 0.59, F-statistic: 9.273 on 1 and
5 DF, p-value: 0.05) as a positive linear trend similar to Evans et al.
(2021). The mean annual estimates of SWC, filling around 60% to 70%
of soil pore space, did not represent the saturated conditions of growing
seasons as they were skewed from the winter-frozen and thus dry
readings. Neither did weekly estimates of SWC explain any variation in
the CO; fluxes (Fig. 7a; & d). On closer inspection of the growing-season

variability of C fluxes, we got a similar outcome (Fig. 7b & 7e).
Apparently, all growing season variation in SWC (Fig. 7a & 7b) happens
during saturated conditions. In the same vein, Laine et al. (2019) showed
that water table did not have any impact on primary production in a
sub-arctic Finnish fen. But these estimates might not be a realistic rep-
resentation of the site conditions since it was flooded. Analogous out-
comes were reported for leaf production in a bog and poor fen in the
Southern Finland (Koster et al., 2023). Contrasting results were obtained
for a Finnish rich fen (Koster et al., 2023). The site is reported to have
contribution to GPP from algal production during the periods of inun-
dation (DeColibus et al., 2017; Wyatt et al., 2012), especially in previ-
ously drier sites as opposed to sites with constant inundation (Kane
et al., 2021). Hence it is likely that GPP was influenced by algal pro-
duction during the flood years of 2014, 2016, 2017 and 2018. This might
have contributed to underestimation of CARDAMOM simulated GPP
compared to night-time partition EC data (Fig S1 & S2). In this study, we
excluded soil moisture parameterisation to avoid adding to model
redundancy.

4.4. Allocation to foliage is favoured over the fine root C pool

The greening trend seen in our findings also meant the foliage allo-
cation is favoured over fine root and structural C pools. We think this is
due to the climate warming and CO», fertilisation effect at the site scale.
This goes against the consensus that these effects force the plants to
allocate more C to fine roots (Malhotra et al., 2020). But since the fen
peatland was flooded for most of the study period, it did not have a
necessity to retrieve water from the deeper soil horizon and hence the
longer fine roots were not present. This could explain the relatively
lower photosynthate allocation to fine roots (Weltzin et al., 2000).
Similar fine root allocation patterns have been reported from the
northern bog and fen ecosystems (Makiranta et al., 2018; Murphy and
Moore, 2010). Several field manipulation experiments have portrayed
the allocation patterns under warmer and wetter conditions. The
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experiments done by Weltzin et al. (2000) revealed a belowground
allocation preference in both fen and bog systems under drier conditions
and with higher water table levels aboveground allocation prevailed.
This supports our findings (BNPP of 62.5 + 7 gC m™2 year™! against our
56.1 gC m? year! Figs. 2 & 5a). Their findings imply an increasing
aboveground allocation under warming conditions which corroborate
the foliage allocation preference seen in our investigation. It is un-
equivocally clear that in Bonanza Creek, flooding made the allocation
dynamics complicated. We think this is probably why while CO, fertil-
isation had an impact on the production, increasing temperature did not
have the same efficacy. Laine et al. (2019) found that drying is the
dominant factor in CO, dynamics than warming, supporting the allo-
cation patterns seen above.

4.5. Implications for the boreal zone peatlands

High latitudes, including the sub-Arctic, are experiencing unprece-
dented warming from the recent decades. This could lead to increased
respiration of the CO» trapped in the northern peatlands that cover 3.7 +
0.5 million km?, shifting them from a sink of C to a source. On the other
hand, the warming and rise in atmospheric CO, concentration is
enhancing C uptake during the growing season (IPCC, 2023). The fer-
tilisation effect is to an extent offset by the increased peat respiration
during the winter (Rafat et al., 2021). Peatlands with different trophic
status and vegetation type will respond variously (Dieleman et al., 2015;
Dorrepaal et al., 2004, 2009; Laine et al., 2019). Rich fens in particular
may respond to climate change faster (Koster et al., 2023). Despite
ongoing solid research on peatland C cycling and its climatic forcing,
and better constraints on the uncertainty characterisation of C dynamics
as seen in this study, the estimates are still largely uncertain (This study,
Spawn et al., 2020). This demands the strengthening of peatland plant C
specific inventories and model restructuration to suit peatland hydrol-
ogy and ecosystems.
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registration provided upon request to T Luke Smallman.

CRediT authorship contribution statement

Sandeep Thayamkottu: Writing — review & editing, Writing —
original draft, Visualization, Validation, Project administration, Meth-
odology, Investigation, Funding acquisition, Formal analysis, Data
curation, Conceptualization. T. Luke Smallman: Writing — review &
editing, Visualization, Validation, Supervision, Software, Resources,
Methodology, Funding acquisition, Conceptualization. Jaan Parn:
Writing — review & editing, Visualization, Validation, Supervision, Re-
sources, Methodology, Funding acquisition. Ulo Mander: Writing — re-
view & editing, Visualization, Validation, Supervision, Resources,
Methodology, Funding acquisition. Eugénie S Euskirchen: Writing —
review & editing, Visualization, Validation, Resources, Methodology,
Funding acquisition, Data curation. Evan S Kane: Writing — review &
editing, Visualization, Validation, Resources, Methodology, Funding
acquisition, Data curation.


https://ameriflux.lbl.gov/
https://doi.org/10.17190/AMF/1756433
https://doi.org/10.17190/AMF/1756433
https://doi.org/10.17190/AMF/1756434
https://doi.org/10.17190/AMF/1756434
https://land.copernicus.eu/global/products/lai
https://doi.org/10.1139/cjfr-2014-0100
https://doi.org/10.1139/cjfr-2014-0100
https://doi.org/10.1111/gcb.12041
https://doi.org/10.1088/1748-9326/8/4/045029
https://doi.org/10.1088/1748-9326/8/4/045029
https://figshare.com
https://doi.org/10.6084/m9.figshare.25497736.v1
https://doi.org/10.6084/m9.figshare.25497736.v1
https://github.com/GCEL/

S. Thayamkottu et al.
Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

The authors are grateful to Mathew Williams, Tim Green, Matus Seci,
David T Milodowski, and Nithin D Pillai for helpful discussion and
comments. The authors of this paper acknowledge Amber C Churchill for
the in-situ data collection and clarifications. The authors thank Nicole
McConnell for in-situ data collection. The study was supported by the
Dora Plus activity 1.2 “PhD student mobility” scholarship through Eu-
ropean Regional Development Fund, Erasmus+ student mobility for PhD
traineeship, the Estonian Research Council (grants PRG-352 and
PRG2032), European Commission through the HORIZON-WIDERA
“Living Labs for Wetland Forest Research” Twinning project No
101079192, European Research Council (ERC) under the grant agree-
ment No 101096403 (MLTOM23415R), and the European Regional
Development Fund (Centre of Excellence EcolChange, grant number TK-
131). The field data collected for this project was funded by the National
Science Foundation Grants DEB LTREB 1354370 and 2011257, DEB-
0425328, DEB-0724514, and DEB-0830997. The Bonanza Creek Long
Term Experimental Research station provided lab space, equipment, and
time to this project. T. Luke Smallman was supported by the Natural
Environment Research Council [NERC grant reference number NE/
X019071/1, “UK EO Climate Information Service”’] and the UK’s Na-
tional Centre for Earth Observation. This research was also funded by
the US Geological Survey Climate R&D program.

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.agrformet.2024.110261.

Data availability

We have shared the DOI to the data used in the manuscript.

References

Ackerman, D., Griffin, D., Hobbie, S.E., Finlay, J.C., 2017. Arctic shrub growth
trajectories differ across soil moisture levels. Glob. Chang. Biol. 23 (10), 4294-4302.
https://doi.org/10.1111/gcb.13677.

Antala, M., Juszczak, R., van der Tol, C., Rastogi, A., 2022. Impact of climate change-
induced alterations in peatland vegetation phenology and composition on carbon
balance. Sci. Total Environ. 827, 154294. https://doi.org/10.1016/j.
scitotenv.2022.154294.

Arndt, K.A., Santos, M.J., Ustin, S., Davidson, S.J., Stow, D., Oechel, W.C., Tran, T.T.P.,
Graybill, B., Zona, D., 2019. Arctic greening associated with lengthening growing
seasons in Northern Alaska. Environm. Res. Lett. 14 (12), 125018. https://doi.org/
10.1088/1748-9326/ab5e26.

Baldocchi, D., Chu, H., Reichstein, M., 2018. Inter-annual variability of net and gross
ecosystem carbon fluxes: A review. Agric. For. Meteorol. 249, 520-533. https://doi.
org/10.1016/j.agrformet.2017.05.015.

Beaulne, J., Garneau, M., Magnan, G., Boucher, E., 2021. Peat deposits store more carbon
than trees in forested peatlands of the boreal biome. Sci. Rep. 11 (1), 2657. https://
doi.org/10.1038/541598-021-82004-x.

Belyea, L. R. (2009). Nonlinear dynamics of peatlands and potential feedbacks on the
climate system. In A. J. Baird, L. R. Belyea, X. Comas, A. S. Reeve, & L. D. Slater
(Eds.), Carbon cycling in Northern Peatlands (Vol. 184, pp. 5-18). American
Geophysical Union. 10.1029/GM184.

Belyea, L.R., Malmer, N., 2004. Carbon sequestration in peatland: Patterns and
mechanisms of response to climate change. Glob. Chang. Biol. 10 (7), 1043-1052.
https://doi.org/10.1111/j.1529-8817.2003.00783.x.

Berner, L.T., Massey, R., Jantz, P., Forbes, B.C., Macias-Fauria, M., Myers-Smith, I.,
Kumpula, T., Gauthier, G., Andreu-Hayles, L., Gaglioti, B.V., Burns, P., Zetterberg, P.,
D’Arrigo, R., Goetz, S.J., 2020. Summer warming explains widespread but not
uniform greening in the Arctic tundra biome. Nat. Commun. 11 (1), 426. https://doi.
org/10.1038/541467-020-18479-5.

Bloom, A.A., Exbrayat, J.F., Van Der Velde, LR., Feng, L., Williams, M., 2016. The
decadal state of the terrestrial carbon cycle: Global retrievals of terrestrial carbon

Agricultural and Forest Meteorology 359 (2024) 110261

allocation, pools, and residence times. Proc. Natl. Acad. Sci. 113 (5), 1285-1290.
https://doi.org/10.1073/pnas.1515160113.

Bloom, A.A., Williams, M., 2015. Constraining ecosystem carbon dynamics in a data-
limited world: Integrating “ecological common sense” in a model-data fusion
framework. Biogeosciences. 12 (5), 1299-1315. https://doi.org/10.5194/bg-12-
1299-2015.

Chaudhary, N., Westermann, S., Lamba, S., Shurpali, N., Sannel, A.B.K., Schurgers, G.,
Miller, P.A., Smith, B., 2020. Modelling past and future peatland carbon dynamics
across the pan-Arctic. Glob. Chang. Biol. 26 (7), 4119-4133. https://doi.org/
10.1111/gcb.15099.

Chen, Z., Wang, W., Forzieri, G., Cescatti, A., 2024. Transition from positive to negative
indirect CO- effects on the vegetation carbon uptake. Nat. Commun. 15 (1), 1500.
https://doi.org/10.1038/541467-024-45957-x.

Chivers, M.R., Turetsky, M.R., Waddington, J.M., Harden, J.W., McGuire, A.D., 2009.
Effects of experimental water table and temperature manipulations on ecosystem
CO;, fluxes in an Alaskan rich fen. Ecosystems. 12, 1329-1342. https://doi.org/
10.1007/510021-009-9292-y.

Churchill, A. C. (2011). The response of plant community structure and productivity to
changes in hydrology in Alaskan boreal peatlands (Doctoral dissertation).

Churchill, A.C., Turetsky, M.R., McGuire, A.D., Hollingsworth, T.N., 2015. Response of
plant community structure and primary productivity to experimental drought and
flooding in an Alaskan fen. Canad. J. Forest Res. 45 (2), 185-193. https://doi.org/
10.1139/cjfr-2014-0100.

Davidson, S.J., Goud, E.M., Malhotra, A., Estey, C.O., Korsah, P., Strack, M., 2021. Linear
disturbances shift boreal peatland plant communities toward earlier peak greenness.
J. Geophys. Res.: Biogeosci. 126 (8). https://doi.org/10.1029/2021JG006403.

DeColibus, D.T., Rober, A.R., Sampson, A.M., Shurzinske, A.C., Walls, J.T., Turetsky, M.
R., Wyatt, K.H., 2017. Legacy effects of drought alters the aquatic food web of a
northern boreal peatland. Freshw. Biol. 62 (8), 1377-1388. https://doi.org/
10.1111/fwb.12950.

Dieleman, C.M., Branfireun, B.A., McLaughlin, J.W., Lindo, Z., 2015. Climate change
drives a shift in peatland ecosystem plant community: Implications for ecosystem
function and stability. Glob. Chang. Biol. 21 (1), 388-395. https://doi.org/10.1111/
gcb.12643.

Dorrepaal, E., Aerts, R., Cornelissen, J.H.C., Callaghan, T.V., Van Logtestijn, R.S.P., 2004.
Summer warming and increased winter snow cover affect Sphagnum fuscum growth,
structure and production in a sub-arctic bog. Glob. Chang. Biol. 10 (1), 93-104.
https://doi.org/10.1111/j.1365-2486.2003.00718.x.

Dorrepaal, E., Toet, S., Van Logtestijn, R.S., Swart, E., Van De Weg, M.J., Callaghan, T.V.,
Aerts, R., 2009. Carbon respiration from subsurface peat accelerated by climate
warming in the subarctic. Nature 460 (7255), 616-619. https://doi.org/10.1038/
nature08216.

Euskirchen, E., 2022a. AmeriFlux FLUXNET-1F US-BZF Bonanza Creek Rich Fen [dataset].
AmeriFlux; University of Alaska Fairbanks, Institute of Arctic Biology. https://doi.
org/10.17190/AMF/1881570.

Euskirchen, E., 2022b. AmeriFlux FLUXNET-1F US-BZS Bonanza Creek Black Spruce
[dataset]. AmeriFlux; University of Alaska Fairbanks, Institute of Arctic Biology.
https://doi.org/10.17190/AMF/1881572.

Euskirchen, E.S., Edgar, C.W., Kane, E.S., Waldrop, M.P., Neumann, R.B., Manies, K.L.,
Turetsky, M.R., 2024. Persistent net release of carbon dioxide and methane from an
Alaskan lowland boreal peatland complex. Glob. Chang. Biol. 30 (1), e17139.
https://doi.org/10.1111/gcb.17139.

Euskirchen, E.S., Kane, E.S., Edgar, C.W., Turetsky, M.R., 2020. When the source of
flooding matters: Divergent responses in carbon fluxes in an Alaskan rich fen to two
types of inundation. Ecosystems. 23, 1138-1153. https://doi.org/10.1007/s10021-
019-00460-z.

Evans, C.D., Peacock, M., Baird, A.J., Artz, R.R.E., Burden, A., Callaghan, N.,
Morrison, R., 2021. Overriding water table control on managed peatland greenhouse
gas emissions. Nature 593 (7860), 548-552. https://doi.org/10.1038/541586-021-
03523-1.

Famiglietti, C.A., Smallman, T.L., Levine, P.A., Flack-Prain, S., Quetin, G.R., Meyer, V.,
Parazoo, N.C., Stettz, S.G., Yang, Y., Bonal, D., Bloom, A.A., Williams, M.,
Konings, A.G., 2021. Optimal model complexity for terrestrial carbon cycle
prediction. Biogeosciences. 18 (8), 2727-2754. https://doi.org/10.5194/bg-18-
2727-2021.

Fan, Z., David McGuire, A., Turetsky, M.R., Harden, J.W., Michael Waddington, J.,
Kane, E.S., 2013. The response of soil organic carbon of a rich fen peatland in
interior Alaska to projected climate change. Glob. Chang. Biol. 19 (2), 604-620.
https://doi.org/10.1111/gcb.12041.

Fuster, B., Sanchez-Zapero, J., Camacho, F., Garcia-Santos, V., Verger, A., Lacaze, R.,
Smets, B., 2020. Quality assessment of PROBA-V LAI, fAPAR and fCOVER collection
300 m products of copernicus global land service. Remote Sensing 12 (6), 1017.
https://doi.org/10.3390/r5.12061017.

Gorham, E., 1991. Northern peatlands: role in the carbon cycle and probable responses to
climatic warming. Ecol. Appl. 1 (2), 182-195. https://doi.org/10.2307/1941811.

Gorham, E., Lehman, C., Dyke, A., Clymo, D., Janssens, J., 2012. Long-term carbon
sequestration in North American peatlands. Quat. Sci. Rev. 58, 77-82. https://doi.
org/10.1016/j.quascirev.2012.09.018.

Guay, K.C., Beck, P.S.A., Berner, L.T., Goetz, S.J., Baccini, A., Buermann, W., 2014.
Vegetation productivity patterns at high northern latitudes: A multi-sensor satellite
data assessment. Glob. Chang. Biol. 20 (10), 3147-3158. https://doi.org/10.1111/
gcb.12647.

Haario, H., Saksman, E., Tamminen, J., 2001. An adaptive Metropolis algorithm.
Bernoulli 223-242. https://doi.org/10.2307/3318737.

Helbig, M., Waddington, J.M., Alekseychik, P., Amiro, B.D., Aurela, M., Barr, A.G.,
Black, T.A., Blanken, P.D., Carey, S.K., Chen, J., Chi, J., Desai, A.R., Dunn, A,


https://doi.org/10.1016/j.agrformet.2024.110261
https://doi.org/10.1111/gcb.13677
https://doi.org/10.1016/j.scitotenv.2022.154294
https://doi.org/10.1016/j.scitotenv.2022.154294
https://doi.org/10.1088/1748-9326/ab5e26
https://doi.org/10.1088/1748-9326/ab5e26
https://doi.org/10.1016/j.agrformet.2017.05.015
https://doi.org/10.1016/j.agrformet.2017.05.015
https://doi.org/10.1038/s41598-021-82004-x
https://doi.org/10.1038/s41598-021-82004-x
https://doi.org/10.1029/GM184
https://doi.org/10.1111/j.1529-8817.2003.00783.x
https://doi.org/10.1038/s41467-020-18479-5
https://doi.org/10.1038/s41467-020-18479-5
https://doi.org/10.1073/pnas.1515160113
https://doi.org/10.5194/bg-12-1299-2015
https://doi.org/10.5194/bg-12-1299-2015
https://doi.org/10.1111/gcb.15099
https://doi.org/10.1111/gcb.15099
https://doi.org/10.1038/s41467-024-45957-x
https://doi.org/10.1007/s10021-009-9292-y
https://doi.org/10.1007/s10021-009-9292-y
https://doi.org/10.1139/cjfr-2014-0100
https://doi.org/10.1139/cjfr-2014-0100
https://doi.org/10.1029/2021JG006403
https://doi.org/10.1111/fwb.12950
https://doi.org/10.1111/fwb.12950
https://doi.org/10.1111/gcb.12643
https://doi.org/10.1111/gcb.12643
https://doi.org/10.1111/j.1365-2486.2003.00718.x
https://doi.org/10.1038/nature08216
https://doi.org/10.1038/nature08216
https://doi.org/10.17190/AMF/1881570
https://doi.org/10.17190/AMF/1881570
https://doi.org/10.17190/AMF/1881572
https://doi.org/10.1111/gcb.17139
https://doi.org/10.1007/s10021-019-00460-z
https://doi.org/10.1007/s10021-019-00460-z
https://doi.org/10.1038/s41586-021-03523-1
https://doi.org/10.1038/s41586-021-03523-1
https://doi.org/10.5194/bg-18-2727-2021
https://doi.org/10.5194/bg-18-2727-2021
https://doi.org/10.1111/gcb.12041
https://doi.org/10.3390/rs.12061017
https://doi.org/10.2307/1941811
https://doi.org/10.1016/j.quascirev.2012.09.018
https://doi.org/10.1016/j.quascirev.2012.09.018
https://doi.org/10.1111/gcb.12647
https://doi.org/10.1111/gcb.12647
https://doi.org/10.2307/3318737

S. Thayamkottu et al.

Euskirchen, E.S., Flanagan, L.B., Forbrich, 1., Friborg, T., Grelle, A., Harder, S.,
Zyrianov, V., 2020. Increasing contribution of peatlands to boreal
evapotranspiration in a warming climate. Nat. Clim. Chang. 10 (6), 555-560.
https://doi.org/10.1038/541558-020-0763-7.

Hill, T.C., Ryan, E., Williams, M., 2012. The use of CO; flux time series for parameter and
carbon stock estimation in carbon cycle research. Glob. Chang. Biol. 18 (1),
179-193. https://doi.org/10.1111/j.1365-2486.2011.02511.x.

Hopple, A.M., Wilson, R.M., Kolton, M., Zalman, C.A., Chanton, J.P., Kostka, J.,
Hanson, P.J., Keller, J.K., Bridgham, S.D., 2020. Massive peatland carbon banks
vulnerable to rising temperatures. Nat. Commun. 11 (1), 2373. https://doi.org/
10.1038/541467-020-16311-8.

Huang, J., Zhang, X., Zhang, Q., Lin, Y., Hao, M., Luo, Y., Zhao, Z., Yao, Y., Chen, X.,
Wang, L., Nie, S., Yin, Y., Xu, Y., Zhang, J., 2017. Recently amplified arctic warming
has contributed to a continual global warming trend. Nat. Clim. Chang. 7 (12),
875-879. https://doi.org/10.1038/s41558-017-0009-5.

Hugelius, G., Loisel, J., Chadburn, S., Jackson, R.B., Jones, M., MacDonald, G.,
Marushchak, M., Olefeldt, D., Packalen, M., Siewert, M.B., Treat, C., Turetsky, M.,
Voigt, C., Yu, Z., 2020. Large stocks of peatland carbon and nitrogen are vulnerable
to permafrost thaw. Proc. Natl. Acad. Sci. 117 (34), 20438-20446. https://doi.org/
10.1073/pnas.1916387117.

IPCC, 2023. Summary for Policymakers. In: Climate Change 2023: Synthesis Report.
Contribution of Working Groups I, II and III to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change [Core Writing Team. IPCC, Geneva,
Switzerland, pp. 1-34. https://doi.org/10.59327/IPCC/AR6-9789291691647.001.

J. Jia, G., E. Epstein, H., A. Walker, D., 2009. Vegetation greening in the canadian arctic
related to decadal warming. J. Environ. Monitor. 11 (12), 2231-2238. https://doi.
org/10.1039/B911677J.

Ju, J., Masek, J.G., 2016. The vegetation greenness trend in Canada and US Alaska from
1984-2012 Landsat data. Remote Sens. Environ. 176, 1-16. https://doi.org/
10.1016/j.rse.2016.01.001.

Kane, E.S., Dieleman, C.M., Rupp, D., Wyatt, K.H., Rober, A.R., Turetsky, M.R., 2021.
Consequences of increased variation in peatland hydrology for carbon storage:
legacy effects of drought and flood in a boreal fen ecosystem. Front. Earth. Sci.
(Lausanne) 8, 577746. https://doi.org/10.3389/feart.2020.577746.

Keenan, T.F., Luo, X., Stocker, B.D., De Kauwe, M.G., Medlyn, B.E., Prentice, L.C.,
Smith, N.G., Terrer, C., Wang, H., Zhang, Y., Zhou, S., 2023. A constraint on historic
growth in global photosynthesis due to rising CO2. Nat. Clim. Chang. 13 (12),
1376-1381. https://doi.org/10.1038/s41558-023-01867-2.

Kolby Smith, W., Reed, S.C., Cleveland, C.C., Ballantyne, A.P., Anderegg, W.R.L.,
Wieder, W.R., Liu, Y.Y., Running, S.W, 2016. Large divergence of satellite and Earth
system model estimates of global terrestrial CO, fertilization. Nat. Clim. Chang. 6
(3), 306-310. https://doi.org/10.1038/nclimate2879.

Koster, E., Chapman, J.P.B., Barel, J.M., Korrensalo, A., Laine, A.M., Vasander, H.T.,
Tuittila, E.-S., 2023. Water level drawdown makes boreal peatland vegetation more
responsive to weather conditions. Glob. Chang. Biol. 29 (19), 5691-5705. https://
doi.org/10.1111/gcb.16907.

Kottek, M., Grieser, J., Beck, C., Rudolf, B., Rubel, F., 2006. World Map of the Koppen-
Geiger climate classification updated. Meteorologische Zeitschrift 15 (3), 259-263.
https://doi.org/10.1127,/0941-2948,/2006,/0130.

Laine, A.M., Makiranta, P., Laiho, R., Mehtatalo, L., Penttila, T., Korrensalo, A.,
Minkkinen, K., Fritze, H., Tuittila, E.-S., 2019. Warming impacts on boreal fen CO»
exchange under wet and dry conditions. Glob. Chang. Biol. 25 (6), 1995-2008.
https://doi.org/10.1111/gcb.14617.

Li, Y., Li, Z.-L., Wu, H., Zhou, C., Liu, X., Leng, P., Yang, P., Wu, W., Tang, R., Shang, G.-
F., Ma, L., 2023. Biophysical impacts of earth greening can substantially mitigate
regional land surface temperature warming. Nat. Commun. 14 (1), 121. https://doi.
org/10.1038/541467-023-35799-4.

Limpens, J., Berendse, F., Blodau, C., Canadell, J.G., Freeman, C., Holden, J., Roulet, N.,
Rydin, H., Schaepman-Strub, G., 2008. Peatlands and the carbon cycle: From local
processes to global implications — a synthesis. Biogeosciences. 5 (5), 1475-1491.
https://doi.org/10.5194/bg-5-1475-2008.

Liu, Y., Piao, S., Gasser, T., Ciais, P., Yang, H., Wang, H., Keenan, T.F., Huang, M.,
Wan, S., Song, J., Wang, K., 2019. Field-experiment constraints on the enhancement
of the terrestrial carbon sink by CO; fertilization. Nat. Geosci. 12 (10), 809-814.
https://doi.org/10.1038/541561-019-0436-1.

Loisel, J., Yu, Z., Beilman, D.W., Camill, P., Alm, J., Amesbury, M.J., Anderson, D.,
Andersson, S., Bochicchio, C., Barber, K., Belyea, L.R., Bunbury, J., Chambers, F.M.,
Charman, D.J., De Vleeschouwer, F., Fiatkiewicz-Koziet, B., Finkelstein, S.A.,
Gatka, M., Garneau, M., Zhou, W., 2014. A database and synthesis of northern
peatland soil properties and Holocene carbon and nitrogen accumulation. Holocene
24 (9), 1028-1042. https://doi.org/10.1177/0959683614538073.

Ma, L., Zhu, G., Chen, B., Zhang, K., Niu, S., Wang, J., Ciais, P., Zuo, H., 2022. A globally
robust relationship between water table decline, subsidence rate, and carbon release
from peatlands. Commun. Earth. Environ. 3 (1), 254. https://doi.org/10.1038/
$43247-022-00590-8.

Makiranta, P., Laiho, R., Mehtatalo, L., Strakova, P., Sormunen, J., Minkkinen, K.,
Penttild, T., Fritze, H., Tuittila, E., 2018. Responses of phenology and biomass
production of boreal fens to climate warming under different water-table level
regimes. Glob. Chang. Biol. 24 (3), 944-956. https://doi.org/10.1111/gcb.13934.

Malhotra, A., Brice, D.J., Childs, J., Graham, J.D., Hobbie, E.A., Vander Stel, H., Feron, S.
C., Hanson, P.J., Iversen, C.M., 2020. Peatland warming strongly increases fine-root
growth. Proc. Natl. Acad. Sci. 117 (30), 17627-17634. https://doi.org/10.1073/
pnas.2003361117.

McConnell, N.A., Turetsky, M.R., McGuire, A.D., Kane, E.S., Waldrop, M.P., Harden, J.
W., 2013. Controls on ecosystem and root respiration across a permafrost and

10

Agricultural and Forest Meteorology 359 (2024) 110261

wetland gradient in interior Alaska. Environ. Res. Lett. 8 (4), 045029. https://doi.
org/10.1088/1748-9326,/8/4/045029.

McPartland, M.Y., Kane, E.S., Falkowski, M.J., Kolka, R., Turetsky, M.R., Palik, B.,
Montgomery, R.A., 2019. The response of boreal peatland community composition
and NDVI to hydrologic change, warming, and elevated carbon dioxide. Glob.
Chang. Biol. 25 (1), 93-107. https://doi.org/10.1111/gcb.14465.

Murphy, M.T., Moore, T.R., 2010. Linking root production to aboveground plant
characteristics and water table in a temperate bog. Plant Soil. 336 (1), 219-231.
https://doi.org/10.1007/s11104-010-0468-1.

Myers-Smith, I.H., Elmendorf, S.C., Beck, P.S.A., Wilmking, M., Hallinger, M., Blok, D.,
Tape, K.D., Rayback, S.A., Macias-Fauria, M., Forbes, B.C., Speed, J.D.M., Boulanger-
Lapointe, N., Rixen, C., Lévesque, E., Schmidt, N.M., Baittinger, C., Trant, A.J.,
Hermanutz, L., Collier, L.S., Vellend, M., 2015. Climate sensitivity of shrub growth
across the tundra biome. Nat. Clim. Chang. 5 (9), 887-891. https://doi.org/
10.1038/nclimate2697.

Myers-Smith, I.H., Forbes, B.C., Wilmking, M., Hallinger, M., Lantz, T., Blok, D., Tape, K.
D., Macias-Fauria, M., Sass-Klaassen, U., Lévesque, E., Boudreau, S., Ropars, P.,
Hermanutz, L., Trant, A., Collier, L.S., Weijers, S., Rozema, J., Rayback, S.A.,
Schmidt, N.M., Hik, D.S., 2011. Shrub expansion in tundra ecosystems: Dynamics,
impacts and research priorities. Environ. Res. Lett. 6 (4), 045509. https://doi.org/
10.1088/1748-9326/6/4/045509.

Myers-Smith, I.H., Kerby, J.T., Phoenix, G.K., Bjerke, J.W., Epstein, H.E., Assmann, J.J.,
John, C., Andreu-Hayles, L., Angers-Blondin, S., Beck, P.S.A., Berner, L.T., Bhatt, U.
S., Bjorkman, A.D., Blok, D., Bryn, A., Christiansen, C.T., Cornelissen, J.H.C.,
Cunliffe, A.M., Elmendorf, S.C., Wipf, S., 2020. Complexity revealed in the greening
of the Arctic. Nat. Clim. Chang. 10 (2), 106-117. https://doi.org/10.1038/541558-
019-0688-1.

Olefeldt, D., Euskirchen, E.S., Harden, J., Kane, E., McGuire, A.D., Waldrop, M.P.,
Turetsky, M.R., 2017. A decade of boreal rich fen greenhouse gas fluxes in response
to natural and experimental water table variability. Glob. Chang. Biol. 23 (6),
2428-2440. https://doi.org/10.1111/gcb.13612.

Peichl, M., Gazovi¢, M., Vermeij, I., de Goede, E., Sonnentag, O., Limpens, J., Nilsson, M.
B., 2018. Peatland vegetation composition and phenology drive the seasonal
trajectory of maximum gross primary production. Sci. Rep. 8 (1), 8012. https://doi.
org/10.1038/s41598-018-26147-4.

Phoenix, G.K., Bjerke, J.W., 2016. Arctic browning: Extreme events and trends reversing
arctic greening. Glob. Chang. Biol. 22 (9), 2960-2962. https://doi.org/10.1111/
gcb.13261.

Piao, S., Wang, X., Park, T., Chen, C., Lian, X., He, Y., Bjerke, J.W., Chen, A., Ciais, P.,
Tegmmervik, H., Nemani, R.R., Myneni, R.B., 2020. Characteristics, drivers and
feedbacks of global greening. Nat. Rev. Earth Environ. 1 (1), 14-27. https://doi.org/
10.1038/543017-019-0001-x.

Posit team, 2023. RStudio: Integrated Development Environment for R (2023.12.0.369)
[Computer software]. Posit Software, PBC. http://www.posit.co/.

Post, E., Alley, R.B., Christensen, T.R., Macias-Fauria, M., Forbes, B.C., Gooseff, M.N.,
Iler, A., Kerby, J.T., Laidre, K.L., Mann, M.E., Olofsson, J., Stroeve, J.C., Ulmer, F.,
Virginia, R.A., Wang, M., 2019. The polar regions in a 2°C warmer world. Sci. Adv. 5
(12), eaaw9883. https://doi.org/10.1126/sciadv.aaw9883.

Qiu, C., Zhu, D., Ciais, P., Guenet, B., Peng, S., 2020. The role of northern peatlands in
the global carbon cycle for the 21st century. Glob. Ecol. Biogeogr. 29 (5), 956-973.
https://doi.org/10.1111/geb.13081.

R Core Team, 2022. R: A Language and Environment for Statistical Computing (4.1.3) [R;
X86_64, darwin17.0]. R Foundation for Statistical Computing. https://www.R-pro
ject.org/.

Rafat, A., Rezanezhad, F., Quinton, W.L., Humphreys, E.R., Webster, K., Van
Cappellen, P., 2021. Non-growing season carbon emissions in a northern peatland
are projected to increase under global warming. Commun. Earth. Environ. 2 (1),
111. https://doi.org/10.1038/543247-021-00184-w.

Rantanen, M., Karpechko, A.Y., Lipponen, A., Nordling, K., Hyvérinen, O.,
Ruosteenoja, K., Vihma, T., Laaksonen, A., 2022. The Arctic has warmed nearly four
times faster than the globe since 1979. Commun. Earth. Environ. 3 (1), 1-10.
https://doi.org/10.1038/543247-022-00498-3.

Reichstein, M., Falge, E., Baldocchi, D., Papale, D., Aubinet, M., Berbigier, P.,
Valentini, R., 2005. On the separation of net ecosystem exchange into assimilation
and ecosystem respiration: review and improved algorithm. Glob. Chang. Biol. 11
(9), 1424-1439. https://doi.org/10.1111/j.1365-2486.2005.001002.x.

Sonnentag, O., Van Der Kamp, G., Barr, A.G., Chen, J.M., 2010. On the relationship
between water table depth and water vapor and carbon dioxide fluxes in a
minerotrophic fen. Glob. Chang. Biol. 16 (6), 1762-1776. https://doi.org/10.1111/
j.1365-2486.2009.02032.x.

Spawn, S.A., Sullivan, C.C., Lark, T.J., Gibbs, H.K., 2020. Harmonized global maps of
above and belowground biomass carbon density in the year 2010. Sci. Data 7 (1),
112. https://doi.org/10.1038/541597-020-0444-4.

Tian, J., Branfireun, B.A., Lindo, Z., 2020. Global change alters peatland carbon cycling
through plant biomass allocation. Plant Soil. 455 (1), 53-64. https://doi.org/
10.1007/5s11104-020-04664-4.

Walker, T.N., Garnett, M.H., Ward, S.E., Oakley, S., Bardgett, R.D., Ostle, N.J., 2016.
Vascular plants promote ancient peatland carbon loss with climate warming. Glob.
Chang. Biol. 22 (5), 1880-1889. https://doi.org/10.1111/gcb.13213.

Weltzin, J.F., Pastor, J., Harth, C., Bridgham, S.D., Updegraff, K., Chapin, C.T., 2000.
Response of Bog and Fen Plant Communities to Warming and Water-

Table Manipulations. Ecology. 81 (12), 3464-3478. https://doi.org/10.1890/0012-
9658(2000)081[3464:ROBAFP]2.0.CO;2.

Wilkinson, S.L., Andersen, R., Moore, P.A., Davidson, S.J., Granath, G., Waddington, J.
M., 2023. Wildfire and degradation accelerate northern peatland carbon release.
Nat. Clim. Chang. 13 (5), 456-461. https://doi.org/10.1038/541558-023-01657-w.


https://doi.org/10.1038/s41558-020-0763-7
https://doi.org/10.1111/j.1365-2486.2011.02511.x
https://doi.org/10.1038/s41467-020-16311-8
https://doi.org/10.1038/s41467-020-16311-8
https://doi.org/10.1038/s41558-017-0009-5
https://doi.org/10.1073/pnas.1916387117
https://doi.org/10.1073/pnas.1916387117
https://doi.org/10.59327/IPCC/AR6-9789291691647.001
https://doi.org/10.1039/B911677J
https://doi.org/10.1039/B911677J
https://doi.org/10.1016/j.rse.2016.01.001
https://doi.org/10.1016/j.rse.2016.01.001
https://doi.org/10.3389/feart.2020.577746
https://doi.org/10.1038/s41558-023-01867-2
https://doi.org/10.1038/nclimate2879
https://doi.org/10.1111/gcb.16907
https://doi.org/10.1111/gcb.16907
https://doi.org/10.1127/0941-2948/2006/0130
https://doi.org/10.1111/gcb.14617
https://doi.org/10.1038/s41467-023-35799-4
https://doi.org/10.1038/s41467-023-35799-4
https://doi.org/10.5194/bg-5-1475-2008
https://doi.org/10.1038/s41561-019-0436-1
https://doi.org/10.1177/0959683614538073
https://doi.org/10.1038/s43247-022-00590-8
https://doi.org/10.1038/s43247-022-00590-8
https://doi.org/10.1111/gcb.13934
https://doi.org/10.1073/pnas.2003361117
https://doi.org/10.1073/pnas.2003361117
https://doi.org/10.1088/1748-9326/8/4/045029
https://doi.org/10.1088/1748-9326/8/4/045029
https://doi.org/10.1111/gcb.14465
https://doi.org/10.1007/s11104-010-0468-1
https://doi.org/10.1038/nclimate2697
https://doi.org/10.1038/nclimate2697
https://doi.org/10.1088/1748-9326/6/4/045509
https://doi.org/10.1088/1748-9326/6/4/045509
https://doi.org/10.1038/s41558-019-0688-1
https://doi.org/10.1038/s41558-019-0688-1
https://doi.org/10.1111/gcb.13612
https://doi.org/10.1038/s41598-018-26147-4
https://doi.org/10.1038/s41598-018-26147-4
https://doi.org/10.1111/gcb.13261
https://doi.org/10.1111/gcb.13261
https://doi.org/10.1038/s43017-019-0001-x
https://doi.org/10.1038/s43017-019-0001-x
http://www.posit.co/
https://doi.org/10.1126/sciadv.aaw9883
https://doi.org/10.1111/geb.13081
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1038/s43247-021-00184-w
https://doi.org/10.1038/s43247-022-00498-3
https://doi.org/10.1111/j.1365-2486.2005.001002.x
https://doi.org/10.1111/j.1365-2486.2009.02032.x
https://doi.org/10.1111/j.1365-2486.2009.02032.x
https://doi.org/10.1038/s41597-020-0444-4
https://doi.org/10.1007/s11104-020-04664-4
https://doi.org/10.1007/s11104-020-04664-4
https://doi.org/10.1111/gcb.13213
https://doi.org/10.1890/0012-9658(2000)081[3464:ROBAFP]2.0.CO;2
https://doi.org/10.1890/0012-9658(2000)081[3464:ROBAFP]2.0.CO;2
https://doi.org/10.1038/s41558-023-01657-w

S. Thayamkottu et al.

Williams, M., 2022. Global carbon cycle data assimilation using earth observation: the
CARDAMOM Approach. Land Carbon Cycle Modeling. CRC Press, pp. 225-235.
https://doi.org/10.1201,/9780429155659-34.

Williams, M., Rastetter, E.B., Fernandes, D.N., Goulden, M.L., Shaver, G.R., Johnson, L.
C., 1997. Predicting Gross Primary Productivity in Terrestrial Ecosystems. Ecol.
Appl. 7 (3), 882-894. https://doi.org/10.2307/2269440.

Williams, M., Schwarz, P.A., Law, B.E., Irvine, J., Kurpius, M.R., 2005. An improved
analysis of forest carbon dynamics using data assimilation. Glob. Chang. Biol. 11 (1),
89-105. https://doi.org/10.1111/j.1365-2486.2004.00891.x.

Wutzler, T., Carvalhais, N., 2014. Balancing multiple constraints in model-data
integration: Weights and the parameter block approach. J. Geophys. Res.: Biogeosci.
119 (11), 2112-2129. https://doi.org/10.1002/2014JG002650.

Wyatt, K.H., Turetsky, M.R., Rober, A.R., Giroldo, D., Kane, E.S., Stevenson, R.J., 2012.
Contributions of algae to GPP and DOC production in an Alaskan fen: Effects of

11

Agricultural and Forest Meteorology 359 (2024) 110261

historical water table manipulations on ecosystem responses to a natural flood.
Oecologia 169 (3), 821-832. https://doi.org/10.1007/500442-011-2233-4.

Yu, Z., 2011. Holocene carbon flux histories of the world’s peatlands: Global carbon-
cycle implications. Holocene 21 (5), 761-774. https://doi.org/10.1177/
0959683610386982.

Zeh, L., Schmidt-Cotta, C., Limpens, J., Bragazza, L., Kalbitz, K., 2022. Above-to
belowground carbon allocation in peatlands shifts with plant functional type and
temperature#. J. Plant Nut. Soil Sci. 185 (1), 98-109. https://doi.org/10.1002/
jpIn.202100206.

Zhang, H., Gallego-Sala, A.V., Amesbury, M.J., Charman, D.J., Piilo, S.R., Valiranta, M.
M., 2018. Inconsistent response of Arctic permafrost peatland carbon accumulation
to warm climate phases. Global. Biogeochem. Cycles. 32 (10), 1605-1620. https://
doi.org/10.1029/2018GB005980.


https://doi.org/10.1201/9780429155659-34
https://doi.org/10.2307/2269440
https://doi.org/10.1111/j.1365-2486.2004.00891.x
https://doi.org/10.1002/2014JG002650
https://doi.org/10.1007/s00442-011-2233-4
https://doi.org/10.1177/0959683610386982
https://doi.org/10.1177/0959683610386982
https://doi.org/10.1002/jpln.202100206
https://doi.org/10.1002/jpln.202100206
https://doi.org/10.1029/2018GB005980
https://doi.org/10.1029/2018GB005980

	Greening of a boreal rich fen driven by CO2 fertilisation
	1 Introduction
	2 Materials and methods
	2.1 Study site
	2.2 Inputs
	2.3 Climatic drivers
	2.4 DALEC2
	2.5 CARDAMOM
	2.6 Statistical analysis performed on the model posteriors
	2.7 Experiments to analyse the individual contributions of the climatic drivers in the CO2 balance

	3 Results
	3.1 Carbon balance
	3.2 The inter-annual variability of CO2 fluxes
	3.3 Elevated atmospheric CO2 concentration drives production
	3.4 Foliage allocation is favoured over the fine root and structural C pool allocation

	4 Discussion
	4.1 Inter-annual variability of CO2 fluxes
	4.2 CO2 fertilisation effect on greening
	4.3 Role of soil moisture in the CO2 fluxes
	4.4 Allocation to foliage is favoured over the fine root C pool
	4.5 Implications for the boreal zone peatlands

	Data availability
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Supplementary materials
	datalink4
	References


