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Abstract

Wetlands are characterised by distinct hydrological regimes and have significant importance
in the global carbon cycle, having the potential to reduce carbon emissions through long-term
carbon storage in the soil. In this study, carbon dynamics were simulated using a process-based
model DeNitrification-DeComposition (DNDC), for two locations along Dambovita River case
study area. These scenarios took into consideration the interconnection of soil parameters,
hydrology, meteorological conditions and vegetation type. The findings showed that soil CO,
emissions are positively and strongly correlated with air temperature and soil moisture, with
changes in the water content of the soil regime having the greatest impact on CO, fluxes. Also,
the model simulations have been validated by statistical analysis of uncertainties with the
values of CO; fluxes measured in situ using the dynamic closed chamber method. By comparing
DNDC outputs with field measurements, the performance of the model was evaluated in
different environmental conditions and the results were consistent, which increased confidence
in its application for assessing wetland ecosystems. These results contribute to a more
comprehensive understanding of the carbon cycle in wetlands and an improved estimation of
the effects of climate change on the dynamics of carbon in these ecosystems.
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Introduction

Among the most complex ecosystems are wetlands, which have significance in the global
cycling of carbon dioxide and climate management. The processes by which wetlands absorb
carbon and how environmental changes influence CO; emissions are examined in connection to
wetland soils and CO, fluxes. Wetland soils are typically rich in organic matter due to the slow
decomposition rates under anaerobic conditions. These soils frequently contain a high proportion
of organic carbon due to the partially degraded plant matter [1]. Wetlands' particular hydrological
conditions provide an environment with limited oxygen, which greatly impacts the decomposition
rate [2]. It has been extensively proven that wetlands can store carbon. The ability of wetlands to
sequester carbon is well-documented. Wetlands account for approximately 30% of the world's
terrestrial carbon storage, despite covering only about 6% of the Earth's land surface [3]. The
anaerobic environment in wetland soils reduces microbial activity, slowing down decomposition
and allowing organic matter to accumulate [4]. This accumulation over time leads to significant
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carbon sequestration.

While wetlands are carbon sinks, they can also be sources of CO, emissions under certain
conditions. The balance between carbon sequestration and CO, emissions depends on factors like
temperature, water levels and human impact [5]. Elevated temperatures can increase microbial
activity, accelerating decomposition and leading to higher CO» emissions [6]. Similarly, changes
in water levels can affect the aerobic or anaerobic conditions in wetland soils, with implications
for CO, fluxes [7]. Restoration and conservation efforts are critical in maintaining the carbon
sequestration functions of wetlands. Restoring degraded wetlands, through re-flooding and
reestablishing native vegetation, can help reestablish anaerobic conditions and reduce CO;
emissions [8, 9]. Water management practices, such as maintaining appropriate water levels, are
crucial in preventing aerobic decomposition [10].

To simulate the complex interactions that occur in wetland ecosystems, the
DeN:itrification-DeComposition (DNDC) model is an essential tool in the field of biogeochemical
modeling [11]. The model's core strength lies in its detailed representation of soil carbon and
nitrogen dynamics, which are crucial for understanding greenhouse gas emissions [12]. By
integrating advanced soil physics, hydrology and plant growth dynamics, it enables accurate
simulations of ecosystem responses to environmental change and management practices [13].
The model's ability to simulate the impacts of land-use changes, climate variability and
agricultural practices on greenhouse gas emissions has made it an invaluable tool pentru
implementarea celor mai bune masuri [14]. The model has been applied to diverse terrestrial
ecosystems, demonstrating its ability to capture the complex feedback mechanisms between soil
moisture, nutrient dynamics and plant growth [15]. However, its performance in wetland
environments, where soil moisture regimes can be highly variable and influenced by multiple
stressors, has not been extensively explored [16].

In this study, we evaluated the performance of the DNDC model with input calibration
based on measurements of soil characteristics, vegetation type, SOC content and soil moisture
regime. Additionally, emission levels were simulated under the most extreme climate change sce-
nario based on Representative Concentration Pathways (RCP) 8.5, to evaluate the possible impact
of long-term CO; emission trajectories.

Materials and methods

The two study areas are located within the Dambovita River, in Chiajna, a suburban area
of Bucharest. In-situ measurements of CO; fluxes from the soil surface were conducted in 2022
and were performed monthly. Figure 1 depicts the research locations chosen based on the
vegetation that covered them and the soil moisture regime.

Bucharest

SC-soil covered with Cattails
SP-soil covered with Phragmites australis
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Fig. 1. Spatial representation of the in-situ measurement plots
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Thus, in the research area, two types of soil were identified: potentially flooded and
flooded soil, as well as two types of wetland vegetation, Cattails and Phragmites australis. Crop
management practices were not applied in the two study areas and there was no known history of
manure application before the commencement of the study. The soil in the upstream area (SC)
(44°27'53.4"; 25°58'37.7") is characterized by silt loam soil with an average pH of 7.42 and is
dominated by Cattails vegetation. From the water management perspective, this is flood-prone
soil, however, it was not flooded by river waters throughout the measuring period. The second
type of soil selected for monitoring is located downstream (44°27'43.5"; 25°59'45.1") and is
characterized by Phragmites australis-dominated vegetation (SP). The moisture regime varied
throughout the year. It was dry from January to July, with humidity values ranging from 11.6%
to 45.6% and flooded from August to December.

The climatic context for the current climatology of the study area derives from the ob-
served data and shows a continuous trend of increasing the surface temperature (2m), despite the
natural variation. The air temperature and precipitation dynamics used in this study are shown in
figure 2.
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Fig. 2. Annual dynamics of daily air temperature at 2m (a) and precipitation (b) in the study area in 2022

The study utilised the process-based biogeochemical model Denitrification-
Decomposition (DNDC) (version 9.5) [17] to analyze the dynamics of carbon (C), methane (CHa)
and nitrogen (N) in the wetlands ecosystem in the research location. It integrates daily climate
data, soil properties, hydrological features and biogeochemical processes measured and observed
in 2022 and accounts for factors such as soil moisture, temperature, organic matter and vegetation
to estimate the gas fluxes.

For simulating how changes in GHG emissions might influence various environmental
processes within DNDC models, the most common pathways, representing a different level of
radiative forcing by the year 2100 can be applied [18]. A low emissions scenario with significant
mitigation efforts, aiming to keep global warming below 2°C is RCP 2.6, intermediate
stabilization scenarios with moderate levels of emissions reduction are RCP 4.5 and RCP 6.0 and
a high emissions scenario with continued increases in greenhouse gas concentrations is RCP 8.5
[19-21].

DNDC simulations using the RCP 8.5 scenarios were conducted to project CO, emissions
for the years 2050 and 2100, in the context of climate change. RCPs serve as standardized
scenarios used to represent different potential futures of greenhouse gas emissions and
concentrations, thus providing invaluable insights into the range of possible climate outcomes
[22]. These simulations provide insights into potential future emissions under a high greenhouse
gas concentration trajectory, helping to understand the long-term impact of climate change on
carbon dynamics.

The model input data (climate, soil and management practices) are listed in Table 1. Daily
values of atmospheric temperature and precipitation were retrieved from the Baneasa
meteorological station. The soil parameters were based on the results of field studies. The
cultivation period was designated between March 1st and October 30th for all SC crop practices
and between April 15th and September 30th for SP. The fraction of leaves and stems left in the
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field after harvest was considered to be 100%.

Table 1. Details of the input data for the model predictions

Model Prediction

Data Type Sub-Type Unit SC soil P soil
Climate Tempgratgre °C Daily values for 2022
Precipitation Cm RCP 8.5 for 2050, 2100
Management Fertilization kg N ha'! Auto-fertilization
practices Tillage Cm N/A
Bulk density gcm’ 1.07191 1.5078
Soil Clay % 14 63
Initial SOC kg C/kg soil 0.00274 0.00638
pH 7.42 6.21

The method applied to assess emissions at the soil-atmosphere interface is based on
directly measuring CO; fluxes inside a chamber with a known surface area [23], which was
conducted using a portable infrared CO; gas analyzer (EGM-5) presented in figure 3. The method
used is dynamic, relying on monitoring the variations in concentration of carbon dioxide (ppm)
between air entering and leaving the chamber [24]. Soil respiration (kg C/ha/day) was calculated
by tracking the rate of change in the concentration of CO, inside the chamber over a 60-second
period.

Fig. 3. CO; flux analyzer with a closed dynamic chamber

The DNDC model's performance was evaluated based on in-situ CO; emission
measurements and goodness of fit indicators: relative bias in percent (RBP), the Nash-Sutcliffe
efficiency coefficient (NSE) and mean absolute error (MAE). PBIAS measures the overall bias
of the model by indicating whether the simulated values tend to be higher or lower than the
observed data [25]. The NSE evaluates the model’s predictive accuracy [26], while MAE, on the
other hand, represents the average magnitude of errors between the simulated and observed
values, calculated as the mean of the absolute differences between them [27].

L (simi—obs;) | NSE = 1 — TR (obsj—sim)?

It Isim;—obs;|
n — >
Tt obs; . i=1(0bs;—0bs)?

RBP = MAE = D

where: sim; represents the forrecast value and obs; represents the observation value.
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The combined use of these metrics provides a comprehensive assessment, confirming that
the model accurately captures the dynamics of carbon emissions with minimal bias and acceptable
error margins, ensuring the reliability of the simulation results.

Results and discussion
The graphs in Figure 4 provide a comprehensive daily breakdown of the CO fluxes

from the soil-atmosphere interface, observed and measured during the year 2022 in the
locations SC (Fig. 4a)) and SP (Fig. 4b)).
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Fig. 4. Interannual variations of soil CO, emission fluxes observed and modelled for SC (a) and SP (b)

Fluxes are minimal in the winter, when biological activity naturally reduces, which reflects
the slower rate of these processes. Consequently, during the winter season, the daily
simulated CO, emissions for the SC location ranged from 0.88 to 5.83kg CO,-C ha™! d"!, whereas
the observed values ranged from 0.14 to 5.81kg CO,-C ha™! d"!. In the SP location, the simulated
values for the winter season ranged from 0.12 to 3.17kg CO,-C ha™! d!, while the values
measured in-situ were between 0.07 and 2.61kg CO»-C ha™! d™'. In contrast, the growing season
is characterized by significant fluctuations in greenhouse gas emissions as biological activity
intensifies. The simulated values of the model for the SC location, between 3.77 and 6.19kg CO»-
C ha™! d! are closely correlated with the measured values between 3.82 and 6.15kg CO,-C ha™
d™! and highlight this seasonal dynamic, providing an insight into how CO, emissions vary
throughout the year. The model tends to overestimate CO emissions compared to the measured
values in the SP location throughout the growing season and peak emission period; nonetheless,
the model corresponds to the observed data.

The key performance metrics for SC and SP show distinct differences in their predictive
accuracy and performance. SC has a relatively lower RBP (5.2%) compared to SP (16.7%),
indicating SC's predictions are closer to the observed values. However, SP's higher NSE (0.96)
compared to SC's (0.87) suggests that SP's model explains more of the variability in the data,
reflecting a better fit overall. Both models have similar MAE values, with SC at 0.54 and SP at
0.49, indicating that the average magnitude of prediction errors is quite close. While SP
demonstrates a better fit and slightly lower error, SC's lower RBP suggests it may have more
accurate predictions relative to its observed values.

The comparison of the measured fluxes with field measurement data through these
performance metrics shows that, while the model slightly overestimates the emissions in the two
locations, it fits well in simulating the observed data.

The seasonal variation in CO: emissions among different ecosystem components for
locations SC and SP are presented in figure 5 and reveal distinct patterns.
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Fig. 5. Composite modelled CO, fluxes of the SC (a) and SP (b) over 2022

The plant CO: emissions shows significant fluctuations, with notable peaks around the
vegetation season for both locations, indicating periods of high photosynthetic activity or plant
respiration. Root CO- shows a sharp peak for the SC location between days 130-165, suggesting
intense root respiration during the growing season, while for the SP location it shows a similar
period of increased emissions followed by a decrease, reflecting short root activity. In the SP
location, emissions from this ecosystem component indicate a stable trajectory until the period of
soil flooding, when a steep increase was observed, followed by notable variations, reflecting the
decomposition of organic matter under flooding conditions. In contrast, emissions from litter CO,
in the SC location remain relatively stable with slight increases. The emissions from ground veg-
etation show a seasonal pattern for both locations, with higher emissions during the warmer
months. In location SC, the peak correspond to the early summer period when vegetation activity
is typically higher due to favorable weather conditions. CO: emissions from ground vegetation at
the SP site also peak early but decline more steadily, indicating a later end to active growth.

Impacts of climate change on GHGs emissions

Under RCP 8.5 climate change scenario, CO, emissions from both locations are
significantly higher in 2050 and 2100 compared to the baseline which represents the reference
level of CO; emissions from 2019-2023. According to figure 6a, the model for top-soil emissions
from the SC location predicts an increase of 16.79 % until 2100. Emissions for 2050 and 2100
generally follow the baseline model, but with some notable differences, where the peaks in 2100
are generally higher than those in the baseline and 2050, which might suggest changes in soil
composition, microbial activity, or environmental conditions affecting CO emissions.
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Fig. 6. Topsoil emissions (a) and ecosystem respiration (b) simulated according to RCP 8.5
scenarios for the SC location

The graph in figure 6b shows the ecosystem's respiration rate variability model (Reco) for
the SC location according to scenarios for 2050 and 2100. Re, simulated for 2050 and 2100
follow a similar pattern, with particularly pronounced peaks that appear to be seasonal and
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troughs occurring around the same days throughout the year. The 2100 scenario exhibits higher
peaks than Baseline and 2050, indicating an increase in rate over time, with occasional spikes
significantly higher than the general trend.

According to the same RCP 8.5 scenario, the model predicted the CO; emissions from top-
soil atmosphere interface and Reco for SP location, as shown in figure 7. The scenarios have been
conducted here without considering periodic or permanent soil flooding events. The model for
CO; emissions predicts an increase of 14.02 % until 2100. The more pronounced difference
between the simulations for 2100 compared to the baseline and 2050 is observed before the
vegetation period, between days 50 and 110, when higher peaks are simulated. The model for the
variability of Rec, follows a similar pattern for the analyzed scenarios. In comparison to Baseline
and 2050, the 2100 scenario shows higher peaks, suggesting a gradual increase in rate with
intermittent increases that are noticeably higher than the overall trend.

CO, emissions (kg Cinaiday)

T T 1
185 215 285 ais 285
Days afthe year Days of the year

a) b)
Fig. 7. Topsoil emissions (a) and ecosystem respiration (b) simulated according to RCP 8.5
scenarios for the SP location

The Table 2 presents greenhouse gas emissions under two different scenarios (SC and
SP) for baseline conditions, as well as projections for 2050 and 2100. CO, emissions are
projected to increase across both scenarios, with SC showing a rise from 5960.01kgC/ha/yr at
baseline to 7215.35kgC/halyr by 2100, while SP shows a higher increase from 7405 kgC/ha/yr
at baseline to 8443.45kgC/ha/yr by 2100.

Table 2. Model outputs for SC and SP areas and greenhouse gas (GHG) emissions for each
of the two scenarios (2050,2100 under the RCP 8.5 projection)

Model Outcome GHGs Emissions

Unit SC SP
Scenario | Baseline | 2050 | 2100 Baseline | 2050 | 2100
CO, emissions kgC/halyr  5960.01  6960.91 7.215.35 7405 8091 8443.45
CH, emissions kgC/halyr -1.67 -1.86 -2.09 18.24 -0.42 -0.49
N,O kgN/haly 12.92 15.78 17.6 0.63 29.48 36.59
NO kgN/haly 0.13 0.39 0.42 0.05 0.46 0.52
N, kgN/haly 0.41 0.9 0.99 0.12 2.68 3.2
NH; kgN/haly 221 36.54 38.33 53.15 59.92 66.12
*Baseline

Interestingly, CH4 emissions under SC decrease slightly over time, shifting from -
1.67kgC/halyr at baseline to -2.09kgC/ha/yr by 2100, while SP sees a significant reduction from
18.24kgC/halyr at baseline to -0.49kgC/ha/yr by 2100. N,O and other nitrogen-related emissions,
such as NO, N2 and NHs, generally show an increasing trend across both scenarios, with SP
indicating a more pronounced rise, especially in N,O emissions, which jump from 0.63kgN/ha/yr
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at baseline to 36.59kgN/ha/yr by 2100. These results highlight the potential for significant
changes in greenhouse gas emissions over the century, varying notably between scenarios.

Conclusions

The results present significant findings regarding the dynamics of carbon emissions in
wetland ecosystems, particularly using the DeNitrification-DeComposition (DNDC) model. In-
situ measurements of CO fluxes were conducted monthly in 2022, validating the model
simulations through statistical analysis of uncertainties. The comparative analysis between the
SC and SP locations reveals differences in model performance. While the SC location shows a
lower relative bias percentage (RBP) of 5.2%, indicating closer alignment with observed values,
the SP location demonstrates a higher Nash-Sutcliffe efficiency (NSE) of 0.96, reflecting a better
overall fit to the data. Despite these differences, both models exhibit similar mean absolute errors
(MAE) for SC and SP of 0.54 and respectively 0.49, indicating that prediction errors are
consistent across locations. This balance between accuracy and fit underscores the utility of the
DNDC model in capturing the complexities of CO, emissions in different wetland environments.
Thus, the results showed consistency between DNDC outputs and field measurements, improving
the confidence in the model's application for assessing wetland ecosystems.

The analysis revealed that CO, fluxes are highly sensitive to temperature and soil
moisture/flooding conditions. The SP location provides support for the correlation between soil
flooding and CO; emissions, since the monitoring year's CO, emissions were significantly
decreased due to flooding that occurred in August.

The model's forecast under RCP 8.5 scenario for both the SC and SP locations indicates
substantial increases in CO, emissions by 2100 compared to baseline levels (2019-2023). The SC
location shows a predicted increase of 16.79% in top-soil emissions by 2100 and for SP location
was predicted an increase of 14.02%. This pattern indicates that changes in seasonal dynamics,
such as shifts in the timing and intensity of biological processes, could significantly influence
carbon emissions. The absence of flooding events in the model simulations further emphasizes
the sensitivity of these ecosystems to climatic variables.

As these models indicate significant rises in emissions by 2100, future perspectives will
focus on improving the accuracy of simulations and integrating more detailed data on local
climate variations and biogeochemical processes to enhance predictive capabilities.
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