10

15

20

25

30

https://doi.org/10.5194/egusphere-2026-5602
Preprint. Discussion started: 1 October 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

Vegetation, drainage and peat depth control ecosystem scale
nitrogen loading from a cultivated peatland

Miika Lipikivi!?, Maarit Liimatainen!?, Milla Niiranen', Valtteri Hyoky?, Hermanni Aaltonen’, Bjorn
Klove?, Hannu Marttila®

!'Natural Resources Institute Finland, Production Systems, Paavo Havaksen tie 3, FI-90570 Oulu, Finland

2 University of Oulu, Water, Energy and Environmental Engineering Research Unit, Pentti Kaiteran katu 1, FI-90570 Oulu,
Finland

3 Finnish Meteorological Institute, Climate System Research, Erik Palménin aukio 1, FI-00560 Helsinki, Finland

Correspondence to: Miika Lépikivi (miika.lapikivi@luke.fi)

Abstract. Organic soils are productive for cultivation, but leaching loss to water bodies and the atmosphere emissions causes
high environmental and climatic costs. Nutrient losses are not constant in time or space; instead, they are formed by the
interplay between soil stocks, farmer management actions, hydrological processes, and weather drivers. Monitoring systems
that capture these aspects are necessary to better integrate cultivated peatlands into broader hydrological and climate systems
and assess the effectiveness of farm-level interventions to mitigate harmful emissions.

We conducted a two-year study with hourly monitoring of the water table depth, drain discharge, drainage nitrate (NO3), and
atmospheric nitrous oxide (N>,O) concentrations in a 26-ha cultivated peatland on top of an acid sulfate affected subsoil. The
field was divided into six blocks with an organic horizon varying from 15 to 75 cm. During the monitoring period, the grass
sward was renewed and the drainage depth was adjusted from 80 to 30 cm.

Drainage flow and NOs3-N concentrations showed high seasonal variability, with the highest drainage flow occurring
together with a high NOs3-N concentration and an elevated water table during spring and autumn, and the lowest
concentration and drain discharge during the growing season. Adjustment of the drainage depth drastically reduced the
generation of drain discharge; however, the drainage NO3-N concentration was only slightly reduced. Annual export of NO3-
N through drainage systems from deep and shallow peat portions was 4.75 kg NO3-N h! year "' and 3.81 kg NOs-N h'year !
with majority of NO3-N leaching occurring during single spring melt event during period with bare soil without plant cover.
Atmospheric N.O concentrations co-varied with drainage NO3-N only during bare soil periods when elevated soil
temperatures coincided with high NOs availability. During vegetated periods, this coupling was absent despite similar NO3
levels, highlighting the critical role of plant uptake and environmental constraints in regulating N-O emissions.

In addition to process insights, this study demonstrates the feasibility and limitations of high-frequency optical NOs-
monitoring in iron-rich, organic drainage waters. Together, the results highlight the importance of hydrological event timing,
vegetation cover, and drainage management in controlling nitrogen losses and provide guidance for both mitigation

strategies and monitoring system design in peatland and agricultural ecosystems.
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1 Introduction

Peatlands are major terrestrial stores of carbon (C) and nitrogen (N) (Leifeld and Menichetti, 2018); however, their drainage
for agriculture fundamentally alters these reservoirs and accelerates their losses to the atmosphere and aquatic systems
(Freeman et al., 2022; Silverthorn et al., 2026). While preventing new drainage and promoting rewetting are effective
strategies to reduce C and N losses, large areas of peatlands remain under agricultural use owing to economic and food
security pressures. Various management methods for drained peat soils, such as reduced drainage depth (Freeman et al.,
2022), conversion to grassland (Holzknecht et al., 2025), abandonment (Keck et al., 2024), or reduced tillage (Honkanen et
al., 2024) are suggested to optimise growing or minimise climate change impacts, but clear evidence of their efficacy is still
lacking.

Managed grassland for feed production to ruminants is a common land use for European agriculture, especially in Northern
Europe, where climatic conditions favour perennial forage production (Olesen and Bindi, 2002). A typical rotation on
intensively managed grassland consists of 3-4 years of continuous grass cover, which is harvested and fertilised 1-3 times
during the summer. After that, the grass sward is terminated with herbicide, fields are ploughed, and fields are sown with
cereal crops for one year before starting the new grass sward (Virkajérvi et al., 2015).

Nitrogen-based leaching to water bodies, such as nitrate (NO3"), and emissions to the atmosphere as nitrous oxide (N>O), are
major components of the negative environmental impacts of drained cultivated peatlands (Gerin et al., 2023; Pham et al.,
2023). Mineralisation of soil organic matter to ammonium (NH4") and nitrification to water soluble nitrate (NO3") is a major
source of harmful leaching (Frick et al., 2022), which can be denitrified to N,O (Butterbach-Bahl et al., 2013) or mobilised
through drainage systems when hydrological connections are activated in the soil profile (Cain et al., 2022).

Grassland renewal has been identified as a hotspot for N>O emissions and NO;3  leaching owing to the enhanced
decomposition of organic matter together with reduced nitrogen uptake by vegetation (Offermanns et al., 2023; Semberg et
al., 2026). Previously, the availability of dissolved NO3" in pore water or soil has been linked to higher N>O fluxes (Buchen
et al., 2017; Offermanns et al., 2023; Velthof et al., 2010), suggesting that hydrological and gaseous nitrogen loss pathways
may be closely interconnected. Despite this, high-frequency continuous observations of NOj3™ leaching remain limited in the
context of field-scale drained peatland production systems. An improved understanding of the temporal coupling of nitrogen
loss pathways can help develop effective mitigation strategies and improve process-based models.

Here, we employed simultaneous high-frequency monitoring of drain runoff NO; and atmospheric N>,O concentrations for
two years on a northern cultivated peatland during grass renewal and under different water table management periods. This
study has three aims. First, we assessed the long-term performance of a UV spectrometric nitrate sensor in iron and organic
compound-rich subsurface drainage operated via a multiplexed sampler. Second, we quantified how a rising drainage outlet
affects the generation of NO3™ leaching across drainage blocks, highlighting the implications for the timing and magnitude of

nitrate export. Third, we evaluated the conditions under which drainage NOj3  concentration co-vary with elevated
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atmospheric N>,O concentration. Collectively, these objectives deliver both an operational blueprint for high-frequency
optical monitoring in challenging peat systems and process insights necessary for effective mitigation and modelling of

nitrogen losses in cultivated peatlands.

This paper utilized field-scale measurements of greenhouse gases and nutrients in drainage water. Nitrogen losses through
the drainage were highly seasonal, are affected by the drainage management and the peat depth within the field. Increased
greenhouse gas concentrations were observed with increased concentration in drainage water was observed only during the
grassland renewal. The results show that management actions can have meaningful impact to mitigate impacts of managed

peatlands.
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2. Materials and Methods
2.1 Study site and field management

Monitoring is located at the NorPeat facility (Lat 64.684°, Lon 25.106°), a 26-ha cultivated peatland located in the Finnish
west coast lowlands. The organic soil horizon in the field varied from 16 to 76 cm. Three of the blocks (1, 2, and 4) had an
average peat depth of 56 cm. Blocks 3, 5, and 6 had relatively shallow organic horizons of 34 cm. The subsoil consists of
fine-grained mineral soils and is affected by acid sulfate deposits (Yli-Halla et al., 2022). This open-air facility is part of the
AnaEE network (AnaEE-ERIC, 2026). The climatological normal (1991-2020) annual average temperature is 3.2 °C and
annual precipitation is 555 mm. The snow-covered period begins in November and continues until April (Jokinen et al.,
2021). During the study period, the fields were used in a subsurface irrigation experiment, in which additional water was
added to the drainage systems during the growing season to increase the water table level and mitigate greenhouse gas

emissions.
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Figure 1. A) Overview of the NorPeat measurement field and locations of data sources. Along Blocks 1 and 2, the water reservoir
used to supply additional water for irrigation during the growing season is visible. The drainage outlets from each drainage block
were connected to the discharge measurement well with a subsurface pipe. B) Analyser, sampler, and sample holder located in the
drainage measurement well. C) Drainage outlets to the drainage collection well. Tubing to the optical analyser is visible on top of
the pipes.

In 2022, fields were sown with barley (Hordeum vulgare, var. “Vertti”) and fertilised 300 kg ha™! (20-2-12 N-P-K) granular
mineral fertiliser on 9-10 June and harvested in September. On 21 September the field was sprayed with glyphosate and
between 9-11 October field was ploughed, leaving fields without plant cover for winter.

In 2023, harrowing of the fields started on 15 May but was aborted due to wet conditions and finished on 22 May. On 29
May the field was sown with barley (var. “Hermanni) and grass seed mixture consisting of 75 % Phleum pratense Var.
“Tryggve” and 25 % Festuca pratensis Var. “Minto” and fertilised with 200 kg ha™! 20-2-12 N-P-K fertiliser. Between 30
August and 8 September fields were harvested, and grass was left in the field for winter. During 2024, fields were fertilised
on 21 May with 400 kg ha™' 20-2-12 N-P-K fertiliser and on 17 July with 364 kg ha"! 22-0-12 N-P-K fertiliser. The field was
harvested three times: first harvest on 14 July, second harvest on 2 August, and third harvest on 10 September.

The field is drained using subsurface drainage systems with adjustable weirs. In 2023, the drain outlets were set to an
average depth of 80 cm for the entire field. Drain outlets were extended on 17 May 2024 to set the field average drainage

depth to 30 cm.

2.2 Environmental monitoring

The drainage systems in the field were renewed in 2017, and the field was divided into six separate drainage blocks with
discharge monitoring every 15 min. In August 2023, drainage collection expanded to include the remaining drainage blocks.
Water levels were monitored hourly up to 2-meter depth with relative pressure sensors (Keller PR-26D) from four points in
each drainage block. The monitoring points were at the midpoints of the subsurface drainage laterals. N>O concentrations
were measured by the Finnish Meteorological Institute (FMI) using an eddy covariance (EC) system located in the middle of
the field. The details of the measurement system and data processing are described in Gerin et al. (2023). Continuous soil
temperature measurements at -5 cm and -30 cm depths from the EC measurement location were retrieved from the Field
Observatory (Nevalainen et al., 2022). Meteorological observations, such as precipitation, snow depth, and air temperature,
were obtained from the FMI weather station (National ID 101787), located 400 m from the drainage collection point. The

wind speed was observed at the side of the monitoring field.

2.3 Water quality monitoring

Drainage water from the drainage blocks is directed to the drainage collection well which houses the discharge
measurements, flow-weighted sample pumps, and collectors. A commercial UV-absorbance sensor (Opus TriOS) using a 2

mm path length and custom multiplexing sampler was built to allow sampling and measurement of each individual drainage
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block. An optical analyser and sampler system were installed in the drainage collection well in the spring of 2024 (Fig. 1 B
and C). The sensor measures UV-absorbance spectra between 200 nm and 360 nm with 0.8 nm resolution. The sensor uses a
proprietary method to utilise the entire spectrum to determine nitrate-N (NOs3-N) and dissolved organic carbon (DOC)
concentrations. The measurement cycle was set to start every 30 min and each block was sampled and analysed in sequence.
A mechanical wiper was programmed to clean the lenses of the sensor before each measurement. To minimise the mixing of
samples between each block, the tubes and valve manifold were first flushed with water from the currently measured block,
then the analysis cup was purged, and finally the analyser cup was filled with the analysed sample. During the study period,
the sensor lenses were cleaned once a week with basic and acidic solutions and a small brush to minimise the fouling of
optical surfaces by organic compounds and rust precipitation.

During the measurement period, the measurements were stopped a few times. In August 2023, the collection well was
updated, forcing a maintenance break for the sampler and analyser. In October 2023, heavy rain flooded the collection well
and monitoring system. In April 2024, rapid snowmelt flooded the fields again, causing a gap in drainage measurements.
During the summer of 2024, the sampler occasionally provided sufficient samples for analysis. For measurements starting in
October 2024, the lenses were thoroughly cleaned by submerging in oxalic acid solution for multiple days and wiping with
lint-free paper. During cleaning, the sampler was restored to the working condition by completely dismantling and
thoroughly cleaning each component.

To assess the function of the sampler and analyser, a total of 50 water samples from running water at the drainage outlet
between 30 May 2023 and 12 December 2024 were analysed for DOC and NOs-N concentrations at an accredited laboratory
(Eurofins Ahma Oy). Analyses of DOC were performed according to the standard (SFS-EN ISO 1484, 1997) and for NO3-N
(SFS-EN ISO 13395, 1996). Most calibration samples were from Block-4, with 12 samples, and the least number of samples
were from Block-6, with three individual samples (Supplementary Table S1).

2.4 Data processing

The measurement data were read from the data sampler controller system every few months. All data cleaning and analysis
were performed using R version 4.5.2 (R Core Team, 2025) in the RStudio environment. The original 30-minute time series
data, with parameters from the sensor, were averaged to an hourly time series and combined with the hourly average of
drainage discharge, water table depth, and soil temperature. Technical filtering of the N,O raw data was performed by setting
the required cell pressure to 70 — 110 Torr and filtering the values below the ambient threshold of 320 ppb. Raw data were
aggregated to one minute resolution time series, and each minute was required to have at least 20 s of observations. These
data were aggregated to hourly averages, and all hours with an average wind speed of less than 2.5 m s*' were removed from
the final dataset.

Optical sensor water quality data were manually quality controlled for sampler malfunctions and dry drain outlets. The

periods when the measurements from all drainage blocks rapidly converged to the same value indicated sampler malfunction
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and were removed from the data. During the dry periods, some drain outlets dried completely, making it impossible to

extract samples for analysis. This is indicated by rapid fluctuations in the measurements and their removal from the data.
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3 Results
3.1 Monitoring system and data quality

A two-year monitoring period with the optical sensor started on 11 April 2023 and ended on 15 April 2025. This period
covers a total 17 645 possible hourly observations. After data processing Blocks 1-4 had usable observations ranging from
11 877 to 11 328. A smaller number of measurements were made from Block-5 (6 820 observations) and Block-6 (9 802
observations).

The overall fit of the linear model between the laboratory samples and in situ analyser NO3-N measurements was acceptable
(R? = 0.62). In the block-wise assessment, NO;-N had satisfactory agreement with the laboratory analyses for drainage
blocks 1-5 with R? ranging from 0.59 to 0.86. Samples from Block-6 showed poor agreement, but the number of samples
was very small (Supplementary Fig. S1).

The relationship between the sensor and laboratory analysis for DOC was more complicated because the overall fit between
the laboratory samples and sensor output with the linear model was poor (R? = 0.17). Splitting the calibration data for years
2023 and 2024 and omitting two groups of outliers from year 2023 improved the fit between laboratory analyses and sensor
data, with R?= 0.58 and R?= 0.72 for years 2023 and 2024, respectively (Supplementary Fig. S2). Dissolved organic carbon
was dropped from the analysis from this point onwards because of insufficient laboratory analyses to conduct a new

calibration.

3.2 Seasonal NO3 dynamics

Over the entire monitoring period, the average water table depth was 0.76 m and ranged from 0 m to 1.9 m, which is the
maximum depth that the monitoring system can observe. Mean drain discharge was 0.52 mm d!, and it varied from 0 mm d-!
to 20.34 mm d-!. Air temperature varied between 24 °C and -33 °C, but the minimum soil temperature at 5 cm depth was -1.7
°C, which occurred during milder winter with smaller maximum snow cover. Typically, water table depth, drain discharge,
and drainage NO3-N concentration varied together seasonally, with the highest values occurring in the spring during
snowmelt and autumn before the development of snow cover.

Two of the four NO3-N leaching events were fully captured by the high-resolution drainage monitoring system. The first
event occurred in April 2023, almost immediately after the measurements began. The drainage discharge started to increase
rapidly after the snow started to melt, and a peak discharge of 11.8 mm d! and NOs-N concentration of 28.9 mg 1! occurred
while fields were still covered in snow. After the peak, the drainage NOs-N concentrations in the drainage started to decline
steadily with the NOs-N concentrations from block drain water ranging within 10 mg 1! from each other until mid-June when
drainage NOs-N the plants started to grow, and the NO3-N concentration converged rapidly to 1.5 mg 1.

The next events were autumn and winter events in 2023 and 2024 which occurred before the development of snow cover.
The measurements during the Autumn 2023 leaching event were stopped when the largest observed daily precipitation of

42.6 mm flooded the drainage collection well. Peak drainage discharge and NO3-N concentrations were not recorded. The
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tail of the autumn high NO3-N concentration extended to the snow-covered period, and there was still activity in the NO3-N
concentration even with air temperature reaching -33 °C. During the winter, NO3-N measurements from Block-2 were
distinct from other blocks, with NOs-N fluctuating around 10 mg 1", In the other blocks, the drainage NOs-N concentration
tended to stay between 1 and 5 mg I''. The average nitrate concentration in the drainage water during both winter periods
was 2.2 mg I"! and the highest concentrations were 17.5 mg I'' and 19.5 mg I'' during cold and mild winters, respectively.

The last NOs-N leaching event occurred during winter between 2024 and 2025, when the drain outlet elevation was adjusted
to average depth of 30 cm from the field surface to minimise the nutrient leaching through the drainage systems. Peak drain
discharges (2.5 mm d') were measured at the end of October, but the peak drainage NOs-N concentrations (20 mg 1)

occurred a month later at the end of November and early December (Fig. 2, a and d).

10
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Figure 2. Monitoring data from the analysis period of 11/2022 — 04/2025. Highlighted periods with the best NO3 concentration
measurements, which are analysed in more detail. The vertical line shows the time when the drain depth was adjusted from an
average depth of 80 cm to an average depth of 30 cm across the entire field. A) Drainage NOs-N concentrations [mg I''] from all
blocks 1. B) Atmospheric N2O concentrations [ppb] C) Daily water table depth. [m] D) Daily drain discharge [mm d-!] 1. E) Snow
depth at meteorological station [cm] F) Daily air and soil temperatures at depths of 5 cm and 30 cm. [°C] G) Daily precipitation
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210 Table 1. Overall and seasonal means of weather, field conditions, and nitrogen related measurements. Values in parentheses

indicate the full range of observations.

Overall Bare Soil Cold winter Plant cover Mild winter
N = 4,364/ N =383/ N =732/ N = 2,196/ N = 1,053/
Weather Precipitation 1.48 1.04 1.21 1.81 1.14
[mm d"] (0.00,42.57) | (0.00,10.11) = (0.00, 13.15) (0.00, 42.57) (0.00, 16.61)
Air temperature =~ 4 (-33, 24) 8(0,17) -9 (-33,3) 10 (-10, 24) -2 (-20,11)
[°C]
Snow depth 21 (0, 69) 8(0,41) 40 (3, 69) 20 (0, 56) 12 (0, 35)
[cm]
Field condition Drain discharge 0.52 0.97 0.21 0.66 0.29
[mm d"] (0.00,20.34) | (0.00,11.84)  (0.00,20.34) (0.00, 10.48) (0.00, 8.35)
Water table 0.76 0.48 0.78 0.83 0.70
depth [m] (0.00,1.90) | (0.00,1.21) (0.15, 1.09) (0.00, 1.90) (0.04, 1.62)
Soil temperature 5.5 5.6 -0.4 9.7 0.9
5 cm depth [°C] (-1.7,18.5) = (-0.1,11.2) (-1.2,0.0) (-0.3, 18.5) (-1.7 ,8.8)
Nitrogen N2O 343.4 345 342.8 343.8 342.4
concentration (334.2, (334.2, (337.1,347.2)  (337.8,389.6) @ (339.2,346.6)
[ppb] 389.6) 354.1)
Drain NO3-N 2.3 7.9 22 1.4 22
concentration (0.0, 28.9) (0.2,28.9) (0.0,17.5) (0.0, 24.5) (0.0, 19.5)
[mg 1]

! Mean (Min, Max)

12
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3.3 Drainage management impact to NO3-N leaching

215 During the establishment of the new grass sward, the average drainage depth was 80 cm from the field surface, which was
the minimum drainage depth of the factory made control well allowed. After the development of the new grass sward, the
drainage depth was decreased to an average of 30 cm by extending the overflow weirs in the well. The maximum NO3;-N
concentrations were 19.5 mg 1! during the period with 30 cm drainage depth and 28.9 mg 1"'. The drain discharge rate was
reduced from 0.78 mm d! during the 80 cm drainage depth period to 0.18 mm d-' during the 30 cm drainage outlet depth.

220  There was no clear change in the water table depth due to the decreased drainage depth (Supplementary Table S2).

The drain discharge was related to the water table depth, and this relationship was modified by adjusting the drainage depth.
Discharge through subsurface drains was initiated in both cases when the water table depth decreases to 0.75 meters. When
the drain outlets were set to 80 cm depth, drainage started to increase rapidly and reached up to 2.5 mm d! when WTD
reached the soil surface. During the reduced drainage depth, the drain discharge when the WTD was at the surface was near

225 1 mmd'(Fig. 3 a.)

The drainage NO3-N concentration tended to increase when the water table reached the soil surface with a clear cutoff at 1 m
depth. Drainage NOs-N concentrations above 5 mg 1! were only observed when WTD was less than 1 m from the field
surface. The fitted curve for the 30 cm drainage depth was consistently below the curve fit for the 80 cm drainage depth

period, indicating a persistent decrease in NOs-N leaching during the later period. (Fig. 3 b.)
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Figure 3. Relationship between water table depth and components of NO3-N leaching during periods with different drainage
depths. Lines show the GAM smoothing fitted to each drainage depth period separately. A) Subsurface drain discharge as a
function of water table depth B) NO3-N concentration in drainage water as a function of water table depth

13
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3.4 Event and Spatial heterogeneity of leaching across blocks

Over the whole monitoring period, the average drain discharge from shallow peat blocks (Blocks 3,5 and 6) was 0.05 mm d!
higher than that in the deep peat blocks (Blocks 1, 2, and 4), but the average nitrate concentration was 0.7 mg 1! higher in the
deep peat blocks. The two-year average water table depth was almost the same for the deep and shallow peat blocks, but the
maximum observed water table depth was 57 cm deeper in the shallow peat blocks. Over the two-year period average annual

NO3-N export was 4.75 kg NOs-N ha'! year! from deep peat blocks and 3.81 kg NO;-N ha™! year! shallow peat blocks.

Table 3. Measurements related to NO3-N leaching over a two-year monitoring period divided by peat depth. Average water table
depth, drain discharge, and NO3-N concentration for two portions of the field with different peat depths. Deep peat included
drainage blocks 1, 2, and 4, and shallow peat included measurements from drainage blocks 3, 5, and 6. To assess the nitrate output
from the field gaps in the drain discharge, the NO3-N concentration was linearly interpolated.

Deep peat Shallow peat
N=2.205" N=2,159’
Drain discharge [mm d!] 0.50 0.55
(0.00, 11.84) (0.00, 20.34)
Water table depth [m] 0.75 0.77
(0.02, 1.43) (0.00, 1.90)
NOs-N [mg 1] 2.6 1.9
(0.0, 28.9) (0.0, 20.9)

Two of the three leaching events had nearly complete records of drain discharge and NO3-N-concentrations from all drainage
blocks. After interpolating over the missing gaps, a cumulative sum for the NOs3-N and drainage outputs was calculated for
the spring 2023 melt event between 30 June 2023 and 11 April 2023 and winter between 24 April 2025 and 4 November
2024 for each drainage block. At the beginning of the spring of 2023, the field was covered with snow. Melting snow and
precipitation during the event caused an average water input of 118 mm, ranging from 106 to 142 mm within the field.
Cumulative sums were calculated for an 80-day period. Average water input intensity 1.5 mm d!. The average drainage
outflow from the field was 68.7 mm ranging from 0.3 mm from Block-6 to 139 mm from Block-1. During the spring melt
event NOs-N leaching was on average 7.7 kg NOs-N ha! and ranged from 0.005 kg ha! from Block-6 to 12.3 kg ha™! from
Block-1 (Supplement Table S2). The melt event started with low NO3-N concentration water in Blocks 2 and 4. Blocks 4 and
1 show a rapid increase in the drainage outflow. Overall, the NO3-N output from the drainage blocks increased linearly with
drain discharge generation. Water and NO3-N output from Blocks 2,3 and 5 followed similar trajectories and ended at around

50 mm drain outflow and 7.5 kg NO;-N ha! (Fig. 4)
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During the winter runoff activation period, the total water input was 142 mm. Cumulative sums were calculated over a 171-
day period. The average water input intensity was 0.83 mm d-'. Average drainage output from the blocks was 29.4 mm and

260 ranging from 1.8 mm from the Block-6 to 86.8 mm from Block-4. During the winter period average NOs-N output was 0.78
kg NOs-N ha! ranging from 0.02 kg NO3-Nha! from Block-6 to 1.63 kg NOs-N ha'! from Block-4 (Supplement Table S2).
Outputs of NO3-N and runoff were the largest from Blocks 4,3 and 2. The dual-mass lines from these plots show a period of
rapid increase in the NO3-N output. Blocks 3,4 and 5 with the highest drain outflows show an (Fig. 4.)

— Block-1 — Block-3 — Block-5

Source: 1ok — Block-4 — Block-6

Bare Soil, Spring 2023 Mild winter, 2024-2025

—_—
(0] N
1 L

LN
1

Cumulative NOs-N outflow [kg ha™"]

0 50 100 0 50 100
Cumulative drainage outflow [mm]

265 Figure 4. Dual-mass curves for NO3-N and drainage outflow for each block. A) Spring snowmelt 2023 from field with bare soil B)
NO3-N and water output during mild winter between 2024-2025 with average 30 cm drainage depth and plant cover in the field.
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3.5 Co-variation of drainage NOs-N and atmospheric N2O concentrations

To assess the potential linkage between drainage NOs-N and air N,O concentrations, the hourly average of all measurement
blocks was calculated and compared with the hourly air N,O concentration. Most of the observations were from times when
average NO;-N concentrations were less than 5 mg/l and air N,O concentrations were between 340-345 ppb. Elevated N,O
concentrations rarely occurred in air (Supplementary Fig. S3).

Elevated N>O concentrations were observed together with high drainage nitrate concentrations only during the period with
bare soil in the beginning of the monitoring period from 1 April 2023 to 15 June 2023. A peak N>O concentration of 360 ppb
occurred when the soil temperature was above 5 °C and drainage nitrate concentration was approximately 10 mg 1"\. The
maximum field average NOs-N concentration reached 20 mg 1!, but the air N,O concentrations started to decline from the
peak concentrations together with soil temperature. Similar conditions with increased NOs3-N concentrations and elevated
soil temperatures were observed during the plant-covered period, but without an indication of increased N>O concentrations.
During the mild winter, the range of drainage NOs-N concentrations was between 0 and 12 mg 1"\ During the cold winter
drainage NO;3-N concentrations ranged between 0-6 mg 1. No instantaneous co-variation with air N,O and drainage NO3-N

was observed during either winter period (Fig. 5).
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Figure 5. Heatmap of N2O and NOs3-N measurements during different winter and plant coverage periods in the field. The mean
atmospheric N2O concentration during the monitoring period was 343.4 ppb. The colour of the bin indicates the average soil
temperature at S cm depth for observations that are placed in the bin.
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4 Discussion

Drained peat soils are major contributors to national GHG emissions and eutrophication in local waterbodies (van
Giersbergen et al., 2025; Silverthorn et al., 2026), and better management practices and process understanding are needed to
control minimize impact. This study shows that ecosystem scale nitrogen losses from cultivated peatland were highly
episodic and that the controls on nitrate export and atmospheric N-O were only partly shared. These findings are discussed
below in relation to (i) hydrological controls on runoff and nitrate export and the effect of drainage depth management, (ii)
the seasonal coupling between drainage NOs™N and atmospheric N2O, and (iii) implications for monitoring design in the

context of boreal cultivated peatlands.

4.1 Drainage depth management reshapes water-table controls on runoff and nitrate

The relationship between the water table depth to drain runoff and NO3-N concentration showed a distinct threshold depth
for flow initiation, followed by increasing runoff as the water table reached the soil surface. Drain runoff sensitivity to water
table depth represents a bottom-up control for runoff generation, which means that groundwater contributes to the generation
of drain runoff (Cain et al., 2022). Increasing the average drainage depth by 50 cm to minimise water losses through the
drainage system and increase water levels in the field was not reflected in the observed threshold depth, but the drainage
runoff increased at a slower rate after the cutoff was reached.

Consequently, drain runoff and nitrate leaching were concentrated to the wet seasons in autumn and spring after snowmelt.
In this case, a large majority of the NOs-N losses through drainage systems occurred during the first spring over an 80-day
long period with an average NO3-N output of 7.7 kg NO3-N ha!. Previously, it has been demonstrated that the top 10 % of
the highest drain discharge rates can transport more than 50 % of the total NO3-N during the monitoring period (Liu et al.,
2020). During the growing season, drain discharge and nitrate concentrations were typically low due to high nitrogen uptake
of the growing grassland and high soil moisture deficit in the soil water storages due to high ET. For the period after the
drainage depth adjustment was mostly reflected on the drain runoff generation and less on the drainage NO3-N
concentration, which is commonly found in controlled drainage research studies (Carstensen et al., 2020).

Peat depth has been linked to the total amount of nitrogen and NO3-N leaching at this site (Pham et al., 2023; Yli-Halla et
al., 2022). High resolution water quality sensor data support these observations and provide additional process understanding
for the generation of the nitrate leaching. Shallow WTD is shared with elevated NOs-N concentrations and runoff generation.
Largest difference caused by the peat depth was in the NO3-N concentration. Most of the nitrogen stock is stored in the peat
layer so it is likely that with deeper peat horizon elevated drainage NO3-N concentration starts earlier and last longer as the
field gets saturated.

However, the coupling between the nitrate output and drain runoff is not absolute as during the last leaching event, in the
autumn of 2024 the peak drainage discharge occurred one month before peak NO3-N concentrations. During the event,

grassland was fully developed and soil temperature was above 5 °C, facilitating grassland N uptake. Before the nitrate
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concentration peak, soil temperature had declined to close to 0 °C, and the field was briefly covered in snow. Between the
drainage discharge rate peak and concentration peak conditions were sufficient for nitrate accumulation and eventual release

as the water table reached the surface.

4.2 Controls on the co-variation of drainage NOs"N and atmospheric N.O

Simultaneous high-frequency observations of drainage NOs-N and atmospheric N2O concentrations revealed a hotspot
moment for nitrogen loss, where both loss pathways were simultaneously active. Co-variation was observed during the first
monitoring spring, during conditions after snowmelt with bare tilled soil, and soil temperature well above freezing. During
snowmelt, the peak in drainage NOs-N preceded the peak in atmospheric N2O, indicating the presence of NOs-N in the soil
before soil conditions became fully favourable for active denitrification.

This temporal offset suggests that hydrological flushing and gaseous nitrogen production were linked through substrate
availability but operated on different timescales. The flushing of nitrate is controlled by the activation of hydrological flow
paths. Exceptionally high NOs-N output during the hotspot spring suggests the accumulation of nitrate during winter and
preceding autumn. To activate the denitrification of available NOs-N to N,O, an additional constraint of soil temperature was
required, as the highest N>O concentrations were observed at a soil temperature of approximately 5 °C. Temperature, nitrate
concentration, and soil moisture are well-established factors that control production of N,O (Butterbach-Bahl et al., 2013)
Periodic renewal is the most drastic management action during the lifecycle of managed grasslands and has been under
scrutiny from both N,O emissions and nitrate leaching perspectives (Buchen et al., 2017). The main observation of high N,O
emissions after renewal has been previously observed by Offermanns et al. (2023), who reported exceptionally high annual
N>O fluxes during grassland renewal. Renewal of grassland over the winter instead of summer has been shown to be a worse
option for N>O emissions (Semberg et al., 2026), suggesting that the winter period is a meaningful time for the accumulation
of nitrate. This is feasible as snowpack provides an insulating layer to the soil and in this case the lowest soil temperature at
5 cm depth was -1.7 °C, in which mineralisation and nitrification can still occur at relevant rates (Clark et al., 2009).
However, the relationship was not persistent across seasons, even with similar nitrate concentrations in the drainage system.
The lack of clear co-variation during winter also highlights the importance of thermal limitations. Although drainage NOs-N
remained detectable during both mild and cold winter periods, atmospheric N>O concentrations showed no corresponding
increase. This is consistent with the view that denitrification in boreal cultivated peat soils is constrained during winter by
low soil temperatures, even when nitrate and moisture are present (Gerin et al., 2023).

N>O concentrations were used as a proxy for activity related to N,O production. This has limited our capabilities to detect
the smallest fluxes, but we believe this is the best available data to highlight the hotspot moments for emissions that arise
from hydrology, weather conditions, agricultural management, and plant processes. Accurate measurement of N,O fluxes is
notoriously difficult, with inherent trade-offs between spatial or temporal resolution and minimum detectable fluxes
(Butterbach-Bahl et al., 2013). For example, eddy covariance methods can provide observations from large areas, consistent

with the water quality observation data used here, but quality-controlled flux datasets tend to have approximately half or less
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of all potential observations (Cowan et al., 2025; Gerin et al., 2023). Future work should aim to connect the gaseous fluxes
with the drainage fluxes, as the potential gains for model development and practical applications are apparent.

Overall, our results indicate that the co-variation between drainage NOs-N and atmospheric N2O emerged only under a
restricted set of conditions: hydrological connectivity sufficient to mobilise nitrate, soil temperatures high enough to support
microbial activity, and limited plant nitrogen uptake. Our observations suggest that nitrate export responds most directly to
hydrological connectivity and snowmelt-driven flushing, whereas N.O production is constrained by plant uptake,
temperature, and soil moisture conditions, which regulate microbial activity and complete denitrification. Outside these
conditions, aquatic and atmospheric nitrogen loss pathways became decoupled. This has important implications for both
mitigation and modelling, as it suggests that periods of high nitrate leaching do not necessarily correspond to periods of high
N:20O emissions, and vice versa. For agricultural management is seem that maintaining growing vegetation is necessary to
reduce nitrogen based losses. Withing grassland management this means longer renewal interval and planting cover crops

with perennial crops can have mitigation impact

4.4 Monitoring limitations and implications for future observations and modelling

The optical monitoring system used in this study was successful in acquiring high-frequency nitrate data from multiple
drainage blocks and revealed event-scale dynamics that would likely have remained unresolved with conventional sampling.
This is a key strength of the approach, as nitrogen export from cultivated peatlands has been shown to be concentrated in
short periods of hydrological activation. At the same time, the study also highlighted important operational and interpretative
limitations that should be considered when designing future monitoring systems for drained organic soils.

Optical sensors are indirect measurements of the parameter of interest. The quality of the high-resolution dataset is always
dependent on the quality of the calibration dataset and maintenance procedures. Reliable detection of dissolved carbon was
shown to be difficult in this context as contributed by the known site-specific and time-varying structure of dissolved carbon
(Vaughan et al., 2017), interference from dissolved iron (Poulin et al., 2014), and the establishment of permanent fouling on
the optical surfaces which required annual wash cycles and lens replacement over the research period.

Organic soil layer on top of acid sulfate-affected clay results in high concentrations of dissolved organic compounds and
high concentration of dissolved iron, and intermittent runoff from the drains are the most important site characteristics that
affect the performance of the sensor optical surfaces and lifespan of the sampling valve manifold. Future monitoring systems
in drained peatlands should consider the intermittent nature of the activation of drainage flow as a starting point and use
flow-activated sampling strategies. In addition, automated cleaning, such as periodic acid flushing combined with
mechanical wiping, is likely necessary to reduce permanent fouling on optical surfaces (Liu et al., 2020). Our monitoring
system can only report nitrate fluxes from the drain outlets. Other flow paths, such as seepage to surrounding ditches and
deeper groundwater or increased surface runoff, may also be increased by decreased drainage depth (Rozemeijer et al., 2016)
Despite these limitations, the presented dataset has clear value for process understanding and model development. High-

frequency concentration measurements provide information on event timing, hysteresis, and threshold behaviour that is often
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missed in low-frequency observations, yet is essential for testing and improving process-based models of nitrogen
mobilisation and transport (Husic et al., 2023) or N>O emissions that remain difficult to model even with flux data (Kajasilta
et al., 2026). In cultivated peatlands, where hydrological connectivity, management, and biological uptake interact strongly,
such datasets are particularly important for identifying when nitrogen loss pathways are coupled and decoupled. Future
monitoring networks should therefore prioritise both temporal resolution and measurement robustness while explicitly

considering the peat-specific chemical and hydrological conditions that challenge sensor performance.

5 Conclusions

To our knowledge, this is the first study to connect nitrogen-based emissions through subsurface drainage systems to the
atmosphere from cultivated peatlands at the field ecosystem scale. The monitoring data showed the central role of grassland
nitrogen uptake in modulating nitrogen-based environmental loading, as the activities related to grassland renewal resulted in
simultaneous gaseous and aqueous losses. Decreasing the drainage depth and maintaining well-growing vegetation are
simple actions for farmers to reduce nitrogen-based leaching from cultivated organic soils.

The functioning of optical water quality sensors in this context and the unique dataset provided new insights into ecosystem-
level co-variation of atmospheric and hydrological flow paths of nitrogen-based emissions from cultivated peatlands. This
study can be used as a template for improved monitoring of agricultural systems, as it demonstrates the peat-specific
complexities that need to be addressed in future studies.

High nitrate export was concentrated in runoff events outside the growing season, especially during snowmelt under bare soil
conditions, whereas elevated N2O concentrations occurred only when nitrate availability coincided with suitable thermal
conditions. In addition, raising the drainage outlet reduced discharge more than nitrate concentrations, indicating that

hydrological transport and biogeochemical nitrate supply responded differently to drainage management
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