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Excess nutrient loads, particularly nitrogen (N) and phosphorus (P), play a significant role in the degradation of
global water quality and aquatic ecosystems. The amount of these nutrients in rivers is significantly affected by

Editor the increasing hydroclimatic variability, coupled with changes in land use intensity. This study assessed trends

over 30 years in total nitrogen (TN) and total phosphorus (TP) in the Aurajoki catchment, Southwest Finland, and
ﬁ?ﬁ_“o’ ;:is" evaluated how land use intensity and seasonal hydroclimatic variability influence nutrient dynamics. The uti-
Phosphorous lized data consisted of long-term monitoring records of nutrient concentrations, discharge, temperature, pre-

cipitation, and the Landsat imagery series. Prior to the analyses, the Standardized Precipitation Index (SPI),
Accumulated Winter Season Severity Index (AWSSI), and Normalized Difference Vegetation Index (NDVI) were
used to characterize hydroclimatic variability and land use intensity. Data were analyzed using Mann-Kendall
statistics to assess trends and generalized additive mixed models (GAMMs) to evaluate the impact of land use
intensity and hydroclimatic variability. Results showed a decrease in annual TN concentrations and TN loads,
while TP trends remained stable. The seasonal trend test revealed significant TN and TP increases in fall and
decreases in spring. The modelling results revealed that NDVI had a significant impact only on nutrient con-
centrations, whereas the effects of hydroclimatic class were limited to nutrient loads and varied according to
different combinations of season and NDVI. These findings highlight the relevance of seasonal hydroclimatic
variability and land use intensity when assessing nutrient dynamics, particularly in the context of climate change
and water protection strategies.

Hydroclimatic variability
Vegetation dynamics
Seasonal patterns

1. Introduction

Nutrient enrichment of rivers, lakes, and coastal waters remains a
major global environmental problem. Excessive inputs of nitrogen (N)
and phosphorus (P) drive eutrophication, harmful algal blooms, and
biodiversity loss, resulting in widespread degradation of aquatic eco-
systems (Dodds and Smith, 2016; Ngatia et al., 2019; Wurtsbaugh et al.,
2019). Therefore, identification and targeting the most critical nutrient
source areas and understanding factors regulating the magnitude of
nutrient pollution reaching the rivers is crucial for effective water-
quality management and the protection of aquatic ecosystem health
(Liu et al., 2025; McDowell et al., 2025; Sun et al., 2024).
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Land use intensity is one of the key drivers of nutrient loading, as it
influences both nutrient sources and hydrological pathways within
catchments (Kronvang et al., 2020; Schiirings et al., 2024). In boreal and
hemiboreal regions, agricultural practices play a particularly important
role. Short growing seasons and long non-growing periods limit annual
crop uptake and increase the vulnerability of soils to nutrient losses.
Additionally, fertilizer management and tillage practices strongly in-
fluence nutrient export (Liu et al., 2019a). For example, optimizing
fertilizer application and reducing soil tillage have been shown to
significantly decrease N and P loading in intensively farmed areas of
Finland (Huttunen et al., 2021; Uusitalo et al., 2024). In contrast,
forestry generally contributes less to catchment scale nutrient loads.
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Although intensive management and drainage can increase nutrient
export locally, especially in peatland and headwater systems (Marttila
et al., 2018; Nieminen et al., 2018; Rankinen et al., 2023). Furthermore,
urban areas are another non-point source of pollutants as they lead to
increased surface runoff which creates additional transport of sediment
and nutrients from landscape into rivers (Giri and Qiu, 2016).

At the same time, hydroclimatic variability, including fluctuations in
precipitation, temperature, snowmelt patterns, and discharge, plays a
critical role in controlling nutrient mobilization and transport within
river catchments (Bamal et al., 2025). In boreal and hemiboreal catch-
ments, a large share of annual nutrient loading occurs due to snowmelt
runoff (Liu et al., 2019a). Snowmelt runoff strongly influence nutrient
transport to surface and ground waters, causing erosion and soil fertility
degradation (Hoffman et al., 2019). Moreover, increased rainfall, espe-
cially outside the growing season when vegetation cover is reduced, can
also generate high nutrient loads (@ygarden et al., 2014). Climate
change is expected to amplify these dynamics, particularly in Northern
Europe, where warmer and wetter conditions are expected (IPCC, 2013,
2007). Specifically, in southern and central Finland, this will signifi-
cantly alter the seasonality of runoff and floods, with increasing floods
during fall and winter and diminishing floods in spring (Veijalainen
et al., 2010). Furthermore, the annual average temperature in Finland
is expected to increase by 1-4°C by the end of the 21st century. In
winter, the increase will be 3-9°C, and in summer, 1-5°C. Annual pre-
cipitation is predicted to increase by 12% in winter and 5% in summer
(Ruosteenoja and Jylha, 2021).

Current practices for investigating nutrient transport in boreal and
hemiboreal regions rely on combining long-term water quality moni-
toring with catchment-scale hydrological and nutrient modelling to
quantify nutrient loads, identify transport pathways, and assess spatial
and temporal variability. In Finland, long-term monitoring datasets and
modelling based assessments have been widely used to detect trends in
nutrient transport in relation to climate change and diffuse agricultural
inputs, effectiveness of water protection measures, and societal and
political drivers (Gonzales-Inca et al., 2016; Huttunen et al., 2021;
Knuuttila et al., 2017; Raike et al., 2019; Rankinen et al., 2019, 2016;
Uusheimo et al., 2020). Using the long-term datasets, several studies
have also shown that catchment characteristics such as landscape pat-
terns, soil type, topography, and buffer zones, play an important role in
regulating nutrient losses and transport processes (Gonzales-Inca et al.,
2015; Roman et al., 2018; Varanka et al., 2015; Varanka and Hjort,
2017). However, these approaches often provide limited insight into
seasonal controls and rapidly varying processes, particularly vegetation
dynamics and short term hydroclimatic variability.

To address this limitation, this study integrates long-term nutrient
observations with remotely sensed vegetation indicator (NDVI) and
hydroclimatic indices and classification. A Generalized Additive Mixed
Model (GAMM) framework is then applied to quantify nonlinear and
seasonal relationships between environmental drivers and nutrient dy-
namics. The analysis examines both annual and seasonal dynamics of
total nitrogen (TN) and total phosphorus (TP). The study focuses on the
Aurajoki catchment in southwestern Finland, an agriculturally domi-
nated basin that contributes substantially to nutrient loading in the
Archipelago Sea, one of the last major eutrophication hotspots in Finnish
coastal waters (Laamanen, 2025).

The study specific objectives are to (i) quantify long-term annual and
seasonal trends (1990-2024) in TN and TP concentrations, loads, and
hydroclimatic variables, and (ii) assess how hydroclimatic variability
and land use intensity influence nutrient dynamics using a GAMM
framework. By statistically linking vegetation dynamics and hydro-
climatic indices, this study provides a comprehensive data-driven
perspective on nutrient runoff and management in hemiboreal catch-
ment under changing weather conditions.
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2. Materials and methods
2.1. Study area

The Aurajoki catchment is situated in Southwest Finland and covers
an area of 875 km?. This study focuses on the Aura 54 sub-catchment,
which drains 731 km? of the total catchment area (Fig. 1). The Aura
54 sub-catchment was selected because the river monitoring station
located there provides long-term, seasonally stratified measurements for
TN and TP, ensuring robust temporal coverage for nutrient load trend
analysis. The drainage is into the Archipelago Sea, which is one of the
sub-basins of the Baltic Sea (Fig. 1). The Archipelago Sea has a moderate
ecological class (Laamanen, 2025), and the ecological class of the Aur-
ajoki River is poor.

Situated in the hemiboreal climate zone, Koppen Dfb (Jylha et al.,
2010), the region experiences marked seasonal hydroclimatic vari-
ability. For the climate reference period 1991-2020, the catchment
received an annual average precipitation of 646 mm, including 110 mm
as snow, and experienced an average air temperature of 5.64°C. During
the same period, annual average runoff measured at the Halinen dam
was 289 mm (Seppa et al., n.d.). The river typically freezes each winter,
with exceptions only in 2007-2008 and 2019-2020 (Norrgédrd and
Helama, 2022), highlighting the sensitivity of hydrological processes
to climatic anomalies.

The Aurajoki catchment is primarily covered by forestry and agri-
culture. Forestry covers approximately 53% and agricultural land 37%
of the area (Table A1). Crops such as AIV fodder, cereals, and sugar beet
dominate the fields, while pork and chicken production are key livestock
activities (LUKE, 2025a, 2025b). The main soil texture in the catchment
is clay (47%), followed by bedrock (33%), peatland (10%), till (6%), and
coarse soils (3%) (Seppa et al., n.d.). The overall baseflow index (BFI) for
the studied catchment is 0.27, as estimated using the Lyne and Hollick
filter method (Li et al., 2013; Nagy et al., 2024). This relatively low BFI
indicates that the catchment is hydrologically flashy and has limited
groundwater storage capacity. Consequently, streamflow is likely
dominated by surface runoff generated from snowmelt and rainfall
events.

2.2. Data

2.2.1. Water quality data

In this study, long-term water quality data from the Aurajoki
catchment were used. Water quality data were obtained from the open
environmental information systems maintained by the Finnish Envi-
ronment Institute (Syke) (Syke, 2025a) for the river monitoring station
Aura 54 (Fig. 1). The water quality variables included TN and TP con-
centrations. A total of 1282 TN samples and 1278 TP samples were
collected during the period from 1990 to 2024, with sampling primarily
conducted during spring and autumn.

2.2.2. Hydrometeorological data

Daily hydrometeorological data between 1990 and 2023 were ob-
tained from the CAMELS-FI dataset (Seppa et al., n.d.). The data con-
sisted of discharge, catchment-averaged precipitation, and mean
temperature for the monitoring station at Halinen dam (Fig. 1). Catch-
ment geometry was obtained from a 10 m x 10 m digital elevation model
(DEM) of the National Land Survey of Finland (NLS) (NLS, 2016), using
the methodology described in Seppa et al., (n.d). Since the discharge and
water quality measurements were taken at two separate but proximate
locations, we adjusted the discharge values by multiplying them by the
areal ratio of the Aura 54 and Halinen sub-catchments (0.971) to ensure
comparability.

2.2.3. Land use data
Dominant land cover types within the Aura 54 sub-catchment were
derived as areal portions from all available Finnish editions of the
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Fig. 1. Study area overview. (a) Location of the Aurajoki catchment within northern Europe and Finland. (b) Aurajoki catchment with the locations of monitoring
stations, major land use types, and the delineated study sub-catchment area for Aura 54.

CORINE Land Cover (CLC) dataset, corresponding to the years 2000,
2006, 2012, and 2018 (Table Al; (Syke, 2025b)). The Finnish CLC
products offer higher spatial resolution and a smaller minimum mapping
unit compared to the pan-European CLC datasets, thereby providing
more detailed land cover information suitable for catchment-scale
analysis. Vegetation cover dynamics were analyzed using the
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Normalized Difference Vegetation Index (NDVI), calculated from im-
agery collected from the Landsat satellite series (Landsat 5, 7, 8 and 9).

2.3. Methods

A conceptual overview of the study framework is shown in Fig. 2,
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Fig. 2. Conceptual framework of nutrient mobilization and the effect of hydroclimatic conditions in the Aurajoki catchment.
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illustrating the interactions between key drivers and processes influ-
encing nutrient dynamics in the Aurajoki catchment, as well as the
applied methodological approach.

2.3.1. Nutrient concentrations and loads

Nutrient loads were calculated using the Weighted Regressions on
Time, Discharge, and Season (WRTDS) method, developed by (Hirsch
et al., 2010). This approach uses observed concentration data to
model how nutrient concentrations vary with streamflow, time, and
season. All calculations were performed using the EGRET package
(Hirsch and De Cicco, 2015) in R (R Core Team, 2025). The model es-
timates daily concentrations over the full period of record by fitting a
regression equation that accounts for long-term trends (time in years),
seasonal patterns (time of year), and flow conditions (discharge) as:

In(c) = o + 1t + oIn(Q) + f3sin(2xnt) + f,cos(2at) + ¢ (@))

Where the f§ values are fitted coefficients, c is the concentration (mg/
D, Q (m%/s) is discharge, t is the time in years, and ¢ is the unexplained
variation. The weighting process assigns a weight to each observation in
the dataset based on its proximity to the selected values of time (tp) and
discharge (Qp). Observations that are farther from these values receive
lower weights. A weighted regression is then performed using these
weights, and the resulting coefficients are used to estimate the expected
value of In(c) for that specific time and discharge.

Subsequently, the daily load is calculated by multiplying the esti-
mated daily concentration by the respective daily mean discharge. The
method provides not only estimates of concentrations and loads but also
flow-normalized estimates of concentrations and loads for the entire
period of record. Flow-normalization removes the influence of the
temporal variability in discharge by considering the discharge on any
given day as a random sample from the range of discharges that could
occur on that day. Annual and monthly nutrient loads were calculated
by summing up daily values, while annual and monthly means for
concentration were derived from their respective daily values.

2.3.2. The NDVI estimation
NDVI values were estimated using the standard formula:

NDVI = (NIR — Red) / (NIR + Red) (@)

Where NIR is near-infrared reflectance and Red is visible red reflec-
tance, yielding values between — 1 and 1 (Huang et al., 2021). Higher
NDVI values (closer to 1) indicate dense, healthy vegetation with high
photosynthetic activity, whereas lower values (near O or negative)
correspond to sparse vegetation, bare soil, or water surfaces. To ensure
consistency across different Landsat sensors, we used atmospherically
corrected surface reflectance imagery. Cloud and water pixels were
masked to generate cloud-free image composites for three seasonal pe-
riods: spring (April-May), summer (June-July), and fall (August-Sep-
tember), for each year between 1990 and 2024. NDVI values were not
calculated for winter due to limited vegetation activity and frequent
cloud cover.

Subsequently, for each season, the mean NDVI was calculated for
dominant land cover classes (cropland, forest, and wetland) within the
Aura 54 catchment. All image processing and analysis were conducted
using the Google Earth Engine cloud platform (Gorelick et al., 2017).
These seasonal NDVI values were used as predictors in GAMMs to assess
the influence of vegetation dynamics on TN and TP.

2.3.3. Hydroclimatic year classification

To define hydroclimatic year classes, two indices were combined: the
Standardized Precipitation Index (SPI) and the Accumulated Winter
Season Severity Index (AWSSI). The SPI quantifies precipitation anom-
alies over specific timescales, enabling assessment of wet and dry con-
ditions (Mckee et al., 1993). SPI was applied to characterize seasonal
conditions for spring (March-May), summer (June-August), and fall
(September-November). Winter conditions (December-February) were
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characterized using AWSSI, which integrates temperature extremes,
snowfall, snow depth, and the duration of winter weather to generate a
comprehensive, site-specific index of winter severity (Boustead et al.,
2015).

By combining these two indices, both thermal and moisture-related
drivers of hydroclimatic variability were captured across all seasons.
Each year from 1990 to 2023 was then assigned to a hydroclimatic class
based on dominant seasonal patterns, using either spring/summer or
fall/winter conditions as the basis, along with a “normal year” category.
This classification reflects typical hydroclimatic conditions in Finland,
such as average spring, summer, and fall seasons combined with a cold
or very cold winter. The normal year category served as the reference
hydroclimatic class in the GAMMs, providing a baseline for evaluating
the influence of seasonal climate variability on TN and TP.

As a result, two main hydroclimatic classification schemes were
created, each consisting of four subclasses: one based on spring/summer
conditions and one on fall/winter conditions. In some cases, fall/winter
categories were adapted to ensure consistency in the four-class struc-
ture. The final classification for the period 1990-2023 is presented in
Table 1.

2.3.4. Trends in the nutrient and hydroclimatic time series

The Mann-Kendall and seasonal Kendall tests (Hirsch, 1982, 1991)
were used to assess monotonic trends in nutrients and hydroclimatic
time series. These tests were applied to both non-normalized and flow-
normalized estimated loads and concentrations. The analysis was con-
ducted using the Kendall (McLeod, 2011) and trend (Pohlert, 2020)
packages in R (R Core Team, 2025). The test statistic was computed
using the following formula:

n-1 n
S= Zk:l Zj:k+lsgn (% — ) &)

Where x;j and x; are the annual values in years j and k;j > k,
respectively. The magnitude of detected trends was quantified using the
Theil-Sen slope estimator (Hirsch, 1982).

2.3.5. Generalized additive mixed model (GAMM)

GAMM was used to evaluate the influence of seasonal hydroclimatic
variability and NDVI on nutrient concentrations and loads. The GAMM
enables the identification and quantification of nonlinear and season-
dependent relationships between environmental drivers and nutrient
responses, which cannot be captured using simple linear models. The
model was implemented using the mgcv package (Wood, 2000) in R (R
Core Team, 2025). Separate models were constructed for each sea-
sonal configuration, combining hydroclimatic class and season-specific
NDVI values. The following combinations were: i) spring/summer
hydroclimatic class with spring NDVI, ii) spring/summer hydroclimatic
class with summer NDVI, iii) fall/winter hydroclimatic class with sum-
mer NDVI, and iv) fall/winter hydroclimatic class with fall NDVI. Each
model was applied to both nutrient concentrations and loads, allowing
interpretation of seasonal land use effects and nutrient transport dy-
namics. Prior to model fitting, principal component analysis (PCA) was
applied to NDVI values (Jolliffe, 2011) to reduce multicollinearity
among land-cover NDVI variables (forest, cropland, wetland) and
improve numerical stability. The first two principal components (PC1
and PC2) were retained, explaining the majority of variance (>90%) and
representing (i) overall catchment greenness (PC1) and (ii) the contrast
between forest/wetland and cropland greenness (PC2). These compo-
nents were used as smooth predictors in the GAMMs. The general form
of the model was:

y = S(NDVIpc1,k = 5) + s(NDVIpco k = 5) + H + s(Season, bs = "re”)
)]

Where y is either TN or TP concentration/load, s () are smooth terms
for NDVI principal components (PC1, PC2) fitted using thin plate
regression splines with a maximum basis dimension of k = 5, H is
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Table 1

The resulting hydroclimatic year classification for the period 1990-2023.

Journal of Hydrology 677 (2026) 136012

Year Spring (SPI) Summer (SPI) Fall (SPI) Winter (AWSSI) Hydroclimatic class (Spring/Summer) Hydroclimatic class (Fall/Winter)
1990 Normal Normal Normal Cold Normal year Normal year

1991 Normal Normal Normal Cold Normal year Normal year

1992 Normal Normal Wet Mild Normal Spring/Summer Wet Fall/Mild Winter
1993 Dry Dry Normal Mild Dry Spring/Summer Normal Fall/Mild Winter
1994 Wet Wet Dry Very cold Wet Spring/Summer Dry Fall/Cold Winter
1995 Wet Wet Normal Mild Wet Spring/Summer Normal Fall/Mild Winter
1996 Normal Normal Normal Very cold Normal year Normal year

1997 Normal Normal Normal Very cold Normal year Normal year

1998 Normal Normal Normal Cold Normal year Normal year

1999 Normal Normal Normal Cold Normal year Normal year

2000 Normal Normal Normal Cold Normal year Normal year

2001 Normal Normal Normal Mild Normal Spring/Summer Normal Fall/Mild Winter
2002 Dry Dry Wet Cold Dry Spring/Summer Wet Fall/Mild Winter*
2003 Normal Normal Dry Very cold Normal Spring/Summer Dry Fall/Cold Winter
2004 Normal Normal Dry Very cold Normal Spring/Summer Dry Fall/Cold Winter
2005 Dry Dry Normal Mild Dry Spring/Summer Normal Fall/Mild Winter
2006 Normal Normal Normal Cold Normal year Normal year

2007 Normal Normal Wet Mild Normal Spring/Summer Wet Fall/Mild Winter
2008 Normal Normal Normal Mild Normal Spring/Summer Normal Fall/Mild Winter
2009 Dry Dry Wet Mild Dry Spring/Summer Wet Fall/Mild Winter
2010 Wet Wet Normal Very cold Wet Spring/Summer Normal Fall/Mild Winter*
2011 Normal Normal Normal Very cold Normal year Normal year

2012 Normal Normal Normal Cold Normal year Normal year

2013 Normal Normal Normal Very cold Normal year Normal year

2014 Normal Normal Normal Mild Normal Spring/Summer Normal Fall/Mild Winter
2015 Wet Wet Dry Cold Wet Spring/Summer Dry Fall/Cold Winter
2016 Normal Normal Normal Mild Normal Spring/Summer Normal Fall/Mild Winter
2017 Nor mal Normal Dry Mild Normal Spring/Summer Dry Fall/Cold Winter *
2018 Dry Dry Normal Cold Dry Spring/Summer Normal Fall/Mild Winter*
2019 Normal Normal Normal Very cold Normal year Normal year

2020 Wet Wet Wet Mild Wet Spring/Summer Wet Fall/Mild Winter
2021 Wet Wet Normal Cold Wet Spring/Summer Normal Fall/Mild Winter*
2022 Normal Normal Normal Cold Normal year Normal year

2023 Normal Normal Normal Cold Normal year Normal year

Note: * Customized fall/winter hydroclimatic year classes.

hydroclimatic class (spring/summer or fall/winter; Table 1), and
bs=“re” indicates a random effect for season. Models were estimated
using Restricted Maximum Likelihood (REML) with automatic term se-
lection enabled.

3. Results
3.1. Trends in nutrient concentrations and loads

In general, there was a decreasing trend in annual TN concentrations
and loads, while annual TP showed no significant trends over the period
from 1990 to 2024 (Tables 2 and 3). Both flow-normalized and raw TN
concentrations showed statistically significant decreasing trends
(Table 2), whereas the same decreasing trend was found only in flow-
normalized TN loads (Table 3). These trends in annual TN and TP con-
centrations and loads are further illustrated in Fig. 3.

Seasonal trend analyses revealed more pronounced patterns in

Table 2

nutrient concentrations and loads (Tables 2 and 3). During winter, a
significant decline was observed in flow-normalized TN concentration,
while there was an increase in flow-normalized TP load. In spring, both
non- and flow-normalized TN and TP concentrations and loads exhibi-
ted significant decreasing trends. Whereas in fall, the nutrient concen-
trations and loads showed increasing trends. In summer, there was a
significant increase, but only for flow-normalized TN and TP loads
(Table 3).

3.2. Trends in hydroclimatic variables

Trend analysis of hydroclimatic variables during 1990-2023
revealed a significant annual trend only for temperature. In contrast,
seasonal analysis showed significant trends in all variables (Table 4).
Discharge exhibited a significant decrease in spring and an increase in
fall, indicating a shift in flow regimes. However, precipitation showed
only a marginally significant increase in summer. In addition to this, the

Mann — Kendall results for estimated TN and TP concentrations: annual and seasonal values between 1990 and 2024 (flow-normalized and non-normalized).

Non - normalized concentration

Flow — normalized concentration

N TP TN TP
Season Slope p Trend Slope(ug/1/y) p Trend Slope(ug/1/y) p Trend Slope(ug/1/y) P Trend
(ng/V/y)
Annual -13.2 o N 0.23 - - -17.5 x N\ 0.02 - -
Winter -1.33 - - 0.09 - - -1.74 * N 0.02 - -
Spring -3.50 i AV —0.44 o N\ —-3.22 ok N\ —0.42 o N\
Summer —1.58 - - —0.07 - - -2.11 - - 0.03 - -
Fall 3.43 ok / 0.77 bl / 2.93 o / 0.79 el /

Significance codes: *p < 0.05, **p < 0.01, ***p < 0.001.
Trend: \, Decrease— No change / Increase.
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Table 3
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Mann-Kendall trend results for estimated TN and TP loads: annual and seasonal values between 1990 and 2024 (flow-normalized and non-normalized).

Non - normalized load

Flow — normalized load

TN TP TN TP
Season Slope(t/y) p Trend Slope(t/y) p Trend Slope(t/y) p Trend Slope(t/y) P Trend
Annual —2.57 - - 0.18 - - —0.54 * N 0.049 - -
Winter 0.19 - - 0.01 - - 0.02 - 0.003 i /
Spring —-0.76 ek . —0.06 s . —0.08 N\ —0.006 * \
Summer -0.01 — — —3e-04 — — 0.01 v 0.001 /
Fall 0.60 el / 0.05 HxE / 0.12 / 0.013 /
Significance codes: *p < 0.05, **p < 0.01, ***p < 0.001.
Trend: \, Decrease— No change / Increase.
N
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Fig. 3. Long-term trends (1994 - 2024) for flow-normalized (FN) and non - normalized (Annual) TN and TP concentrations, and loads.
Table 4
Mann-Kendall trend results for discharge, temperature, and precipitation: annual and seasonal values (1990 - 2023).
Discharge (m3/s) Temperature (°C) Precipitation (mm)
Season Slope (m%/s/y) P Trend Slope(°C/y) P Trend Slope (mm/y) P Trend
Annual 7.50 - - 0.03 * / —0.001 - -
Winter 1.02 - — 0.03 o / 0.002 - -
Spring —-2.39 © N 0.15 e / —0.001 - -
Summer —0.02 — = 0.02 bl / 0.007 +
Fall 2.37 Va -0.12 ks \ 0.003 - -

Significance codes: +p < 0.1, *p < 0.05, **p < 0.01, ***
Trend: \, Decrease — No change / Increase.

< 0.001.

he)

temperature increased significantly in winter, spring, and summer but
declined in fall. This temperature trend in fall may be attributed to the
definition of the fall season (September-November), during which
monthly mean temperatures were 11°C (September), 5°C (October), and
1°C (November), respectively.

However, when analyzed individually, September showed a signifi-
cantly increasing temperature trend, October showed no trend, and
November exhibited a marginally significant increase (Table A2). These
results suggest that the observed seasonal decline is a result of aggre-
gating months with different temperatures, rather than an actual
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consistent decrease across the fall season.

3.3. The impact of land use intensity and hydroclimatic variability on
nutrients — GAMMs

3.3.1. Model performance and random effect

Overall, the GAMMs explained a moderate proportion of variability
in nutrient concentrations and loads. For TN concentration models,
adjusted R? values ranged from 0.32 to 0.35, with 35-39% of the
deviance explained. TP concentration models had adjusted R? values
between 0.42 and 0.45, explaining 44-48% of the deviance. Similarly,
TN load models showed adjusted R? values of 0.44-0.46 and 46-48%
deviance explained, while TP load models ranged from 0.40 to 0.42,
explaining 42-44% of the deviance. Across all models, the highest
adjusted R? and deviance explained were associated with combinations
of spring/summer hydroclimatic classes and NDVI from spring or sum-
mer. Model diagnostics indicated residual autocorrelation in the
GAMMs for TN concentration, whereas TP concentration and all load
models did not exhibit this issue. These results indicate that seasonal
hydroclimatic variability and land use intensity, particularly during
spring and summer, are important drivers of nutrient dynamics.

The random effect for season was highly significant in all GAMMs (p
< 0.001; Tables 5 and 6). This indicates systematic differences in
nutrient concentrations and loads between seasonal groups after ac-
counting for NDVI and hydroclimatic class. Seasonal effects are
expressed on the scale of the response variable and represent deviations
from the model intercept. Spring and summer showed positive de-
viations, whereas fall exhibited the strongest negative deviations,
particularly for TN. Winter effects were close to zero, indicating minimal
deviation from baseline conditions (Fig. 4).

3.3.2. NDVI and hydroclimate effects on nutrient concentrations and loads

Overall, the GAMM results revealed a clear separation between the
controls on nutrient concentrations and loads. Vegetation activity, rep-
resented by NDVI, was significant only in the concentration models,
whereas hydroclimatic variability dominated nutrient load responses
(Tables 5 and 6). This indicates that land use-related vegetation dy-
namics primarily regulate nutrient availability, while hydrological
processes primarily control nutrient transport.

Based on PCA loadings, the NDVI components (NDVIpc1, NDVIpco)
were interpreted as indicators of catchment greenness. NDVIpc; repre-
sented overall vegetation greenness or vigor, while NDVIp¢y captured
the contrast between forest/wetland and cropland. NDVI effects there-
fore reflect the influence of vegetation activity and land use composition
on nutrient concentrations after accounting for hydroclimatic conditions
and seasonal variability.

The concentration models further revealed stronger vegetation ef-
fects on TN than TP (Table 5). NDVI effects on TN were significant across
all seasonal models but varied in strength and form. In the spring/

Table 5
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summer - spring NDVI model, TN showed a significant nonlinear
response to NDVIpc;, suggesting a transition from nutrient mobilization
to plant uptake during the growing season. In the spring/summer —
summer NDVI model, NDVIpc; remained significant with an approxi-
mately linear association, while land-use contrasts, NDVIpcs, showed a
stronger linear effect. A similarly strong NDVIpc, effect was observed in
the fall/winter—-summer NDVI model, highlighting the importance of
vegetation composition during summer. In the fall/winter — fall NDVI
model, TN showed a significant linear association with NDVIpc,
dominated by forest and wetland (loadings =~ 0.66) with a smaller
contribution from cropland (= 0.35). In contrast, NDVI effects on TP
were significant only in the spring/summer — spring NDVI model, where
a modest, near-linear relationship with NDVIp¢; was observed (Table 5).

Hydroclimatic class had limited influence on concentrations, except
for a negative effect of the dry spring/summer class on both TN and TP
(Table 5). In contrast, hydroclimatic effects were significant in all
nutrient load models (Table 6). In spring and summer, nutrient loads
were significantly reduced under dry conditions, with the marginal ef-
fect of normal conditions. In fall and winter, nutrient loads were
significantly reduced under normal/wet fall and mild winter conditions.
Overall, the hydroclimatic effects were stronger for TN than TP loads.
These results indicate that nutrient export is primarily controlled by
hydrological conditions, which regulate runoff generation, connectivity,
and transport processes. Additionally, intercepts in all models were
significantly positive, representing the baseline mean concentration for
the reference hydroclimatic class after accounting for seasonal random
effects.

4. Discussion

4.1. Long-term trends in nutrient concentrations, loads and hydroclimatic
variables

Eutrophication has long been a major environmental concern in the
Baltic Sea and its contributing river catchments, with diffuse nutrient
loading from agriculture playing a central role (HELCOM, 2023). As a
result, extensive mitigation efforts have been implemented over recent
decades across the region to reduce nutrient inputs from agricultural and
point sources (HELCOM, 2021; WFD, 2000). These efforts have led to
decreases in long-term trends, although responses have varied between
nutrients and catchments (Stalnacke et al., 2014; Tattari et al., 2017).
For example, TN concentrations declined notably in Denmark and
Sweden following mitigation measures during 1990-2010, whereas TP
trends have been more variable and strongly dependent on catchment P
balance and soil type (Kyllmar et al., 2023). At the regional scale, annual
flow-normalized TN and TP loads to the Archipelago Sea have declined
significantly over the past 30 years (Laamanen, 2025), primarily due to
improvements in wastewater treatment and fish-farming practices.
Consistent with this, the observed decrease in TN concentrations and

Summary of the GAMM predicting TN and TP concentrations, with adjusted R?, Restricted Maximum Likelihood (REML), parameter estimates for intercept and
hydroclimatic class (DSS = Dry Spring/Summer), estimated degrees of freedom (EDF) for smooth terms of NDVI principal components (NDVIpc;, NDVIpcy), and

Season.
Model Model response Parameter estimates Estimated degrees of freedom (EDF)
TN — concentration R? REML Intercept DSS NDVlIpc; NDVIpcy Season
spring/summer-NDVIg, g 0.32 46.11 2.66%** —0.15+ 2.66%** - 2.83%**
spring/summer-NDVIgmmer 0.35 40.06 2.64%** —0.17* 0.85* 1.05%** 2.84%**
fall/winter-NDVIsymmer 0.32 42.60 2.64%%% - - 1.01%** 2,83
fall/winter-NDVIg,; 0.32 42.11 2.66%** - 1.04%%* - 2.83%**
TP — concentration
spring/summer-NDVIing 0.45 —268.37 —0.02* 0.78* -
spring/summer-NDVIg mmer 0.44 —267.73 -0.01+ — -
fall/winter-NDVIgymmer 0.42 —265.48 - — —
fall/winter-NDVIg,, 0.42 —265.15 - - -

Significance codes: +p < 0.1, *p < 0.05, **p < 0.01, ***p < 0.001.
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Table 6
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Summary of the GAMM predicting TN and TP loads, with adjusted R?, Restricted Maximum Likelihood (REML), parameter estimates for intercept and hydroclimatic
classes (DSS = Dry Spring/Summer, NSS = Normal Spring/Summer, WFMW = Wet Fall/Mild Winter, NFMW = Normal Fall/Mild Winter), and estimated degrees of

freedom (EDF) for Season.

Model Model response Parameter estimates EDF
TN — load R? REML Intercept DSS NSS NFMW WFMW Season
spring/summer-NDVIgyring 0.46 796.09 195.06*** —84.53%** —37.13+ - - 2.92%**
spring/summer-NDVIgymmer 0.46 796.09 195.06*** —84.53%** —37.13+ - - 2.92%**
fall/winter-NDVIgymmer 0.44 798.41 195.06%** — — —44.82* —53.16* 2.91%**
fall/winter-NDVIg,y 0.44 798.41 195.06*** - - —44.82* —53.16* 2.91%**
TP — load

spring/summer-NDVIgy ing 0.42 502.82 18.14%** —8.41%** —3.89+ - —
spring/summer-NDVIgymmer 0.41 502.86 —8.27%* —-3.75+ - —

fall/winter-NDVIsymmer 0.40 504.71 - - —4.46* -5.11+
fall/winter-NDVIg,; 0.40 504.71 - — —4.46* —5.11+

Significance codes: +p < 0.1, *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 4. GAMMs-estimated seasonal random effects for TN and TP concentra-
tions and loads, expressed as deviations from the long-term mean after ac-
counting for discharge and temporal trends.

loads in our study is likely driven by reduced point-source inputs, as
diffuse loading in the Archipelago Sea region has declined significantly
only for TP (Laamanen, 2025).

The contrasting behavior of N and P further reflects their differing
biogeochemical behavior. N dynamics are largely controlled by bio-
logical processes such as nitrification and denitrification, which are
sensitive to temperature, soil moisture, and redox conditions (Dai et al.,

2020). On the other hand, P is governed by sorption-desorption pro-
cesses, particle transport, and the mobilization of legacy P (Sharpley
et al., 2013). Therefore, in catchments with long term agricultural
pressure, as in our study, residual P stored in soils and sediments can
buffer reductions in external inputs, delaying water quality improve-
ments (Ekholm et al., 2015, 2007). Furthermore, the predominance of
clay soils in the study catchment likely contributes to the absence of a TP
trend, as clay particles strongly bind P and limit its mobilization
(Puustinen et al., 2007). Similar persistence of TP has been also reported
in other clay-dominated catchments in Sweden (Sandstrom et al., 2020).
In addition, our study shows a low BFI, suggesting that most streamflow
is contributed by surface hydrological process, especially during spring
snowmelt when soils remain frozen (Gonzales-Inca et al., 2018).
Furthermore, most agricultural fields located on clay soils are equipped
with tile drainage systems, which can further enhance rapid nutrient
export during runoff events. The BFI appears to be a useful proxy for
inferring the relative contributions of surface runoff and groundwater to
streamflow and nutrient transport, as demonstrated in several studies
(Bloomfield et al., 2021; Saedi et al., 2022). However, its effectiveness
may depend on catchment size and hydrological complexity (Song et al.,
2022).

Hydrological control by discharge has also a dominant role in
nutrient export. For example, discharge accounts for approximately 75%
and 93% of TN and TP loads to the Baltic Sea, respectively (HELCOM,
2019). Our results revealed strong correlations between discharge and
nutrient concentrations in the catchment (TN: T = 0.59; TP: T = 0.73, p
< 0.001), explaining why non-normalized annual nutrient loads did not
exhibit significant long-term trends.

Long-term nutrient trends can be further obscured by climate vari-
ability and seasonality, highlighting the importance of examining sea-
sonal patterns alongside annual trends. In this study, seasonal trends in
both TN and TP were more pronounced than annual trends, suggesting
that climate-driven seasonal processes play a key role in shaping
observed nutrient responses. The observed increase in annual and sea-
sonal temperatures likely contributed to these patterns. Warmer condi-
tions can extend periods of biogeochemical activity, enhancing N
mineralization during summer and increasing the risk of subsequent
leaching during wetter periods (Mellander et al., 2018; @ygarden et al.,
2014). Elevated temperatures may also promote oxygen depletion,
affecting nitrification processes and facilitating P release from sediments
(Wilhelm and Adrian, 2008). Warmer winters may further reduce snow
cover and soil frost, increasing particulate P transport (Raike et al.,
2019), and potentially explaining the increased winter TP loads
observed in this study. Together, these mechanisms provide a plausible
explanation for the lack of a clear long-term TP trend despite detectable
seasonal variability.

Overall, these findings indicate that nutrient responses are governed
not only by long-term changes in inputs, but also by seasonal in-
teractions among climate, hydrology, land use, and vegetation
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dynamics. This seasonal sensitivity helps explain why nutrient trends
were more evident at sub-annual scales and provides important context
for interpreting the role of land use intensity and hydroclimatic vari-
ability, which are explored in the following section.

4.2. Effect of land use intensity and hydroclimatic variability on nutrients

Our findings further highlight the distinct roles of land use intensity
and hydroclimatic variability in shaping nutrient dynamics. In this
study, NDVI was used as a proxy for land use intensity and seasonal
vegetation activity. NDVI also reflects temporal variations in nutrient
uptake, which are linked to nutrient concentrations (Zhu et al., 2015). In
our study, NDVI effects were evident only in nutrient concentration
models. This suggests a closer coupling between vegetation activity and
nutrient availability than with nutrient transport processes.

Interannual variations in vegetation growth and vigor also influence
nutrient export from land to receiving water bodies. In cold agricultural
regions, growing seasons are typically short, with only one crop grown
per year. As a result, year-round nutrient removal by crops is limited,
and an extended non-growing season can exert a strong control on
nutrient export (Liu et al., 2019a; Plach et al., 2019). Within this
framework, seasonal vegetation activity plays a key role in shaping
nutrient dynamics at the catchment scale by regulating nutrient uptake
and mobilization.

During spring, vegetation transitions from winter dormancy to active
growth. In early spring, most fields are either bare or have reduced
vegetation cover, making them highly susceptible to nutrient losses
through runoff. As spring progresses, vegetation growth accelerates
under favorable temperature and precipitation conditions, resulting in
higher greenness and increased nutrient uptake (Dai et al., 2021;
Puustinen et al., 2007). This transition from nutrient mobilization to
biological uptake likely explains the strong and nonlinear relationship
observed between spring NDVIpc;, representing overall vegetation ac-
tivity, and TN concentration. At the same time, spring hydrological
processes such as snowmelt can intensify soil erosion and sediment
transport, increasing the mobilization of particulate-bound P (Liu et al.,
2019b). P dynamics during spring snowmelt are therefore more strongly
associated with discharge and flow pathways than with vegetation
greenness, while P concentrations exhibit coherent seasonal peaks
across years during the growing season regardless of flow conditions
(Casson et al., 2019). These hydrologically driven processes likely
explain the weak relationship observed between spring NDVIp¢; and TP
concentration.

In summer, vegetation reaches peak greenness and physiological
activity stabilizes, weakening the relationship between vegetation vigor
and nutrient dynamics. Under these conditions, hydroclimatic factors
such as drought can become increasingly important. Drought reduces
hydrological connectivity and limits erosion and nutrient transport,
often resulting in lower nutrient concentrations in rivers (Giri et al.,
2021; Mosley, 2015). This is consistent with the weaker, more linear
relationship observed between summer NDVIpc; and TN concentration
and with the significance of the dry spring/summer hydroclimatic class
in our models. However, agricultural activity also intensifies during the
summer, increasing nutrient inputs to the landscape. Therefore, nutrient
losses can increase when fertilization and active crop growth coincide
with precipitation events (Arvola et al., 2015; Ouyang et al., 2009).

During fall, vegetation senescence and reduced plant uptake increase
N leaching potential (Pan et al., 2022). Consistent with our results, TN
concentrations during this period are mainly controlled by legacy effects
of accumulated biomass and residual soil N rather than active vegetation
uptake. Although NDVI could not be derived for winter due to snow
cover and sensor limitations, autumn NDVI provides useful information
on post-harvest vegetation cover, crop residues, and soil protection.
These factors strongly influence nutrient mobilization during the
non-growing season. In cold regions, the non-growing season is char-
acterized by minimal biological uptake and enhanced nutrient export
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driven by prolonged soil exposure, freeze-thaw cycles, and snowmelt
(Liu et al., 2019a). Residual crop growth and cover crops can therefore
reduce nutrient losses by limiting leaching (Liu et al., 2019¢; Rutan,
2019). In our catchment, increasing winter crop cover over recent years
(SVT, 2026) also suggests an improved capacity for nutrient retention
during the non-growing season. In addition, delayed or reduced tillage
can further limit erosion and particulate P export (Ulén et al., 2010;
Uusitalo et al., 2024).

Land-use composition also modulates nutrient concentrations.
Forested areas generally improve water quality by enhancing nutrient
retention and biogeochemical processing, while wetland conservation or
restoration effectively reduces nutrient export and increases water
residence times (Rankinen et al., 2023; Syversen, 2005). In contrast,
croplands are more strongly influenced by fertilization and irrigation
practices, which increase nutrient availability and runoff risk (Puustinen
et al., 2007). These contrasting controls are reflected in our results by
the significant relationship between TN concentration and summer
NDVIpco, which represents the contrast between forested and wetland
areas and croplands.

Hydroclimatic conditions strongly regulate nutrient export by
shaping hydrological connectivity and flow magnitude. Consistent with
this role, our results showed that the hydroclimatic conditions were a
dominant driver of nutrient loads, highlighting the critical role of
hydroclimate in nutrient export. However, linking nutrient loads
directly to hydroclimatic conditions can be challenging because nutri-
ents undergo various chemical transformations and processes and are
influenced by rainfall patterns, river morphology, catchment charac-
teristics, and land cover (Kozak et al., 2019). Under both dry and wet
conditions, nutrients may be either diluted or concentrated. Graham
et al. (2024) found that nutrient responses during dry periods vary
depending on nutrient form (dissolved vs. particulate) and dominant
land use (urban vs. rural). Similarly, Arvola et al. (2015) reported that
boreal rivers dominated by forestry and agriculture, such as our studied
catchment, exhibited substantially lower nutrient concentrations and
fluxes during low-discharge summers. Our results showed that dry
conditions in spring and summer significantly reduced nutrient loads,
suggesting limited transport under low-flow conditions.

Conversely, high-flow periods often lead to increased nutrient losses.
Gonzales-Inca et al. (2015) documented substantial nutrient export
during spring snowmelt and autumn rainfall in agricultural catchments.
Similarly, Raike et al. (2019) reported that in Finnish agricultural
catchments, high-flow events driven by climate variability, such as
snowmelt and heavy rainfall, have maintained or even increased TN and
TP export, offsetting the benefits of water protection measures. In our
study of an agricultural catchment in Southwest Finland, normal fall/
mild winter and wet fall/mild winter conditions were associated with
significant reductions in nutrient loads, suggesting that dilution effects
under high-flow scenarios can occur even in agricultural systems. This
indicates that while high-flow periods often mobilize nutrients, the
response may vary depending on catchment characteristics, land use,
and timing of runoff events.

4.3. Limitations and future work

Reliable trend detection requires long-term, continuous data records,
as trends can be obscured by high seasonal and interannual variability in
nutrient loads (Gonzales-Inca et al., 2016). In this study, we utilized a
34-year time series of TN and TP, which provided valuable insights into
long-term changes in water quality within the studied river catchment.
Nevertheless, some uncertainty in the detected trends remains possible
due to temporally sparse water quality sampling and inaccuracies in
nutrient load estimation associated with the WRTDS modelling
approach (Hirsch et al., 2010; Hirsch and De Cicco, 2015). Separate
measurement stations for discharge and water quality introduced
additional uncertainty, but likely less than other sources of uncertainty.
Integrating more frequent sampling could help to identify the different
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drivers that regulate N and P load formation across different temporal
scales and determine their relative importance.

Vegetation phenology and biomass production are dynamic pro-
cesses. Although the NDVI estimated from Landsat satellite images
effectively captures spatial variability, its relatively low temporal reso-
lution limits its ability to accurately characterize the onset, duration,
and senescence of vegetation growth.

We used a hydroclimatic classification based on spring/summer and
fall/winter seasonal patterns to model the impact of hydroclimatic
variability on nutrient loads. However, in the case of the fall/winter
classification, the hydroclimatic conditions showed greater variability
(Table 1), making precise categorization more difficult. To address this,
we adapted and grouped certain classes, which may have introduced
additional uncertainty or reduced model sensitivity. This classification
adjustment is likely to have influenced the GAMMs outputs and should
be considered when interpreting the results.

Our findings highlight that capturing hydroclimatic patterns over a
30-year period is complex, particularly when seasonal boundaries and
climate variability shift over time. This stresses the need for future
research to refine seasonal classifications or incorporate more contin-
uous hydroclimatic variables, such as precipitation intensity, tempera-
ture anomalies, or soil moisture indices, to better represent intra-
seasonal variability. Such improvements could enhance model accu-
racy and provide more insights into the interactions between climate,
land use, and nutrient dynamics.

In addition, the model diagnostics indicated residual autocorrelation
in the GAMMs for TN concentration. Several approaches were tested to
address this issue, including incorporating correlation structures and
alternative smoothing strategies, but none fully resolved the problem.
This suggests that temporal dependence in TN concentrations may be
more complex than can be captured by standard GAMM frameworks,
and should therefore be considered when interpreting TN concentration
responses. Future work should explore advanced time-series modelling
approaches or hierarchical models that explicitly account for temporal
correlation. However, TP concentration and all nutrient load models did
not exhibit this issue.

5. Conclusions

This study examined how long-term changes in land use intensity
and seasonal hydroclimatic variability shape nutrient dynamics in the
Aurajoki catchment, Southwest Finland. Using more than three decades
of monitoring data combined with remote sensing and mixed-effects
modelling, the results provide new insight into the effects of land
management and hydroclimate variability on N and P export.

e Flow-normalized TN loads showed a clear long-term decline, sug-
gesting the effectiveness of improved agricultural management,
reduced point source pollution, and policy interventions in reducing
N export.

TP loads remained largely stable, suggesting that P responses are
buffered by soil storage, legacy effects, and particulate transport
processes.

During the study period, seasonal patterns were evident, with
decreasing nutrient loads in spring and increasing loads in fall, cor-
responding to observed shifts in discharge regimes and seasonal
temperature trends.

NDVI effects were evident only in concentration models, reflecting
the influence of vegetation dynamics on nutrient availability through
plant uptake. Catchment-scale greenness was predictive of both TN
and TP concentrations with summer cropland-driven N sources and
forest/wetland retention processes. These results highlight the
importance of forest and wetland in the mitigation of nutrient runoff.
Additionally, adjusting fertilization timing and amounts based on
crop growth stages could help balance productivity with environ-
mental sustainability.
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e Hydroclimatic class was a dominant driver of nutrient loads, high-
lighting the critical role of hydroclimate in nutrient export. Partic-
ularly, dry conditions in spring and summer, and wet conditions in
fall with mild winter were significantly associated with low nutrient
loads. This suggests limited transport of nutrients under dry condi-
tions, and dilution under the wet conditions.

These results suggest that seasonal hydroclimatic variability and
land use intensity play an important role in controlling nutrient dy-
namics, and should therefore be integrated into nutrient management
strategies. Future work should focus on improving the temporal reso-
lution of vegetation and hydrological data, integrating continuous
hydroclimatic indicators, and examining the effects of extreme events to
better capture short-term nutrient dynamics and land cover — climate
interactions.
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