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Diverging riverine dissolved C:N:P ratios
under global environmental change
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The ratios of dissolved carbon, nitrogen, and
phosphorus in rivers constrain downstream carbon
and nutrient cycling, yet their long-term trends
remain unclear. Using a 20-year ML-modeled
dataset spanning 5084 catchments, we show that
27% exhibited coupled C-N-P trends with
increasing or decreasing patterns, while 73%
exhibited divergent trends. These divergent trends
resulted in global declines in DOC-to-nutrient
ratios, possibly linked to river warming,
anthropogenic land-use expansion, and forest
cover declines.

Dissolved organic carbon, total dissolved nitrogen, and total dissolved
phosphorus (hereafter DOC, TDN, and TDP) are fundamental building
blocks of aquatic life known to regulate key biogeochemical processes in
riverine ecosystems1,2. This is because their ratios influence whether nutri-
ents are immobilized in biomass or released and transported downstream,
with important consequences for river ecosystem functioning1,3. For
instance, shifts in riverine DOC:nutrient ratios can contribute to adverse
downstream environmental effects, including eutrophication, deoxygena-
tion, and increased greenhouse gas emissions from rivers4–7. Despite this
importance, long-termglobal trends in riverineDOC:nutrient ratios remain
poorly constrained due to a lack of empirical datasets that examine them
simultaneously.

Land use and climate change may alter long-term trends in dissolved
C:N:P ratios, as both drivers affect DOC, TDN, and TDP mobilization
through different pathways and often at different rates8–10. For example,
agricultural fertilization in intensive agricultural areas and wastewater
inputs in urban areas can disproportionately increase TDP or TDNdelivery
to rivers8,11–13, while deforestation, soil disturbance, and changes in hydro-
logical connectivity can alter DOC production and export8,14. At the same
time, climate change may modify dissolved C:N:P ratios by altering tem-
perature, precipitation regimes, and soil organic matter decomposition,
thereby affecting both the sources and transport pathways of DOC, TDN,
and TDP15–17. Apart from their individual effects, land use and climate
change drivers may interact, resulting in stronger shifts in riverine DOC:-
nutrient ratios. For instance, more intense rainfall may enhance nutrient
losses from fertilized or urbanized catchments, while warming and hydro-
logical change may increase DOC mobilization from organic-rich soils,
particularly where land management has altered drainage or vegetation
structure.

While individual studies have documented risingDOCconcentrations
in northern headwaters18, shifting dissolved C:N ratios in streams across
biomes19,20, and stronghuman impacts on catchment scaleC:N:P ratios10, no
study has simultaneously examined long-term temporal trends in DOC:-
nutrient ratios at the global scale. As riverine DOC: nutrient ratio imbal-
ances accelerate globally, driven by asymmetrical changes in nutrient
inputs21,22, long-term trends in DOC:nutrient ratios and analyses of their
drivers are crucial for predicting how changes in these ratios may affect
important downstream carbon and nutrient cycling and loss processes.
Here, we aimed to bridge this gap by first investigating the spatial trends in
long-term changes in riverine DOC, TDN, and TDP concentrations and
their molar ratios.We then examined whether these changes were linked to
the expansion of anthropogenic land uses in forests and to warming-
induced climatic changes, given that global rivers have warmed by
approximately 0.27 °C per decade23, while anthropogenic land uses and
deforestation have, on average, also expanded globally24. This analysis
leveraged a 20-year (2002–2022) reconstruction of DOC, TDN, and TDP
concentrations, generatedusing randomforestmodels poweredby remotely
sensed data across 5084 globally distributed catchments23.

Results and discussion
Pronounced spatial heterogeneity in the long-term temporal trendsofDOC,
TDN, and TDP was observed at the global scale, with median annual rates,
which also factored inmodel uncertainties of the three parameters, generally
indicating global decreases in riverine DOC and increases in dissolved
nutrients (TDN and TDP) (Fig. 1a, c, e). In terms of elemental co-variation,
27% of the catchments exhibited synchronous increases or decreases in
DOC, TDN, and TDP concentrations, suggesting that their ratiosmay have
remained relatively stable due to these unidirectional elemental shifts (Fig.
S1a). However, the remaining 73% of catchments exhibited divergent tra-
jectories in DOC and nutrient concentrations, indicating decoupled tem-
poral dynamics that alter ratios (Fig. S1b, c).

Among these sites, the patterns were element-specific: 13.6% showed
increasing trends in TDP alone (Fig. S1b), with hotspots concentrated
primarily in the Amazon Basin of South America (Figs. 1f; S2). This finding
agrees with field observations from the Brazilian Amazon, where defor-
estation and subsequent agricultural expansion have been linked to
increased riverine phosphorus concentrations8. Increases in TDN alone
accounted for 12.5%of sites (Fig. S1b), with hotspot regions concentrated in
agriculturally rich areas of Indonesia and Australia, where mineral N fer-
tilization is practiced (Figs. 1c, d; S2). In contrast, the African continent,
largely characterized by extensive agricultural systems, exhibited com-
paratively little to no hotspots for both TDP and TDN increases (Fig. 1d, f).
Overall, the largest share of dissolved C, N, and P combinations was asso-
ciated with declines inDOC (43.1%) rather than increases (30.3%) (Fig. S1).
Coldspots representing declining DOC trends were primarily concentrated
in agriculturally intensive regions in the South American Amazon basin
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(notably Brazil andBolivia), Central andEasternEurope, andparts ofChina
(Fig. 1b).

As a result of the divergent temporal trends in DOC, TDN, and TDP,
DOC:nutrient ratios showedeitherdecreasingor increasing trends (Fig. S3),
broadly consistent with empirical observations8,19,25. However, global med-
ian DOC: TDN and DOC: TDP trends indicated that both ratios declined
over the past two decades, even after accounting for model uncertainties
(Fig. S3). These trends in the ratios are likely driven by simultaneous
increases innutrients anddeclines inDOCobserved atmost sites (Figs. 1a, c,
e; S3a, b).

We hypothesize that the overall decline in global DOC: nutrient
stoichiometric ratios may be governed by distinct but converging
mechanisms, i.e., anthropogenic nutrient enrichment in agricultural and

urban-dominated catchments8,10,21,26, declines in DOC concentrations due
to deforestation14 and climate-driven mobilization of organic matter and
nutrients in boreal and high-latitude regions9,17,27. Consistent with this
hypothesis, catchments exhibiting the strongest declines in DOC:TDP
ratios were predominantly located in intensively managed agricultural
regions in South America, Central Europe, the USA, Canada, and
southeastern Australia (Fig. S3d). Catchments with the most pronounced
declines in DOC:TDN ratios were distributed across North America,
South America, eastern China, and Russia (Fig. S3c). Some of these
regions are characterized either by intensive agricultural activity8 or by
boreal and high-latitude systems, where enhanced nutrient mobilization
has been shown to be driven by permafrost thaw and hydrological
intensification9,17.

Fig. 1 | Spatial patterns in temporal trends of dissolved carbon and nutrients in
rivers. Global distribution of the median (±95% CI) annual rates of change for (a)
DOC, (c) TDN, and (e) TDP from2002 to 2022 across 5084 catchments. Themedian
rates were estimated from 1000 Monte Carlo simulations that incorporated model
uncertainties. Blue colors indicate declining Sen’s slopes, whereas red colors indicate

increasing Sen’s slopes. b, d, and f show hotspot catchments with steep increasing
trends in red and coldspot catchments with steep decreasing trends in blue, iden-
tified using the Local Indicators of Spatial Association (LISA)method35. The number
of hotspots and coldspots is expressed as a percentage of the total number of
catchments (n = 5084).
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Across all 5084 catchments, DOC:nutrient ratios increased system-
atically from bulk to organic to inorganic nutrient pools (Fig. S4). This was
reflected by the inorganic fraction constituting theminor component of the
total nutrient pool (Fig. S5). Median stoichiometric DOC:nutrient ratios
were predominantly higher than both the marine phytoplankton
(C:N:P = 106:16:128), which represents the autotrophic optimum, and the
median ratios characteristic of freshwater microbes (C:N:P = 68:14:129),
which represents the heterotrophic optimum (Fig. S4). Such findings sug-
gest strong N and P limitation across global rivers when one assumes
complete bioavailability of DOC for both autotrophic and heterotrophic
processes. However, this is unlikely to be the case, as evidence from global

rivers indicates that, on average, only about 10% of DOC is bioavailable30.
Such low DOC bioavailability has been shown to strongly constrain het-
erotrophic reactive N and P uptake rates, as hypothesized by the macro-
nutrient access hypothesis1. Assuming a similar DOC bioavailability of
~10%, our results indicate a pronounced limitation of bioavailable DOC on
TDN and TDP uptake in global rivers, as the resultingmicrobially available
DOC: nutrient ratios fall below the dual-reference thresholds (Fig. S4). Such
findings also agreewith empirical evidence frombioavailableDOCaddition
experiments that increased gross nitrate uptake several-fold in stream
biofilms31, from biofilm and sediment studies linking bioavailable DOC to
phosphorus entrapment and self-purification capacity32, and from

Fig. 2 | Linking land use and climate variability
with trends in riverine dissolved carbon and
nutrients. a Combined effects of climate and land-
use change on the variation in riverine DOC, TDN,
and TDP concentrations across all sites over the
entire study period. Sites were grouped according to
compound climate–land-use change classes of low,
mixed, and high, with letters above the boxplots
indicating significant differences among groups
based on pairwise Dunn tests. b Site-scale elastic net
analysis showing median standardized effect sizes
with 95% confidence intervals for the effects of
environmental change on temporal variation in
DOC, TDN, and TDP concentrations. Predictors
were analyzed as standardized continuous variables
to evaluate the relative importance of individual
climate and land use drivers. c Conceptual diagram
summarizing the key hypothesis from this study that
climatic change, anthropogenic land-use expansion,
and declining forest cover may be cumulatively
associated with declines in DOC:nutrient ratios in
global rivers.
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mesocosm experiments that showed increased nitrate uptake and N losses
under the addition of bioavalableDOC 3. Basedon these 10%-bioavailability
adjusted ratios, we further observe a greater excess of N over P formicrobial
growth in the global riverine dissolved pool. This asymmetry is consistent
with the well-documented global N–P imbalance, driven by the dis-
proportionately rapid increase in anthropogenic reactive N inputs com-
pared to P22, which has raised environmental N:P ratios across aquatic and
terrestrial ecosystems26.

Despite the apparent disproportionate long-term increase inN relative
to P in global rivers, temporal shifts in DOC: nutrient ratios between 2002
and 2022 point to a broader, unifying trend: rivers are gradually becoming
more enriched in both nutrients (Fig. S4). To identify the dominant controls
underlying the declining temporal trends inDOC:nutrient ratios, we related
changes in DOC, TDN, and TDP to concurrent climatic shifts (river
warming and precipitation increases), and the declining forest cover due to
expansion of upstream anthropogenic land uses, which are key drivers of
global environmental change over the past two decades. Catchments
experiencing concurrently higher rates of river warming, expanding
anthropogenic land use, declining forests and increased precipitation had
significantly higher TDN and TDP concentrations and lower DOC con-
centrations than the catchments experiencing opposite trends in these
environmental drivers (Fig. 2a). Moreover, based on the median effect sizes
across multiple sites, river warming was positively associated with increases
in TDN and TDP concentrations and negatively associated with DOC
concentrations. Increases in precipitation was positively associated with
DOC and TDP increases and negatively associated with TDN, while forest
conversion to anthropogenic land uses mainly coincided with declines in
DOCand increases inTDNandTDP (Fig. 2b). Cumulatively, these patterns
are consistent with empirical studies showing enhanced mineralization of
instreamdissolved organicmatter or nutrient release from sediments under
warmer conditions, or increased nutrient inputs driven by land use, such as
fertilizer application, wastewater discharge, and soil erosion, particularly
during periods of strong hydrological connectivity between terrestrial and
stream ecosystems15,16,20,26,30,33. The stronger positive responses of TDN and
TDP toclimatic and land-use change, comparedwithDOCas shownabove,
also suggest that nutrient enrichment may have outpaced carbon enrich-
ment over the past two decades, contributing to the observed decline in
riverine DOC:nutrient ratios.

The observed declines in DOC: nutrient ratios, which may be asso-
ciated with climatic and anthropogenic land use changes, may have direct
and cascading consequences for downstream aquatic ecosystems. This is
because dissolved C:N:P stoichiometry regulates the balance between
microbial catabolic and anabolic processes, thereby influencing whether
reactive C, N, and P species are retained (e.g., immobilized in stream sedi-
ments and biomass) or exported downstream3, thus leading to adverse
environmental impacts such as eutrophication, deoxygenation, and green-
house gas emissions. An analysis of our modeled dataset, including GHGs
and dissolved oxygen23, revealed patterns consistent with this mechanistic
understanding: an increase in reactive bioavailable DOC increases the
supersaturation of riverine CO2, CH4, and N2O, while reducing DO under
nutrient excess (Fig. S6). However, when bioavailable DOC is non-limiting
(i.e., ratios exceed Redfield proportions), further increases in reactive N and
P elicit similar responses, and are associated with increases in both riverine
CO2 and N2O supersaturations and deoxygenation (Fig. S6). Consistent
with our modeled results, these mechanisms have also been reported in
empirical studies. For example, rivers have been shown to transition fromN
transformation to N transport and loss-dominated pathways as dissolved
C:N ratios narrow, stimulating downstream N2O production6,20. Simulta-
neously, nutrient enrichment has also been shown to amplify heterotrophic

respiration, halving terrestrialC residence timesand shifting streams toward
net heterotrophy and greater CO2 efflux

4,5. Nutrient enrichment also results
in algal overgrowth, further depleting dissolved oxygen upon
decomposition7. Collectively, these results demonstrate that both enhanced
DOC bioavailability and reactive nutrient enrichment exacerbate riverine
degradation.

More broadly, the divergent trajectories of C, N, and P observed may
indicate that rivers are transitioning toward novel stoichiometric states not
represented in historical records (Fig. 2c). As global change continues to
modify both inputs and in situ processing of carbon and nutrients, sus-
tained, coordinated monitoring of dissolved reactive C, N, and P will be
essential to identify emerging stoichiometric tipping points, thresholds that
our bioavailability-adjusted DOC:nutrient ratios suggest have already been
exceeded in many nutrient-enriched streams. This highlights the need for
integrated C:N:P management, including the protection of nutrient-poor
natural forest and wetland ecosystems that inherently limit bioavailable
DOCand constrain downstreamadverse environmental impacts. That said,
our study is not without limitations; therefore, its findings should be
interpreted as hypothesis-generating rather thandefinitive. For example, the
existence of significant uncertainties in the modeled dataset23, particularly
for P forms, which, despite being accounted for in the overall trend analysis,
may have affected the magnitudes of the overall trends. Additionally, the
analysis of drivers in this studywas largely basedon correlationanalysiswith
broad catchment-scale patterns associated with climate and land-use gra-
dients, rather than as direct attribution to specific nutrient or carbon
sources. Although increasing nutrient concentrations in some regions are
consistent with areas known to have fertilized agriculture, potential waste-
water inputs, or atmospheric deposition, these mechanisms could not be
explicitly separated in this study because high-resolution, temporally con-
sistent global datasets of these parameters were unavailable. Future work
combining river chemistry observations with source-specific global datasets
will be needed to distinguish the relative contributions of thesemechanisms
to divergent DOC, TDN, and TDP trajectories.

Online Methods
Global dissolved organic carbon and nutrient dataset modeled
across 5084 catchments from 2002 to 2022. In this study, we used a
recently published dataset of modeled annual means of riverine dissolved
carbon and nutrients (N and P)23. This dataset spanned 5084 catchments
(excluding desert ecoregions) and included annual mean molar con-
centrations of DOC, NO3, NH4, TDN, SRP, and TDP. Dissolved organic
nitrogen (DON) was calculated as the difference between TDN and dis-
solved inorganic nitrogen (DIN =NO3+NH4), while dissolved organic
phosphorus (DOP)was calculated as the difference betweenTDP andSRP.

In brief, the modeled dataset was generated using random forest
models trained on an empirical global dataset comprising measurements
from up to 1085 sites across six continental regions (South America, North
America,Africa,Australia, Europe,Asia), sampledbetweenNovember 2000
andApril 202223. Predictors in themodels were exclusively catchment-scale
remote-sensing datasets, including daily vegetation indices, namely NDVI,
NDWI, and EVI, the snow cover index (NDSI), the burn area index (BAI),
three-hourly average photosynthetically active radiation (PAR), elevation,
stream order, and a topographic diversity variable. These predictors were
selected because they were available at global and/or daily resolutions that
matched the empirical dataset used to calibrate and validate the random
forestmodels23. They also provided process-relevant proxies for catchment-
scale controls on dissolved carbon and nutrient dynamics in rivers. For
example, vegetation indices may represent terrestrial productivity, and
potential organic matter and nutrient inputs to rivers, while PAR reflects
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light availability and its influence on instream photosynthesis and respira-
tion. Stream order represents terrestrial–aquatic connectivity, whereas ele-
vationand topographicdiversity representbroader landscapeheterogeneity.

Based on an analysis of the best-performing predictors, these variables
also showed relationships with DOC and nutrient species that matched the
expected mechanistic relationships reported in other studies (Fig. S7). For
example, the topographic diversity variable, a potential proxy for biodi-
versity, was negatively associated with fluvial TDN and NH4. This suggests
that more heterogeneous and potentially more biodiverse landscapes may
have lower fluvial nutrient concentrations than less diverse, more human-
influenced catchments12. Similarly, the negative relationship between
stream order and TDN agrees with established hydrological and biogeo-
chemical mechanisms. Smaller streams often show stronger connectivity
with groundwater and surrounding terrestrial ecosystems and may there-
fore receive proportionally higher nitrogen inputs than larger rivers34. In
contrast, SRP and TDP increased with stream order, suggesting that
downstream sediment accumulation and associated phosphorus release
may contribute to higher phosphorus concentrations in larger river
reaches13. Relationships involving vegetation indices also supported
mechanistic interpretations. For instance, the positive association between
NDVI and DOC suggests that higher terrestrial productivity, which
increases organic matter inputs, may enhance DOC concentrations in
surface waters.

Model performance ranged from moderate to high (R2: 0.44-0.90).
Independent validation using 30% of the global empirical dataset showed
that themodels generally reproduced observed daily concentration patterns
well, with observed-versus-predicted R2 values reaching up to 0.90 (Fig. S8).
The lowest observed-versus-predicted R2 values were found for SRP and
TDP, likely due to model deviations that were most pronounced at extre-
mely low and high concentrations, although most data points remained
clustered around the 1:1 line. Model uncertainties for each parameter were
expressed as the percentage of the mean absolute error relative to the
parameter’s observed globalmean. These uncertainties ranged from6.8% to
75.7%, with DOC predictions having the lowest and SRP the highest (Table
S1). These differences in uncertainty were driven by both the number of
measurements used for training, which was lower for SRP than for DOC,
and the magnitude of the concentrations, particularly the very low SRP
values. Temporal skill at the site scale was assessed using the Kling–Gupta
Efficiency (KGE)metric across all sites. The advantage of the KGEmetric is
that it integrates correlation, bias, and variability into a single score, pro-
viding a more balanced evaluation by explicitly including these different
measures of error. KGE values ranged from 0.18 to 0.61, with an overall
average of 0.42 (Table S1). After these steps, we then used the daily-trained
and validated random forest models for each parameter to reconstruct the
annual global trends in DOC, TDN, TDP, NH4, and NO3 for the period
2002-2022 based on remote-sensing observations23. Detailed information
about the modeled data generation can be found in the respective
publication23.

Temporal trends in DOC, TDN, and TDP and their ratios. To assess
temporal changes in riverine dissolved carbon, nitrogen, and phosphorus,
we quantified site-level trends for DOC, TDN, and TDP concentrations
and their ratios. These temporal trends were estimated over the 20-year
study period using Sen’s slope estimator, which is less sensitive to outliers
than standard linear regression, providing annual rates of change forDOC,
TDN, and TDP concentrations, as well as DOC:TDN and DOC:TDP
ratios. To account for the uncertainty in the modeled concentration esti-
mates, we first propagated variable-specific relative uncertainties through
the trend analysis using a Monte Carlo framework. In this analysis,

uncertainty values of 6.8% for DOC, 13.5% for TDN, and 47.2% for TDP
were used (Table S1). Specifically, site-scale annual DOC, TDN, and TDP
valueswere varied 1000 timeswithin their respectiveuncertainty estimates,
and their ratios were calculated for each simulation. Sen’s slopes were then
estimated for each element and ratio within each simulation. The median
of the resulting slope distribution (n = 1000)wasused as the site-level trend
estimate, with the 5th and 95th percentiles representing uncertainty
bounds. TheseMonte Carlo-derived median slopes were used as the main
slope estimates for mapping and spatial analyses.

Identification of temporal hotspots and coldspots. Hotspots and
coldspots in the temporal trends of DOC, TDN, and TDP, as well as their
derived ratios, were identified using Local Indicators of Spatial Association
(LISA) based on Local Moran’s I35. First, Monte Carlo-derived median
slopeswere spatially represented as point features and projected to ametric
coordinate reference system to ensure accurate distance calculations.
Spatial relationships among sites were defined using a k-nearest neighbors
approach (k = 8), and row-standardized spatial weights were constructed.
Local Moran’s I statistics were computed for each variable to assess the
degree of local spatial autocorrelation between each catchment and its
neighbors. Sites were classified into LISA cluster types based on the sign of
the centered variable and its spatial lag, combined with statistical sig-
nificance (α = 0.05). Specifically, hotspots (high–high clusters) represent
sites with above-average trends surrounded by similarly high values,
whereas coldspots (low–low clusters) indicate sites with below-average
trends surrounded by low values. Non-significant locations and spatial
outliers were excluded. The proportion of hotspots and coldspots was
calculated relative to the total number of sites for each variable and ratio,
providing a quantitative measure of spatial clustering in temporal
dynamics. To characterize multi-element trajectory classes, we indepen-
dently assessed the Monte Carlo-derived median slopes trends for DOC,
TDN, and TDP concentrations at each site and combined them into
composite C–N–P trends (e.g., all increasing, all decreasing, C up/N down/
P up). The proportion of sites in each class was calculated and mapped
globally.

To evaluate how the combined dissolvedC:N:P stoichiometry changed
over the study period, we compared modeled concentrations at the start
(2002) and end (2022) of the 20-year period. This was done by computing
six molar stoichiometric ratios representing bulk (DOC:TDN, DOC:TDP),
organic (DOC:DON, DOC:DOP), and inorganic (DOC:DIN, DOC:SRP)
nutrient pools for each site in both years. The distributions of these ratios
were visualized as paired violin plots, and the medians compared with two
reference benchmarks, i.e., the marine Redfield ratio for phytoplankton
(C:N:P = 106:16:1)28 representing the autotrophic optimum and the fresh-
water DOM benchmark of Godwin & Cotner (2018) for lake-derived het-
erotrophic planktonic bacteria strains (C:N:P = 68:14:1)29 representing the
heterotrophic optimum. This dual-anchor comparison enabled an ecolo-
gical assessment of whether riverine dissolved combined C:N:P stoichio-
metry deviates from known reference values and whether these deviations
have shifted over two decades, as has been done in past studies10.

Analysis of the effects of environmental changes on DOC, TDN,
and TDP. To evaluate how dissolved C, N, and P concentrations varied
across combined environmental-change contexts, sites were classified
according to combined climate and land use changes. Site-level temporal
trends were calculated for water temperature, precipitation, and land use
variables (urban, cropland, and forested areas). Theprecipitationdatawere
sourced from the CHIRPS dataset (https://developers.google.com/earth-
engine/datasets/catalog/UCSB-CHG_CHIRPS_DAILY#bands), land use
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data from the HILDA+ dataset24, and the water temperature data from a
globalwater temperature reconstruction23. Sen’s slopes for eachdriverwere
standardized (z-score standardization) across sites to allow comparison
among variables with different units. A climate-change z-score was cal-
culated as the sum of the temperature and precipitation standardized
slopes. A land-use-change z-score was calculated as the difference between
the sum of the standardized urban and cropland slopes and the standar-
dized forest slope. The rationale for these combinations is that climate
change is expected to result in warmer rivers and more frequent extreme
precipitation events23, whereas anthropogenic land-use change is char-
acterized by urban and agricultural expansion alongside declining forest
cover24. Thus, positive land-use-change scores indicate catchments with
increasing urban and/or cropland cover and decreasing forest cover. Based
on these two scores, sites were then classified as having high or low climate
change and high or low land-use change using the median value of each
score as the threshold. These classes were combined into three compound-
change groups: low climate + land-use change, mixed climate/land-use
change (low-high mixture of either change), and high climate+ land-use
change. Significant differences in DOC, TDN, and TDP among these
combined environmental change classes were then determined using
pairwise non-parametric Dunn tests.

Apart from analyzing these general trends, we also evaluated the
relative importance of climatic and land-use predictors at catchment
scales. Specifically, site-level elastic net models were fitted separately for
DOC, TDN, and TDP. Predictors in these models included water tem-
perature, precipitation, and land-use transitions from forest to cropland
and from forest to urban. The two land use transitions were calculated
annually relative to the first observation at each site. Forest loss was
calculated as the positive decline in forest cover from the initial obser-
vation, whereas cropland gain and urban gain were calculated as positive
increases in cropland and urban cover from the initial observation. For
each site-level model, the response and predictors were standardized
within the site prior to model fitting. Elastic net models were used
because they can evaluate several correlated environmental predictors
simultaneously while reducing the influence of weak or redundant pre-
dictors. The elastic net mixing parameter was set to α = 0.5, giving a
balance between ridge-type shrinkage, which stabilizes estimates when
predictors are correlated, and lasso-type selection, which allows less
informative predictors to be reduced to zero. Cross-validation was used
to identify the amount of regularization that minimized prediction error.
The coefficient estimates from this minimum-error solution were used as
the main model output because they retained more information on site-
level predictor effects. For each predictor and response variable, coeffi-
cient summaries were calculated across cross-validated site-level models.
The main reported effect size was the median standardized coefficient,
with bootstrap 95% confidence intervals.

Data availability
The data that support the findings of this study are openly available in
Zenodo at https://doi.org/10.5281/zenodo.19202635.
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