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Abstract

This review summarized the past and current studies on forest nutrient export and existing watershed water quality models
that are capable of predicting nutrient loadings from forest-dominated watersheds. Emphasis was given to the watershed
models used under cold climate conditions and their capacities and limitations in assessing the impacts of forest best
management practices (BMPs) and climate change scenarios on nutrient loadings at a watershed scale. The nutrient export
rates in forest-dominated watersheds were found to vary significantly controlled by local climate and landscape conditions.
Some watershed water quality models can estimate nutrient loadings from forests either with a simplified forest growth
function or without a forest growth component. No existing watershed water quality models have explicit representation
forest BMP functions. Combining or coupling with a forest growth model is required for a realistic simulation of nutri-
ent dynamics and assessing the impact of forest BMPs in a forest-dominated watershed. The review also considered the
suitability of models for exploring the potential effects of climate change on hydrologic and nutrient processes relevant
to forest management. Discussions on the challenges and limitations of forested watershed water quality models and rec-
ommendations for future development were made following the review. The findings of this study can provide valuable
references for water quality modeling studies in forest-dominated watersheds under cold climate conditions.
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Introduction

Forests can act as both source and sink of nutrients and influ-
ence the overall nutrient balance in a watershed (Osman
2013). The rate or coefficient of nutrient export from forests
can be defined as the amount of nutrients per area, such as
nitrogen and phosphorus in both dissolved and particulate
forms, transported from forested areas to adjacent water
bodies or downstream ecosystems through surface runoff,
subsurface flow, groundwater movement, and streamflow.
This export rate is a crucial factor in understanding the role
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of forests in nutrient cycling and their impact on water qual-
ity and the ecosystem within the watershed. To minimize
nutrient losses from forests and maintain the watershed
aquatic systems, forest BMPs have become a major compo-
nent of forest management (Sun and Vose 2016). Therefore,
understanding the process of nutrient export from forests
and the effectiveness of forest BMPs on nutrient reduction
is therefore essential for integrated watershed management
and sustainable development.

Nutrient export rates in a forested watershed can vary
spatially and temporally and are affected by a combination
of natural and human-induced factors. The spatial distribu-
tion of nutrient loss from a forested watershed is mainly con-
trolled by topography, soil characteristics, bedrock geology,
vegetation type and diversity, and climate patterns (Band
et al. 2001). Nutrient loss from a forested watershed is also
affected by natural disturbances such as wildfires, storms,
pest infestations, disease outbreaks, and recovery processes
including revegetation and soil stabilization. In addition,
human activities such as deforestation, agriculture, grazing,
urbanization, pollution, and forest management practices
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including logging, thinning, fertilization, and reforestation
can significantly alter nutrient export dynamics (Beckers et
al. 2009). Due to the variation in precipitation, temperature,
plant growth, and biological activity within a year, nutrient
exports and subsequent loadings in rivers and lakes would
vary significantly in different seasons. The interaction of all
these influencing factors makes the forested watershed a
very complex system in terms of hydrobiological and water
quality processes.

To estimate nutrient exports and loadings in a forested
watershed, researchers and watershed managers usually
conduct studies through field experiments, monitoring data
collection and analysis, or watershed-scale water quality
models. In 2016, Environment and Climate Change Can-
ada (ECCC) initiated the Lake of the Woods (LoW) Sci-
ence Initiative focusing on the most pressing challenges
affecting water quality and aquatic ecosystem health in the
basin. LOW is a large, multi-basin transboundary water-
body between Canada and the US that has been exhibiting
harmful algal blooms and a deterioration of water quality
with nutrient loading from the watershed as one of the main
causes (Greenwood and Eimers 2023). The watershed cov-
ers approximately an area of 69,250 km? dominated by for-
est (55%), wetlands (23%), and open water (18%), while
agricultural land is about 2.2% of the watershed area. The
LoW watershed has a continental climate with warm sum-
mers and cold winters, with average annual precipitation
about 744 mm, and snow on the ground generally between
November and April (Fong et al. 2023). A combined water
quality sampling and watershed modeling has been con-
ducted under ECCC’s LoW science initiative with an objec-
tive to evaluate the impacts of BMPs and climate change
scenarios on lake ecosystem and water quality, and to pro-
vide sound scientific policy recommendations for managing
nutrient loading and reducing the frequency and severity of
harmful algal blooms (HABs) in the lake.

This paper provides a review of the capability of pro-
cess-based water quality models in simulating nutrient
export from forest-dominated watersheds with an empha-
sis on cold climate conditions based on available informa-
tion documented in the literature. We reviewed (i) nutrient
exports from forested watersheds based on monitoring stud-
ies, (ii) watershed models for simulating nutrient loadings,
and (iii) their applications in assessing the impact of BMP
and climate change scenarios in forested watersheds. The
review is followed by a discussion on challenges and limita-
tions of forested watershed models and recommendations
for future development. The findings of this review can be
used to improve the next phase LoW watershed modeling
and provide valuable references for water quality modeling
studies in forest-dominated watersheds under cold climate
conditions.
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Nutrient export from forested watersheds based on
monitoring data analysis

Analyzing nutrient export from forested watersheds based
on monitoring data involves collecting, processing, and
interpreting observed data to understand nutrient dynamics,
sources, pathways, and their impacts on downstream water
quality. These data provide insights into hydrologic pro-
cesses and water quality dynamics at different spatial and
temporal scales, and other factors influencing watershed
nutrient cycling and export to streams and rivers. The results
of observation data analysis also form a fundamental basis
for model calibration, validation, and uncertainty analysis,
and therefore, are crucial for watershed water quality model
development and evaluation of BMPs and climate change
scenarios.

Numerous field experiments and watershed studies have
been carried out to quantify the rates of nutrient export from
forest areas over the past decades across the world. Reck-
how et al. (1980) conducted an extensive literature survey
of nutrient export coefficients from different land uses, and
found the annual total phosphorus (TP) export rate from
forest land ranged from 0.019 to 0.83 kg/ha with a mean
of 0.24 kg/ha, while the annual total nitrogen (TN) ranged
from 1.38 to 6.26 kg/ha with a mean of 2.86 kg/ha. Loehr
et al. (1989) reported the range of forest annual TN and TP
nutrient export coefficients of 1.0-6.3 and 0.007-0.88 kg/
ha, respectively, at various locations in the US and Europe.
Dodd et al. (1992) used annual forest TP and TN export
coefficients of 0.13 (0.09-0.21) and 2.33 (0.69-3.8) kg/ha
with a confidence level of 75%. Similar ranges were also
found by Raty et al. (2020) based on observations in a
1.02 km? forested catchment in east-central Finland. These
ranges of nutrient export rates from forest land use are much
lower and relatively narrow compared to agricultural land
use as reported by Reckhow et al. (1980). Hydroclimatic
factors, such as precipitation, surface and subsurface runoff,
and landscape factors, such as soil and forest productivity,
appear to be the major factors determining nutrient export
variability at a field scale.

At a watershed scale, in addition to the above-influencing
factors, nutrient exports at the forest-dominated watershed
outlet are further controlled by forest location and distribu-
tion area within the watershed, as well as contributions from
other land uses such as agriculture, urban, and wetlands.
Scott et al. (2000) carried out an extensive study in Nova
Scotia to determine phosphorous export coefficients with
various combinations of geology, soil type, and land use and
suggested that the annual TP export coefficient was about
0.0069 kg/ha for forested watersheds with igneous bedrock,
0.0083 kg/ha for forested watersheds with igneous bedrock
and > 15% wetlands, 0.0088 kg/ha for forested watersheds
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with sedimentary bedrock, and 0.0115 kg/ha for forested
watersheds with sedimentary bedrock and > 5% wetlands.
De Melo et al. (2022) concluded that average annual TN and
TP export rates were 1.47 and 0.12 kg/ha based on a survey
of 18 rivers dominated by peatlands, coniferous forests, and
lakes in the Eastern James Bay region, QC, Canada. Finer
et al. (2021) carried out a nutrient export study of 61 man-
aged catchments and 28 natural catchments in Finland and
found that average annual TN and TP export rates were 1.85
and 0.084 kg/ha for managed forested watersheds, and 1.29
and 0.041 kg/ha for natural forested watersheds. A study
by Hargan et al. (2011) showed that the average annual TP
export rate of the Rainy River, the major water source to

the Lake of the Woods forming part of the Canada—USA
border separating northwestern Ontario and northern Min-
nesota, was 0.006 kg/ha. Table 1 lists observed average
annual runoff and nutrient loadings from forest-dominated
watersheds calculated with various interpolation methods
at the monitoring stations. Four watersheds (the watershed
in northern Portugal, Pingqiao River watershed in China,
Beaver Lake watershed USA, Upper Pearl River watershed
USA) in Table 1 had warm humid subtropical climate con-
ditions which were used for comparison with other water-
sheds under cold climate conditions.

Despite the short monitoring periods in some studies in
Table 1, the TN and TP export rates in a forest-dominated

Table 1 Observed average annual runoff and nutrient loadings from forest-dominated watersheds

Location Watershed description Runoff N TP Source
(mm/yr) (kg/ha) (kg/ha)
18 rivers in the Eastern ~ Total area 358,914 (44-209,453) km? covered by peatlands, 591 1.47 0.12 De Melo
James Bay region, QC,  coniferous forests, and lakes, with average annual temperatures  (426-1,075) (1.02-2.73) (0.054— etal.
Canada —-3°C. 0.43) (2022)
3 watersheds in the Watershed area 20,109/8,824/15,076 km?, Forest 78.1%, 82.2%, - 1.4,2.7, 0.005, Cronan
Penobscot 76.9%, agriculture 10.9%, 4.8%, 7.4%, wetland 5.2%, 4.3%, 1.9 0.055, (2012)
River Basin, ME, USA  6.1%. 0.015
4 tributaries in the Total watershed area 4,275 (42.2-1064) km?, annual precipi- - 0.31 0.018 Haggard
Beaver Lake watershed, tation 1,001 mm/yr, pasture 33.3% (16-55%), forest 63.5% (0.24-2.19) (0.009— etal.
AR, USA (42-82%). 0.189) (2003)
A forested catchment in ~ Catchment area 1.02 km?, annual precipitation 765 (646—847) 126 1.6 0.4 Raty
east-central Finland mm, average annual temperature 4.0 (2.3-4.8) °C over the moni- (93-164) (1.0-2.5)  (0.3- etal.
toring period, forest 100%. 0.7) (2020)
Church branch, St. Watershed area 12.84 km?, annual precipitation 1,041 mm/yr, - 6.78 0.33 Beckert
Martin River basin, MD, agriculture 40%, urban 13%, feeding operation 0.14%, forest et al.
USA 47%. (2011)
Four watersheds in Total area 573 (58, 215, 132, 168) km?, annual precipitation - - 1.5,0.5, Santos
northern Portugal 1,882 (3123, 1954, 1453, 999) mm/yr, forest 84.5% (94%, 75%, 0.2,04 etal
88%, 81%). (2015)
Lena station, Upper Pearl Watershed area 5,131 km?, annual precipitation 1,348 mm/yr, 253 1.11 0.65 Jayakody
River, MS, USA forest 72%, grassland 20%, urban 6%, others 4%. et al.
(2014)
Mica Creek, 7 experi- Total area 27.0 km?, annual precipitation 1,450 mm/yr, domi- 640 0.88 0.12 Deval
mental watersheds, ID,  nated by naturally regenerated and replanted mixed conifers. (474-818) (0.22-3.39) (0.09— etal.
USA 0.15) (2021)
Pingqiao River water- Watershed area 220.3 km?, annual precipitation 1,129 mm/yr, - 20.9 0.35 Xue
shed in the Taihu Basin, agriculture 31.3%, urban 5.3%, water 1.4%, forest 62%. et al.
China (2019)
Rainy River at Manitou ~ Watershed area 50,200 km?, annual precipitation 744 mm/ 232 - 0.006 Hargan
Rapids, ON, Canada yr, agriculture 2.3%, wetland 33.3%, open water 16%, forest et al.
46.8%. (2011)
Sixty-one managed Average catchment area 5.0 (0.04-53.2) km?, annual precipita- 305 1.85 0.084 Finer
catchments in Finland tion 561 mm/yr, agriculture 0.5%, lakes 0.6%, forest 98.9% (193-503) (0.16-7.69) (0.006— et al.
0.424) (2021)
Twenty-eight natural Average catchment area 403 (6 —4,209) ha, annual precipitation 357 1.29 0.041 Finer
catchments in Finland 564 mm, agriculture 0.0%, lakes 0.0%, forest 100% (peatland (244-485) (0.37-4.01) (0.006— et al.
44%). 0.209) (2021)
Tumen River watershed ~ Watershed area 33,168 km?, annual precipitation 400-600 mm/ - 7.89 0.37 Ouyang
in Northeast China yr, forest 71% dominated by deciduous broad-leaved trees. etal.
(2022)
Winnipeg River at Watershed area 126,000 km?, annual precipitation 780 mm/yr, 250 0.133 0.006 Board
Pointe du Bois, MB, agriculture 1%, grassland < 1%, open water 17%, wetland 7%, (20006)

Canada

forest 73%.
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watershed showed a wide range of variation compared to
the values obtained from field studies. TN loadings ranged
from 0.133 kg/ha (Winnipeg River, Canada) to 7.89 kg/
ha (Tumen River, China), and TP loadings ranged from
0.006 kg/ha (Winnipeg River, Canada) to 0.43 kg/ha (East-
ern James Bay region, Canada). Compared to watersheds
characterized by warm humid subtropical climate condi-
tions, the TN and TP export rates were much lower mainly
because of the difference in climate and forest productivity
(Table 1). Haggard et al. (2003) reported that nutrient export
amount (kg/yr) increased with watershed size, but nutrient
export rate (kg/ha) decreased with watershed size based on
a study in the Ozark Plateau, USA. Hence, the watershed
models need to represent the major influencing factors that
control nutrient loadings in a specific forest-dominated
watershed and account the loadings in model simulation and
assessment of various management scenarios.

Watershed models for simulating nutrient loadings
in forest-dominated watersheds

Watershed models are valuable tools that have been exten-
sively used in scientific research and water resources engi-
neering applications to resolve current-day hydrologic and
environmental problems. In comparison to statistical and
machine learning models, process-based watershed models
incorporate physical principles in terms of empirical rela-
tionships and/or physical mathematical formulations, and
scientific knowledge to describe, analyze, predict, and under-
stand hydrologic processes and their interactions within a
complex watershed system. Therefore, they are commonly
used to simulate pollutant loadings, evaluate management
practices, and assess the impact of climate change on nutri-
ent reductions at a watershed scale (Beckers et al. 2009).
Non-point source nutrient loading models have a long his-
tory of development and have been applied extensively in
watershed management and decision-making. However,
most of these models were developed with an emphasis on
agricultural non-point source pollution, and there is limited
knowledge on nutrient processes and dynamics within a for-
ested watershed under cold climate conditions, where snow
and frozen soil are more important. A summary of water-
shed hydrologic models that include some representation of
nutrient dynamics in and loadings from forest-dominated
watersheds is provided in Table 2.

All these watershed models have high complexities
ranging from a full to semi-distributed structure that dis-
aggregates watersheds into multiple computation units to
represent the spatial variability of watershed characteris-
tics, model parameters, and weather inputs. General inputs
to these models include geospatial data (topography, soil,
land cover), climate data (precipitation, temperature, solar
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radiation, wind speed, and air humidity), and land manage-
ment model data (reservoirs, lakes, wetlands, point sources,
water uses, irrigation, and surface/subsurface drainage).
Some models, e.g. HSPF and SWAT, need more land man-
agement data including crop management, grazing man-
agement, and livestock management for a more precise
simulation of non-point source pollution from agricultural
fields. Outputs of these models include time series of run-
off, sediment, and water quality variables at reach outlets
and their spatial distribution over the watershed at subba-
sin or computation unit level. All these models have snow
cover and snowmelt processes, but only SWAT and HYPE
incorporate frozen soil processes in the nutrient export sim-
ulation. However, none of these models contain a detailed
description of forest growth and management, therefore,
coupling the model with a specific forest model, such as the
Forest Vegetation Simulator (FVS) (Crookston and Dixon
2005), is required for a detailed study of forest dynamics
and associated ecosystem service in addition to estimate of
nutrient loadings from the forested watershed.

Nutrient transport via groundwater flow is an impor-
tant pathway in forest-dominated watersheds because of
higher groundwater recharge compared to non-forested
areas. Models including HGS, MIKE-SHE, MODHMS,
and WaSiM-ETH use rigorous physically-based equations
and numerical solutions to describe groundwater movement
and water quality dynamics within the aquifer and therefore
can be used to study nutrient processes in the groundwater
flow. However, high-quality data of soil, geology, mineral
resources, and field sampling are required to limit the uncer-
tainty of modeling results. Other models either do not have
process-based groundwater components (e.g. HYPE and
WARMF) or use simplified approaches (e.g. HSPF, MESH,
SWAT, and SWMM) to simulate the movement of water
and nutrient into and out of the groundwater storage. These
simplified models require fewer inputs but cannot capture
the complexities of groundwater quality dynamics within
a watershed. For forest-dominated watersheds under cold
climate conditions, processes including canopy snow inter-
ception, snowdrift, and redistribution, snowmelt and subli-
mation, frozen soil, permafrost, and glacier melt, as well as
lakes, wetlands, and infrastructure (e.g. road construction)
are critical in controlling the processes of runoff and nutri-
ent export. However, none of the above listed models has a
full set of these functions. Coupling these controls with a
detailed hydrologic model, such as the cold regions hydro-
logic model (CRHM) (Marsh et al. 2020) is required for a
plausible simulation of spatial and temporal dynamics of
nutrient export in a complex forest-dominated watershed.

Among the ten watershed models listed in Table 2, the
SWAT model has the advantages of applicability and oper-
ability to a wide range of climate and landscape conditions
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Table 2 Watershed models that can be used for simulating nutrient loadings in forest-dominated watersheds

Model Description Source

HSPF! Small to large watershed scale, semi-distributed, with forest harvesting, lake, groundwater, and snow Duda et al.
processes but not for forest growth, wetland, frozen soil, and road construction, sub-daily time step, high (2012)
complexity.

HGS? Small to large watershed scale, distributed, with lake, wetland, groundwater, and snow processes but not for ~ Brunner and
forest growth, forest harvesting, and frozen soil, 1-D simulation for road construction, flexible time step, high Simmons
complexity. (2012)

HYPE? Small to large watershed scale, distributed, with snow, frozen soil, and forest harvesting processes but not for Lindstrom
forest growth, groundwater, wetland, lake, and road construction, flexible time step, high complexity. etal. (2010)

MESH* Small to large watershed scale, distributed, with snow, groundwater, and lake processes but not for forest Pietroniro et
growth, forest harvesting, frozen soil, wetland, and road construction, flexible time step, high complexity. al. (2007)

MIKE-SHE? Small to large watershed scale, distributed, with lake, wetland, snow, groundwater, and forest harvesting Jaber and
processes but not for forest growth, frozen soil, and road construction, flexible time step, high complexity. Shukla

(2012)

MODHMS?® Small to large watershed scale, distributed, with forest harvesting, lake, and wetland processes but not for Panday and
forest growth, frozen soil, and road construction, physical equations for groundwater, flexible time step, high Huyakorn
complexity. (2004)

SWAT’ Small to large watershed scale, semi-distributed, with forest harvesting, forest growth, snow, frozen soil, Douglas-
groundwater, and wetland processes but not for lake and road construction, daily time step, high complexity. ~ Mankin et

al. (2010)

SWMM? Urban landscape, small to large watershed scale, semi-distributed, with snow, groundwater, lake, wetland, and Rossman
road construction processes but not for frozen soil, forest growth, and forest harvesting, dynamic time step, (2010)
high complexity.

WARMF’® Small to large watershed scale, semi-distributed, with snow and forest harvesting processes but not for forest Chen et al.
growth, frozen soil, groundwater, lake, wetland, and road construction, daily or sub-daily time step, high (2000)
complexity.

WaSiM-ETH'  Small to large watershed scale, distributed, with snow, groundwater, forest harvesting, and lake processes but ~ Schulla and
not for forest growth, frozen soil, wetland, and road construction, sub-daily time step, high complexity. Jasper

(2007)

'Hydrologic Simulation Program Fortran developed by USGS and USEPA, HydroGeoSphere developed by Aquanty Inc. Canada, *Hydrologic
Predictions for the Environment developed by Swedish Meteorological and Hydrologic Institute. “Modélisation Environnementale com-
munautaire - Surface Hydrology developed by ECCC, *European Hydrologic System Model developed by Danish Hydraulic Institute,
SMODFLOW-based Hydrologic Modeling System developed by HydroGeologic Inc. USA, "Soil and Water Assessment Tool developed by
USDA-ARS, #Storm Water Management Model developed by USEPA, *Watershed Analysis Risk Management Framework developed by Elec-
tric Power Research Institute, USA, '"Water balance Simulation Model developed by Federal Institute of Technology Zurich, Switzerland

and allowing a hydrologic analysis of watersheds to be
conducted through a long-term predictive simulation, and
therefore, has been applied more frequently in recent-year
studies on nutrient dynamics and loading in forest-domi-
nated watersheds under cold climate conditions. In SWAT, a
watershed is divided into multiple subbasins, which are fur-
ther subdivided into hydrologic response units (HRUs) with
homogeneous land use, soil, and a slope range. The model
runs at a daily time step and is composed of a single vegeta-
tion layer and multiple soil layers, together with a concep-
tual shallow and deep groundwater reservoir. Surface runoff
in SWAT is simulated using the SCS Curve Number or
Green-Ampt methods, while snowmelt is calculated using a
temperature degree-day approach within an elevation band.
The SWAT model simulates plant growth by the method
of leaf area index and converting light interception to bio-
mass under optimal water and nutrient supply conditions.
The growth of different plant species is simulated based on
a set of plant growth parameters defined for each type of
plant. In addition, the SWAT model contains components of

lakes, reservoirs, wetlands, and a set of agricultural manage-
ment practices allowing the simulation of flow, sediment,
and nutrient cycling within a complex hydrologic system.
To adapt the SWAT model for forest simulation, Lai et al.
(2020) developed a forest growth module featuring variable
density and mixed vegetation types to address the draw-
backs of the SWAT model in estimating the accumulated
biomass, based on the average forest vegetation density and
single plant growth pattern. Kiniry et al. (2008) adapted the
SWAT model to the boreal forest environment by incorpo-
rating a process-oriented plant growth module for simulat-
ing the growth of crops, grasses, and forests.

A list of SWAT model applications for nutrient export
modeling in forest-dominated watersheds is provided in
Table 3. Watershed sizes ranged from 145 km? to 168,400
km? with forest area coverage from 44.5 to 83.4%. Nutrient
exports including total suspended solids (TSS), TN, nitrate
(NO;), TP, dissolved nitrogen (DN), or total dissolved phos-
phorus (TDP) were reported at the watershed outlet or from
forest areas within the watershed. The studies indicated that

@ Springer
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Table 3 Selected SWAT applications for nutrient export modeling in forest-dominated watersheds

Location Watershed description Results (average annual) Source
Athabasca River below ~ Watershed area 160,000 km?, average precipitation 510 mm/ TN 0.94 kg/ha and TP 0.17 kg/ha from  Shrestha
Fort McMurray, AB, yr, forest > 80% of the watershed area. forest areas. TN 1.35 kg/ha and TP and Wang
Canada 1.74 kg/ha from range areas. (2020)
Chungju Dam watershed, Watershed area 6,661 km?, average precipitation 1,359 mm/yr TSS 0.72/0.54 t/ha, TN 0.70/0.75 kg/ ~ Park et
South Korea agriculture 2.8%, wetland 8.8%, forest 83.4%. ha, TP 0.85/0.70 kg/ha from 2 main al. (2010)
tributaries.
Delaware River water- Watershed area 36,570 km?, dominated by deciduous forest. ~ Runoff 657 mm/yr, TSS 0.56 (0.26— Hanson
shed, NY-NJ-PA-DE, 1.35) t/ha, TN 2.75 (2.26-3.43) kg/ha,  etal.
USA TP 0.24 (0.16-0.34) kg/ha. (2017)
Grand watershed Near Watershed area 1,896 km?, average precipitation 1,093 mm/  Runoff 409 mm/yr, TSS 0.527 t/ha, Bosch et
Painesville, OH, USA yr, agriculture 27%, hay 10%, urban 10%, forest 52%. TN 6.46 kg/ha, NO; 3.68 kg/ha, TP al. (2014)
0.38 kg/ha, TDP 0.048 kg/ha.
Lake of the Woods water- Watershed area 69,250 km?, average precipitation 713 mm/yr, Runoff 209 mm/yr, TSS 0.035 t/ha, Fong et
shed, Canada-USA agriculture 2.4%, wetland 30.4%, water 21.3%, forest 44.5%. DN 0.78 kg/ha, TN 1.13 kg/ha, TDP al. (2022)
0.03 kg/ha, TP 0.06 kg/ha.
Lake Yenicaga watershed, Watershed area 145 km?, average precipitation 677 mm/yr, TDP 0.4 kg/ha, TP 1.1 kg/ha, NO, Gungor
Black Sea Basin, Turkey agriculture 42%, forest 56%. 2.0 kg/ha et al.
(2016)
Lancang River Basinin ~ Basin area 168,400 km?, average precipitation 438—1921 mm/ TN 46.8 kg/ha, TP 0.43 kg/ha Hao et al.
southwestern China yr from north to south. Grassland 44%, forest 47%. (2022)
Le ‘an River Watershed, ~Watershed area 8,376 km?, average precipitation 1,772 mm/ TN 1.57 (0.002—6.37) kg/ha, TP 0.26 Lietal.
Jiangxi, China yr, agriculture 24.9%, urban 3.2%, forest 70.6%. (0.002-1.26) kg/ha (2023)
Muskingum River water- Watershed area 20,855 km?, agriculture 22%, pasture and hay ~TSS 0.02—1.23 t/ha, TN 0.82—17 kg/ha, Khanal et
shed, OH, USA 18%, urban 12%, wetland and water 3%, forest 45%. TP 0.03-2.6 kg/ha. al. (2018)
Saugahatchee Creek Watershed area 570 km?, average precipitation 1,336 mm/yr,  TSS 0.94 t/ha, TN 2.1 (0.57-5.31) kg/  Niraula et
watershed, AL, USA agriculture 11.7%, urban 8.4%, grass 11.7, forest 67.8%. ha, TP 0.19 (0.02-0.87) kg/ha. al. (2013)
St. Croix River water- Watershed area 20,000 km?, average precipitation 808 mm/yr, Runoff 253 mm/yr, TSS 0.054 t/ha, TN  Yang et
shed, WI-MN, USA agriculture 9.6%, wetland 17.9%, forest 46.6%. 0.75 kg/ha, TP 0.13 kg/ha from forest  al. (2018)
areas.
Meijiang River Basin, Watershed area 3,304 km?, average precipitation 1,706 mm/  Runoff 256 mm/yr, TN 1.13 kg/ha, TP Lai et al.
Jiangxi, China yr, forest 70%. 0.11 kg/ha. (2020)
Upper Pearl River water- Watershed area 7,588 km?, average precipitation 1,348 mm/  Runoff 245 mm/yr, TSS 0.03 (0.01— Parajuli
shed, MS, USA yr, forest 72%, grassland 20%, urban 6%, others 4%. 0.06) t/ha, TN 0.58 (0.30-1.06) kg/ha, etal.
TP 0.37 (0.14-0.64) kg/ha. (2010)
Vansjo-Hobolv watershed Watershed area 690 km?, average precipitation 810 mm/yr, TN 0.45 kg/ha, TP 0.008 kg/ha from Panago-
in south-eastern Norway  agriculture 16%, open water 7%, forest 77%. forest areas. poulos et
al. (2011)

nutrient export rates at the watershed outlet were mainly
affected by forest fractions with higher values for water-
sheds with lower forest fraction because more nutrients were
produced from non-forest areas. In addition, nutrient export
rates from forest areas within the watershed are affected
by multiple factors such as climate, hydrology, and forest
growth characteristics. Thus, the major influencing factors
on forest growth and forest hydrology must be accounted
for in the model for a proper simulation of nutrient dynam-
ics and nutrient export in forest-dominated watersheds.

Model applications for accessing the impact of
forest BMPs on reduction of nutrient loadings

Forest BMPs are designed for sustainable forest manage-
ment, environmental protection, and ecosystem health main-
tenance. One main objective of forest BMPs is to minimize
the negative impacts of forest activities on water quality in
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receiving water bodies. These activities involve actions and
practices associated with forest management, conservation,
and utilization. For example, varying degrees of impact on
sediment and nutrient export can be produced from harvest-
ing (e.g., selective-cutting, clear-cutting, shelterwood-cut-
ting, and location within a watershed), logging (e.g., cable
yarding, ground skidding, and location of landing site), road
(e.g., construction and maintenance), and forest regenera-
tion (e.g., natural and artificial). To address these issues, an
integrated watershed management approach consisting of
the implementation of BMPs and land conservation strate-
gies is essential for the reduction of nutrient pollution and
the protection of water quality. A detailed description of
forest BMPs designed for water quality improvement was
provided by Shah et al. (2022). A review of the effective-
ness of forestry BMPs in the United States was provided by
Cristan et al. (2016) based on field measurements. Table 4
gives a list of typical forest BMPs proposed for the LoW
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Table 4 Forest BMPs proposed for the LoW watershed water quality

modeling and assessment

Practice

Description

Road planning,
design, and
location

Landing plan-
ning, design, and
location

Fertilization

Timber harvest
planning and
design

Protection

of wetlands,
streams, and
lakes

Site stabilization
and revegetation

Avoid erosion from poorly designed skid and
haul roads. Locate roads away from poorly
drained sites and soils. Maintain protective
buffers between roads and streams. locate roads
on contours with water bars. Reduce rutting and
skid trail disturbance. Implement bank protec-
tion measures at stream crossings.

locate landings on gentle slopes with drainage

or well-drained soils, and away from streams.
Install diversion ditches on the uphill side of
landings.

Minimize fertilizer application. Do not apply fer-
tilizer during wet weather. Do not apply fertilizer
within defined exclusion zones or buffer areas.
Conduct selective cutting instead of clear-cut-
ting. Design roads and select cutting areas before
harvesting. Develop ground stabilization mea-
sures during harvesting. Regenerate plant cover
after harvesting. Avoid wet season logging.
Maintain buffer strips around wetlands, streams,
and lakes, and avoid crossing on non-forested
wetlands.

Grade roads and side ditches to ensure proper
drainage. Seed and mulch disturbed areas to

stabilize soils.

watershed water quality modeling and assessment by Liu
and Yang (2020).

Watershed models for forest BMPs planning and assess-
ment aim to provide forest managers, landowners, and other
stakeholders with actionable guidelines to minimize nega-
tive environmental impact and protect natural resources
(Beckers et al. 2009). To assess the impact of forest BMPs,
the hydrologic and water quality processes of these forest
BMPs must be accounted for in the watershed water qual-
ity model. In addition, questions such as whether the spatial
layout of BMP areas in the watershed needs to be repre-
sented, whether the model outputs include required param-
eters, whether the modeling time step meets the objectives,
whether the simulation capacity of forest growth, snow-
melt, and frozen soil processes is required, and whether
all required climate and management input data are avail-
able, need to be answered to select a suitable model for
forest BMPs simulation and assessment. Except for HGS
and SWMM, other models listed in Table 2 do not simulate
explicitly the road hydrology and water quality processes.
Moreover, none of these models can simulate explicitly the
forest activities, such as clear-cutting vs. selective-cutting,
cable-logging vs. ground-logging, landing design and loca-
tion, and natural vs. artificial reforestation. Assumptions
or simplifications of processes are required when applying
these models for forest BMPs assessment.

In comparison to the numerous BMP modeling studies
in agricultural watersheds, very few studies have been con-
ducted to assess the impact of forest BMPs on water quality
in a forested watershed, particularly under cold climate con-
ditions. Peraza-Castro et al. (2018) applied the SWAT model
to assess the impact of forest clear-cutting on discharge,
suspended particulate matter (SPM), and particulate organic
carbon (POC) load from the upper part (31.6 km?) of the
Oka River watershed in Northern Spain. Results showed
that the practice of clear-cutting could increase discharge,
SPM, and POC load by 3-15%, 19-106%, and 9-47%
respectively compared to the baseline scenario. Khanal
and Parajuli (2013) applied the SWAT model to evaluate
the impacts of forest clear-cutting on water and sediment
yields in the upper Pearl River Watershed (7,885 km?) of
Mississippi, USA. Results showed that potential changes in
water and sediment yields were between 17 and 96% and
33-250%, respectively, with an increase in clear-cutting
area from 10 to 75% compared to the base scenario. Nolan
et al. (2015) evaluated stream crossing BMPs of forest roads
and skid trails on erosion in the southern Piedmont region
of Virginia, USA, using the Universal Soil Loss Equation
modified for forestland (USLE-Forest), and concluded that
BMP upgrades had the potential to reduce erosion rates to
similar levels found in undisturbed forests. However, these
forest BMP modeling studies focused on the environmen-
tal benefits of erosion and sediment control in forest areas,
while the reduction of nutrient export from forest BMPs was
not included in the modeling assessment.

Model applications for accessing the impact of
climate change on forest nutrient dynamics

Climate change has been identified as one of the great-
est threats to water resources and ecosystem management
(Keller et al., 2023). In addition to changes in annual pre-
cipitation and air temperature, climate change also affects
their intra- and interannual variations and could lead to
more intense and frequent extreme weather events. In the
cold-climate environment, these changes will affect the
processes of snow accumulation, snowmelt rate and tim-
ing, lead to changes in the runoff intensity, evapotranspi-
ration (ET), groundwater recharge, and increases the risk
of flooding and soil erosion. With respect to forest growth
and nutrient dynamics, changes in precipitation and tem-
perature can affect soil moisture, nutrient leaching, and
plant uptake, influencing nutrient mineralization and micro-
bial activity. In addition, climate change has a potential to
alter the distribution and abundance of tree species and may
cause in northwards shifts of some species, which will have
implications on nutrient demand and cycling. Therefore,
incorporating climate change projections in the watershed
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water quality model is crucial for understanding the range
of possible future impacts on forest nutrient dynamics. Fur-
thermore, projecting the response of the forest ecosystem
to climate change is important for developing management
strategies for a sustainable development of forest-domi-
nated watersheds.

Given the dynamics of nutrients are controlled by various
factors, including climate, topography, soil properties, for-
est growth, and human activities, modeling nutrient export
and loading in a forest-dominated watershed under climate
change conditions involves an assessment of interactions
climate with the landscape processes and the effects on
hydrologic processes and nutrient cycling. Therefore, the
selected watershed models must account for these key influ-
encing factors in the process simulation. Of the ten water-
shed water quality models listed in Table 2, only the SWAT
model has a simple plant growth component integrated
with the key hydrologic and water quality processes, and
therefore, provides a basis for assessing the impact of cli-
mate change on forest nutrient dynamics and export. Other
models, when applied to assess climate change scenarios in
a forested watershed, need to couple or combine a forest
growth model for a reasonable process simulation.

Compared to studies of climate change’s impact on nutri-
ent export from agricultural watersheds, the number of
studies on forest nutrient dynamics and water quality in the
context of climate change has been very limited. The SWAT
modeling study of Peraza-Castro et al. (2018) in the upper
part of the Oka River watershed in Northern Spain showed
climate change induced decrease in discharge, SPM, and
POC loads in response to precipitation decrease and ET
increase. Park et al. (2010) assessed future climate change
impacts on nutrient loadings in a forest-dominated water-
shed in South Korea by integrating future vegetation canopy
in the SWAT model. Results indicated a significant increase
in annual TN load and a decrease in annual TP load in the
2080s, which were attributed respectively to the increase of
subsurface lateral flows and the groundwater recharges by
the future rainfall increase and decrease of sediment load
during wet periods because the increase in leaf area index
(LAI). Similar results were obtained by Shrestha and Wang
(2020), who applied the SWAT model in the Athabasca River
basin in Alberta, Canada, in terms of a significant increase
in TN and a decrease in TP from the forest under the pro-
jection of wetter and warmer future climate. Jayakody et
al. (2014) applied the SWAT model in the forest-dominated
Upper Pearl River watershed, USA, and projected increases
in TSS, TN, and TP loadings up to 26.3%, 7.3%, and 14.3%
respectively under future climate conditions. Hao et al.
(2022) applied the SWAT model in the forest-dominated
Lancang River Basin in China and projected that the annual
DN and TDP export from the watershed could increase by

@ Springer

38.63% and 44.38%, while the annual export of PP and
PN can be up to 1.5-fold under the condition of changes
in future temperature and precipitation. Bosch et al. (2014)
applied the SWAT model in the forest-dominated Grand
watershed in the US and projected a slight increase in TP
and TN yield (4% and 6% on average) under the moderate
climate change scenario, and an increase of 6% and 16% in
TP and TN under the pronounced climate change scenario.
All these studies reported an increase in TN loadings in a
forest-dominated watershed under future climate change
conditions, but TP may increase or decrease depending on
the difference in future precipitation and temperature pat-
terns, as well as the watershed and forest characteristics.
However, uncertainties existed in these modeling results due
to the challenges simulating the complex watershed system
under future climate conditions. Future climate projections
are also associated with uncertainties due to GCM structure
and internal variability, and greenhouse gas concentration
and emissions pathways, downscaling method, and hydro-
logic and water quality model structure and parameters (e.g.
Hattermann et al. 2017; Shrestha et al. 2014).

Discussion

Like any modeling approach, watershed water quality mod-
els have certain limitations and uncertainties when applied
to simulate nutrient dynamics and estimate pollutant load-
ings in a forest-dominated watershed. Firstly, reliable and
high-resolution data on land use, soil properties, climate,
water quality, and forest management practices may not be
available in remote areas leading to challenges in capturing
spatial and temporal variations of hydrologic processes for
model validation, leading to uncertainties in the model out-
puts. Secondly, watershed models often simplify complex
hydrologic and water quality processes, and most of these
models (Table 2) do not incorporate dynamic forest growth
and biological interactions in soil and water bodies, which
introduces uncertainties to the assessment results and limits
their predictability in response to land management prac-
tices and climate change. Thirdly, the simulation of a com-
plex watershed hydrobiological system needs high model
flexibility to represent various topographic, soil, land use,
and land management characteristics, resulting in highly
complex model structure and overparameterization. Most
model parameters have a wide range of acceptable values
leading to uncertainties in the model calibration (Beven
2006) and resulting in limited model scalability and trans-
ferability to other watersheds with different climate or land-
scape conditions. In addition, the efficiency of forest BMPs
varies both spatially and temporally. Challenges exist in
watershed water quality models on how to represent various
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forest BMPs and their effectiveness, how to scale up find-
ings from a well-calibrated watershed model, and how to
transfer findings to other watersheds. Being aware of these
limitations and uncertainties is important for watershed
managers in interpreting the modeling results, especially for
forest BMPs planning and assessment in a changing climate.

In cold climate regions, a significant portion of runoff
comes from snowmelt during spring, while the amount of
snow accumulation, spatial distribution, and timing and rate
of snowmelt play a crucial role in water availability and
quality. Compared to models applied in watersheds with a
snow-free climate condition, the cold region watershed mod-
els must include a variety of process representations such as
snowfall, snow accumulation, redistribution, sublimation,
snowmelt, and soil freezing-thawing cycle (Christopher et
al., 2020). These processes have a significant effect on water
quality in forested watersheds, for example, the majority of
sediment and nutrient loadings occur during snowmelt sea-
son, plant growth and nutrient cycling are altered due to fro-
zen conditions, and the numerous lakes and wetlands which
are typical in the northern landscape, e.g. the LoW water-
shed, play a critical role in contaminant cycling and trans-
port within the watershed. Therefore, the model selected
for water quality studies in a forest-dominated watershed
needs to integrate all these relevant processes in the simula-
tion, in particular, for the impact assessment of forest BMPs
and future climate change on water quality. In recent years
studies, scientists have recognized that some agricultural
BMPs that leave more residues on the ground, such as cover
crops, conservation tillage, and vegetative filter strips have
a mixed effect on nutrient loadings under cold climate con-
ditions (e.g. Tiessen et al. 2010 and Habibiandehkordi et al.
2019). These BMPs would reduce TDP loading for summer
storm events but may increase TDP loading during spring
snowmelt events due to surface accumulation of phosphorus
and its released from plant residues under a cold climate.
These findings would have implications for relevant for-
est BMPs in the cold climate region. How to incorporate
this unique process in the watershed water quality models
poses a big challenge for assessing forest BMPs and climate
change scenarios.

To simulate nutrient dynamics and assess the impact of
BMPs and climate change on nutrient loadings in a forest-
dominated watershed, fully-distributed and processes-based
watershed models are more suitable compared to empiri-
cal and statistical models because of their process repre-
sentation for addressing the complex hydrologic and water
quality systems. However, tradeoffs exist between model
complexity and model functionality causing difficulties in
data preparation and model calibration. Some watershed
models, such as SWAT, HSPF, and SWMM contain inter-
nal components for automated sensitivity, calibration, and

uncertainty analysis. However, these tools cannot eliminate
the inherent issue of parameter equivalence, and therefore,
further manual calibration or external procedures such as
the Monte Carlo simulation and the generalized likelihood
uncertainty estimation are required to assess the reliability
of watershed sub-process simulation based on site-specific
minoring data (Piccioni et al. 2022). As such, the devel-
opment of modeling approaches that better recognize and
minimize trade-offs between functionality and complexity
is needed so that high-complexity models listed in Table 2
can be applied in forest-dominated watersheds operation-
ally and reliably with an efficient model parameterization,
calibration, and validation.

Future developments of watershed water quality mod-
els need advancements in modeling techniques aimed
at addressing practical challenges discussed above that
includes simulation nutrient dynamics and quantification
of nutrient loadings for assessment of BMPs and climate
change impacts in forest-dominated watersheds. These
include: (1) continuous climate, flow, water quality, and
plant growth data at field to watershed scales need to be
collected, especially at BMPs implementation sites and
paired experimental watersheds. These datasets are essen-
tial for reliable use of processes-based models and improve
our scientific understanding of water quality processes and
pollutant loadings from different sources; (2) the existing
watershed water quality models need to be improved for
a detailed forest land characterization within a watershed,
including snow, frozen soil, plant growth, erosion and nutri-
ent dynamics, and biogeochemical processes under cold cli-
mate conditions, and interactions with land surface and in
soils and water bodies. Model enhancement to better incor-
porate the hydrologic and water quality processes is also
desired for assessing the impacts of climate change; (3) as
discussed in this review, no existing watershed water qual-
ity models in Table 2 have an explicit component in simu-
lating forest BMPs causing difficulties in simulating their
hydrologic and water quality processes. New forest BMP
modules embedded or coupled with the existing watershed
models need to be developed for the assessment of their
impacts on water quality; and (4) the HRU-based watershed
models, such as SWAT and HSPF which are popular tools
for the simulation of nonpoint source pollution, group the
same land use, soil, and slope range into one computation
unit within a subbasin, which causes difficulties in applying
the model for site-specific BMPs simulation. New location-
based models that incorporate a full set of BMP informa-
tion and allow prediction and assessment at various spatial
and temporal scales need to be developed. In addition to
the above-mentioned developments, an ensemble modeling
approach for cross-comparison of models in relatively data-
rich forest-dominated watersheds is required to identify the
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model’s suitability and reliability by testing different mod-
els against a stand-level measurement dataset.

Conclusions

We reviewed past and current advances on forest nutrient
export and capabilities of existing watershed water quality
models in predicting nutrient loadings from forest-dom-
inated watersheds in this paper. Emphases were given to
the watershed models to be used under cold climate condi-
tions, and their capacities and limitations in assessing the
impacts of forest BMPs and climate change scenarios on
nutrient loadings at a watershed scale. Results summarized
in Table 1 indicated that nutrient export rates in forest-dom-
inated watersheds vary significantly which were controlled
by local climate, soil, plant growth, land cover, and land
management practices. Some existing watershed water qual-
ity models (Table 2) can estimate nutrient loadings from for-
ests either with a simplified forest growth function (SWAT)
or without a forest growth component. Combining or cou-
pling with a forest growth model is required for a reliable
simulation of nutrient dynamics and loadings in a forest-
dominated watershed. No existing watershed water quality
models have explicit forest BMP functions. Assumptions or
process simplifications are required when applying existing
models to assess the impact of forest BMPs. Compared to
other models, the SWAT model incorporates management
factors for describing hydrologic and water quality pro-
cesses and has been used widely in estimating sediment and
nutrient exports and assessing the impact of climate change
scenarios on nutrient export in forest-dominated watersheds
under cold climate conditions.

Compared to field measurement and statistical data anal-
ysis, watershed water quality models have advantages such
as providing flexible spatial and temporal scales, integration
of various climate, topographic, soil, land use, and hydro-
logic processes into one system, scenario analysis, and risk
assessment. However, watershed water quality models also
suffer from limitations and uncertainties when applied in a
forest-dominated watershed for simulating nutrient dynam-
ics and assessing the impact of forest BMPs and climate
change on water quality. These may include (1) models
needs field data of climate, flow, water quality, and forest
management practices which are normally rare in remote
areas, (2) models may not always reliably predict real-world
outcomes due to simplifications and assumptions made dur-
ing the modeling process, (3) the challenge and uncertainty
in describing complex phenomena with mathematical equa-
tions may lead to misunderstandings or misinterpretations
of the modeling results, and (4) a calibrated model and BMP
assessment results may be limited to specific local climate
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and landscape conditions, making it difficult to scale up
and transfer to other watersheds. Overall, while watershed
water quality models offer valuable insights and predictions,
it is important to understand their limitations and uncertain-
ties for proper watershed water quality process simulation
and environment impact assessment in a forest-dominated
watershed.

Future development of watershed water quality models
for forest nutrient management involves the enhancement of
scientific understanding of nutrient dynamics and processes
influencing nutrient export. These include (1) field data
collection, (2) improvement of existing models, (3) forest
BMPs representation, and (4) development of new models
for site-specific forest BMPs characterization and assess-
ment. Scientific research and innovation in these areas will
contribute to the development of more robust and effective
watershed water quality models, supporting forest BMPs
management and environmental sustainability.

Acknowledgements This study was supported by ECCC’s Freshwater
Action Plan for the Lake of the Woods. We gratefully acknowledge
Marie-Claire Doyle and Daniel Rokitnicki Wojcik of the Regional
Director General’s Office, Ontario Region - Strategic Policy Branch of
ECCC for the project management. We also thank Ms. Lisa Yu from
the University of Waterloo for her assistance with document collec-
tion and analysis in this study, and Dr. Chris Parsons of the Watershed
Hydrology and Ecology Research Division, ECCC who provided valu-
able comments on the manuscript.

Funding Open access funding provided by Environment & Climate
Change Canada library.

Data availability Data and documents analyzed in this review are
openly available at locations cited in the reference section.

Declarations
Conflict of interest We have no conflicts of interest to disclose.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

Band LE, Tague CL, Groffman P, Belt K (2001) Forest ecosystem pro-
cesses at the watershed scale: hydrologic and ecological controls


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Modeling Earth Systems and Environment (2024) 10:3067-3078

3077

of nitrogen export. Hydrologic Processes 15(10):2013-2028.
https://doi.org/10.1002/hyp.253

Beckers J, Smerdon B, Wilson M (2009) Review of hydrologic models
for forest management and climate change applications in British
Columbia and Alberta. forrex Forum for Research and Extension
in Natural Resources, Kamloops, BC forrex Series 25. British
Columbia

Beckert KA, Fisher TR, O’Neil JM, Jesien RV (2011) Characterization
and comparison of stream nutrients, land use, and loading pat-
terns in Maryland coastal bay watersheds. Water Air Soil Pollut
221:255-273. https://doi.org/10.1007/s11270-011-0788-7

Beven KJ (2006) A manifesto for the equifinality thesis, Jour-
nal of Hydrology, 320, 18-36, https://doi.org/10.1016/j.
jhydrol.2005.07.007

Board LWS (2006) Reducing nutrient loading to Lake Winnipeg and
its watershed: our collective responsibility and commitment to
action. Lake Winnipeg Stewardship Board

Bosch NS, Evans MA, Scavia D, Allan JD (2014) Interacting effects
of climate change and agricultural BMPs on nutrient runoff enter-
ing Lake Erie. J Great Lakes Res 40(3):581-589. https://doi.
org/10.1016/j.jglr.2014.04.011

Brunner P, Simmons CT (2012) HydroGeoSphere: a fully integrated.
Physically Based Hydrologic Model Groundw 50(2):170-176.
https://doi.org/10.1111/1.1745-6584.2011.00882.x

Chen CW, Herr J, Weintraub L (2000) Watershed Analysis Risk Man-
agement Framework (WARMF) User’s Guide: Documentation
of Graphical User Interface. Documentation Report TR1000729,
Electric Power Research Institute, Palo Alto, CA

Cristan R, Aust WM, Bolding MC, Barrett SM, Munsell JF, Schilling
E (2016) Effectiveness of forestry best management practices in
the United States: literature review. For Ecol Manag 360:133—
151. https://doi.org/10.1016/j.foreco.2015.10.025

Cronan CS (2012) Biogeochemistry of the Penobscot River watershed,
Maine, USA: nutrient export patterns for carbon, nitrogen, and
phosphorus. Environ Monit Assess 184:4279-4288. https://doi.
org/10.1007/s10661-011-2263-8

Crookston NL, Dixon GE (2005) The forest vegetation simula-
tor: a review of its structure, content, and applications. Com-
put Electron Agric 49(1):60-80. https://doi.org/10.1016/;.
compag.2005.02.003

Cui X, Ouyang, and others (2023) Improving litter nutrients import/
export modeling in a forested watershed through enhanced for-
est growth representation. J Hydrol 626:130368. https://doi.
org/10.1016/j.jhydrol.2023.130368

De Melo ML, Gerardin ML, Fink-Mercier C, del Giorgio PA (2022)
Patterns in riverine carbon, nutrient and suspended solids export
to the Eastern James Bay: links to climate, hydrology and land-
scape. Biogeochemistry 161(3):291-314. https://doi.org/10.1007/
$10533-022-00983-z

Deval C, Brooks ES, Gravelle JA, Link TE, Dobre M, Elliot WJ (2021)
Long-term response in nutrient load from commercial forest man-
agement operations in a mountainous watershed. For Ecol Manag
494:119312. https://doi.org/10.1016/j.foreco.2021.119312

Dodd RC, McMahon G, Stichter S (1992) Watershed planning in the
Albemarle-Pamlico estuarine system: report 1- annual average
nutrient budgets. U.S. Environmental Protection Agency, Center
for Environmental Analysis, Report 92—10, Raleigh, NC

Douglas-Mankin KR, Srinivasan R, Arnold JG (2010) Soil and
Water Assessment Tool (SWAT) model: current developments
and applications. Trans ASABE 53(5):1423-1431. https://doi.
org/10.13031/2013.34915

Duda PB, Hummel PR, Donigian AS Jr, Imhoff JC (2012) BASINS/
HSPF: Model use, calibration, and validation. Transactions of the
ASABE, 55(4), 1523—1547. https://doi.org/10.13031/2013.42261

Finer L, Lepisto A, others (2021) Drainage for forestry increases N,
P, and TOC export to boreal surface waters. Sci Total Environ
762:144098. https://doi.org/10.1016/j.scitotenv.2020.144098

Fong P, McCrimmon C, Valipour R, Shrestha RR, Liu Y, Rao YR
(2023) Modeling streamflow and phosphorus fluxes in the Lake
of the Woods Watershed. J Great Lakes Res 49(1):65-81. https://
doi.org/10.1016/j.jg1r.2022.11.001

Greenwood WJ, Eimers MC (2023) Hydroclimatic variability across
the international lake of the Woods watershed: implications
for nutrient export and climate sensitivity. J Great Lakes Res
49(1):8-20. https://doi.org/10.1016/j.jglr.2022.12.004

Gungor K, Karakaya N, others (2016) Spatiotemporal modeling of
watershed nutrient transport dynamics: implications for eutrophi-
cation abatement. Ecol Inf 34:52-69. https://doi.org/10.1016/].
ecoinf.2016.04.012

Habibiandehkordi R, Lobb DA, Owens PN, Flaten DN (2019) Effec-
tiveness of vegetated buffer strips in controlling legacy phospho-
rus exports from agricultural land. J Environ Qual 48:314-321.
https://doi.org/10.2134/jeq2018.04.0129

Haggard BE, Moore PA Jr, Chaubey I, Stanley EH (2003) Nitrogen
and phosphorus concentrations and export from an Ozark Plateau
catchment in the United States. Biosyst Eng 86(1):75-85. https://
doi.org/10.1016/S1537-5110(03)00100-4

Hanson L, Habicht S, Daggupati P, Srinivasan R, Faeth P (2017)
Modeling changes to streamflow, sediment, and nutrient load-
ing from land use changes due to potential natural gas develop-
ment. JAWRA J Am Water Resour Association 53(6):1293-1312.
https://doi.org/10.1111/1752-1688.12588

Hao X, Ouyang W, Zhang K, Wan X, Cui X, Zhu W (2022) Enhanced
release, export, and transport of diffuse nutrients from litter in
forested watersheds with climate warming. Sci Total Environ
837:155897. https://doi.org/10.1016/j.scitotenv.2022.155897

Hargan KE, Paterson AM, Dillon PJ (2011) A total phosphorus bud-
get for the Lake of the Woods and the Rainy River catchment.
J Great Lakes Res 37(4):753-763. https://doi.org/10.1016/].
jglr.2011.09.001

Hattermann FF, Krysanova V, Gosling SN, others (2017) Cross-
scale intercomparison of climate change impacts simulated by
regional and global hydrological models in eleven large river
basins. Clim Change 141:561-576. https://doi.org/10.1007/
s10584-016-1829-4

Jaber FH, Shukla S (2012) MIKE SHE: Model use, calibration,
and validation. Trans ASABE 55(4):1479-1489. https://doi.
org/10.13031/2013.42255

Jayakody P, Parajuli PB, Cathcart TP (2014) Impacts of climate
variability on water quality with best management practices in
sub-tropical climate of USA. Hydrologic Processes 28(23):5776—
5790. https://doi.org/10.1002/hyp.10088

Khanal S, Parajuli PB (2013) Evaluating the impacts of forest clear
cutting on water and sediment yields using SWAT in Missis-
sippi. J Water Resour Prot 5:474-483. https://doi.org/10.4236/
jwarp.2013.54047

Khanal S, Lal R, Kharel G, Fulton J (2018) Identification and classifi-
cation of critical soil and water conservation areas in the Musk-
ingum River basin in Ohio. J Soil Water Conserv 73(2):213-226.
https://doi.org/10.2489/jswc.73.2.213

Kiniry JR, MacDonald JD, Kemanian AR, Watson B, Putz G, Prepas
EE (2008) Plant growth simulation for landscape-scale hydro-
logical modelling. Hydrol Sci J 53:1030-1042. https://doi.
org/10.1623/hysj.53.5.1030

Lai G, Luo J, Li Q, Qiu L, Pan R, Zeng X, Zhang L, Yi F (2020)
Modification and validation of the SWAT model based on
multi-plant growth mode, a case study of the Meijiang River
Basin, China. J Hydrol 585:124778. https://doi.org/10.1016/j.
jhydrol.2020.124778

@ Springer


https://doi.org/10.1016/j.scitotenv.2020.144098
https://doi.org/10.1016/j.jglr.2022.11.001
https://doi.org/10.1016/j.jglr.2022.11.001
https://doi.org/10.1016/j.jglr.2022.12.004
https://doi.org/10.1016/j.ecoinf.2016.04.012
https://doi.org/10.1016/j.ecoinf.2016.04.012
https://doi.org/10.2134/jeq2018.04.0129
https://doi.org/10.1016/S1537-5110(03)00100-4
https://doi.org/10.1016/S1537-5110(03)00100-4
https://doi.org/10.1111/1752-1688.12588
https://doi.org/10.1016/j.scitotenv.2022.155897
https://doi.org/10.1016/j.jglr.2011.09.001
https://doi.org/10.1016/j.jglr.2011.09.001
https://doi.org/10.1007/s10584-016-1829-4
https://doi.org/10.1007/s10584-016-1829-4
https://doi.org/10.13031/2013.42255
https://doi.org/10.13031/2013.42255
https://doi.org/10.1002/hyp.10088
https://doi.org/10.4236/jwarp.2013.54047
https://doi.org/10.4236/jwarp.2013.54047
https://doi.org/10.2489/jswc.73.2.213
https://doi.org/10.1623/hysj.53.5.1030
https://doi.org/10.1623/hysj.53.5.1030
https://doi.org/10.1016/j.jhydrol.2020.124778
https://doi.org/10.1016/j.jhydrol.2020.124778
https://doi.org/10.1002/hyp.253
https://doi.org/10.1007/s11270-011-0788-7
https://doi.org/10.1016/j.jhydrol.2005.07.007
https://doi.org/10.1016/j.jhydrol.2005.07.007
https://doi.org/10.1016/j.jglr.2014.04.011
https://doi.org/10.1016/j.jglr.2014.04.011
https://doi.org/10.1111/j.1745-6584.2011.00882.x
https://doi.org/10.1016/j.foreco.2015.10.025
https://doi.org/10.1007/s10661-011-2263-8
https://doi.org/10.1007/s10661-011-2263-8
https://doi.org/10.1016/j.compag.2005.02.003
https://doi.org/10.1016/j.compag.2005.02.003
https://doi.org/10.1016/j.jhydrol.2023.130368
https://doi.org/10.1016/j.jhydrol.2023.130368
https://doi.org/10.1007/s10533-022-00983-z
https://doi.org/10.1007/s10533-022-00983-z
https://doi.org/10.1016/j.foreco.2021.119312
https://doi.org/10.13031/2013.34915
https://doi.org/10.13031/2013.34915
https://doi.org/10.13031/2013.42261

3078

Modeling Earth Systems and Environment (2024) 10:3067-3078

LiY, Wang H, Deng Y, Liang D, Li Y, Gu Q (2023) Applying water
environment capacity to assess the non-point source pollu-
tion risks in watersheds. Water Res 240:120092. https://doi.
org/10.1016/j.watres.2023.120092

Lindstrom G, Pers C, Rosberg J, Stromqvist J, Arheimer B (2010)
Development and test of the HYPE (hydrologic predictions for
the Environment) model — a water quality model for different spa-
tial scales. Hydrol Res 41(3—4):295-319. https://doi.org/10.2166/
nh.2010.007

Liu Y (2020) and Yang. W., Development of Existing and Future Land
Management Practice Scenarios for the Lake of Woods Basin
CanSWAT Modelling. A research report to ECCC

Loehr RC, Ryding SO, Sonzogni WC (1989) Estimating the nutrient
load to a water body. In: Ryding SO, Rast W (eds) The control of
Eutrophication of lakes and reservoirs. Man and the Biosphere
Series. Parthenon Publishing Group, pp 115-146

Marsh CB, Pomeroy JW, Wheater HS (2020) The Canadian Hydro-
logical Model (CHM) v1.0: a Multi-Scale, Multi-extent, vari-
able-complexity Hydrological Model - Design and Overview.
Geosci Model Dev 13(1):225-247. https://doi.org/10.5194/
gmd-13-225-2020

Niraula R, Kalin L, Srivastava P, Anderson CJ (2013) Identifying
critical source areas of nonpoint source pollution with SWAT
and GWLF. Ecol Model 268:123—133. https://doi.org/10.1016/j.
ecolmodel.2013.08.007

Nolan L, Aust WM, Barrett SM, Bolding MC, Brown K, McGuire
K (2015) Estimating costs and effectiveness of upgrades in for-
estry best management practices for stream crossings. Water
7(12):6946-6966. https://doi.org/10.3390/w7126668

Osman KT (2013) Nutrient dynamics in forest soil. For Soils: Prop
Manage 97—-121. https://doi.org/10.1007/978-3-319-02541-4

Ouyang W, Wu Z, Wang P, Cui X, Hao X, Zhu W, Jin R (2022) Diffuse
nutrient export dynamics from accumulated litterfall in forested
watersheds with remote sensing data coupled model. Water Res
209:117948. https://doi.org/10.1016/j.watres.2021.117948

Panagopoulos Y, Makropoulos C, Mimikou M (2011) Diffuse surface
water pollution: driving factors for different geo-climatic regions.
Water Resour Manage 25:3635-3660. https://doi.org/10.1007/
s11269-011-9874-2

Panday S, Huyakorn PS (2004) A fully coupled physically-based spa-
tially distributed model for evaluating surface/subsurface flow.
Adv Water Resour 27(4):361-382. https://doi.org/10.1016/j.
advwatres.2004.02.016

Parajuli PB, Kingery WL, Tagert ML, Paz JO, Oldham LO (2010)
Modeling phosphorus loading to the Ross Barnett reservoir using
SWAT in the Upper Pearl River watershed in East-central Mis-
sissippi. In 2010 Pittsburgh, Pennsylvania, June 20-23, ASABE.
https://doi.org/10.13031/2013.29886

Park MJ, Park JY, Shin HJ, Lee MS, Park GA, Jung IK, Kim SJ (2010)
Projection of future climate change impacts on nonpoint source
pollution loads for a forest-dominant dam watershed by reflect-
ing future vegetation canopy in a Soil and Water Assessment
Tool model. Water Sci Technol 61(8):1975-1986. https://doi.
org/10.2166/wst.2010.109

Peraza-Castro M, Ruiz-Romera E, Meaurio M, Sauvage S, Sanchez-
Pérez JM (2018) Modelling the impact of climate and land cover
change on hydrology and water quality in a forest watershed in
the Basque Country. (Northern Spain Ecol Eng 122:315-326.
https://doi.org/10.1016/j.ecoleng.2018.07.016

Piccioni F, Casenave C, Baragatti M, Cloez B, Vingon-Leite B (2022)
Calibration of a complex hydro-ecological model through
approximate bayesian computation and Random Forest com-
bined with sensitivity analysis. Ecol Inf 71:101764. https://doi.
org/10.1016/j.ecoinf.2022.101764

@ Springer

Pietroniro A, Fortin V, others (2007) Development of the MESH mod-
eling system for hydrologic ensemble forecasting of the Lau-
rentian Great Lakes at the regional scale. Hydrol Earth Syst Sci
11:1279-1294. https://doi.org/10.5194/hess-11-1279-2007

Raty M, Jarvenranta K, Saarijarvi E, Koskiaho J, Virkajarvi P (2020)
Losses of phosphorus, nitrogen, dissolved organic carbon and
soil from a small agricultural and forested catchment in east-
central Finland. Agric Ecosyst Environ 302:107075. https://doi.
org/10.1016/j.agee.2020.107075

Reckhow KH, Beaulac MN, Simpson JT (1980) Modeling phosphorus
loading and lake response under uncertainty: A manual and com-
pilation of export coefficients, U.S. EPA Report No. EPA-440/5-
80-011, Office of Water Regulations, Criteria and Standards
Division, U.S. EPA, Washington, DC

Rossman LA (2010) Storm water management model user’s manual,
version 5.0. National Risk Management Research Laboratory,
Office of Research and Development, US Environmental Protec-
tion Agency, Cincinnati

Santos RMB, Fernandes LS, Pereira MG, Cortes RMV, Pacheco FAL
(2015) A framework model for investigating phosphorus export
to surface waters in forested watersheds: implications to manage-
ment. Sci Total Environ 536:295-305. https://doi.org/10.1016/j.
scitotenv.2015.07.058

Schulla J, Jasper K (2007) Model description wasim-eth. Institute for
Atmospheric and Climate Science. Swiss Federal Institute of
Technology, Ziirich

Scott RS, Hart WC, Patterson G (2000) Phosphorus export from stream
catchments in Nova Scotia. Internal Report No. 933, DalTech.
Dalhousie University, Halifax, Nova Scotia

Shah NW, Baillie BR, Bishop K, Ferraz S, Hogbom L, Nettles J (2022)
The effects of forest management on water quality. For Ecol Manag
522:120397. https://doi.org/10.1016/j.foreco.2022.120397

Shrestha NK, Wang J (2020) Water Quality Management of a Cold
Climate Region Watershed in changing climate. J Environ Inf
35(1):56-81. https://doi.org/10.3808/ji.201900407

Shrestha RR, Schnorbus MA, Werner AT, and Zwiers. EW (2014)
Evaluating hydroclimatic change signals from statistically
and dynamically downscaled GCMs and hydrologic mod-
els. J Hydrometeorol 15(2):844-860. https://doi.org/10.1175/
JHM-D-13-030.1

Sun G, Vose JM (2016) Forest management challenges for sustain-
ing water resources. Anthropocene Forests 7(3):68. https://doi.
org/10.3390/£7030068

Tiessen KHD, Elliott JA, Yarotski J, Lobb DA, Flaten DN, Glozier
NE (2010) Conventional and conservation tillage: influence on
seasonal runoff, sediment, and nutrient losses in the Canadian
prairies. J Environ Qual 39(3):964-980. https://doi.org/10.2134/
7€q2009.0219

Wellen C, Kamran-Disfani AR, Arhonditsis GB (2015) Evaluation of
the current state of distributed watershed nutrient water quality
modeling. Environ Sci Technol 49(6):3278-3290. https://doi.
org/10.1021/es5049557

Xue H, Sayama T, Takara K, He B, Huang G, Duan W (2019) Non-
point source pollution estimation in the Pingqiao River Basin,
China, using a spatial hydrograph-separation approach. Hydro-
logic Sci J 64(8):962-973. https://doi.org/10.1080/02626667.20
19.1617867

Yang Q, Almendinger JE, others (2018) Enhancing SWAT simulation
of forest ecosystems for water resource assessment: a case study
in the St. Croix River basin. Ecol Eng 120:422-431. https://doi.
org/10.1016/j.ecoleng.2018.06.020

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.


https://doi.org/10.5194/hess-11-1279-2007
https://doi.org/10.1016/j.agee.2020.107075
https://doi.org/10.1016/j.agee.2020.107075
https://doi.org/10.1016/j.scitotenv.2015.07.058
https://doi.org/10.1016/j.scitotenv.2015.07.058
https://doi.org/10.1016/j.foreco.2022.120397
https://doi.org/10.3808/jei.201900407
https://doi.org/10.1175/JHM-D-13-030.1
https://doi.org/10.1175/JHM-D-13-030.1
https://doi.org/10.3390/f7030068
https://doi.org/10.3390/f7030068
https://doi.org/10.2134/jeq2009.0219
https://doi.org/10.2134/jeq2009.0219
https://doi.org/10.1021/es5049557
https://doi.org/10.1021/es5049557
https://doi.org/10.1080/02626667.2019.1617867
https://doi.org/10.1080/02626667.2019.1617867
https://doi.org/10.1016/j.ecoleng.2018.06.020
https://doi.org/10.1016/j.ecoleng.2018.06.020
https://doi.org/10.1016/j.watres.2023.120092
https://doi.org/10.1016/j.watres.2023.120092
https://doi.org/10.2166/nh.2010.007
https://doi.org/10.2166/nh.2010.007
https://doi.org/10.5194/gmd-13-225-2020
https://doi.org/10.5194/gmd-13-225-2020
https://doi.org/10.1016/j.ecolmodel.2013.08.007
https://doi.org/10.1016/j.ecolmodel.2013.08.007
https://doi.org/10.3390/w7126668
https://doi.org/10.1007/978-3-319-02541-4
https://doi.org/10.1016/j.watres.2021.117948
https://doi.org/10.1007/s11269-011-9874-2
https://doi.org/10.1007/s11269-011-9874-2
https://doi.org/10.1016/j.advwatres.2004.02.016
https://doi.org/10.1016/j.advwatres.2004.02.016
https://doi.org/10.13031/2013.29886
https://doi.org/10.2166/wst.2010.109
https://doi.org/10.2166/wst.2010.109
https://doi.org/10.1016/j.ecoleng.2018.07.016
https://doi.org/10.1016/j.ecoinf.2022.101764
https://doi.org/10.1016/j.ecoinf.2022.101764

	﻿A review on modeling nutrient dynamics and loadings in forest-dominated watersheds under cold climate conditions
	﻿Abstract
	﻿Introduction
	﻿Nutrient export from forested watersheds based on monitoring data analysis
	﻿Watershed models for simulating nutrient loadings in forest-dominated watersheds
	﻿Model applications for accessing the impact of forest BMPs on reduction of nutrient loadings
	﻿Model applications for accessing the impact of climate change on forest nutrient dynamics

	﻿Discussion
	﻿Conclusions
	﻿References


