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Abstract

To promote sustainable development and guide the responsible use of natural ecosystems,
the United Nations introduced the concept of ecosystem accounting. Ecosystem services
are key components of ecosystem accounting. Water-related ecosystem services (ES) are
of primary importance for Armenia due to relatively dry climate, and dependence on
irrigation water for agriculture. This study aims to conduct a pilot-level quantitative
scoping assessment and mapping of key water-related regulating ES in accordance with
the SEEA-EA guidelines, and to offer recommendations to initiate their accounting in
Armenia. We used three Integrated Valuation of Ecosystem Services and Trade-offs (InVEST)
models—Seasonal Water Yield, Sediment Delivery Ratio, and Urban Flood Risk Mitigation.
Input data for these models were sourced from global and national databases, as well
as ESRI land cover datasets for 2017 and 2023. Government-reported data on river flow
and water consumption were used to assess the ES supply–use balance. The results show
that natural ecosystems contribute between 11% and 96% of the modeled ES, with the
strongest impact on baseflow supply and erosion prevention. The average current erosion
is estimated at 2.3 t/ha/year, and avoided erosion at 46.4 t/ha/year. Ecosystems provide
93% of baseflow, with an average baseflow index of 34%, while on bare ground it is
only 3%. Changes in land cover from 2017 to 2023 have resulted in alterations across
all assessed ES. Comparison of total water flow and baseflow with water consumption
revealed water-deficient provinces. InVEST models show their general operability at the
scoping phase of ecosystem accounting planning. Advancing ES accounting in Armenia
requires model calibration and validation using local data, along with the integration of
InVEST and hydrological and meteorological models to account for the high diversity
of natural conditions in Armenia, including terrain, geological structure, soil types, and
regional climatic differences.

Keywords: SEEA-EA; ecosystem accounting; InVEST models; seasonal water yield;
sediment delivery ratio; urban flood risk mitigation; south Caucasus

1. Introduction
Sustainable development at various levels of governance is impossible without under-

standing of the conditions of ecosystems and the changes they undergo. This challenge
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is addressed by ecosystem accounting (EA), which has been rapidly evolving in recent
years, following United Nations recommendations [1]. In particular, the INCA project
has launched a pilot for an integrated system of ecosystem accounts for EU countries [2].
Ecosystem services (ES), alongside ecosystems themselves, are key components of EA.

A recent report by the World Meteorological Organization highlights growing short-
falls and increasing stress on global water resources [3]. Global climate change reinforces
the importance of investigating water-regulating ES [4–6]. Out of the 16 regulating ES listed
in the SEEA EA guidelines [1], six are related to water. Three of them—soil and sediment
retention services; water flow regulation services; and flood control services—were of
particular interest within this study. According to European EA data [2], the value of
water-regulating ES (specifically water purification and flood control) accounted for 42% of
all assessed services—despite the fact that not all water-regulating services were included.

The inclusion of estimates and maps of water-regulating ES into ecosystem accounting
requires the harmonization of indicators for ecosystem extent and services in accordance
with the overall SEEA EA framework. The issue of incorporating water-related ES into
ecosystem accounting has been addressed in a number of studies [7–10].

Water-regulating ES are the result of numerous complex processes that integrate
terrestrial ecosystems with hydrological, soil, atmospheric, and geological conditions.
Inclusion of water-regulating ES in EA also requires the use of various GIS-based models. A
wide variety of models for assessing water-related ES [9] can generally be divided into two
main groups: traditional hydrological models and integrated ES tools. Hydrological models
offer the most robust modeling options; however, they require significant time, effort, expert
knowledge, and detailed input data, which may not always be available. The SWAT model
is the most frequently used and widely recognized tool in this category, covering all aspects
of water-related ES. In contrast, integrated ES modeling frameworks such as the popular
InVEST toolkit require less data, time, and process-specific expertise [9,11,12].

Although the latest global assessment of Earth system boundaries for blue water clas-
sified the Kura-Araks as a basin having sufficient surface water to meet the basic needs of
the population without depleting groundwater recharge [13], the World Resources Institute
has placed Armenia among the countries with a medium to high baseline level of water
stress [14]. Thus, water-related ES should be an essential component of EA in Armenia.
In recent years, attention to Armenia’s ES has been increasing [15,16], including water-
regulating ES [17] and soil erosion prevention [18–20]. However, quantitative assessment
and mapping of water-regulating ES in Armenia have not been carried out so far.

Terrestrial ecosystems play a key role in regulating both the quantity and quality
of freshwater on land. While attention has traditionally focused primarily on the func-
tions of forests [21–25], grasslands play the primary role in water regulation in semi-arid
regions [26–28]. Mountains also play a crucial role in regulating the water cycle, and due to
that, they are often referred to as ‘water towers’ [29,30]. Thus, we refer to all three of these
ecosystem types for water-related ES accounts in Armenia.

The study was carried out within the framework of the project “Ecosystem Accounting
in Armenia: Setting the Scene” [31], which aimed to develop a prototype of national
ecosystem accounting in Armenia in accordance with the SEEA-EA recommendations. The
prototype includes a physical assessment of terrestrial ecosystems and the most important
ES they provide. As a first step, we tested InVEST models, which allow for ES modeling
and mapping with a limited amount of available data and relatively low effort.

This study aims to conduct a pilot-level quantitative scoping assessment and mapping
of key water-related regulating ES in accordance with SEEA-EA guidelines, and to offer
recommendations to launch their accounting in Armenia. The target audience for this
assessment comprises experts and officials involved in preparing the launch of EA in Ar-
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menia. To do so, we applied three InVEST models—Seasonal Water Yield (SWY), Sediment
Delivery Ratio (SDR), and Urban Flood Risk Mitigation (UFRM)—to model key water-
related regulating ecosystem services under current and alternative land cover scenarios.
We did not perform model calibration or verification, but only identified the main data
requirements for the subsequent stages of developing ES accounting in Armenia. Based on
the modeling results, we estimated the provided (potential) ES, their changes from 2017 to
2023, and the supply/use balance of ES. Then, at a qualitative level, we assessed the main
discrepancies between the modeling results and real-world systems. Finally, we analyzed
the main approaches that are most applicable to reliable ES accounting in Armenia.

2. Materials and Methods
2.1. Study Area

Modeling and mapping of ES covers the entire 29,743 km2 territory of the Republic
of Armenia, with population of 2,932,731 people [32], which is located in the Caucasus
mountain region (Figure 1a). Only 18% of the territory of Armenia are flat valleys and
altitudes ranging between 375 and 4090 m.a.s.l., with an average altitude of 1800 m.a.s.l. The
climate patterns follow a vertical zonation, with the range of average monthly temperatures
in July and August from +9 to +26 ◦C and in January from +1.2 to −12.8 ◦C. The average
annual precipitation is approximately 500 mm and varies across the territory from 230 to
1100 mm. Climate types range from arid subtropical to cold high-mountain climates [33].

Armenia consists of 10 administrative provinces—marzes (Figure 1b)—and the capital
city Yerevan, which we excluded from our analysis.

Grassland prevails in land cover, while forests are concentrated mostly in the northeast
and southeast of the country [34] (Figure 1c). According to ESRI land cover data, grasslands
currently occupy 67% of Armenia’s area, forests account for 11%, and croplands and
built-up areas—12% and 5%, respectively [35] (Figure 1d).

The semi-desert and steppe landscapes have been most heavily transformed by human
activity, with croplands and built-up areas together occupying 43% of semi-desert and
from 9% to 28% in different types of steppes. In the mountain forest landscape zone,
croplands and built-up areas occupy 4% [36]. Higher mountainous areas are the least
transformed because the upper limit of the settlement system is 2350 m a.s.l. Most of
the semi-desert zone is being used for irrigated agriculture, which causes soil erosion,
secondary salinization, and desertification. Steppes have been significantly replaced by
croplands and are also used as pastures. The subalpine and alpine landscapes are used
for haymaking and summer pastures. During the last century the forests of Armenia were
significantly reduced due to excessive logging in 1930–1950 and 1990s.

Geology and climate have determined highly uneven spatial and temporal distribu-
tion of the surface water in Armenia. The northeast and southeast are receiving more
precipitation, and sedimentary rocks are more widespread there; thus, drainage density is
also tipping, while central regions and the western part are in the rain shadow and mostly
covered by porous igneous rocks, which makes drainage density low. Overall, there are
379 rivers in Armenia of more than 10 km in length [33]. They flow into either the Kura or
Araks rivers and are mostly transboundary. Peak discharge happens usually in May and
can prolong until the first decade of June. All the rivers are grouped into six river basin
management areas [37].
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Figure 1. Study area: (a) The location of Armenia; image made with Natural Earth (https:
//naturalearthdata.com); (b) Provinces and main watersheds of Armenia, the boundaries and names
of the provinces are shown in black (sourced from [38]; the watersheds are shown in different colors
with blue labels, watershed boundaries were sourced from [39]; (c) The map of vegetation types of
Armenia, created in the framework of the BCC project [34]; (d) Land cover, ESRI, 2023 [40].

2.2. Methods and Data Sources

The methodological design of this study was guided by the objectives of a pilot
national assessment of water-related ES, aimed at testing its operability and reliability for
national-scale EA in Armenia and providing recommendations for launching ES accounting.
The selection of InVEST models was guided by their relatively modest data and effort

https://naturalearthdata.com
https://naturalearthdata.com
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requirements, consistent with the objectives of the scoping phase and the current state of
data availability in Armenia. The modeling process was structured to simulate both current
(2023) and past (2017) conditions, as well as alternative land cover scenarios, in order to
evaluate the models’ ability to capture ES provided by terrestrial ecosystems and to detect
changes in ES within different ecosystem accounting areas (EAA)—including Armenia
as a whole, its provinces, and vegetation zones (Figure 2). To calculate ES values across
different EAA we used administrative boundary map from the Forest Atlas of Armenia [38],
along with the vegetation zone map [34] developed within the framework of the project
“Ecosystem Accounting in Armenia: Setting the Scene” [31], of which this study is a part.

Figure 2. Flow-chart of ES assessment.

A comparison of the modeling results with ARMSTAT water-use data [41] was con-
ducted to assess the supply–use balance, thereby demonstrating the relevance of ES account-
ing data for evidence-based decision-making on water use and territorial development.

Since the baseflow and quick flow values computed by the SWY model are, in ac-
cordance with the InVEST User Guide [42], relative measures, the baseflow volume VB

was calculated as follows: VB = BFI·Vtot where Vtot is the river discharge according to the
data reported by the Government of Armenia [43] and ARMSTAT [41]; BFI is baseflow
index, BFI = B/(B + QF), where B and QF are baseflow and quick flow values computed by
SWY model.
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2.2.1. Models Used to Estimate and Map ES

The Seasonal Water Yield (SWY) model estimates the impact of terrestrial ecosystems
on the total amount of water flow and its seasonal redistribution. Based on monthly
precipitation, reference evapotranspiration, soil permeability, topography, and the land
use/land cover (LULC), the model calculates two key indicators: quick flow and baseflow.
Quick flow represents the portion of precipitation that runs off during or shortly after a rain
event (within hours to days). Baseflow is the portion of precipitation that gradually enters
streams through subsurface flow with watershed residence times ranging from months
to years. Baseflow plays a crucial role in maintaining water flow during dry periods and
mitigating the impacts of drought.

The Sediment Delivery Ratio model estimates the impact of terrestrial ecosystems on
soil water erosion and sediment export into streams. The model relies on the widely used
Universal Soil Loss Equation (USLE) and Sediment Delivery Ratio that estimates the ratio
between the amount of sediment eroded from each land pixel, the amount of sediment that
is trapped along the flow path downslope from this pixel, and the amount of sediment
that reaches a stream. Based on rainfall erosivity, soil erodibility, topographic, and LULC
data, the model calculates potential and avoided erosion and sediment export into streams.
Thus, the model evaluates and maps two ecosystem services simultaneously: prevention of
soil water erosion and ensuring water flow quality.

The Urban Flood Risk Mitigation model calculates two main indicators: (1) the runoff
retention, i.e., the amount of runoff retained by soil and vegetation when modeling rainfall;
(2) the runoff (Q), mm, which is a potentially hazardous factor that can cause flooding. These
calculations were based on LULC, soil hydrologic groups, watersheds and climate data.

Detailed descriptions of the models can be found in the above-mentioned sections
of the InVEST website and in the InVEST User Guide [42]. A short summary of model
processes and parameters is presented in Table A1.

Inputs for models were obtained from global and national sources (Table 1).

Table 1. Model inputs.

Data Type Models Sources Resolution Notes

LULC SWY, SDR,
UFRM

ESRI land
cover data [40] 10 m Data for 2017 and 2023

Soil hydrologic
groups

SWY, SDR,
UFRM

Soil map of
Armenia from

[38]
Vector map

The hydrological soil groups were defined in
accordance with USDA recommendations

[44]: A—slightly and moderately stony sand;
very stony sandy loam; B—slightly and

moderately stony sandy loam; very stony
loam; C—slightly and moderately stony
loam; very stony clay; D—slightly and

moderately stony clay. The obtained map of
soil hydrologic groups is presented on the

project’s webGIS [45]

Soil erodibility
(K-factor) SDR

Soil map of
Armenia from

[38]
Vector map

A soil erodibility map was obtained on the
basis of soil textures using the following

coefficients from the InVEST User
Guide [42]: 0.0290 for clay, 0.0395 for loam,

0.0171 for sandy loam, 0.0026 for sand.
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Table 1. Cont.

Data Type Models Sources Resolution Notes

Digital elevation
model SWY, SDR [46] 30 m -

Watershed
boundaries

SWY, SDR,
UFRM [39] Vector map

The analysis was made for parts of
watersheds that are located on the territory

of Armenia: Aghstev, Akhuryan, Arpa,
Debed, Hrazdan, Metsamor, and Vorotan

(Figure 1b)

Climate data
(average annually

and monthly
precipitation and

temperature)

SWY, UFRM [47] 30 arc
seconds *

The amount of liquid precipitation has been
adjusted to take into account the snow

period (see below)

Rain events table SWY, UFRM [48]

The number of rainy days for each climatic
zone was calculated as the average for

several cities located within that zone. In the
moderate-cool climate zone, where there are

no cities, the average data for this zone is
based on three cities situated near its border

[49]

Climate zones of
Armenia

SWY, SDR,
UC, UFRM

The map of
climate zones
of Armenia
from [38]

Vector map

The digital vector map of climate zones of
Armenia was generalized to the four climate

zones: (1) Arid; (2) Moderate dry;
(3) Moderate cool; (4) Moderate humid. For

details, see the project’s webGIS [45]

Monthly reference
evapotranspiration

(ET0)
SWY [50] 30 arc

seconds * -

Crop coefficients Kc SWY [51,52]
Kc were determined for the four climate
zones. The used Kc are presented at the

project website [49]

Vegetation periods
for crops SWY [53] Vegetation periods were determined for the

four climate zones

Leaf Area Index SWY [54] The LAI values for dates in the middle of the
months were used

Curve numbers (CN) SWY, UFRM [55–57]

Coefficients for medium hydrological
conditions and medium vegetation states
were used. For croplands and rangelands,

differences in climatic zones were taken into
account [48]

C-factor for crops SDR [58]

C-factor was defined as average values for
Europe: 0.3 for crops and sparse vegetation,

0.05 for rangelands (average between
pastures and low productive grasslands),
and 0.0014 for forests (average value for

Southern European countries). C-factor was
considered equal to zero for water, flooded

vegetation, built areas, and snow/ice on the
InVEST recommendations.
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Table 1. Cont.

Data Type Models Sources Resolution Notes

P-factor SDR -
P-factor was considered equal to 1 because

we did not take into account special
anti-erosion measures

Rainfall erosivity SDR [59] 30 arc
seconds *

* At latitude 40◦, 30 arc seconds correspond to an area of approximately 709 by 390 m.

Crop coefficients (Kc) were defined as average values for the main groups of agri-
cultural crops, based on FAO data [51,52]. Areas of various agricultural crops such as
grains and legumes, vegetables, potatoes, melons, fruits and berries, and grapes in the
provinces of Armenia in 2023 were obtained from the Statistical Committee of the Republic
of Armenia [41]. To calculate Kc for croplands, we averaged the area shares of different
crops for four climatic zones based on data from provinces predominantly located in one or
another zone. Average Kc values were then calculated for croplands in each climatic zone,
taking into account the share of the area of different agricultural crops within it. Kc values
for bare soil were determined based on [60] as the average values for different soil types.
For natural vegetation (rangeland and trees), in accordance with the recommendations of
InVEST [42], Kc values were set as Kc = 1 if LAI > 3 and Kc = LAI/3 if LAI ≤ 3. According to
InVEST and FAO [52] recommendations, Kc = 1 was used for water and flooded vegetation,
Kc = 0.35—for built-up areas (assuming that impervious surfaces account for 50%), and
Kc = 0.4—for permanent snow. The values of other coefficients were taken from the InVEST
User Guide recommendations [42].

2.2.2. Scenarios Used for ES Modeling

To estimate the role of natural ecosystems in ES provisioning, we used three hypothet-
ical LULC scenarios:

(1) Bare ground scenario: all vegetation, including forests and grasslands, was replaced
with bare ground.

(2) Cropland scenario: all areas, except for urban territories and water bodies, were
converted to cropland.

(3) No-human scenario: urban areas and croplands were replaced with grasslands, simu-
lating a landscape without human activity.

One of the tested models—SDR—directly calculates ES values provided by ecosystems,
i.e., indicators of avoided erosion and avoided sediment export. The other models calculate
ES indicators for a given LULC but do not determine what portion of these values is
attributable to ecosystems rather than to physical processes. In the SWY and UFRM models,
we estimated the volume of ES provided by ecosystems as the difference between ES values
for the current land cover and the bare ground scenario. The cropland scenario was used in
the SWY model to compare ES loss resulting from the replacement of natural vegetation
with bare ground and croplands. The no-human scenario was used in the UFRM model to
estimate possible ES loss in historical time due to anthropogenic land transformation.

We tested the flood mitigation ES model (UFRM model) for average and extreme
spring rainfall scenarios. The highest precipitation in Armenia falls in May and June. While
precipitation levels vary significantly across different climatic zones, for the initial model
testing, we considered it reasonable to use countrywide average values. During these
months, an average rainfall event delivers 12 mm of precipitation. For the extreme rainfall
scenario, we assumed approximately half of the monthly precipitation in either of these
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months, which is 50 mm. However, it should be pointed out that within the last four years
Armenia has experienced several very heavy rains, with 100% or even 150% of the monthly
precipitation falling in a single event.

2.2.3. Selection of Land Cover Dataset and Land Cover Data Processing

At present, Armenia does not have a national land cover dataset, so we had to use
global data for ES modeling. To select an appropriate land cover dataset, we compared
the area estimates of land cover classes reported by the Government of Armenia and
ARMSTAT with those from four open-access global land cover datasets (ESRI, Dynamic
World, ESA WorldCover, and GLAD). Among these, the ESA, ESRI, and GLAD datasets
showed the closest alignment with both the official statistics and the expected distribution
of cropland and built-up areas across natural altitudinal zones [61]. The ESRI dataset
was selected for use in our project to create the prototype of EA in Armenia, including
ES assessment, because it provides the best opportunity to demonstrate the dynamics of
ecosystem indicators between 2017 and 2023.

To ensure the correct use of data in InVEST models, preprocessing was performed
using the QGIS 3.40 application [62] and custom Python 3.10.4 scripts.

Land cover data plays a critical role in all InVEST models. The source data were
provided as raster files in GeoTIFF format, which we cropped based on Armenia’s national
borders. Distinct versions of land cover rasters were created for different modeling scenarios
using custom Python scripts—bare ground, cropland, and grassland—by modifying pixel
values according to each scenario. For example, in the bare ground scenario, all pixels with
values 2 (forest) and 11 (rangeland) were converted to 8 (bare land).

We then juxtaposed land cover rasters for different scenarios with the climate zones
dataset using a raster calculator, which allowed a transition from basic categories such
as “forest” and “cropland” to enriched classifications like “forest in an arid zone” and
“cropland in a moderately humid zone”. The climate zone data were originally provided as
a vector layer in GeoPackage format. It was rasterized in QGIS to ensure that the resulting
raster matched the land cover raster in extent, resolution, and spatial reference system,
with climate zones assigned numerical values from 1 to 4.

Then, we combined land cover and climate zone rasters in a two-step process:

1. The pixel values of the land cover raster were multiplied by 100.
2. These adjusted values were added to the corresponding pixel values of the climate

zone raster, resulting in a unified dataset.

For example, a final pixel value of 204 indicates that the pixel represents land cover
type 2 (e.g., trees) and climate zone 4 (e.g., moderate humid zone).

2.2.4. Incorporating Snow Dynamics in the SWY Model

Since the SWY model does not account for the snow period, we assumed zero liquid
precipitation during the winter months when the average temperature is below zero, and
added this amount to the precipitation of the spring months, when the average temperature
rises above zero. The estimation was made without taking into account the sublimation
of snow at subzero air temperatures. Digital monthly maps of liquid precipitation are
presented on project web GIS [45].

To calculate monthly liquid precipitation, we used a combination of mean monthly air
temperature and mean monthly precipitation data. These datasets were provided as raster
coverages in GeoTIFF format and unified in terms of spatial extent and resolution.
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A Python script was used to iterate through the rasters based on the following logic:

- If the mean monthly air temperature in a pixel was below zero, precipitation in that
pixel for that month was set to 0, and its value was carried over to the same pixel in
the next month’s precipitation raster;

- If the mean monthly temperature remained negative in the following month, the
accumulated total was carried forward again until the temperature became positive.
At that point, all accumulated snow melted, generating a cumulative water flow.

2.2.5. Data Preparation for InVEST and Statistic Calculation

For compatibility with InVEST, all raster datasets were resampled to match the spatial
domain of the land cover dataset, ensuring uniform spatial extent, resolution, and coordi-
nate reference system for accurate model execution. These tasks were carried out using
standard QGIS 3.40 tools [62], including raster alignment and raster calculator. All raster
files were prepared in GeoTIFF format, which is supported by both QGIS and InVEST.

Vector zones required for InVEST models were stored in GeoPackage format 1.3.1 and
projected into the same coordinate reference system as the raster datasets.

The results of InVEST model computations, represented as raster coverages, were
aggregated based on the boundaries of three vector layers: Armenia’s provinces, major
river basins, and vegetation zones. Two standard QGIS tools were used for aggregation,
zonal statistics for calculating pixel-based sums and averages within the zones, and zonal
histogram for counting the number of pixels of different values within each zone.

3. Results
3.1. ES Provided by Terrestrial Ecosystems

As a result of the modeling, we obtained maps of ES indicators for the current land
cover (Figure 3a–c) and for the bare ground scenario (Figure 3d–f). These data allowed
us to estimate the amount of ES delivered by ecosystems in the SWY and UFRM models
(Figure 3g,h) as the difference between ES values for the current land cover and for bare
ground. Avoided erosion (Figure 3i) and avoided sediment export were calculated directly
by the SDR model.

The results of our modeling show that natural ecosystems perform between 11% and
96% of the modeled ES (Table 2). Ecosystems have the strongest impact on baseflow supply
and erosion prevention, performing these functions almost entirely (93–96%). ES maps
show that under the bare ground scenario, baseflow is almost absent (Figure 3d), meaning
that the existing baseflow is almost entirely provided by terrestrial ecosystems (Figure 3g).
At the same time, under the current land cover, erosion is virtually absent (Figure 3c),
indicating that ecosystems almost completely prevent it. Only in the case of ES for flood
mitigation under the average spring rainfall scenario (12 mm) was the effect of ecosystems
negligible. Runoff retention and quick runoff values change only slightly in absolute terms
between the current land cover and the bare ground scenario. However, even in this case,
ecosystems reduce quick runoff by 14% (Table 2).
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Figure 3. Maps of selected ES indicators: (a) Baseflow under the current land cover; (b) Runoff
retention under the current land cover; (c) Erosion under the current land cover; (d) Baseflow under
bare ground scenario; (e) Runoff retention under bare ground scenario; (f) Erosion under bare ground
scenario; (g) Baseflow provided by terrestrial ecosystems; (h) Runoff retention rovided by terrestrial
ecosystems; (i) Erosion prevented by ecosystems. The light blue color indicates Lake Sevan. For
detailed maps, see project webGIS [45].

Table 2. Results of ES modeling for the territory of Armenia.

ES Model Indicator Land Cover 2023 Bare Ground
Scenario

ES Provided by
Natural

Ecosystems

Change in ES
Due to

Ecosystem
Functioning %

SWY
Baseflow 51.3 mm

(BFI * = 34%)
3.4 mm

(BFI = 3%) 47.8 mm +93%

Quick flow 98.0 mm 120.2 mm −22.2 mm −18%
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Table 2. Cont.

ES Model Indicator Land Cover 2023 Bare Ground
Scenario

ES Provided by
Natural

Ecosystems

Change in ES
Due to

Ecosystem
Functioning %

SDR

Erosion 2.3 t/ha/year
6.8 Mt/year

48.6 t/ha/year
147.2 Mt/year

Avoided erosion
−46.4 t/ha/year
−140.4 Mt/year

−95%

Sediment export 0.15 t/ha/year
0.47 Mt/year

4.5 t/ha/year
13.5 Mt/year

Avoided
sediment export
−4.3 t/ha/year
−13.0 Mt/year

−96%

UFRM, 50 mm
rainfall scenario

Quick runoff,
mm 13.3 17.4 −4.1 −24%

Runoff retention,
m3 3.7 3.3 0.4 +11%

UFRM, 12 mm
rainfall scenario

Quick runoff,
mm 0.19 0.22 −0.03 −14%

Runoff retention,
m3 1.18 1.18 0 0

* BFI—baseflow index, BFI = B/(B + QF).

Based on ES maps, ES values were calculated for various ecosystem accounting areas:
for Armenia as a whole, for provinces and watersheds (Figure 4), vegetation zones (Figure 5)
and landscapes, as well as protected areas (see examples at the project website [31]).

The negative indicator values in Table 2 and Figure 4 indicate that terrestrial ecosys-
tems reduce quick flow, erosion, and sediment export. Because the values of these indicators
under actual land cover are lower than under bare ground, the resulting ES values are
negative—which, in this context, indicates a positive regulating effect of ecosystems.

Absolute ES values vary considerably across watersheds and provinces (Figure 4).
With the current land cover, the SWY model predicts total water flow varying across
watersheds from 97 mm (Arpa) to 194 mm (Debed and Akhuryan). The average share of
baseflow in the total water flow in Armenia is 34%, and ranges from 29% (Hrazdan) to 40%
(Debed), while under the bare ground scenario, baseflow accounts for only 2–4%. Despite
significant differences in absolute flow values, ecosystems in all watersheds provide more
than 90% (92–95%) of the baseflow (Figure 4a). Ecosystems reduce quick runoff across
watersheds by 12% (Hrazdan and Akhuryan) to 26% (Arpa and Aghstev) (Figure 4b). The
cropland scenario, which we used in the SWY model, shows almost no difference in ES
indicators compared to the bare ground scenario. This suggests that croplands provide
little to no contribution to this ES [49].

The ES of flood mitigation (UFRM model) is more pronounced under the extreme
spring rainfall scenario (50 mm). Across watersheds, ecosystems increase runoff retention
by 9% (Akhuryan and Metsamor) to 13% (Arpa and Vorotan) and decrease quick flow by
17% (Akhuryan) to 49% (Arpa) (Figure 4c,d). The loss of ES that occurred in historical
times can be assessed as the difference between the ES indicator values for the 2023 land
cover and the no-human scenario (Figure 6). This ratio shows that a significant part of
the ES is still preserved at present. The most significant ES loss occurred in watersheds
where croplands and built-up areas currently occupy the largest area (Akhuryan, Hrazdan,
Metsamor) [35]. Generally, the most significant ES loss occurred in areas that are currently
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built-up (quick runoff increased from 15.9 mm to 23.5 mm). For croplands, ES loss is less
substantial (quick runoff increased from 16.7 mm to 20.1 mm) [63].

The SDR model predicts rates of avoided erosion across watersheds from 19.0 t/ha/year
(Metsamor) to 93.5 t/ha/year (Aghstev) and rates of avoided sediment export from 2.1
t/ha/year (Metsamor) to 7.8 t/ha/year (Vorotan), preventing more than 90% of erosion
and sediment export in all watersheds (Figure 4e,f). These figures also well reflect the
slopes in the watershed.

Indicator values for provinces follow the same patterns for SWY, SDR, and UFRM
models because provincial and watershed boundaries highly coincide (Figure 1b) [49,63,64].
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Figure 4. ES indicators with current land cover 2023 (blue) and ES provided by terrestrial ecosystems
(green) for watersheds: (a) Baseflow; (b) Quick flow; (c) Runoff retention; (d) Quick runoff; (e) Current
and avoided erosion; (f) Current and avoided sediment export.

Analysis of ES indicators across vegetation zones shows that the highest average
baseflow values occur in alpine and subalpine zones, while woody vegetation exhibits
levels similar to those of various grassland types (Figure 5a). As expected, average avoided
erosion is highest in forest and woodland zones, moderate in alpine and subalpine zones,
and lowest in desert, semi-desert, and marshes (Figure 5b). The range of values within
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individual polygons of certain vegetation zones is quite large—for baseflow values, in
alpine, subalpine, meadow-steppe, forest zones, and juniper woodlands; for avoided
erosion values, in semi-desert, forest, juniper, and broadleaf woodland zones.

(a) (b) 

(c) (d) 

Figure 5. Absolute (a,b) and relative (c,d) indicators of baseflow provisioning (a,c) and erosion
prevention (b,d) across vegetation zones. Red dots indicate average values, while colored bars
represent the range of values within individual polygons.
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Figure 6. Historical loss of ES of flood mitigation, % relative to 2023.
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The distribution of relative ES indicators across vegetation zones shows less variation
both in average values and in values within individual polygons. Proportion of current
baseflow contributed by ecosystems is lowest in forest, steppe, and marsh zones (88–89%),
and highest (98%) in the desert zone due to the specific characteristics of the only small area
where it is currently found in Armenia (see the Discussion section). In other vegetation
zones, this indicator ranges from 93% to 96% (Figure 5c). The ratio of avoided erosion to
current erosion is highest in forest and woodland zones (avoided erosion is 96–97 times
greater than current erosion), ranging from 93 to 95 in other zones (Figure 5d).

3.2. Changes in ES Provisioning from 2017 to 2023

ESRI land cover data indicate that overall, in Armenia, the area of croplands and
built-up areas increased by 403 and 175 km2, respectively, while the area of grasslands and
forests decreased by 364 and 144 km2, respectively. These processes were most pronounced
in the provinces of Shirak, Lori, Gegharkunik, and Aragatsotn, as well as in the watersheds
of the Akhuryan, Debed, Hrazdan, and Metsamor rivers. In the Syunik province and
Vorotan watershed, there was a partial replacement of forests with grasslands, along with
an increase in croplands. In the Ararat and Armavir provinces, croplands decreased due to
the expansion of built-up areas, and in Ararat, this was also attributed to the expansion of
grasslands. In the Arpa watershed, croplands decreased, while rangelands and built-up
areas increased (Figure 7) [35].

  
(a) (b) 
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Figure 7. Changes in the area of main terrestrial land cover classes from 2017 to 2023 in watersheds
(a) and provinces of Armenia (b).

Maps of changes in all four ES show sporadic changes in small areas scattered across
the territory, often with opposite signs. Examples for baseflow and quick flow (SWY model)
are shown in Figure 8.
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Changes in ES indicator values in most watersheds and provinces are insignificant,
both in absolute and relative terms, generally amounting to a few percent or less than one
percent. Nevertheless, these changes can be important for tracking trends, which generally
can be interpreted as negative (Figure 9).

Baseflow in most cases decreased while quick flow increased (SWY model). This
means that the ability of terrestrial ecosystems to sustain baseflow during dry periods
declined. The only exceptions are the Arpa watershed and Ararat province (Figure 9a,b)
which can be explained by the expansion of grasslands and the reduction in croplands in
these areas. The most significant negative changes occurred in the Shirak province and the
Akhuryan watershed (Figure 7).

Changes in ES of flood mitigation (UFRM model) generally repeated this pattern. In
most cases runoff retention decreased and quick runoff increased, with the most significant
negative changes in the Akhuryan watershed and the Shirak province (Figure 9c,d).

The SDR model estimated that very small changes in avoided erosion (0.01–0.99%)
led to much more significant changes in current erosion and sediment export as well as
in avoided sediment export. All these indicators negatively changed in the Akhuryan,
Vorotan, and Debed watersheds as well as in Shirak, Syunik, Lori, and Gegharkunik
provinces. Noticeable positive changes occurred only in the Arpa watershed and in the
Armavir and Vayots Dzor provinces (highly coincides with the Arpa watershed). It is
noteworthy that in the Hrazdan watershed there are almost no changes, while in the two
provinces belonging to it (Gegharkunik and Kotayk) the changes are in opposite directions
and compensate each other on a watershed scale (Figure 9e,f).

 
(a) (b) 

Figure 8. Changes in baseflow, mm (a) and quick flow, mm (b) from 2017 to 2023. Red indicates a
decrease; blue indicates an increase.
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Figure 9. Changes in ES indicators from 2017 to 2023, % relative to 2017: (a) Baseflow and quick flow
in provinces; (b) Baseflow and quick flow in watersheds; (c) Runoff retention and quick runoff in
provinces; (d) Runoff retention and quick runoff in watersheds; (e) Current and avoided erosion in
provinces; (f) Current and avoided erosion in watersheds.

3.3. ES Supply–Use Balance

ES of baseflow supply (SWY model) and erosion prevention (SDR model) were used
as examples of ES supply–use balance. Statistical data on water consumption were sourced
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from ARMSTAT regional statistics [41], and river flow data were sourced from ARMSTAT and
government-reported data [43]. This analysis is approximate, because we used river flow data
by watersheds and water-use data by provinces. The boundaries of provinces and watersheds
largely coincide (Figure 1b), which allows such a rough estimate. For watersheds that include
two provinces (as shown in Figure 10a), the data for those provinces were summed. Obviously,
the balance should be refined in the future using data from the same EAAs.
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Figure 10. Supply–consumption balance of ES of seasonal water flow regulation in provinces, 2023:
(a) river flow, baseflow and water consumption across watersheds (* data reported by ARMSTAT and
the Government); (b) Difference between baseflow volume and water consumption in agriculture,
fishery and forestry; (c) Share of baseflow in agriculture, fisheries and forestry water consumption (%).
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The overwhelming majority of water consumption is accounted for by the agriculture,
fisheries, and forestry sector, which underscores the importance of assessing the ecosystem
service of baseflow provision. In two basins—Metsamor and Arpa—agricultural water
consumption exceeds the baseflow volume, and in the Metsamor basin it also exceeds river
flow generated within Armenia (Figure 10a,b). In the Metsamor and Arpa watersheds,
baseflow provides 25% and 55% of agricultural water consumption, respectively; in the
Hrazdan and Agstev basins, baseflow slightly exceeds agricultural consumption—by 16%
and 42%, respectively. However, in the three other watersheds —Akhuryan, Debed, and
Vorotan—baseflow exceeds water consumption by tens of times (Figure 10c).

The supply–use balance for the ES of preventing sediment export to streams (SDR
model) was assessed at the provincial level, since river flow data are not required for this
assessment. This ES is most important in the Lori province, where natural ecosystems
annually prevent the export of 119 kg of sediment per one m3 of water used, and lowest
in the Armavir and Ararat provinces, where this indicator is less than 1 kg/m3/year
(Figure 11). However, the share of avoided sediment export in water use everywhere
exceeds 95%, which means that the need for this ES is being met [64].
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Figure 11. The use of the ES of sediment export prevention in provinces, 2023: (a) Current sediment
export per 1 m3 of water use; (b) Avoided sediment export per 1 m3 of water use.

4. Discussion
4.1. Consistency of the Obtained Results with Other ES Estimates for Armenia and Expected ES
Performance Across Vegetation Zones

Our average estimate of the erosion rate for Armenia, 2.3 t/ha/year, is very close to
the values for Armenia (2.44–2.47) in the global database of modeled erosion values [65,66].
Neighboring countries (Georgia, Azerbaijan, Iran, Turkey) have similar estimates in this
database—around 2–3 t/ha/year. According to Eurostat, erosion in most Mediterranean
countries has a similar intensity, ranging from 2 to 5 t/ha/year [67].

The average share of baseflow in total flow, calculated based on SWY modeling results,
is 34%, which corresponds to the baseflow index estimate for Armenia according to the
AQUASTAT data and methodology of 35.5% (the overlap share of the internal renewable
surface water resources) [68,69].

The modeling results for the prevention of erosion and sediment transport (SDR
model) align most closely with the commonly accepted understanding of this ES. The SDR
model identified forests as the most effective land cover class for preventing erosion, with
rangelands and croplands performing worse. Among natural vegetation types, forests and
woodlands provide this ES most effectively, followed by mountain meadows and then by
steppes (Figure 5b,d). The model also showed that avoided erosion and avoided sediment
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export are the highest in areas with pronounced terrain and steep slopes, indicating that
this ES is most important in those areas. While the SDR model gives plausible outputs, its
accuracy depends heavily on soil, evapotranspiration, and rainfall data. The coefficients
we used are based on global or European values, which should be adjusted to Armenian
conditions and agricultural practices accurately.

The SWY model predicted the highest baseflow values—155 and 137 mm—in alpine
and subalpine grasslands, while the forest zone showed a minimal baseflow of 29 mm,
similar to that of the steppes (25 mm); both are lower than those in the semidesert and desert
zones (Figure 5a,c). The proportion of baseflow contributed by ecosystems is also minimal
in the forest and steppe zones (89%). This counterintuitive result, in our view, is explained
by the combined effects of multiple factors that determine baseflow—precipitation, terrain
slope, and soil permeability. Very high absolute baseflow values in mountain grasslands
result from the high precipitation in the mountains. In other mountainous regions, higher
baseflow values have also been found in upper elevation areas (e.g., [70]). The low baseflow
values in the forest zone are most likely the result of forests occurring predominantly
on the steep slopes of gorges and mountains. According to our assessment, the highest
mean slope among the vegetation zones occurs in the forest and juniper zones —about 20◦,
whereas mountain grasslands and steppes occupy gentler slopes from 10◦ to 17◦, and the
semideserts and the single desert patch lie on plains with an average slope of about 6◦. The
moderate baseflow of 38 mm and the high proportion of it contributed by ecosystems (94%)
in the semidesert zone are most likely due to its location in areas with the gentlest relief
and a high proportion of highly permeable soils. The only small desert patch remaining in
Armenia exhibits moderate baseflow of 34 mm an extremely high proportion of baseflow
provided by ecosystems (98%), probably because it is entirely located on soils with the
highest permeability (for detailed maps, see the project web-GIS [44]).

Thus, modeled average values of soil erosion and baseflow are in good agreement
with global and European data for Armenia. The distribution of ES indicators for erosion
prevention is consistent with the general understanding of the roles of different terrestrial
ecosystem types, and detected deviations in the distribution of baseflow indicators can be
logically explained by the combined action of multiple factors. This provides grounds for
using the obtained results as EA prototype at the scoping stage. However, incorporating
ES into national EA will require more accurate models and input data.

4.2. Accuracy of Input Data

Accurate land cover data is a key prerequisite for reliable ES assessment. Since
Armenia currently lacks a validated national land cover dataset, we used the ESRI global
land cover dataset. A comparison of the ESRI data with government-reported data on
the areas of different land cover classes across provinces revealed a discrepancy of 19.4%
relative to the total area of Armenia [61]. The accuracy of global land cover datasets
does not exceed 75% [71] or 84% [72]. For countries with a large number of primary
sampling units (at least 100), the accuracy of the ESA World Cover—identified by the cited
authors as the most accurate—ranges from 66% to 98% [72] with an average of around 80%.
Although we cannot directly compare these figures to our estimates due to methodological
differences, 80.6% match in land cover class areas at the province level in Armenia provides
a reasonable justification for using the ESRI land cover dataset for the national-scale scoping
EA. Obviously, global land cover datasets are not suitable for ES mapping in smaller EAA,
such as municipalities or small protected areas, which require more precise land cover data
at a finer spatial scale. Also, even small total-area errors in land cover data, or changes in
the algorithms used to classify land cover types, can result in significant distortions in the
assessment of land cover change—especially when the actual changes are small in absolute
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terms, as is the case in Armenia (Section 3.2). Therefore, a first and crucial step toward
launching national EA should be the development of a national land cover dataset, verified
using ground-based data collected specifically within the country.

The accuracy of other input data also is critical for ES assessment. In this scoping study,
climate data, reference evapotranspiration, and digital elevation model were obtained from
global databases which accuracy at the national scale may vary due to spatial interpolation
and the resolution of source station networks. We recommend that ES modeling for national
ecosystem accounting be based on data verified using in situ measurements from Armenia’s
hydrometeorological, geodesy, and cartography services.

4.3. Consistency of the Tested InVEST Models with Armenia’s Natural Conditions

The SWY model does not account for snow accumulation and melt, which is a major
factor in Armenia’s highland hydrology. The approach we used in this study ignores snow
sublimation and local variations in melt timing. For a more accurate assessment, it is clearly
necessary to incorporate specialized models, such as SNOW-17, which can significantly
improve runoff predictions [73]. Another significant limitation is the lack of accounting for
geological structure, which is important for baseflow assessment.

Modeling the ES of flood risk mitigation (UFRM model) showed meaningful ecosystem
effects only under an extreme rainfall scenario (50 mm). For average spring rainfalls
(12 mm), the model barely registered any difference between current land cover and the
bare ground scenario, which is due to low amounts of precipitation. It suggests the model
may not be picking up more subtle but still important differences in landscape runoff
retention under typical rainfall events. That raises questions about the model’s sensitivity
under more typical weather conditions. Moreover, the UFRM model accounts only for the
water retention capacity of ecosystems but does not consider water flow across the terrain,
which makes it poorly suited for the mountainous conditions of Armenia. Slope has a
critical impact on the rate of water runoff, which is why topography must be taken into
account—as was done, for example, in [10].

These issues point to a clear need for InVEST model calibration (i.e., adjusting the
model to match observed local data) before using its outputs in ecosystem accounts. Ac-
cording to [11], among the publications that used SWAT, 79% carried out some form of
calibration, whereas for InVEST, only 13% of the studies did so. However, calibrated
InVEST models can provide a sufficiently reliable ES assessment for strategic decision-
making [74,75]. Our experience shows that InVEST models can be useful at the scoping
stage, a necessary step before initiating ecosystem accounting.

However, more accurate ES assessment and mapping across the entire territory of
Armenia—essential for informed decision-making—are hindered because some important
coefficients in InVEST models are assigned single values, either for the entire area (the
number of rainy days in the SWY and UFRM models) or for broad land cover classes (Kc
in the SWY model), assuming that land-cover classes are uniform across the assessment
area. As a result, models do not account for differences among areas at varying elevations
or across climatic zones within Armenia.

Thus, at the preliminary stage, InVEST models proved useful for demonstrating
general approaches to integrating ES assessments and maps into Armenia’s ecosystem
accounting. However, given the aforementioned model uncertainties and simplifications,
the estimates we obtained should be regarded as ES proxies rather than reliable data for
management decisions or monetary valuation and should not be used directly in national
accounting without proper calibration.

As ecosystem accounting and the corresponding data collection system develop, it
may become reasonable to transition to the use of hydrological and climatic models that
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account for a greater number of processes and local data. However, this requires another
milestone in Armenia, namely the open access to such data. At later stages, it is advisable to
use different models for different purposes and decision-making contexts. InVEST models
can be applied for rapid and simplified ecosystem service modeling to obtain a general
overview. SWAT and other detailed hydrological and climate models are necessary for
producing high-resolution and accurate assessments. Decision-support models (such as
RIOS, AQUATOOL, and others) are useful for the practical application of ecosystem service
assessments and maps in management contexts [12,76,77].

4.4. Potential Bias in Assessing the Role of Different Terrestrial Ecosystems in ES Provisioning

According to the SEEA-EA guidance, one of the EA tasks is to evaluate how various
ecosystem types contribute to ES provisioning [1]. However, using broad land cover classes
as proxies for varied and complex ecosystems can lead to significant bias. InVEST models
operate with broad land cover classes such as “forest” or “grassland”. Although this
approach is practical, it may obscure significant ecological diversity and misrepresent the
true functioning of particular ecosystem types [78].

Given high topographic and climatic variability in Armenia, these risks are exacer-
bated there. With elevations ranging from 375 to over 4,000 m above sea level, the area of
the country includes both lowland semi-deserts and high alpine regions. Precipitation, soil
properties, temperature regimes, and land use can all change quickly in this area, sometimes
within a few kilometers [33]. In Armenia the category “grassland” encompasses diverse
ecosystems, ranging from alpine meadows to semideserts, that differ fundamentally in
their functioning and in their capacity to provide ES. Average values of ES indicators for
grasslands do not reflect the diversity of ecosystem functions and services among the vari-
ous types of meadows, steppes, and semideserts (Figure 5). Likewise, not all forests have
the same function in regulating hydrology; their contributions are influenced by species
composition, slope gradient, canopy density, and soil depth [21–23]. Thus, conducting ES
accounting at the level of broad land cover classes fails to capture ecosystem-specificity,
offers little for informed ecosystem-management decisions, and in some cases can lead to
incorrect decisions. For example, using the average baseflow value for grasslands (59 mm)
leads to underestimating the contribution of mountain grasslands with baseflow values of
137–155 mm to the total baseflow volume.

Biases in understanding the roles of different ecosystem types in delivering ES could
have negative consequences for environmental policy. Globally, an example of such a bias is
the underestimation of grasslands’ roles in water provision and soil protection, alongside a
primary focus on the ecological value of forests. This often leads to afforestation of natural
grasslands, resulting in negative impacts on water regulation and soil quality [28,79,80].

Even within vegetation zones—which partially account for the diversity of grasslands
and woody vegetation—there remains a wide spread of ES values across individual poly-
gons, indicating the high heterogeneity of environmental conditions and plant communities
within them. This raises the question of whether a more detailed ecosystem classification
and mapping should be used to assess ecosystems’ roles in delivering ES.

5. Conclusions
1. Modeling results for three water-related regulating ecosystem services (ES)—baseflow

supply; prevention of soil erosion and sediment export to water bodies; and flood-risk
mitigation (InVEST SWY, SDR, and UFRM)—show that natural ecosystems con-
tribute between 11% and 96% of the modeled ES. The average current erosion is
estimated at 2.3 t/ha/year, and sediment export at 0.15 t/ha/year. Avoided erosion is
46.4 t/ha/year and avoided sediment export is 4.3 t/ha/year, indicating that ecosys-
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tems prevent 95–96% of erosion and sediment export. Ecosystems provide 93% of
baseflow, with an average baseflow index of 34%, while on bare ground it is only 3%.
Under the 50 mm rainfall scenario, ecosystems decrease quick runoff by 24% and
increase runoff retention by 11%.

2. The tested InVEST models proved suitable at the scoping phase of ecosystem ac-
counting (EA) planning, demonstrating the following decision-relevant outputs from
ES accounting:

- ES maps and accounts across different EAAs (e.g., national, provincial, watershed,
and vegetation-zone levels);

- The magnitude of ES, both in aggregate and per unit area, demonstrating the
importance of water-related regulating ES for human well-being and the economy,
and the key role of terrestrial ecosystems in delivering these services;

- Changes in ES supply resulting from land use and land-cover (LULC) changes; and
- ES supply–use balances, revealing water-deficit provinces and watersheds.

3. Based on the scoping assessment of three ES presented here, the following recommen-
dations are proposed to initiate national ES accounting in Armenia:

- Develop the national land cover dataset, verified using ground-based data col-
lected specifically within Armenia;

- Calibrate the models using local data—especially in a few well-studied river
basins where streamflow, erosion, and climate data are available;

- Develop a framework for integrating InVEST and advanced hydrological and
meteorological models (e.g., snow dynamics) to account for the high diversity of
natural conditions in Armenia, including terrain, geological structure, soil types,
and regional climatic differences;

- Develop a local database of modeling coefficients, such as climate parameters,
evapotranspiration, C-factor, river flow, etc., adapted to Armenia’s landscapes
and topography; and

- Use detailed maps of vegetation and terrestrial ecosystems to account for ES
delivered by various ecosystem types.
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Abbreviations
The following abbreviations are used in this manuscript:

EA Ecosystem accounting
EAA Ecosystem accounting area
ARMSTAT Statistical Committee Republic of Armenia
ES Ecosystem service
InVEST Integrated Valuation of Ecosystem Services and Trade-Offs
SEEA-EA System of Environmental-Economic Accounting—Ecosystem Accounting
SDR Sediment Delivery Ratio model
SWY Seasonal Water Yield model

Appendix A

Table A1. Model processes and parameters [42].

Model Model Processes Description of Parameters

SWY

Quickflow calculating

QFi =
12
∑

m=1
QFi,m

QFi,m = nm × ((ai,m − Si)exp(− 0.2Si
ai,m

) +

S2
i

ai,m
exp( 0.8Si

ai,m
)E1(

Si
ai,m

))× 25.4

assuming an exponential distribution of daily
precipitation depths f (p) = 1

ai,m
exp(− p

ai,m
)

ai,m =
Pi,m
nm

/25.4

QFi—annual quick flow;
QFi,m—monthly quick flow;
Si—maximum potential retention, 1000

CNi
− 10,

where CNi is curve number for pixel i;
E1—exponential integral function;
25.4—conversion factor from inches to mm;
ai,m—mean rain depth on a rainy day at pixel i on
month m;
ni,m—the number of events at pixel i in month m;
Pi,m—monthly precipitation for pixel i at month m;

SWY

Local recharge calculating

Li = Pi − QFi − AETi

AETi = ∑
months

.AETi,m

AETi,m = min(PETi,m; Pi,m − QFi,m + αmβiLsum.avail,i)

PETi,m = Kc,i,m × ET0,i,m

Lsum.avail,i = ∑ pij · (Lavail,j + Lsum.avail,j)

Li—local recharge for pixel i;
AETi—annual actual evapotranspiration for pixel i;
AETi,m—monthly actual evapotranspiration;
PETi,m—monthly potential evapotranspiration;
pij—the proportion of flow from cell i to j;
Lavail,j—the available recharge to pixel;
Pi and Pi,m—annual and monthly precipitation;
QFi and QFi,m—annual and monthly quick flow;
ET0,i,m—reference evapotranspiration for month m;
Kc,i,m—monthly crop factor for the pixel i;
αm—the fraction of upslope annual available
recharge that is available in month m (default is
1/12);
βi—the fraction of the upslope subsidy that is
available for downslope evapotranspiration.
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Table A1. Cont.

Model Model Processes Description of Parameters

SWY

Baseflow calculating

Bsum,i = Lsum,i∑
pij(1 −

Lavail,j
Lsum,j

)
Bsum,j

Lsum,j−Lj

.
if j is a nonstream pixel

Bsum,i = Lsum,i∑
.

pij
if j is a stream pixel

Lsum,i = Li + ∑
j, all pixels draining to pixel i

Lsum,j · pji

Bi = max(Bsum,i · Li
Lsum,i

, 0)

Bsum,i—cumulative baseflow through pixel i,
contributed by all upslope pixels, which is not
evapotranspired before it reaches the stream;
Bi—baseflow contribution of a pixel i to
slow-release flow which is not evapotranspired
before it reaches the stream;
Li—local recharge for pixel i;
Lavail,j—the available recharge to pixel i;
Lsum,i—cumulative upstream recharge

SDR

Soil loss calculating

uslei = Ri · Ki · LSi · Ci · Pi

AERi = RKLSi − USLEi

uslei—the amount of annual soil loss on pixel i;
Ri—rainfall erosivity;
Ri—soil erodibility;
LSi—slope length-gradient factor;
Ci—cover-management factor;
Pi—support practice factor;
AERi—avoided erosion on pixel i.

SDR

Calculation of Sediment Delivery Ratio

SDRi =
SDRmax

1+exp( IC0−ICi
k )

IC = log10(
Dup
Ddn

)

Dup = CthSth
√

A

Ddn = ∑
i

.
di

Cth,iSth,i

SDRi—Sediment Delivery Ratio is the proportion
of eroded sediment that is actually delivered to a
stream or water body, relative to the total amount
of sediment generated by soil erosion within a
given area;
SDRmax—is the maximum theoretical SDR, set to
an average value of 0.8;
IC0 and k—calibration parameters that define the
shape of the SDR-IC relationship;
IC—connectivity index;
Dup—upslope component;
Cth—average thresholded C factor of the upslope
contributing area;
Sth—average thresholded slope gradient of the
upslope contributing area;
A—upslope contributing area;
Ddn—downslope component;
di—the length of the flow path along the ith cell
according to the steepest downslope direction;
Cth,i and Sth,i —thresholded cover-management
factor and slope gradient of the ith cell,
respectively.

SDR

Calculation of sediment export

Ei = uslei · SDRi

E = ∑
i

.Ei

AEXi = (RKLSi − USLEi) · SDRi + Ti

Ei—sediment export from pixel i, is the amount of
sediment eroded from that pixel that actually
reaches a stream;
E—total catchment sediment export;
AEXi—avoided sediment export from pixel i;
Ti—amount of upslope sediment that is trapped
on pixel i.
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Table A1. Cont.

Model Model Processes Description of Parameters

UFRM

Qp,i =

{
(P−λSmaxi )

2

P+(1−λ)Smax,i
i f P > λ · Smax,i

0 . otherwise

}
Smax,i =

25400
CNi

− 254

Ri = 1 − Qp,i
P

R_m3i = Ri · P · pixel.area · 10−3

Qp,i—runoff for pixel i;
P—the design storm depth in mm;
Smax,i—potential retention in mm;
λ · Smax—rainfall depth needed to initiate runoff;
CNi is curve number for pixel i;
Ri—the fraction of runoff retention per pixel i;
R_m3i—runoff retention volume per pixel i;
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