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A B S T R A C T   

Understanding changes of ecosystem services and their influencing factors is crucial for more sustainable 
ecosystem management and conservation of nature contributions to people, especially in regions suffering high 
pressure from climate change and human activities, such as the Nordic countries. In this study, we assess multiple 
ecosystem services and their influencing factors in Denmark, Finland, Norway, and Sweden. We analyze changes 
in ecosystem services such as habitat quality, sediment retention, water yield, carbon sequestration, crop and 
roundwood production between 2003 and 2018. The relationships between ecosystem services and the main 
influencing factors (temperature, precipitation, elevation, population, livestock, and land use change) are 
assessed by means of the Spearman’s correlation coefficient and a new method that unravels synergies or 
tradeoffs at a grid level. Given the importance of forest management in the study region, an advanced land cover 
dataset that includes maps of forest harvest is produced and used as a basis for the analysis. Results show the 
large changes in ecosystem services during the study period and their spatial variations. Overall, the habitat 
quality is decreased, especially in the sites affected by forest management and agricultural production. Water 
yield and sediment retention increased due to higher precipitation (mainly in Norway). Higher temperature and 
forest management have generally increased carbon sequestration and provisioning services. The relationship 
between ecosystem services and their potential influencing factors differs across space. There are 10 out of 15 
pairs of ecosystem services that predominantly show a tradeoff relationship, while the rest shows a synergy. In 
general, our results show the importance to monitor ecosystem services and understand the main drivers of their 
changes, so to design more sustainable resource management strategies that can secure a long-term delivery of 
ecosystem services.   

1. Introduction 

Nature ecological processes provide valuable ecosystem services 
(ESs) to humanity. These services are typically divided into supporting, 
provisioning, regulating, and culture services (Millennium ecosystem 
assessment, 2005). Sustainable natural resource management to main-
tain and restore ESs is a challenge, especially under a changing climate 
(Bradford and D’Amato, 2012, Rounsevell et al., 2018). With increasing 
population and better living standards, the implicit demand for ESs from 
our society is also increasing, which in turn creates additional pressure 
to identify successful strategies to maintain and improve ESs. In recent 

years, research efforts to understand status and changes of ESs have been 
expanding with the aim to increase the scientific evidence for sustain-
able ES management (Samhouri et al., 2010, Liu et al., 2022, Feng et al., 
2021, Yin et al., 2021). 

ESs are frequently complexly interlinked (Bennett et al., 2009, Hou 
et al., 2021) and their relationships are usually assessed and interpreted 
in terms of synergies, tradeoffs or independency (Bennett et al., 2009, 
Haase et al., 2012, McElwee et al., 2020). A synergy is when one service 
improves, and the other service also improves. A tradeoff is when one 
service improves while the other declines. When the change of one 
service has no apparent relationship with the other service, the ESs are 
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independent. This approach facilitates the possibility to identify man-
agement options that co-deliver across multiple ESs, or the pre- 
identification of the potential tradeoffs for their possible early mitiga-
tion (Dickie et al., 2011, Feng et al., 2020, Bradford and D’Amato, 
2012). The relationship between ESs can have spatial heterogeneity 
(Turner et al., 2013). Two ESs can have a synergy relationship in one 
region but a tradeoff in another region (Hou et al., 2021). For instance, 
the synergistic effects among providing services are found to vary across 
Mediterranean islands (Lorilla et al., 2018), or the Tibetan Plateau of 
China (Hou et al., 2021). It is thus necessary to conduct site-specific 
analyses at high resolution to understand dynamics and spatial 
changes in ESs. 

Nordic countries, namely Denmark, Finland, Norway, and Sweden, 
are a sensitive region to environmental changes since they are experi-
encing the highest rates of global warming and high levels of human 
pressure (IPCC, 2019). Human activities and climate change lead to 
large changes in soil erosion (SE) and land cover disturbances in this 
region (Zhou et al., 2021). The high rates of global warming in Nordic 
region affect ecosystem dynamics such as elevation of the tree lines 
(Bryn and Potthoff, 2018), changes in crop yields (Wiréhn, 2018), forest 
growth rates (Creed et al., 2015), greening of bare and mountainous 
areas (Myers-Smith et al., 2020), and drying of wetland (Werner et al., 
2013, Zhou et al., 2021). A large part of Nordic countries is covered by 
forests, especially in Finland, Norway and Sweden (FAO, 2020), and the 
majority are managed forests periodically harvested (Ceccherini et al., 
2020, Hu et al., 2018, Iordan et al., 2018). Intensive forest management 
and farming increased in the region, as well as urban areas and agri-
cultural land (Zhou et al., 2021). However, the associated effects on ESs 
associated with these dynamics are still unclear. 

There is a little number of studies on the interactions among multiple 
ESs in Nordic countries. Turner et al. (2014) investigated multiple ESs 
aiming to describe their spatial distributions and relationships, but the 
study only covered Denmark at a relatively coarse resolution (10 km 
grid) and did not assess how ESs varied over time. Queiroz et al. (2015) 
mapped and quantified the distribution of ESs in Sweden, but the study 
only covered one basin with 62 municipalities and did not assess how 
these ESs changed over time. Filyushkina et al. (2016) conducted a 
systematic review of the relationship between forest management and 
non-market ecosystem services, and investigated their roles in decision 
support models in the Nordic region. In general, existing studies focus on 
a limited number of ESs, and they do not assess how they vary over time, 
or take a coarse resolution (when not focusing on a particular region 
within a country). To the best of our knowledge, a comprehensive study 
mapping the variability in key ESs in Nordic countries within a consis-
tent framework, with an assessment of the main drivers of a change and 
the relationships among ESs in terms of co-benefits and tradeoffs, is 
missing. 

Our study aims to cover this knowledge gap by integrating gridded 
historical data of climatic variables with the best available datasets of 
ESs in Norway, Sweden, Finland, and Denmark. The analysis in-
vestigates changes and relationships of multiple ESs: habitat quality 
(HQ), sediment retention (SR), water yield (WY), carbon sequestration 
(CS), crop production (CP) and roundwood production (WP). According 
to the Millennium ecosystem assessment (2005), HQ is a supporting 
service, SR, WY, CS are regulating services and CP and WP are provi-
sioning services. For WP and CP, spatially explicit datasets at high res-
olution were not available, and they have been created by combining 
national statistics with remote sensing data. For each grid cell, the 
analysis explores how each ES and influencing factor changed over time 
(from 2003 to 2018), the relationship between the ES and the influ-
encing factor, and the tradeoffs or synergies between each pair of ESs. 
The investigated potential influencing factors are precipitation (PR), 
temperature (TE) at 2 m height, elevation (EL), population density (PD), 
livestock (LS), and changes in land cover, mainly forest (FOR) and 
agriculture (AGR). We use the Spearman’s correlation coefficient to 
assess the overall relationship in the whole region (Hou et al., 2021, 

Cord et al., 2017), and to duly represent the large spatial variation in 
both ESs and their potential influencing factors, we propose a new 
approach to investigate their relationship at a grid level for the assess-
ment of synergies and tradeoffs. 

2. Methods 

2.1. Study area 

Our study area involves four Nordic countries: Denmark, Finland, 
Norway, and Sweden (from 3◦E to 32◦E, from 54◦N to 72◦N). Norway is 
located in the western part of Scandinavia, in Northern Europe, and it is 
covered by forest and agriculture land by 37 % and 4 %, respectively 
(Zhou et al., 2021). Sweden, bordering Norway to the west, and Finland 
to the northeast, is the largest country among the four. Afforestation in 
Sweden began at the beginning of the 20th century, and it increased the 
ratio of forest until the 1960 s, but after that the ratio declined (Blanco 
et al., 2017). In 2018 it is covered by forest and agriculture land by 66 % 
and 9 %, respectively (Zhou et al., 2021). In Finland, forest and agri-
culture cover about 71 % and 8 % of the country. In these three coun-
tries, the majority of forests are under intensive management 
(Ceccherini et al., 2020). In Denmark, agriculture plays an essential role 
(Vogdrup-Schmidt et al., 2019), and the country is covered by agricul-
ture land by 73 % (Zhou et al., 2021). 

2.2. Data 

Based on data availability, 2003 and 2018 are selected as the initial 
and final year of our study period. A large amount of data has been used 
to estimate ESs, such as digital elevation model (DEM), land cover maps, 
PR, TE, watershed, reference evapotranspiration, soil texture, wood 
harvest volumes, and crop yields (Table 1). All raster data are resampled 
at the same spatial resolution (1 km grid). 

2.3. Land cover dataset modification 

The land cover dataset plays a central role for the quantification of 
many ESs (Sharp et al., 2014), but existing products have limitations in 
terms of accuracy and representation of key features (Bayer et al., 2021). 
Forest is the dominant land cover in the Nordic region, and it is under 
intensive management (Ceccherini et al., 2020, Schelhaas et al., 2018). 
However, forest harvest goes largely undetected by land use products, 
thereby potentially ignoring the effect of forest management on ESs 
(Zhou et al., 2021). Satellite-derived data of changes in forest cover 
(losses and gains) are more accurate and available at high resolution (30 
m), and they proved to offer valuable opportunities to map harvest 
events as they can capture interannual disturbances (Ceccherini et al., 
2020). However, they lack the classification of non-forest land cover 
classes, thereby limiting their application in studies assessing all types of 
land cover. In order to retain the high accuracy on forest harvest areas 
and the spatial extension of multiple-class land cover products, we 
elaborated an advanced land cover dataset for the Nordic region where 
the land cover dataset from European Space Agency’s Climate Change 
Initiative (ESACCI) (ESA, 2017), the global forest change (GFC) maps 
(Hansen et al., 2013), and the forest harvest maps (Ceccherini et al., 
2020) are consistently integrated into one product. Each of these data-
sets has been individually used in recent years (Huang et al., 2020, 
Ceccherini et al., 2020, Hu et al., 2021b, Hu et al., 2021a). The ESACCI 
land cover product provides annual global maps from 1992 to 2018 with 
high spatial resolution (300 m at the equator). These maps have high 
consistency in space and time. The forest harvest dataset from Cec-
cherini et al. (2020) provide annual maps of clear-cut forest harvest 
areas in European countries by detecting changes in forest cover from 
global forest change maps using Google Earth Engine platform (Gorelick 
et al., 2017). This forest harvest product is produced from the GFC maps 
and is available at high spatial resolution (30 m) from 2001 to 2018. 
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We design a set of systematic procedures to update the land cover 
maps of the ESACCI dataset for 2018 and 2003 to include forest harvest 
events as follows. For modifying land cover map in 2018, we calculate 
the accumulated forest harvest ratio in each grid from 2004 to 2018 and 
integrate the threshold given in walking table for aggregating land 
covers (ESA, 2017). If the harvest ratio in a grid is higher than or equal to 
85 %, we convert this grid to sparse vegetation. If the ratio is higher than 
or equal to 50 % but lower than 85 %, we convert the grid to mosaic 
cover. If the ratio is higher than or equal to 15 %, but lower than 50 %, 
the grid is converted to mosaic trees. Otherwise, the grid does not 
change. These three classes, sparse vegetation, mosaic cover and mosaic 
trees, are coded differently to distinguish with the classes in original 
ESACCI land cover dataset, which does not include the harvested forest 
class (hence our needs to define proxies). Furthermore, if a grid does not 
experience harvest and it is not classified as forest in the ESACCI, but the 
corresponding grid in the global forest change map has more than 50 % 
forest cover in 2018, we convert the land cover classes in the ESACCI to 
forest. To assign the type of forest (coniferous or deciduous), we use a 
random sample method based on the relative abundance of forest types 
in the ESACCI land cover map in 2018. We also modify land cover maps 

in 2003. If a grid in 2018 is classified as harvested, then this grid is 
classified as forest in 2003, again with a random sample method based 
on the relative abundance of forest types to identify it as coniferous or 
deciduous. As in 2018, if a grid does not experience harvest and it is not 
classified as forest in the land cover map in 2003, but the corresponding 
grid in global forest change map has more than 50 % forest cover in 
2003, we convert the land cover class to forest with the random sample 
method. 

2.4. Ecosystem services evaluation 

We focused on six ESs (i.e., HQ, SR, WY, CS, CP, and WP) based on 
their crucial roles in Nordic countries. HQ, WY, and SR are modelled by 
applying the model INVEST (Integrated Valuation of Ecosystem Services 
and Tradeoffs) v3.9.0 (Posner et al., 2016) to the advanced land cover 
dataset at a spatial resolution of 1 km. INVEST provides a set of effective 
tools for evaluating ESs and it is designed to support policy makers for 
nature resources management (Sharp et al., 2014). It produces spatially 
explicit results and has been used for a variety of purposes, such as 
exploring the potential impact to biodiversity (with HQ as a proxy) from 
land cover changes and other threat factors (Sallustio et al., 2017, Hou 
et al., 2021), or changes in SR and WY due to climate change (Bouguerra 
and Jebari, 2017, Feng et al., 2020, Hamel et al., 2015). 

The other ESs are estimated by combining specific datasets. For CS, 
we use the net primary productivity (NPP), and for CP and WP national 
statistics with the FAO (The Food and Agriculture Organization of the 
United Nations) data are used (FAO, 2020). These statistics are projected 
at a grid level according to the area of cropland from ESACCI and forest 
harvest maps (Ceccherini et al., 2020), respectively. 

2.4.1. Habitat quality (HQ) 
Biodiversity faces increasing threats from climate change and 

anthropogenic activities (Harfoot et al., 2021, Leclère et al., 2020). 
INVEST considers biodiversity as an attribute of nature systems and uses 
HQ as a proxy (Sharp et al., 2014). HQ refers to ecosystem’s ability for 
providing resources for survival, reproduction and population persis-
tence (Hall et al., 1997). In each grid x, the habitat quality HQ(x) is 
calculated as, 

HQ(x) = S(x)⋅
(

1 −

(
t(x)z

t(x)z
+ kz

))

(1) 

where S is the habitat suitability, t is the threat level and z and k are 
scaling parameters. Computing HQ requires information on land cover 
classes and relevant parameters to assess the threats. In general, we refer 
to previous studies, such as Sallustio et al. (2017), Sharp et al. (2014), 
Larson et al. (2004) and Di Febbraro et al. (2018) for more details. In this 
study, we use the advanced ESACCI land cover dataset so to capture the 
threats to HQ from forest harvest activities. This is modelled as a change 
in land cover, from forest to sparse vegetation or mosaic landscape, as 
each land cover type has a specific value in terms of habitat suitability 
(Sallustio et al., 2017). To consider the forest harvest effect, the habitat 
suitability of newly introduced sparse vegetation, mosaic cover and 
mosaic trees in the advanced ESACCI are set to 70 % of the corre-
sponding values of habitat suitability in the original ESACCI land cover 
dataset (Larson et al., 2004). Proximity to urban, road and cropland are 
threat factors and the functions governing the decay of the threat at 
increasing distances are exponential, linear, and linear for these factors, 
respectively. The road network is from the Global Roads Inventory 
Project for Europe (Meijer et al., 2018). Cropland and urban is from the 
advanced ESACCI land cover dataset (ESA, 2017). 

2.4.2. Water yield (WY) 
INVEST is used to assess WY, according to the Budyko curve and 

annual mean precipitation (Sharp et al., 2014). The annual WY in each 
grid x, WY(x), is calculated as, 

Table 1 
Data used in the analysis and source. USGS: United States Geological Survey, 
NASA: The National Aeronautics and Space Administration, FAO: The Food and 
Agriculture Organization of the United Nations, GLOBIO: Global biodiversity 
model for policy support, ESDAC: European Soil Data Centre.  

Data Source website 

Boundary for Nordic 
countries 

DIVA-GIS https://www.diva-gis.org/gdata 

Land cover ESACCI https://www.esa-landcover-cci. 
org/ 

Forest change Global forest 
change 

https://earthenginepartners. 
appspot.com/science-2013-glob 
al-forest 

Temperature Climate Data Store 
- Copernicus 

https://cds.climate.copernicus. 
eu/cdsapp#!/dataset/reanalysis 
-era5-land-monthly-means?ta 
b=overview 

Digital elevation model USGS https://www.usgs.gov/coastal- 
changes-and-impacts/ 
gmted2010 

Watershed HydroBASINS https://www.hydrosheds.org 
Reference 

Evapotranspiration 
CGIAR Platform 
for Big Data in 
Agriculture 

https://figshare.com/article 
s/dataset/Global_Aridity_Inde 
x_and_Potential_Evapotranspirat 
ion_ET0_Climate_Database_v2/ 
7504448/3 

Net Primary productivity MOD17A3H 
products 

https://lpdaac.usgs.gov/pro 
ducts/mod17a3hv006/ 

Soil texture Global Soil 
Assimilation 
Database, FAO 

https://www.fao.org/soils-porta 
l/data-hub/soil-maps-and-data 
bases/harmonized-world-soil-da 
tabase-v12/en/ 

Population NASA https://sedac.ciesin.columbia. 
edu/data/collection/gpw-v4 

Road network GLOBIO https://www.globio.info/do 
wnload-grip-dataset 

Annual roundwood 
product statistics for 
Nordic countries 

FAO https://www.fao. 
org/faostat/en/#data 

Annual crop product 
statistics for Nordic 
countries 

FAO https://www.fao. 
org/faostat/en/#data 

Rainfall erosivity ESDAC https://esdac.jrc.ec.europa. 
eu/themes/rainfall-erosivity-eur 
ope 

Precipitation ClimateDT https://www.ibbr.cnr.it//c 
limate-dt/?action=help&id=r 
atio 

Livestock Research Article https://journals.plos.org/plos 
one/article?id=https://doi.org 
/10.1371/journal.pon 
e.0217166  
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WY(x) = P(x)⋅
(

1 −
AET(x)

P(x)

)

(2) 

where P(x) is the annual mean precipitation, AET(x) is the annual 
actual evapotranspiration. AET(x)/P(x) is the evapotranspiration 
portion of water balance of each land cover in grid x and can be obtained 
from the Budyko curve (Zhang et al., 2004). The annual mean precipi-
tation P(x) is obtained from ClimateDT (Marchi, 2021), a scale free web- 
GIS system able to provide climatic variables at global scale data using a 
dynamic downscaling approach (Marchi et al., 2020), at 1 km spatial 
resolution. We use the 5-year mean with centers in 2003 and 2018 to 
avoid the impact of the fluctuation of the climate variables. The 
maximum root burial depth of soil and plant available water content are 
from the European Soil Database version 2.0 (Panagos, 2006), released 
by European Soil Data Centre (ESDAC). The land cover dataset is from 
the advanced ESACCI with the above-mentioned modification. Water-
shed is based on the HydroBASINS database. These parameters are 
needed to calculate AET(x). The evaporation factor for each land cover 
class is needed to calculate AET(x), and it is based on previous studies, 
such as Lehner and Grill (2013) and Hou et al. (2021). More specific 
information for computing WY can be found in Sharp et al. (2014). 

2.4.3. Sediment retention (SR) 
We compute SR with the following model: 

SR(x) = R(x)⋅K(x)⋅LS(x)⋅(1 − C(x)⋅P(x) )⋅SDRi (3) 

in each grid x, and R, K, LS, C and P are rainfall erosivity, soil 
erodibility, slop length-gradient factor, crop-management factor, and 
support practice factor, respectively. SDR is the sediment delivery ratio 
which can be computed from the upslope area and downslope flow path 
(Sharp et al., 2014). In INVEST, the SDR model adopts the parameteri-
zation proposed by Borselli et al. (2008), which is relatively simple and 
spatially explicit. With Equation (3), the index of SR is the avoided soil 
loss due to the land cover compared to bare soil (Sharp et al., 2014). The 
R parameter is from the rainfall erosivity in Europe (Panagos et al., 
2015), released by ESDAC. The K parameter is calculated using the 
erosion-productivity impact calculator (Sharpley, 1990) using the 
Harmonized World Soil Database (Nachtergaele et al., 2010) v1.2 
released by Food and Agriculture Organization of Unite Nation (FAO). 
The digital elevation model is from the Global Multi-resolution Terrain 
Elevation Data provided by U.S. Geological Survey (USGS) (Danielson 
and Gesch, 2011). The modified land cover dataset from ESACCI and 
watershed from HydroBASINS database are also needed. More infor-
mation about the method is available in Sharp et al. (2014). 

2.4.4. Carbon sequestration (CS) 
The net primary productivity (NPP) was used as a proxy for evalu-

ating CS. In each grid x, the relationship between CS and NPP is 

CS(x) = 1.63⋅NPP(x) (4) 

as the vegetation captures on average 1.63 units of carbon per unit of 
NPP (Li and Zhou, 2016, Hua et al., 2021). The annual NPP dataset is 
from Moderate Resolution Imaging Spectroradiometer (MODIS) 
MOD17A3HGF version 6. We use 5-year averages centered in 2003 and 
2018 to present the NPPs in 2003 and 2018 to avoid potential bias and 
errors in single-year data. 

2.4.5. Crop production (CP) 
Crop production is closely related to the agriculture land in Nordic 

countries, identified with the land cover dataset from ESACCI. The 
original land cover classification is aggregated into the IPCC generic 
classes using the walking table given in ESA (2017). The crop production 
dataset includes the main crops in the four Nordic countries according to 
FAOSTAT (FAO, 2020). These main crops are cereals, oil-crops, vege-
tables, among others. We then spatialize the crop production statistics in 
each country j to each grid (denoted as CPj(x)), according to area share 

of the agriculture land, 

CPj(x) =
AreaAGR,j(x)

∑
iAreaAGR,j(x)

⋅
∑

k
Cropsj (5) 

where AreaAGR,j(x) is the area of agriculture land in grid x in country 
j, 
∑

iAreaAGR,j(x) is the sum of all the grids classified as agriculture in 
country j, and 

∑
kCropsj is the sum of all the crop products in country j. 

For the national statistics and land cover dataset, we use the 5-year mean 
with centers in 2003 and 2018 to avoid the impact of annual 
fluctuations. 

2.4.6. Wood product (WP) 
Roundwood production is from forest harvest, a key asset of the 

economies in Nordic countries. Zhou et al. (2021) mapped forest harvest 
areas in Nordic countries following the methodology provided by Cec-
cherini et al. (2020). We adopt the same approach to obtain the forest 
harvest maps in Nordic countries. The national statistics for roundwood 
of the four Nordic countries is from FAOSTAT (FAO, 2020). We then 
spatialize the roundwood statistics to each grid (denoted as WP(x)), 
according to the share of the harvested area in each country j, 

WPj(x) =
AreaFH,j(x)

∑
iAreaFH,j(x)

⋅
∑

k
RoundWoodj (6) 

where AreaFH is the harvested area in the grid, 
∑

iAreaFH,j(x) is the 
total harvested area in each country j, and 

∑
kRoundWoodj is the sum of 

all the roundwood products in country j. For the national statistics, land 
cover dataset and annual harvest ratio, we use the 5-year sum with 
centers in 2003 and 2018 to reduce the impact of annual fluctuations. 

2.5. Potential influencing factors and their relationship with ecosystem 
services 

The most relevant potential influencing factors in the Nordic regions 
that are considered in our analysis are TE, PR, PD, LS, EL, and changes in 
land cover, especially, those involving AGR and FOR. The sources of 
these datasets are given in Table 1. For TE and PR, we use the 5-year 
mean with centers in 2003 and 2018 to avoid the impact of fluctua-
tions in climate variables. For LS, data are only available for Norway at a 
municipality level from 1949 to 2015 at irregular time intervals. The 
linear interpolation/extrapolation method is used to obtain the data in 
2003 and 2018. We investigate the correlation between ESs and the 
potential influencing factors using the Spearman’s correlation coeffi-
cient (denoted as ρ) in 2003 and 2018. 

Due to large spatial variability of ESs and influencing factors, the 
pairwise relationship is investigated in each grid cell. We first calculate 
the changes of individual ESs (denoted as ΔES) between 2018 and 2003, 
and the changes of the influencing factors (denoted as ΔIF). We then 
classify ΔES and ΔIF (generically denoted as ΔVar) into five levels with 
chosen thresholds in every grid x (denoted as ΔVarc), 

ΔVarc(x) =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

− 1, ΔVar(x)⩽ − t2

− 0.5, - t2 < ΔVar(x)⩽ − t1

0, - t1 < ΔVar(x) < t1

0.5, t1 < ΔVar(x)⩽t2

1, ΔVar(x)⩾t2

(7) 

where t1 and t2 are chosen thresholds. In general, t1 is a very small 
value and t2 is chosen according to the histogram or percentile of the 
variable. In our paper, we use t1 = 0.005 and t2 is a value around 95 % 
percentile of each ΔVar. With this approach, the values 1 and − 1 can be 
interpreted as strong positive or strong negative change from 2003 to 
2018, respectively, and the values 0.5 and − 0.5 can be interpreted as 
medium positive and medium negative change, respectively. The value 
0 can be interpreted as no change. For changes in land cover, such as 
FOR and AGR, the changes only have three states, 1, 0, and − 1 to 
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indicate increase, no change, and decrease of that land cover type, 
respectively. 

With this approach, we can then further investigate the relationship 
between each combination of influencing factor and ES, 

ϛ(x) = ΔESc(x)⋅ΔIFc(x)

=

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

1, strong positive

0.5,medium positive

0.25, weak positive

0, independent

− 0.25, weak negative
− 0.5,medium negative
− 1, strong negative

(8) 

where if ς = 1 there is a strong positive relationship between the 
change in the influencing factor and ES, and if ς = -1 there is a strong 
negative relationship. When ς = 0, the change of the influencing factor 

and the change of ES are independent. Other relationships are defined in 
Eq. (8). 

2.6. Relationships between ecosystem services 

In addition to the relationship between ESs and influencing factors, 
we also assess the potential relationship between ESs. Due to the non-
normality nature of ESs and in line with previous studies (Yue et al., 
2022), we use the Spearman rank correlation to investigate pairwise 
relationship between each pair of ESs (Cord et al., 2017). Positive or 
negative correlations indicate an overall synergy or a tradeoff in the 
relationship in the whole region. 

Furthermore, the pairwise relationship between ESs is investigated 
in each grid cell, similarly to the previous section. We first calculate the 
changes of individual ESs (denoted as ΔES) between 2018 and 2003. We 
use Eq. (7) to classify ΔES into five levels, and then investigate the pair- 
wised relationship between ESs in terms of synergies and tradeoffs using 
the following equation, 

Fig. 1. States of climate, land covers, and livestock in 2003 and changes between 2018 and 2003 in Nordic countries. TE: temperature, PR: precipitation, PD: 
population density, LS: livestock, FOR: forest, AGR: agriculture. The maps are aggregated to 5 km for visualization purposes only. The scales of color bars are different 
in each subfigure. Units: a and b in ◦C, c and d in mm, e and f in person/km2, g and h in kg/km2, i-l in fraction of a grid. 
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ξ(x) = ΔESc,1(x)⋅ΔESc,2(x)

=

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

1, strong synergy

0.5,medium synergy

0.25, weak synergy

0, independent

− 0.25, weak tradeoff
− 0.5,medium tradeoff
− 1, strong tradeoff

(9) 

Positive values of ξ indicate that there is a synergy relationship be-
tween the changes of the two ESs. This synergy is strong when ξ = 1. 
Similarly, negative values of ξ indicates that there is a tradeoff rela-
tionship between the changes of the two ESs, and ξ = -1 indicates that 
there is a strong tradeoff. When ξ = 0, the changes of the two ESs are 
independent. Other relationships are defined in Eq. (9). This method is 
based on the fundamental understanding of the changes of ESs. If both 
paired ESs are increased during the same period, they show a synergy 
relationship, and if their changes are with opposite direction, they show 
a tradeoff relationship. Furthermore, by considering the intensity of the 

changes, we can quantify the degree of these relationships via Eq. (9). 

3. Results 

3.1. Changes in influencing factors and ecosystem services 

During the study period, the climate, land covers, and LS have 
changed in Nordic countries (Fig. 1). The effect of global warming is 
evident, especially in southern Sweden and Finland, with average tem-
perature increase of 0.7 ◦C in the study region (Fig. 1b). Precipitation is 
more intensive along the coastline of Norway (Fig. 1c), where it has also 
dramatically increased. However, it has decreased at high latitude and 
in the southern part of Sweden (Fig. 1d). In all the domain, the average 
increase in precipitation is 37 mm. In Nordic countries, population is 
primarily concentrated around the main cities, and from 2003 to 2018 
PD has increased along the coast in Norway and Sweden, with declines 
in rural areas in Sweden and Finland. The average change in PD is an 
increase by 2 persons per km2 in the study region. Livestock data are 
only available for Norway, and their changes do not show a clear 
pattern. Grazing pressure from LS has generally decreased in the west 

Fig. 2. Ecosystem services in 2003 and the changes between 2018 and 2003. The maps are aggregated to 5 km for visualization purposes only. The scales of color 
bars are different in each subfigure. Units: a and b have no unit, c and d in t/ha yr− 1, e and f in mm, g and h in kg. C/m2, i and j in M t, WP in m3. HQ: habitat quality, 
SE: soil erosion, WY: water yield, CS: carbon sequestration, CP: crop product. WP: wood product. 
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and south-west part of the country, while it has increased at high lati-
tude and in the central mountainous areas, primarily as a consequence of 
global warming that favored vegetation expansion (Speed et al., 2019) 
(Fig. 1g-h). Changes in forest areas include both temporary disturbances 
from forest management and expansion of agricultural land (smaller 
fraction). Forest management is highly intensive in Sweden, Finland, 
and southeast Norway, while forest areas have expanded at high lati-
tudes (Fig. 1i-j). Annual (average 2001–2005) forest harvest areas in the 
three countries were around 13.2 Mha in Sweden, 10.6 Mha in Finland, 
and 1.8 Mha in Norway. In 2018 (average 2016–2020) they were around 
22.1 Mha in Sweden, 19.6 Mha in Finland, and 4.3 Mha in Norway. AGR 
has deceased in Denmark (–33.7 kha), but it has increased in Sweden 
(446.7 kha), Finland (196.1 kha), and Norway (99.9 kha) (Fig. 1k-l). 

The states of ESs in 2003 and their changes between 2018 and 2003 
are shown in Fig. 2, with the corresponding statistics in Table 2. In 
general, the HQ is decreased and there is 21.3 % of the grids with HQ 
degradation and only 2.6 % of the grids where HQ is increased. Spatial 
distribution shows that HQ is decreased in most areas of Sweden and 
Finland, but it is increased at high latitude and in the mountainous re-
gion in Norway (Fig. 2b). This might be due to greening because of 
global warming (Zhu et al., 2016). SR has increased in Norway, mostly 
connected to increased precipitation. SR decreased in some regions in 
Sweden and Finland (Fig. 2d and Table 2), mostly connected to 
decreased precipitation (Fig. 1d). There are no visible changes of SR in 
Denmark, mainly due to that precipitation in this region is increased 
(Fig. 1d) while agriculture activity is decreased (Fig. 1i), with the two 
effects compensating for each other. There is 40.7 % of the grids with 
increased SR, and 41.4 % where the SR have decreased. WY increased 
almost in the whole region, except in the northern Sweden (Fig. 2f), and 
the spatial pattern is like the one of change in PR (Fig. 1d). On average, 
the WY is increased by 44 mm, and up to 75.2 % of the grids have 
increased and 19.4 % decreased. CS is based on annual mean NPP, which 
has increased in most of the areas (75 % of the grids) during the study 
period because of warmer conditions and extension of the growing 
season (Fig. 2h). There are also places where NPP has decreased (25 % of 
the grids), especially at high latitudes. These areas experienced increases 
in both temperature and precipitation. A similar trend is also observed 
by other studies in the same or other boreal regions (Ding et al., 2020, 
Winkler et al., 2021), and can be connected to an emerging browning 
trend associated with declines in leaf area index. Reasons are still un-
clear, but climate changes as increasing atmospheric CO2 concentrations 
and increased summer cloud cover can trigger a negative response in 
boreal tundra. A study found that Eurasian tundra shows a positive 
greening trend for the years 1982–2017 but a reversal in trend sign (e.g., 
browning) for the years 2000–2017 (Winkler et al., 2021), which is 

similar to the time period used in our analysis. Total crop production in 
the four countries has changed from 14.4 Mt to 14.6 Mt in Denmark, 5.9 
Mt to 4.9 Mt in Finland, 1.9 Mt to 1.8 Mt in Norway and 9.3 Mt to 9.0 Mt 
in Sweden. The crop total production is thus increased in Denmark, but 
decreased in Finland, Norway, and Sweden. On the grid level, CP is 
increased in southeast part of Norway and Sweden but decreased in 
Finland and southernmost part of Sweden (Fig. 2j). In Sweden and 
Norway, the land cover dataset shows an expansion of agriculture land 
(Zhou et al., 2021), even though annual statistics from FAO showed an 
opposite trend in agricultural area (FAO, 2020). CP is increased in 
Denmark despite agriculture land has decreased (Fig. 1l), and this is 
mainly due to intensification and increases in crop yields (FAO, 2020). 
In general, expansion of global trade of food products and commodities, 
and progressive migration from rural to urban areas also influence the 
trends in agricultural production. 

The 5-year sum of roundwood production centered in 2003 and 2018 
in all four countries is increased, from 12 Mm3 to 19 Mm3 in Denmark, 
from 266 Mm3 to 317 Mm3 in Finland, from 44 Mm3 to 61 Mm3 in 
Norway and from 362 Mm3 to 373 Mm3 in Sweden. The spatial distri-
bution of the changes in WP is shown in Fig. 2l. Obviously, harvested 
sites differ from the two time periods, but forest management in the 
countries occurs in relatively small plots at a sub-grid level, so that in-
tensity areas can be appreciated. WPs are primarily sourced from 
southeast Norway, and largely widespread in Sweden and Finland. In 
the latest years, WPs from Southern Sweden have generally increased. 

3.2. Ecosystem services and potential influencing factors 

The overall static correlation (i.e., for 2003 and 2018 independently) 
for the most relevant combinations of potential influencing factors and 
ESs are shown in Table 3. PR is slightly negatively correlated with HQ in 
both 2003 and 2018, and positively correlated with SR (as more rainfall 
increased the R factor in Equation (3)) and especially WY (as PR is 
clearly the main driver of WY). No significant correlation is found with 
CS and CP. TE is negatively correlated with HQ, SR, and WY. The 
negative correlation with WY occurs despite this ES has increased in 
most of the domain, but high temperature induces high evapotranspi-
ration. TE is highly positively correlated with CS, as higher temperature 
drives higher NPP in areas where vegetation activity is primarily con-
strained by low temperature. For the same reason, TE is also positively 
correlated with CP. PD is negatively with HQ, since proximity to pop-
ulation introduces more threats to HQ. The correlations between LS and 
the ESs are generally low (Table 3). No major differences are found in 

Table 2 
Statistics of the changes in ecosystem services (ΔES) and influencing factors 
from 2003 to 2018 in Nordic countries. TE: temperature, PR: precipitation, PD: 
population density, LS: livestock, HQ: habitat quality, SE: soil erosion, WY: 
water yield, CS: carbon sequestration, CP: crop product. WP: wood product.   

mean 5th 
percentile 

95th 
percentile 

Positive 
grids 

Negative 
grids 

ΔTE (◦C) 0.72 0.32 1.15  99.9 %  0.1 % 
ΔPR (mm) 37 –33 153  75.5 %  24.5 % 
ΔPD 

(person/ 
km2) 

2.38 − 1.89 6.90  30.3 %  67.1 % 

ΔLS ((kg/ 
km2) 

3.72 − 24.8 35.4  56.2 %  43.8 % 

ΔHQ − 0.017 − 0.14 0  2.6 %  21.3 % 
ΔSR (t yr− 1) 8.46 − 2.73 2.84  40.7 %  41.4 % 
ΔWY (mm) 43.8 − 18.8 186  75.2 %  19.4 % 
ΔCS (kg. C/ 

m2) 
313 − 331 1163  75.0 %  24.9 % 

ΔCP (M t) 0.03 − 0.25 0.26  6.9 %  10.3 % 
ΔWP (m3) 31.1 − 1034 1256  28.4 %  21.4 %  

Table 3 
Spearman’s correlation of the ecosystem services and potential influence factors. 
WP is not considered because it is due to human activity (forest harvest of 
specific sites) and it is independent from these influencing factors in the time 
frame of our analysis. PR: precipitation, TE: temperature, PD: population den-
sity, LS: livestock: HQ: habitat quality, SR: sediment retention, WY: water yield, 
CS: carbon sequestration, CP: crop product. All the correlation coefficients ρ in 
the table are significant at 0.05 level.   

Spearman’s Correlation ρ (2003) Spearman’s Correlation ρ (2018) 

PR/HQ  − 0.11  − 0.11 
PR/SR  0.32  0.36 
PR/WY  0.62  0.67 
PR/CS  0.07  0.04 
PR/CP  0.03  0.02 
TE/HQ  − 0.29  − 0.33 
TE/SR  − 0.25  − 0.27 
TE/WY  − 0.25  − 0.19 
TE/CS  0.90  0.91 
TE/CP  0.42  0.44 
PD/HQ  − 0.36  − 0.38 
LS/HQ  − 0.02  − 0.02 
LS/SR  0.08  0.04 
LS/CP  0.06  0.07  
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the type of correlation between influencing factors and ES between 2003 
and 2018. 

The spatial distribution of the relationship between ESs and the po-
tential influencing factors is shown in Fig. 3, and the shares of the grids 
with these relationships classified as strong positive, medium positive, 
weak positive, weak negative, medium negative, and strong negative are 
shown in Table 4. In this table, only the grids with changes (i.e., non- 
zero values) are considered when calculating the percentages. 

For PR and HQ, there are 76 % of grids showing a negative rela-
tionship, and the majority is weak negative (63 %). SR, WY, and CS show 
positive relationship with PR in most grids (54.8 %, 96 %, and 72 %, 
respectively), and the majority is weak positive. The positive relation-
ship between PR and SR mostly take place in Norway (Fig. 3a). PR and 
CS are positively correlated in southern Norway, Finland, and Denmark, 
whereas there is a negative relationship at high latitudes and in south-
eastern Sweden (Fig. 3b). The relationship between TE and HQ is 
negative in most grids (87 %), with 54 % showing medium negative 
(Fig. 3c). A positive relationship is found at high latitudes, where higher 
temperature can favor vegetation growth and improve habitat quality. 
TE shows predominantly positive relationships with WY, and CS, mainly 
due to increasing TE in all grids, as WY, and CS are also increased during 
the study period (Fig. 3d, Table 4). SR does not show clear relationship 
with TE at a grid level (Table 4), even though the overall correlation 
coefficient is negative (Table 3). In general, since TE is increased in all 
grids, the spatial pattern mainly follows the pattern of the ESs. PD and 
HQ show positive relationship in two thirds of the grids, which is mostly 
an artefact as HQ and PD has decreased in many areas (Fig. 1e, Fig. 2a, 
and Fig. 3e). LS does not show clear pattern of changes (Fig. 1h), so does 
the relationship between LS and HQ, SR, CS and CP. The only exception 
is at high latitudes and in southwestern Norway, where negative values 
for LS-CS dominate (Fig. 3f). FOR and HQ have positive relationship in 
many grids (72 %, Fig. 3g) since both decreased during the study period 
(Fig. 1g and Fig. 2a). This decline in forest cover includes the temporary 
disturbances of forest management, which contributes to declines in HQ. 
On the other hand, FOR has negative relationship with CS in most of the 
grids (80 %). This means that a decline in forest cover usually co-occur 
with an increase in carbon sequestration. The latter can be explained by 
the fact that forest harvest replaces mature forest where carbon 
sequestration rates are low with new trees, which have higher growth 
rates (and hence higher NPP values). The spatial patterns of the rela-
tionship between FOR and CS are shown in Fig. 3h, from which we can 
see that the negative relationship largely overlaps with the forest harvest 
sites. At a Nordic level, the majority of the grids shows a positive rela-
tionship between AGR and HQ, primarily driven by AGR contraction in 
Denmark (Fig. 3i). Where agriculture is expanding, there is a negative 
relationship as it is one of the main threats to HQ (which declines). There 
is no clear relationship between SR and AGR and FOR, since SR is driven 
by precipitation and changes in land cover and land management 
(Table 4 and Fig. 3j). 

3.3. Relationships between ecosystem services 

We first study the overall correlation of each pair of ESs (Table 5) 
using the Spearman’s correlation coefficient to identify synergies or 
tradeoffs. In general, many correlation coefficients are low due to the 
large spatial variation in each ES (Fig. 2). There are 10 pairs of ESs which 
have tradeoff relationships (ρ < 0), and 5 pairs of ESs with synergy re-
lationships (ρ > 0), and these relationships are consistent in 2003 and 
2018. HQ is negatively correlated with WY, CP, and WP. In other words, 
higher WY, CP, and WP are usually associated with lower HQ. HQ is also 
negatively correlated with CS, mostly because in Nordic countries 
higher CS usually follows forest harvest (as young trees have higher 
growing rates than mature trees), which is a driver of declines in HQ. SR 
shows a synergy with WY, since stronger and intense precipitation leads 
to higher R factor (Equation (3)) and more precipitation contributed to 
higher WY, and a tradeoff with CS (as increased vegetation activity 

Fig. 3. Spatial relationship between the potential influencing factors and ESs. 
Values (obtained from Eq. (8)) indicate the relationship between the change in 
the influencing factor and ES in grid level. PR: precipitation, TE: temperature, 
PD: population density, LS: livestock: HQ: habitat quality, SR: sediment reten-
tion, WY: water yield, CS: carbon sequestration, CP: crop product. FOR: forest, 
AGR: agriculture land. The maps are aggregated to 5 km for visualization 
purposes only. The scales of color bars are different in each subfigure. 

X. Hu et al.                                                                                                                                                                                                                                       



Ecological Indicators 146 (2023) 109847

9

probably increases the soil retention capacity). WY has a tradeoff with 
CS, since the decreasing trend of WY in the harvested sites (Fig. 2e) 
contrasts with the higher CS (Fig. 2g). This relationship is also valid for 
WY and WP. CS has a synergy with CP and WP, since high CP mainly 
occurs in Denmark and southern Sweden (Fig. 2i) where CS benefits 
from higher temperature and the CS-WP relationship has been discussed 
above. 

The spatial distribution of the pairwise relationships of the changes 
in ESs is shown in Fig. 4, and the intensity of the synergy or tradeoff is 
shown in Table 6. In general, the relationships have large spatial vari-
ations. For instance, there is an evident tradeoff between HQ and CS 
(Fig. 4a), and HQ and WP (Fig. 4c), mostly connected to forest harvest. 
For HQ and WP, the number of grids with a medium to strong tradeoff is 
larger than 25 %. The relationship between HQ and CP has large spatial 
variation (Fig. 4b), mainly due to different drivers of changes in CP. The 
synergy relationship (up to 53.9 % of the grids) between SR and WY 
mainly appears in the region with increasing PR, since PR is the main 
driver for both higher SR and WY (Fig. 4d). The relationship between 
changes in SR and changes in WP does not have a clear spatial pattern 
(Fig. 4e), since the WP does not have a clear pattern of changes, as 

discussed above. The changes of WY and the changes of CS have synergy 
in most of the grids (64.2 %), and the spatial pattern mainly follows the 
pattern of CS since WY is increased in most region (Fig. 4f). CS and CP 
have different relationships in different regions (Fig, 4 g). In total, 47 % 
of the grids have a synergy relation, mainly in Denmark, and 53 % a 
tradeoff relationship, mainly in Finland. The relationship between these 
two ESs is mixed and generally weak in Sweden. Due to no clear pattern 
of WP, as discussed above, the relationship between WP and CS does not 
have a spatial pattern (Fig. 4h), and the number of grids with synergies 
and tradeoffs are similar. In terms of intensity of the relationship across 
the domain, the pairwise combination of ES with about 25 % of the grids 
with a medium or strong synergy are CS/WP. The ESs with the larger 
spatial distribution of tradeoffs are HQ/CS and HQ/WP. 

3.4. Elevation and ecosystem services relationships 

We further investigate how the ES relationships change with eleva-
tion (Table 7) using the Spearman’s correlation coefficient. Only results 
for 2003 are shown, since those for 2018 are very similar, and some ESs 
are omitted because they do not show clear spatial patterns (following 
the analysis in Fig. 4). There is a consistent tradeoff relationship be-
tween HQ and WY at different elevation levels, with the tradeoff that 
increases with altitude. This might be connected to the greening in 
alpine ecosystems as a response to higher temperatures, which drives 
increased HQ (Fig. 2b), while less precipitation results in lower WY 
(Fig. 1d). HQ and CP also show a consistent tradeoff relationship across 
different elevation levels, but with a decreased trend, as cropland is 
mostly located at lower altitudes. When elevation is below 800 m, the 
relationships between HQ and CS and WP are a weak tradeoff, but when 
elevation is above 800 m the relationships turn into a synergy. This 
might be correlated to the relatively widespread increases in HQ from 
enhanced vegetation growth in mountainous areas. SR and WY show a 
consistent synergy relationship since both are influenced by precipita-
tion. A consistent tradeoff relationship between WY and CS is detected at 
all elevation levels, and the tradeoff relationship increases with altitude 
(e.g., WY is higher in the coastal area of western Norway, where CS is 
low). High WY is mainly related to precipitation and low CS is mainly 
due to low NPP values. There is a relatively strong synergy relationship 
between WY and CP at elevation lower than 100 m, meaning higher WY 
is associated with higher supply of CP. At all elevation levels, CS and WP 
show a consistent synergy relationship, for the same reason discussion in 
Section 3.2. 

Table 4 
Relationship between ESs and potential influencing factors. Numbers are given in percentage of grids which are changed in the study area. PR: precipitation, TE: 
temperature, PD: population density, LS: livestock: HQ: habitat quality, SR: sediment retention, WY: water yield, CS: carbon sequestration, CP: crop product. FOR: 
forest, AGR: agriculture.   

Strong positive Medium positive Weak positive Total positive Weak negative Medium negative Strong negative Total negative 

PR/HQ  0.3  6.1  18.2  24.5  63.0  12.1  0.4  75.5 
PR/SR  2.7  10.3  41.8  54.8  35.3  8.0  1.9  45.2 
PR/WY  2.8  6.4  87.2  96.4  3.5  0.0  0.0  3.6 
PR/CS  0.2  14.4  57.2  71.7  24.8  3.3  0.1  28.3 
PR/CP  0.0  7.3  44.5  51.7  44.1  4.2  0.0  48.3 
TE/HQ  0.7  7.3  5.3  13.3  25.4  53.8  7.5  86.7 
TE/SR  0.4  25.0  25.1  49.5  25.7  24.5  0.4  50.5 
TE/WY  0.2  45.8  44.0  90.1  8.4  1.4  0.0  9.9 
TE/CS  8.2  40.1  31.5  79.8  15.8  4.3  0.1  20.2 
TE/CP  8.4  29.6  6.3  44.3  6.5  48.0  1.2  55.7 
PD/HQ  0.4  12.3  50.8  63.5  21.0  14.3  1.2  36.5 
LS/HQ  0.2  16.0  36.9  53.1  35.8  10.5  0.6  46.9 
LS/SR  0.8  19.0  30.3  50.1  30.2  18.9  0.8  49.9 
LS/CS  0.1  4.1  39.8  44.1  52.0  3.6  0.4  55.9 
FOR/HQ  21.3  50.3  –  71.6  –  26.6  1.8  28.4 
FOR/SR  4.2  46.8  –  51.0  –  45.4  3.7  49.0 
FOR/CS  1.2  18.5  –  19.7  –  68.7  11.7  80.3 
AGR/HQ  13.0  49.8  –  62.8  –  9.9  27.3  37.2 
AGR/SR  4.4  41.4  –  45.8  –  49.5  4.7  54.2  

Table 5 
Spearman’s rank correlation of each pair of ESs in 2003 and 2018. The table also 
show the type of the relationship, either synergy (S) or tradeoff (T). HQ: habitat 
quality, SR: sediment retention, WY: water yield, CS: carbon sequestration, CP: 
crop product, WP: wood product. All the correlation coefficients ρ are significant 
at 0.05 level.  

ES pairs Spearman’s 
Correlation ρ 
(2003) 

Interaction 
(2003) 

Spearman’s 
Correlation ρ 
(2018) 

Interaction 
(2018) 

HQ SR  0.02 S  0.05 S 
HQ WY  − 0.06 T  − 0.11 T 
HQ CS  − 0.28 T  − 0.33 T 
HQ CP  − 0.33 T  − 0.35 T 
HQ WP  − 0.13 T  − 0.21 T 
SR WY  0.34 S  0.38 S 
SR CS  − 0.30 T  − 0.32 T 
SR CP  − 0.13 T  − 0.17 T 
SR WP  − 0.14 T  − 0.17 T 
WY CS  − 0.33 T  − 0.26 T 
WY CP  − 0.004 T  − 0.006 T 
WY WP  − 0.22 T  − 0.20 T 
CS CP  0.37 S  0.40 S 
CS WP  0.42 S  0.50 S 
CP WP  0.08 S  0.11 S  
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4. Discussion 

ES-related research is an active field with increasing contributions 
assessing ecosystem changes and their drivers in different regions 
(Mouchet et al., 2014, Cord et al., 2017). An analysis of ESs and asso-
ciated changes in Nordic countries was missing, and this paper addresses 
this gap by assessing how multiple ESs changed over time and their 
potential influencing factors. Our study shows that ESs have changed 
during the study period, but the changes have large spatial variations 
resulting in low Spearman’s correlation coefficients for most ESs pairs. 
When two ESs are driven by the same factors, the Spearman’s correla-
tion coefficient is high. For instance, WY and SR are both driven by PR 
and hence show a high positive correlation. Therefore, the interpreta-
tion of the correlation between ES and the influencing factors should be 
done with care, considering the spatial pattern of each individual 
element. A co-occurrence of a change (either positive or negative) does 
not automatically mean a direct causation, as well as pair of ESs that 
show synergies or tradeoffs are not necessarily correlated. Our analysis 
shows potential relationships and can help to identify expectations and 
directions of changes, and in some cases pointed out to specific mech-
anisms responsible of changes-response patterns. It also helps to un-
derstand the type of the pairwise relationships of ESs and offers a large- 
scale overview over the main trends in Nordic countries, with an over-
view of the main spatial differences and more evident relationships. 
After this large-scale screening, more specific interactions are to be 
followed up at a case-specific level, with supporting evidence of the 
relationship between the potential driver and ESs in the local context. 
This knowledge will ultimately support the design of management 
practices that can adapt influencing factors to secure ecosystem services. 

In general, our study shows that supporting services (i.e., HQ) have a 
tradeoff relationship with regulating services (CS) or provisioning ser-
vices (CP or WP). There is also a tradeoff between HQ and WY, which is 
opposite to other studies in other regions. For instance, Egoh et al. 
(2009) and Hou et al. (2021) found that HQ shows synergies with WY in 
South Africa and Tibetan Plateau, respectively. The use of the advanced 
land cover dataset shows that the tradeoff relationship with HQ is 
mainly due to forest management, as HQ primarily declines in the areas 
that are harvested. In areas not affected by forest management, such as 
at high latitudes in Norway and Sweden, HQ has a synergy relationship 
with regulating services, which is consistent with the other studies (Hou 
et al., 2021, Egoh et al., 2009). At the same time, forest management is 
highly correlated with CS, as it increases the carbon sink capacity of 
ecosystems. We acknowledge that the declines in HQ are not the result of 
direct measurements, but they are the outcomes of the INVEST model. 
Although the model has been parameterized with local specific condi-
tions, the outcomes include uncertainties, and more research should 
investigate the accuracy at which it can represent the effects of forest 
management on HQ in boreal forests. HQ is also a generic indicator that 
is not species-specific, and different species may respond differently to 
the disturbances considered in our study (forest management, road, 
climate change, population). More specific analyses are required to 
identify options to reduce the potential adverse effects of forest man-
agement practices on HQ. Examples include selected tree harvest, 
continuous cover, or retention in the forest of varying proportions of 
deadwood materials. 

We propose a new method for investigating the relationship of 
pairwise ESs at a grid level to assess synergies and tradeoffs. Our method 
is based on the dynamics of ESs and can further quantify the degree of 
the relationships. Li et al. (2017) have discussed another method for 
spatially explicit quantifications of the relationships among ESs, and 
their method is based on correlation analysis. The basic idea of our 
proposed method is similar, but in some sense more intuitive and it does 
not rely on the correlation analysis. Furthermore, we can quantify the 
degree of synergies and tradeoffs in each grid, as shown in Equation (9). 
Similarly, Qiu et al. (2018) adopt the pairwise correlation at different 
spatial scales, but at the grid scale they need to generate random samples 

Fig. 4. Pairwise relationship of ESs. Positive and negative values (obtained 
from Eq. (9)) indicate a synergy or tradeoff relationship in each grid. PR: pre-
cipitation, TE: temperature, PD: population density, LS: livestock: HQ: habitat 
quality, SR: sediment retention, WY: water yield, CS: carbon sequestration, CP: 
crop product. FOR: forest, AGR: agriculture land. The maps are aggregated to 5 
km for visualization purposes only. The scales of color bars are different in 
each subfigure. 
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across the landscape, and the result will be a correlation coefficient. The 
method we propose results in maps of ESs relationships, and can be 
further used to investigate spatial patterns, as shown in Fig. 4. 

Changes in land cover are among the main influencing factors for 
several ESs (Tolessa et al., 2017, Cabral et al., 2016), and their accurate 
representation is crucial to understand the changes in ESs and their re-
lationships (Sharp et al., 2014). In this work, we created an advanced 
land cover dataset by combining the high-resolution land cover product 
from ESACCI with a forest database (GFC) to explicitly consider the 
influence of forest management. These two datasets have been widely 
verified and increasingly used in the literatures (Hu et al., 2021b, Cec-
cherini et al., 2020, Leirpoll et al., 2021, Li et al., 2018), but they have 
their own limitations. A full overview of their respective uncertainty is 
available in the original papers (Li et al., 2016, Li et al., 2018, ESA, 
2017, Liu et al., 2018, Hua et al., 2018). One main limitation of the 
ESACCI land cover is the possible misclassification of land cover classes 
(Liang et al., 2019, Hua et al., 2018), which can influence our results. 
However, its accuracy has been quantified to be around 71 % at a global 
level, and cropland and forests are usually identified with higher accu-
racy (Pérez-Hoyos et al., 2017). The use of an advanced land cover 
dataset where we updated the ESACCI data with improved maps of 
forest areas and harvest is expected to mitigate this source of uncer-
tainty. The forest harvest maps used in our analysis also have un-
certainties, which are discussed in Ceccherini et al. (2020), and 
criticized by Palahí et al. (2021) and Wernick et al. (2021). They mostly 
concern the inconsistencies of forest change time series and the uncer-
tainty in the algorithm for identifying forest harvest area. 

The INVEST model is widely used to simulate the spatial distribution 

of ESs and the changes over time (Tallis and Polasky, 2009, Posner et al., 
2016). The results from INVEST highly depend on the quality of the 
input datasets and the parameters needed in each module (Sharp et al., 
2014). To the best of our knowledge, we used the best available datasets 
and approaches to quantify key parameters and indicators for the 
analysis of ESs, and we introduced a transparent procedure for their 
spatialization (when needed, as for the case of CP and WP) and for the 
analysis of the synergies and tradeoffs. However, there are some 
inherent uncertainties in the values used to compile some input tables, 
such as threat data, biological parameters, and habitat suitability scores 
(Sharp et al., 2014). These uncertainties will propagate to the simulated 
ESs. A validation of these input parameters with field observations can 
reduce their potential uncertainties and achieve more confident results. 
However, field observations are costly, and usually cover a relatively 
small area. The possibility to develop hybrid approaches of field ob-
servations and satellite retrievals can produce empirical datasets over 
large areas. Another limitation of INVEST is that snow processes are not 
considered. This might introduce biases to our simulated ESs, especially 
those connected to WY and SR. There are available datasets for snow 
cover, such as the MODIS daily snow cover dataset, but the snow cover 
has large snow commission error at high altitudes and latitudes (Zhang 
et al., 2019). Further, explicitly considering snow dynamics and snow-
fall processes is highly complex, and proper approaches for their in-
clusion in the evaluation of ESs are missing (Hou et al., 2021). 

5. Conclusions 

Climate change and anthropogenic activities introduce different 
impacts on ESs. Understanding the changes of ESs and relationship of 
each pair of ESs is crucial for a more sustainable management of natural 
resources. Our study quantitively investigated the ESs in Nordic coun-
tries and found out that most of ESs have changed from 2003 to 2018. 
Both the magnitude of the changes and the relationship between ESs are 
highly spatially heterogenous. This indicates the need for context- 
specific measures for landscape management that should consider 
local conditions, status of ESs, and their individual relationships with 
the influencing factors. 

Currently, we have only studied the pairwise relationship of ESs. A 
modified approach can extend our framework to the simultaneous 
analysis of multiple ESs and influencing factors, and the inclusion of 
spatial explicit yield models might be integrated to ESs assessment so to 
better capture the influence of changes in climatic conditions and soil 
erosion on vegetation growth (either trees or crops). Overall, a better 
understanding of ESs, their dynamics and interlinkage to meteorological 
and social variables helps to achieving synergies and mitigate tradeoff 
when deploying more sustainable land use strategies. 

Table 6 
Relationship for selected pairs of ESs. Numbers are given in percentage of grids which are changed in the study area. No change grids are excluded from the calcu-
lations. HQ: habitat quality, SE: sediment retention, WY: water yield, CS: carbon sequestration, CP: crop product, WP: roundwood product.   

Strong synergy Medium synergy Weak synergy Total synergy Weak tradeoff Medium tradeoff Strong tradeoff Total tradeoff 

HQ/SR  0.9  11.1  38.1  50.1  38.3  10.8  0.8  49.9 
HQ/WY  0.0  3.0  7.2  10.2  75.4  14.0  0.4  89.8 
HQ/CS  0.3  4.1  14.5  18.8  58.5  21.1  1.6  81.2 
HQ/CP  0.6  9.9  38.2  48.6  31.7  15.1  4.6  51.4 
HQ/WP  2.5  17.9  22.8  43.1  30.9  22.8  3.2  56.9 
SR/WY  0.9  11.9  41.1  53.9  36.5  8.9  0.7  46.1 
SR/CS  0.2  10.5  38.8  49.5  39.8  10.5  0.2  50.5 
SR/CP  0.1  9.5  42.3  51.8  38.3  9.7  0.1  48.2 
SR/WP  0.6  19.7  29.3  49.5  29.9  19.9  0.6  50.5 
WY/CS  0.1  11.8  64.2  76.1  22.5  1.4  0.0  23.9 
WY/CP  0.0  9.4  43.2  52.6  45.3  2.1  0.0  47.4 
WY/WP  0.1  19.9  36.9  56.9  27.6  15.5  0.0  43.1 
CS/CP  1.5  18.5  26.8  46.7  38.5  14.3  0.5  53.3 
CS/WP  2.4  21.6  31.1  55.1  24.2  18.1  2.5  44.9  

Table 7 
Correlation for each pair of ESs. HQ: habitat quality, SE: sediment retention, WY: 
water yield, CS: carbon sequestration, CP: crop product, WP: roundwood prod-
uct. EL: elevation. EL1: elevation lower than or equal to 100 m (coded as 1), EL2: 
elevation lower than or equal to 200 m but higher than 100 m (coded as 2), EL3: 
elevation lower than or equal to 400 m but higher than 200 m (coded as 3), EL4: 
elevation lower than or equal to 800 m but higher than 400 m (coded as 4), EL5: 
elevation higher than 800 m (coded as 5). The correlation coefficients significant 
at 0.05 level are indicated with *.   

EL1 EL2 EL3 EL4 EL5 

HQ/WY  − 0.22*  − 0.06*  − 0.11*  − 0.10*  − 0.43* 
HQ/CS  − 0.09*  − 0.21*  − 0.23*  − 0.07*  0.51* 
HQ/CP  − 0.33*  − 0.26*  − 0.18*  − 0.12*  − 0.01* 
HQ/WP  − 0.01*  − 0.12*  − 0.14*  − 0.08*  0.11* 
SR/WY  0.21*  0.12*  0.19*  0.40*  0.20* 
WY/CS  − 0.06*  − 0.11*  − 0.05*  − 0.28*  − 0.43* 
WY/CP  0.34*  0.02*  0.08*  0.08*  0.00 
CS/CP  0.20*  0.16*  0.15*  0.03*  0.07* 
CS/WP  0.06*  0.32*  0.40*  0.31*  0.21*  
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