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1. INTRODUCTION 

Human activities have been the main drivers of direct impacts (e.g., via land use 
and land cover change) and indirect impacts (e.g., climate change) on the dynamics 
of terrestrial ecosystems (Nolan et al., 2018; Díaz et al., 2019). The magnitude 
and intensity of these human impacts depend on the type of human activity (direct 
or indirect), on the spatial scale, and on the ecosystem’s sensitivity (Seddon et al., 
2016).  

Forest ecosystems are especially affected by human activities (McDowell et al., 
2020). The most common human impact on forest ecosystems is deforestation. In 
this process, the natural forest land use changes to alternatives such as commodity 
production, shifting agriculture, and forestry (Curtis et al., 2018), and the resulting 
ecosystem generally cannot provide the original forest’s ecosystem services (Xu 
et al., 2022). Moreover, the remaining standing forests are susceptible to other 
types of direct or indirect drivers of forest degradation by humans (e.g., forest 
fragmentation, selective logging, harvesting, reduction of ecosystem services due 
to anthropogenic climate change) that are known to be (Anderegg et al., 2020a; 
Bullock et al., 2020) . 

The Intergovernmental Panel on Climate Change defines forest degradation as 
a reduction in biological productivity, reduction of canopy cover, loss of eco-
logical integrity, and loss of carbon stocks (IPCC, 2019). Similarly, the Food and 
Agriculture Organization's definition of forest degradation is “changes within the 
forest which negatively affect the structure or function of the stand or site, and 
thereby lower the capacity to supply products and/or services” (FAO, 2011). Dif-
ferences among these and other definitions combine with the technical limitations 
of using remote sensing images to detect forest degradation have created chal-
lenges for mapping, monitoring, and quantifying this ecosystem change (Gao et 
al., 2020). A problem that arises from these challenges is that the CO2 emission 
from forest degradation is often missing from national carbon emission estimates 
(Assis et al., 2020). However, despite the challenges posed by differences in the 
definition, researchers have proposed methodologies to investigate and monitor 
forest degradation at different spatial and temporal scales. For instance, Hansen 
et al. (2013) mapped 2.3 × 106 km2 of forest loss (including degradation) across 
the globe from 2000 to 2012 based on satellite images, with the tropics showing 
an average annual increase of 2101 km2 for forest loss. Pearson et al. (2017) 
reported that forest degradation due to selective logging, fuelwood harvesting, 
and forest fires within tropical and subtropical latitudes was responsible for 
releasing 2.1 Gt of CO2 per year from 2005 to 2010, which represents 25% of 
total carbon emission from deforestation plus forest degradation. The changes in 
climate patterns, such as warmer summer temperatures and increasing frequency 
or severity of summer drought, are also drivers of forest degradation due to a 
reduction in forest productivity that results from higher carbon release (Sippel et 
al., 2017). These results highlight the importance of monitoring forest degrada-
tion to correctly evaluate its contribution to greenhouse gas emission (Baccini 
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et al., 2017) and the essential role of forested areas as nature-based solutions for 
constraining climate change (Griscom et al., 2020).  

In this dissertation, I define forest degradation as the result of negative impacts 
on a forest that compromise or alter the forest’s capacity to maintain essential 
ecosystem services (e.g., carbon assimilation, water cycling, and climate regu-
lation). Given this definition and the abovementioned context, I evaluate two pro-
cesses related to forest degradation: (i) fragmentation of tropical forest cover and 
(ii) changes in forest evapotranspiration and the carbon cycle in undisturbed 
forest areas. I treat forest fragmentation as a direct human-induced forest degra-
dation since it is most strongly related to deforestation. On the other hand, 
I consider changes in evapotranspiration and carbon cycles to be indirect human-
induced forest degradation since the changes in these ecosystem processes relate 
most strongly to the effects of anthropogenic climate change. I used satellite-
derived data and spatial analyses to assess the impacts of forest degradation to fill 
gaps in the research literature by means of three different case studies (articles I 
to III), which I will discuss in the next three sections. 

 
 

1.1. Forest fragmentation (Article I) 

Forest fragmentation refers to the division of forest areas into separate patches 
and results from reduction in the size of intact forest areas through deforestation 
(Laurance et al., 2011; Haddad et al., 2015). The forest degradation related to 
fragmentation increases forest fire susceptibility (Alencar et al., 2015; Silva et al., 
2018), tree mortality (Buras et al., 2018), and carbon emission, which are all direct 
results of the edge effects created by the fragmentation (Chaplin-Kramer et al., 
2015; Brinck et al., 2017; Fischer et al., 2021). In countries like Brazil, with large 
carbon stocks in tropical forests and a history of deforestation to convert these 
areas into cattle farming and soybean production areas (Gollnow et al., 2018), 
the carbon emission from the edges of fragmented forest was about 30% 
(42 ± 7.67 Tg C year–1) of the carbon loss from deforestation (Silva et al., 2020). 
Thus, reducing deforestation rates would not only decrease carbon emission 
related to complete removal of the forest but potentially also decrease the carbon 
emission from forest degradation (e.g., due to the edge effects). In the present 
thesis, I analyse forest fragmentation as one aspect of direct human-induced forest 
degradation in the Brazilian Amazon. The region is the world’s largest area of 
intact tropical forest (Potapov et al., 2017) and has faced intense pressure from 
land use and land cover change since 1970 (Brown et al., 2016).  

To halt the deforestation that leads to forest fragmentation in the so-called 
Brazilian Legal Amazon (i.e., a specific socio-geographic division of Amazon 
region in Brazil; BLA), the Action Plan for the Prevention and Control of 
Deforestation in the Legal Amazon (PPCDAm) (República, 2004) and the Soy 
Moratorium programs (Rudorff et al., 2011; Gibbs et al., 2015) were launched in 
2004 and 2006, respectively. The programs played an important role in reducing 
the deforestation of primary forest in the BLA from 27.8 km2 in 2004 to 4.6 km2 
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in 2012 according to data from PRODES, the national deforestation program 
(INPE, 2016). However, even though PRODES data was essential to support 
efforts to reduce the deforestation rate, it only identified the subset of deforesta-
tion that results from complete removal of the forest cover in areas larger than 
6.25 ha within the BLA primary forest cover (INPE, 2016; Kalamandeen et al., 
2018). Moreover, PRODES does not include data on deforestation in other forest 
types (e.g., secondary forest, savannah, shrubland) or other types of forest dis-
turbance that result in forest degradation rather than complete deforestation 
(e.g., illegal selective logging and fire). Therefore, despite its importance in 
monitoring deforestation rates, limitations of the PRODES data mean that it 
cannot support a complete assessment of the forest degradation process in the 
BLA. On the other hand, high-resolution data such as the Global Forest Change 
(https://www.globalforestwatch.org) dataset can improve the assessments of 
forest dynamics in the BLA. This data consists of annual maps that identify areas 
of forest loss greater than 0.09 ha and that account for different types of forest 
disturbance (e.g., fire, selective logging, deforestation). Multiple studies have 
used Global Forest Change and PRODES data to evaluate either deforestation 
(Rosa et al., 2012; Kalamandeen et al., 2018) or the spatial structure of the 
remaining forest cover in the BLA (Vedovato et al., 2016; Taubert et al., 2018). 
However, no study has yet provided a long-term, high-resolution, wall-to-wall 
analysis that combines forest loss and forest fragmentation in the BLA.  

To provide a better understanding of the forest degradation process that results 
from forest loss and the dynamics of forest fragmentation in the BLA, I defined 
three research questions: (i) How did the trends in forest loss influence the forest 
fragmentation process from 2001 to 2017? (ii) Did the forest fragmentation in-
crease or decrease over time? (iii) Did forest fragmentation differ between pri-
mary and non-primary forests? I hypothesized that despite the observed decrease 
in forest loss, especially from 2004 to 2012, the fragmentation of the remaining 
forest cover did not decrease due to an increase in the dispersion of forest loss 
throughout the BLA (Kalamandeen et al., 2018).  

 
 
1.2. Changes in temperate forest evapotranspiration 

(Article II) 

Human-driven land use and land cover (LULC) change is a major factor that 
exacerbates the effects of climate change and can, itself, cause localized climate 
change at different spatial scales (Findell et al., 2017; Ceccherini et al., 2020; Sy 
and Quesada, 2020). The changes in climate patterns, in turn, can directly affect 
the functions of other ecosystems that have not faced LULC changes, such as 
forests. For instance, warming temperatures can lead to forest degradation when 
they increase the forest’s susceptibility to fire (Holden et al., 2018; Abram et al., 
2021). Degraded forest areas usually show a decrease in important ecosystem 
services that are directly linked to complex land–atmosphere interactions 
(Alkama and Cescatti, 2016). An important ecosystem service affected by climate 
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change is the evapotranspiration (ET) process, which plays an important role in 
hydrological cycles (Zhang et al., 2016).  

Although multiple studies have used remote sensing and modelling approaches 
to estimate ET and analyse the effects of LULC change on ET at different spatial 
scales (Dias et al., 2015; Spera et al., 2016; Poon and Kinoshita, 2018; Paca et 
al., 2019; dos Santos et al., 2020; Liu et al., 2021), there have been fewer studies 
of how ET has changed in undisturbed LULC types, such as forest. ET changes 
in undisturbed areas are most likely to be driven solely by changes in climate (Li 
et al., 2017). Research has revealed that warming temperatures decreased ET in 
semi-deciduous tropical forests (Vourlitis et al., 2014) but that temperate forests 
showed an increase in ET due to the longer growing season induced by warming 
temperatures (Gaertner et al., 2019). These studies focused only on the annual ET 
and did not simultaneously account for the spatial variation of ET and its changes 
over time. This makes it difficult to identify the trade-offs that occur between 
monthly and seasonal time scales. Therefore, in this dissertation, I analysed the 
spatial and temporal changes of ET as an indicator of the effects of the forest 
degradation induced by climate change on the provision of this important 
ecosystem service. 

In this context, I defined two research questions to better understand how ET 
changes spatially and temporally in undisturbed forest: (i) What are the spatial 
and temporal patterns of temperature, precipitation, and ET throughout the Baltic 
countries? (ii) How has the ET of undisturbed forest areas changed in this region? 
I defined the Baltic region as my study area due to the observed shifts in its 
climate patterns from 1951 to 2015, with gradual warming and a slight trend of 
increasing precipitation (Jaagus et al., 2017). Moreover, no intense LULC change 
occurred in the region during the study period, thereby allowing a focus on 
climatic effects. I hypothesised that despite the lack of significant LULC change 
in the region, the ET rates of forest have changed as an adaptation to the changing 
climate of the Baltic countries (Jaagus et al., 2003). I have used the term climate 
shift throughout the thesis instead of climate change because the period under 
study is shorter than the recommended duration for climate change studies 
(Seneviratne et al., 2012).  

 
 

1.3. Changes in forest carbon assimilation across 
undisturbed forest areas (Article III) 

Forest degradation can reduce photosynthetic carbon uptake (Anderson et al., 
2018), which is the main driver of carbon and water fluxes between forest eco-
systems and the atmosphere (Aragão, 2012; Ellison et al., 2017; Pugh et al., 2019; 
Harris et al., 2021). During photosynthesis, atmospheric CO2 is assimilated and 
stocked as biomass, whereas the roots recycle water from the soil and trees release 
it into the atmosphere as water vapour. Forest ecosystems can sequester up to 
12% of anthropogenic CO2 emission and return up to 40% of the local pre-
cipitation to the atmosphere (Schlesinger and Jasechko, 2014). Therefore, forest 
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ecosystems play an important role in mitigating human CO2 emission and sus-
taining aspects of the water cycle such as precipitation at different spatial scales 
(Makarieva et al., 2013; Grassi et al., 2017; Staal et al., 2018).  

The quantity of CO2 assimilated by an ecosystem is defined as gross primary 
production (GPP) and the water vapour that is lost through a combination of 
evaporation and transpiration is defined as evapotranspiration (ET). The dynamics 
of these two variables are directly affected by environmental conditions, which 
in turn are directly affected by climate (Hatfield and Dold, 2019; Zohner et al., 
2020). Warmer temperatures during the spring and autumn under global warming 
result in a longer growing season that leads to increased GPP in terrestrial eco-
systems in both seasons (Keenan et al., 2014). In addition, warmer summers 
offset the GPP gain during spring and autumn due to an increase in respiration, 
which releases carbon back into the atmosphere. The warmer temperatures can 
also increase ET by increasing both evaporation and transpiration rates (Schle-
singer and Jasechko, 2014), which, in turn, decreases the soil water availability 
(Palareti et al., 2016; De Kauwe et al., 2019; Gaertner et al., 2019; Harrison et 
al., 2020; Lian et al., 2020). These climate-driven alterations in the dynamics of 
GPP and ET can be characterized as indirect human-induced forest degradation.  

Several studies have used field data to evaluate the change of forest GPP, ET, 
and water-use efficiency (WUE = GPP/ET; i.e., the quantity of carbon assimilated 
per unit of water released) (Tang et al., 2014; Knauer et al., 2017; Fu et al., 2020). 
Multiple studies have instead used Earth observation data to parameterize models 
that estimate the three variables (Wolf et al., 2016; Cheng et al., 2017; Buermann 
et al., 2018). Earth observation data facilitates spatial and temporal analyses over 
large areas and long periods to provide a complete picture of the GPP, ET, and 
WUE trends over large forest areas at high spatial resolution. Spatial and temporal 
analyses let us identify the forest areas that show trends of increasing or 
decreasing GPP, ET, and WUE, and support investigations of the environmental 
drivers behind the trends, such as an increased leaf area index and a rising 
atmospheric CO2 concentration (Wolf et al., 2016; Cheng et al., 2017; Buermann 
et al., 2018). Moreover, these studies have also provided insights into the temporal 
and spatial compensation of GPP, which results from offsetting GPP increases 
and decreases in different areas or periods (Wolf et al., 2016; Cheng et al., 2017; 
Buermann et al., 2018). GPP compensation occurs (for example) when a spring 
GPP increase offsets a summer GPP decrease (i.e., temporal compensation) or 
when one forest area shows a GPP increase that offsets the GPP decrease in 
another forest area (i.e., spatial compensation). Environmental variables (e.g., soil 
water availability, vapor-pressure deficit) and biotic variables (e.g., phenology, 
seasonality) can also be drivers that influence GPP compensation (Wolf et al., 
2016; Buermann et al., 2018). 

Although several studies have provided insights into the GPP dynamics of 
forests (Cheng et al., 2017; Van Schaik et al., 2018), no high-resolution studies 
have focused on whether the trade-off between GPP increases and decreases 
resulted in a net GPP loss or gain in forested areas. GPP loss occurs when a GPP 
increase is not enough to compensate for a GPP decrease (e.g., the increased 
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spring or autumn GPP does not compensate for decreased summer GPP) whereas 
GPP gain occurs when a GPP increase compensates for a GPP decrease (e.g., 
increased spring or autumn GPP offsets a decreased summer GPP). Most GPP 
compensation studies were based on seasonal GPP averages throughout a study 
region (Wolf et al., 2016) or on the outputs of GPP models with coarse spatial 
resolution (Sippel et al., 2017; Buermann et al., 2018). This limits our ability to 
understand intra-annual and spatial variation of GPP over large areas and the 
identification of degraded forest areas. Moreover, there is no clear understanding 
of whether an increase of seasonal forest GPP is accompanied by an increase in 
WUE (Wang et al., 2018; Jiang et al., 2019). Few studies reported that GPP and 
WUE increased simultaneously due to the decrease in ET caused by stomatal 
closure, which is induced by an elevated atmospheric CO2 concentration or 
decreased water availability (Wang et al., 2018; Jiang et al., 2019). Stomatal 
closure occurs to control the CO2 uptake for photosynthesis and to reduce water 
loss. WUE studies have been mostly based on eddy-covariance data that are 
acquired at specific forest sites (Dekker et al., 2016; Guerrieri et al., 2019). Such 
studies cannot identify large-scale variation in forested areas and variation over 
long time periods. Analyses of forest GPP compensation and WUE dynamics in 
large areas of undisturbed forest are important to evaluate the impacts of climate 
change on these variables. Furthermore, such analyses can potentially identify 
degraded forest areas that require management strategies that will enhance net 
carbon assimilation (Schelhaas et al., 2015; Law et al., 2018; Griscom et al., 
2020).  

My thesis aims to fill some of these gaps in the literature by investigating GPP, 
ET, and WUE of undisturbed temperate-zone forest core areas (i.e., the central 
area of forest patches; FCAs) in Europe. I used FCAs to avoid any potential bias 
in the analysis due to edge effects, which can alter the carbon and water dynamics 
of trees growing near forest edges (Silva et al., 2020). To support this investi-
gation, I defined three research questions: (i) What were the spatial and temporal 
trends of GPP, ET, and WUE in FCAs across Europe from 2000 to 2020? (ii) Has 
the temperature-driven increase in GPP during spring and autumn been 
accompanied by an increase in WUE? (iii) Does a given FCA that shows a mix-
ture of GPP decreases and increases throughout the year show an annual GPP 
gain or loss? (That is, did an increased spring and autumn GPP offset a decreased 
summer GPP?) I hypothesised that (i) the spring and autumn GPP increase would 
not be accompanied by increased WUE in some of the FCAs due to a widespread 
increase of ET that has been observed in Europe (Teuling et al., 2019); and 
(ii) GPP compensation within and across seasons would not necessarily occur in 
a given FCA because of different forest responses to the varying environmental 
conditions across the large study area (Wolf et al., 2016; Buermann et al., 2018). 
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2. MATERIAL AND METHODS 

2.1 Evaluation of forest fragmentation based  
on remote sensing derived data and spatial analysis 

(Article I) 

To evaluate the spatio-temporal patterns the forest loss and forest fragmentation 
dynamics in the Brazilian Legal Amazon, a baseline forest cover map for the year 
2000 and annual forest loss maps from 2001 to 2018 were used. The identification 
of the areas with increasing or decrease trends in the forest loss and fragmentation 
processes was performed for the entire BLA, but also for areas within and outside 
indigenous reserves and conservation units, and for areas within primary and non-
primary forests.  
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2.1.1 Study area – Brazilian Legal Amazon 

The Brazilian Legal Amazon region includes nine Brazilian states in the Amazon 
basin and covers ~5.2 × 106 km2 (Figure 1). It includes vegetation types from 
three different biomes: i) Amazonia biome, ii) Cerrado biome and iii) Pantanal 
biome. The Amazonia biome is composed by moist broadleaf forest whereas 
Cerrado biome is composed by tropical savanna and grasslands. Pantanal biome 
is covered by a mix of vegetation types, including woodland, savanna and grass-
lands, which are flooded during the rainy season.  
 

 

Figure 1. Map of the study area – Brazilian Legal Amazon (BLA). The Brazilian are 
states: Acre (AC), Amazonas (AM), Amapá (AP), Maranhão (MA), Mato Grosso (MT), 
Pará (PA), Rondônia (RO), Roraima (RR), and Tocantins (TO). Amazonia, Cerrado and 
Pantanal are the biomes within BLA. The orange colors areas are conservation units (CU) 
and indigenous reserves (IR). 
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2.1.2 Research data 

Forest cover and forest loss data for the BLA 

Forest cover and forest loss data provided by Global Forest Chage initiative and 
developed by Hansen et al (2013) were used to assess the spatio-temporal patterns 
of forest fragmentation and loss in the BLA from 2001 to 2017. The forest cover 
data indicates the percentage of tree cover within the 30×30 meter Landsat pixel 
in 2000. The forest loss data indicates the Landsat pixels with significant forest 
disturbance (e.g., fire degradation, wind throw, selective log) or with complete 
removal of the tree cover on annual basis. 

A binary mask indicating areas of forest/no-forest was created for the year 
2000 using a tree cover threshold of 30% (>=30% forest; <30% no-forest). Based 
on this mask, all forest loss pixels from 2001 to 2017 that overlapped the no-
forest areas were eliminated from the analysis. Then, the updated annual forest 
loss data was used to derive annual forest cover masks as described in the 
following schema:  

 
FC2001= FC2000 – FL2001; FC2002= FC2001 – FL2002; ... FC2017= FC2016 – FL2017 

 
where FC is the forest cover and FL is the forest loss in the respective year. The 
lack of annual forest regrowth data was not a limitation for the fragmentation 
analysis as the regenerated forest areas are often logged and replaced by other 
land use and land cover types 
 

Primary and non-primary forest mask 

The PRODES primary forest cover mask was used to separate primary and non-
primary forest areas in the BLA. This enabled to identify potential shifts in the 
forest loss process from primary to non-primary forest after the implementation 
of anti-deforestation initiatives.  
 

Conservation units and indigenous reserves data 

The limits of conservation units and indigenous reserves were acquired from the 
Environmental Ministry of Brazil and were used to define which forest cover and 
forest loss pixels belonged to these areas. The use of these limits allowed to divide 
the analysis into four categories: (i) conservation units based on integral pro-
tection, (ii) conservation units based on sustainable use, (iii) indigenous reserves 
and (iv) regions with overlapping categories. 
 

Active fire data 

The Fire Information for Resource Management System (FIRMS) active fire 
product was used to estimate the area of forest loss caused by fire. Annual FIRMS 
fire points were overlaid with the forest loss patches (polygons) of the respective 
year. The area of these forest loss patches was summarized per year, obtained then, 
the total area of forest loss potentially caused by fire.  
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2.1.3 Research methods 

Forest cover and forest loss metrics 

The forest loss dynamics were investigated based on the size distribution of forest 
loss patches annually. Eight patch size groups were defined based on previous 
studies: <1 ha; ≥1 and <6.25 ha; ≥6.25 ha and <50 ha; ≥50 ha and <100 ha; 
≥100 ha and <200 ha; ≥200 ha and <500 ha; ≥500 ha and <1000 ha; and ≥1000 ha. 
For each year from 2001 to 2017, the total forest loss area was estimated for each 
size group. The forest fragmentation dynamics were estimated based on the addi-
tional number of forest fragments compared with the prior year (e.g., number of 
fragments in 2001 – number of fragments in 2000 = number of additional frag-
ments in 2001).  

To analyse the spatial distribution of forest loss, a 10 km × 10 km grid (fishnet) 
was created. For each of the 51 220 grid cells, the area of the original forest cover 
in 2000 and the total forest loss per year were calculated. Based on the forest 
cover and forest loss values, the percentage of forest loss in relation to the original 
forest cover was calculated for each grid cell as follows:  
 

forest loss in the respective year/forest cover in 2000 × 100% 
 
Landscape metrics of forest loss and forest cover were calculated for each grid 
cell: number of patches, mean patch size and edge density (edge length per unit 
area). The landscape metrics were also calculated for areas within and outside of 
conservation units and indigenous reserves, and for primary and non-primary 
forest areas.  
 

Temporal trend analysis 

The non-parametrical Mann-Kendall statistical test was used to identify the 
increase or decreasing trends of each landscape metric calculated previously. The 
test was applied for each grid cell using the time series values of the landscape 
metrics. We used a confidence interval of 90% which is aligned with the mentioned 
cluster analysis. The Mann-Kendal test calculation was performed using the 
“trend” package for the R software.  
 

2.2 Remote sensing derived data and spatial analysis  
to evaluate evapotranspiration over vegetation areas  

in the Baltic countries (Article II) 

The evapotranspiration dynamics over vegetation areas in the Baltic countries 
were assessed based on its trends from 2000 to 2018. These trends were calcu-
lated over unchanged forest areas.  
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 2.2.1 Study area – Baltic countries 

The Baltic countries – Estonia, Latvia and Lithuania – encompass an area of 
175 × 103 km2 in the north-eastern Europe (Figure 2). With an annual mean 
temperature of 5.5 to 6.5°C and annual precipitation varying from 600 to 750mm, 
the climate in the region is classified as humid continental (Dfb) according to 
Köppen climate classification. However, the region has faced shifts in the pre-
cipitation and temperature patterns. The precipitation increased during the winter 
months of November to March (also in June) whereas annual mean temperature 
increased by 0.3 to 0.4 K per decade from 1950 to 2015 (Jaagus et al., 2017).  
 

 
Figure 2. Changes in the areas of forest in the Baltic countries from 2000 to 2018. 
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2.2.2 Research data 

Precipitation and temperature data 

Daily precipitation and daily mean temperature data was acquired from the Euro-
pean Climate Assessment and Dataset (E-OBS) (Cornes et al., 2018). Both vari-
ables are available at gridded format with a spatial resolution of 0.1° (~10km). 
The daily values were aggregated into monthly, seasonal and annual values. For 
precipitation, the daily values were summed according to the time scale whereas 
for temperature, the mean value was calculated to each time scale.  
 

Evapotranspiration Data  

The evapotranspiration (ET) data for the study region was acquired from the 
recently developed MODIS MOD16A2GF product. This product provides ET 
values (kg/m2) for every 8-days periods within a year with a spatial resolution of 
~500 meters. All MOD16A2GF 8-days composites from January 2000 to 
December 2018 were acquired for the analysis. As the analysis of ET trends were 
based on monthly, seasonal and annual time scales, the 8-days composites were 
aggregated into monthly values by calculating the mean of the composites within 
each month and then multiplied by the number of days in the respective month. 
The seasonal and annual values were retrieved by aggregating the monthly values. 
These aggregations were always performed for each MODIS pixel individually 
and the original kg/m2 units was converted to mm (at a rate of 1 kg/m2 for 1 mm) 
to align with previous studies. The 8-days ET composites of December, January 
and February were not used in the analyses due to: i) the lack of composites in 
January and February of 2016; ii) many pixels of composites within winter months 
of other years showed with negative values, and this would have resulted in the 
exclusion of many pixels since only pixels that had plausible values for the whole 
period were used in the analysis; iii) ET rates in winter are low and the values are 
negligible, therefore studies have mainly used only the months of the growing 
season; iv) the non-stratified ET analysis by forest type and as deciduous and 
evergreen forest are present in the region, the ET rates analysis would be bias 
since some forest types loses or maintain the leaves. 
 

Land use and land cover data  

The annual CCI land use and land cover (LULC) product (version 2.0.7) was used 
to identify the unchanged forest areas over the Baltic countries. These unchanged 
areas were identified by using the CCI products for the years from 2000, 2005, 
2010, 2015 and 2018. Only the unchanged forest areas were used in the analysis.  
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2.2.3 Research methods 

Spatial analysis  

The ET analyses were only performed for the MODIS pixels that had >50% of its 
area covered by the unchanged forests. To remove any potential bias from the forest 
edges, a 1km inward buffer as created from the border of the unchanged areas of 
this land cover type and removed from the analysis. Additionally, MODIS pixels 
with <50% of its area covered by forest were also excluded from the analysis. 
Based on that, the ET trends analysis were applied only for the MODIS ET pixels 
that had core forest areas as the major LULC type. A total of 15359 MODIS ET 
pixels covered with forest were suitable for the trend analysis.  
 

Trend analysis 

Similarly to the previous forest fragmentation analysis, the Mann-Kendal (MK) 
test was used to identify the MODIS ET pixels with significant temporal trends 
(increase, decrease or no trend). However, the confidence level used was 95% 
(p < 0.05) instead of 90%. The MK was also applied in the temperature and 
precipitation gridded data. 

The Sen’s slope (SS) value was used in combination with the MK test to 
estimate the magnitude of changes in each one the three variables analysed (ET, 
precipitation and temperature). The median slope value of all pairwise points 
combination in the time series is used to determine the magnitude of change. Both 
trend and magnitudes were calculated at pixel scale and at monthly, seasonal and 
annual timescales. The calculations were performed using the package “wql” 
available on R software.  

 
 
2.3 Remote sensing-derived data and spatial analysis  

to evaluate gross primary production and  
water-use-efficiency changes over unchanged forest 

(Article III) 

2.3.1 Research data 

Forest cover and forest disturbance data derived from remote sensing images 

To retrieve the unchanged forest cover area for whole Europe, annual forest dis-
turbances maps from 1986 to 2020 were overlaid with a base forest cover map 
from 1985 (Senf and Seidl, 2020). All forest areas that faced any type of dis-
turbance from 1986 to 2020 were removed. Therefore, all unchanged forest areas 
remained were at least 34 years old. The forest edges of the unchanged forest map 
were also removed to avoid any potential bias in the analysis due to the edge 
effect. These edges were removed by applying a 500-m inner buffer. The remaining 
forest areas were named forest core areas (FCA). As the unchanged FCA map 
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covered the entire Europe, it includes forest types ranging from boreal conifers in 
the north to deciduous broadleaf trees in the south. However, due to the lack of 
high-resolution data describing forest types, the analysis was not stratified by 
forest types.  
 

Evapotranspiration and gross primary production data from remote sensing  

The MODIS MOD16A2GF and MOD17A2HGF products (version 6) were used 
as input for evapotranspiration (ET) (Mu et al., 2011) and gross primary esti-
mations (GPP) (Running et al., 2004; Zhao et al., 2005) respectively. Both products 
provide GPP and ET values at 500-m spatial resolution and are available on 
https://lpdaacsvc.cr.usgs.gov/appeears/. All 8-days gap-filled composites images 
from 2000 to 2020 were downloaded for the analysis. However, only composites 
from March to November of these years were used. The ET composites represent 
the sum of ET (kg H2O/m2) while the GPP composites represent the sum of GPP 
(kg C/m2) over the 8-days period. To retrieve the monthly values of ET and GPP, 
the mean of the 8-days composites within the respective month was calculated 
and multiplied by the number of days in the month. Only MODIS pixels of both 
products that showed continuous time series for both variables (ET and GPP) 
were used for the analysis. The water-use-efficiency was then calculated as the 
ration between GPP and ET (WUE=GPP/ET) 
 
 

2.3.2 Research methods 

Spatial analysis  

The monthly GPP, ET and WUE trends were only calculated for the MODIS pixels 
that had >50% (12.5ha) of their area covered with FCA to increase the signal to 
noise ratio. A total of 185839 pixels were analysed, covering 360150 ha of FCA.  
 

Trend Analysis 

The Theil-Sen slope (TS) values was used to estimate the magnitude of changes 
of each variable (GPP, ET and WUE) on monthly basis (Marshall et al., 2016; 
Berner et al., 2020). TS values indicate how much each variable is changing per 
month per year. Based on the TS values, the FCA were categorized in the following 
categories: 

(i) GPP (+) ET (+) WUE(+) 

(ii) GPP (+) ET (–) WUE(+) 

(iii) GPP (+) ET (–) WUE(–) 

(iv) GPP (+) ET (+) WUE(–) 

(v) GPP (–) ET (–) WUE(–) 
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(vi) GPP (–) ET (+) WUE(+) 

(vii) GPP (–) ET (+) WUE(–) 

(viii) GPP (–) ET (–) WUE(+) 
 
These categories were defined regardless the statistical significance of the GPP, 
ET and WUE changing rates (+ for increasing rates, – for decreasing rates).  

The total month carbon increase or decrease for MODIS pixel was acquired 
by multiplying the total FCA within the pixel and the TS value of the respective 
pixel. Then, the total monthly carbon was summed per pixel to identify the FCAs 
with an annual GPP loss or gain. The FCAs with a GPP gain represent areas where 
the GPP increase in spring and autumn, for instance, compensated for (offset) the 
summer GPP decrease. However, if the FCA showed GPP loss, the GPP increase 
did not offset the GPP decrease. 

Finally, the Mann-Kendall (Mann, 1945; Kendall, 1957) test was used to 
identify the FCAs with significant monthly trend in each one of the variables 
(GPP, ET and WUE). The significance level used was 95% (p<0.05) 
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3. RESULTS 

3.1. Forest fragmentation in the Brazilian Legal Amazon 
(Article I) 

Spatio-temporal trends of forest loss 

In Article I, the first task was to evaluate the dynamics of the forest loss in the 
whole BLA to later analyse the forest degradation through fragmentation in the 
area. Between 2001 and 2017, a total of 36.6 × 106 ha of forest loss were identified 
in the BLA (Figure 3). After the rapid increase from 2001 to 2004 (+54%), the 
forest loss rates showed an overall decrease until 2015 (–48.3). However, in 2016 
and 2017 the forest loss rates increased greatly. A similar temporal variation is 
observed in the trends od the forest loss patches potentially caused by fire. The 
area of forest loss potentially degraded by fire decreased from 1.3 × 106 ha (44% 
of total forest loss) in 2004 to 0.33 × 106 ha in 2015 (22% of the total forest loss).  

During the 2001 to 2017 period, more than 3.8 × 106 ha of forest loss (10% of 
the total forest loss in the BLA) occurred within conservation and indigenous 
reserves (Figure 3). From the total forest loss, the majority (53%) was within 
sustainable use areas (a specific type of conservation unit), while indigenous 
reserves and integral protection units shared the remaining forest loss area (36% 
and 9% respectively). The 2% left occurred within overlapping areas of conser-
vation units and indigenous reserves.  

 

 
Figure 3. Annual forest loss (FL) area within and outside conservation units (CU) and 
indigenous reserves (IR), as well as the area occupied by forest loss patches smaller than 
6.25 ha in the BLA and the number of active fire points within the forest loss patches and 
the forest loss area potentially caused by fire. Source: Article I, Figure 1B.  
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The spatio-temporal analysis also indicated that the forest loss area of patches 
<6.25 ha remained the same from 2001 to 2015. However, the proportion of the 
forest loss from these patches increased during the period as the total annual forest 
loss area decreased (Figure 3).  

Figure 4 shows that from 2001 to 2017, 23.4 × 106 ha of forest loss took place 
within primary forest areas (7% of the total area of primary forest in 2000) 
whereas 13.2 × 106 ha in non-primary forest areas (17% of the total non-primary 
forest in 2000). Forest loss decreased significantly in both forest types from 2001 
to 2015, but no significant trend is identified when forest loss in 2016 and 2017 
were included. The mean size of forest loss patches decreased significantly 
(P < 0.05) in both forest types, mainly due to the decreased number of large forest 
loss patches (>6.25 ha) since 2004 to 2006. 
 

 
Figure 4. Total forest loss (FL) and mean patch size of forest loss patches in primary 
forest (PF) and non-primary forest (NPF). Source: Article I, Figure 3. 
 
Statistically significant trends showed a clear increasing pattern in Amazona, 
Pará, Acre, and Maranhão states (Figure 5). These states are located outside of 
the so-called “arc of deforestation”, which extends from Maranhão to Rondônia 
and was the main agriculture frontier during the early 2000s (Fearnside, 2005). 
From the 51142 grid cells, 20.5% showed increasing trend in forest loss whereas 
only 10% showed decreasing trend (Figure 5). The decreasing trends cells were 
mainly located in the former deforestation areas, where most of the forest loss 
had occurred before the study period.  
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Figure 5. Spatial patterns of forest loss areas trends in the Brazilian Legal Amazon 
(BLA). The confidence levels for the trends were estimated using the Z values. For the 
confidence intervals (CIs), z ≥ 2.576 for the 99% CI, 2.576 > z ≥ 1.960 for the 95% CI, 
and 1.960 > z ≥ 1.645 for the 90% CI. Brazilian states: Acre (AC), Amazonas (AM), 
Amapá (AP), Maranhão (MA), Mato Grosso (MT), Pará (PA), Roraima (RR), Rondônia 
(RO), and Tocantins (TO). Source: Article I, Figure 5A. 
 

Forest cover fragmentation 

The forest cover fragmentation analysis revealed that from 2000 to 2017 the 
number of forest fragments increased 68.5% (from >5.2 × 106 fragments to 
>8.8 × 106 fragments). At the same period, the mean patch size of the forest cover 
fragments decreased from 77.5 to 41.8 ha. Interestingly, the rate of fragmentation 
(new forest fragments) increased after 2010 despite the decrease in the forest loss 
rates, with significant rate values in 2016 and 2017. The intensification in the 
fragmentation rates was more evident in the forest areas outside of conservations 
units and indigenous reserves (Figure 6A). Within conservation units and indi-
genous, forest fragments increased from 800 000 in 2000 to 1.2 million fragments 
in 2017 (Figure 6A).  

We also observed that the number of non-primary forest fragments increased 
31.5% from 2000 (6.2 × 106 fragments) to 2017 (8.15 × 106 fragments) while the 
number of primary forest fragments increased 480% during the same period (from 
0.5 × 106 fragments in 2000 to 2.9 × 106 in 2017; Figure 6B). Most of the new 
primary forest fragments were <50 ha as the number of forest patches with this 
size increased 448% (from 0.5 × 106 fragments to 2.9 × 106 fragments). 
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Figure 6. Changes in the number of forest cover fragments (A) within and outside 
conservation units (CU) and indigenous reserves (IR) and (B) for primary forest (PF) and 
non-primary forest (NPF). Source: Article I, Figure 7. 
 
 
The fragmentation of primary and non-primary forest has resulted in a widespread 
decrease in the mean forest patch size, as illustrated in Figure 7. Almost half 
(40.6%) of the grid cells had forest cover patches <50 ha by 2017 (Figure 7A) and 
68.7% showed a significant decrease trend in the mean patch size from 2000 to 
2017 (Figure 7B). 
 
 

 
Figure 7. Mean patch size of cells with forest cover in 2017, and statistically significant 
changes (Mann–Kendall test) in the mean forest cover patch size from 2001 to 2017. 
Source: Article I, Figure 8 C and D. 
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3.2. Evapotranspiration shifts over vegetation areas  
in the Baltic countries (Article II) 

Unchanged forest areas 

In 2000, more than half of the Baltic countries were covered by forest (53.1%). 
By 2018, the total forest area decreased only by 0.4% as2,532.1 km2 of forest was 
converted to cropland. However, only 72.8% of the forest area remained com-
pletely unchanged throughout the study period. 
 

Spatio-temporal precipitation analysis 

Monthly precipitation analysis indicated that half of the months showed no signi-
ficant trend between 2000 and 2018 (Figure 8). April, September and December 
showed significant increasing trends in 13.6, 3.1, and 8.1% of the total pixels 
(2557 pixels) whereas March, June, and July presented significant decreasing 
trends in a small proportion of the pixels (0.8, 1.4, and 0.2% of the total, respec-
tively). The pixels with statistically significant decreasing trend were spatially 
mainly concentrated in the south-west of Lithuania (in March and June), while 
the pixels with increasing trend were not only in the south and southwest 
of Lithuania and Latvia but also in the northeast of Estonia (Figure 8). The rate of 
the trends revealed by the SS values for significant (p < 0.05) and non-significant 
trends (p > 0.05) indicated that September showed an average increase of 
2.37 ± 0.29 mm per year (mean ± SD) for increasing pixels. That is greater than 
the increasing rates of April (1.60 ± 0.26 mm per year) and December 
(1.31 ± 0.32 mm per year). March, June, and July showed similar SS decreasing 
values (1.66, 2.33, and 2.22 mm per year respectively).  
 

Spatio-temporal temperature analysis 

Similarly to the precipitation analysis, the monthly mean temperature analysis 
showed that 8 months showed no significant trends (p < 0.05) in any pixel 
(Figure 9). Additionally, no pixels with statistically significant decreasing trend 
were observed. Significant increasing trends were identified in May (6.2%), June 
(4.6%), August (16.6%) and September (89.3%). In September, the pixels with a 
significant increasing trend covered almost the entire region, while in May, June 
and August, the pixels were clustered in northern and western Estonia and eastern 
Latvia and Lithuania (Figure 9). The average TS values of the significant 
increasing pixels were similar among the months (May = 0.14°C per year, June 
and August = 0.10 °C per year, September = 0.13 °C per year). 



29 

 
Figure 8. (A) The results of the Mann-Kendall test for statistically significant (p < 0.05) 
trends in monthly precipitation at the pixel level from 2000 to 2018. (B) Sen’s slope (SS) 
values for changes in precipitation. Positive values represent increasing and negative 
values represent decreasing precipitation. Source: Article II, Figure 2.  
 

 
Figure 9. (A) Mann-Kendall trend analysis for monthly mean air temperature at a pixel 
level from 2000 to 2018. (B) Sen’s slope values for monthly mean air temperature. 
Positive values represent a temperature increase, and negative values represent a decrease. 
Source: Article II, Figure 3.
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Spatio-temporal ET analysis from 2000 to 2018 

Pixels with significant (p < 0.05) increasing and decreasing trends for ET were 
spatially scattered over the study region (Figure 10). In May, June, and Sep-
tember, 23.2, 9.1, and 15.2% of the pixels (from a total of from 1 423 312) showed 
increasing ET trends, with mean TS values of 1.41 ± 0.50 (mean ± SD), 
1.69 ± 0.67, and 0.65 ± 0.31 mm per year (Figure 10), respectively. August also 
showed high percentage of pixels with increasing trend (9.3%), but more 
concentrated in the eastern part of the region. November, on the other hand, 
showed the biggest percentage of pixels with a decreasing trend for ET (9.5%). 
The remaining months (March, April, July, and October) showed <2.5% of the 
pixels with either increasing or decreasing trend. For these months (except July), 
the pixels with no significant trend revealed an average increase in the ET rates.  
 

 
Figure 10. (A) Mann-Kendall trend analysis for evapotranspiration at a pixel scale for 
each month from 2000 to 2018, with p < 0.05 for significant trends. (B) Sen’s slope values 
for evapotranspiration in each month. Positive values represent an increase, and negative 
values a decrease. Source: Article II, Figure 4A. 
 
In the seasonal analysis, 13% of the pixels in autumn and 13.5% in spring pre-
sented a significant increasing trend, which is more than the proportion in summer 
(10%) All seasons had approximately 1% of the pixels showing decreasing trend 
and they were spatially spread spread across the Baltic countries during summer 
and autumn. The pixels with increasing trend shows spatial spread in all three 
seasons. On an annual basis, the spatio-temporal analysis revealed that 34.9% of 
the pixels had a significant increasing trend and only 0.3% showed a significant 
decreasing trend.  
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Spatio-temporal ET analysis of forest pixels from 2000 to 2018 

The analysis indicated that 48.1%of the MODIS ET pixels had forest as the major 
LULC type (covering >50% of the MODIS ET pixel area). Most of these pixels 
(>77%) had no significant monthly trend in ET. Less than 6% of the forest showed 
decreasing trends, with November showing the highest percentage (5.8%) (Figure 
11). For March, April, October, and November, less than 2%) of the forest pixels 
showed increasing trends.  
 

 
Figure 11. Percentage of forest pixels (>50% of the MODIS ET pixel area) that showed 
decreasing and increasing trends in each month from 2000 to 2018. Source: Article II, 
Figure 4B and C. 
 

Evapotranspiration over unchanged forest  

Unchanged forest areas were the major LULC type within 10 949 MODIS ET 
pixels. By using the monthly ET average of these pixels, no significant trend was 
identified in any of the moths. However, the SS of forest pixels show an ET 
increase in 6 out of 9 months, with May (0.7 mm per year), June (0.55 mm per 
year), and September (0.35 mm per year) showing the highest increasing values 
(Figure 12). September very likely drove the significant increase in autumn (the 
other seasons did not show significant trends). On the annual analysis, the forest 
pixels had a statistically significant increasing trend of 3.46 mm per year.  
 

 
Figure 12. Sen’s slope (SS) values of evapotranspiration (ET mm) for forest in each 
month from 2000 to 2018. Source: Article II, Figure 5. 
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3.3. Carbon assimilation and efficient water usage over 
European forest core areas (Article III) 

Unchanged European forest areas 

From 1986 to 2020, approximately 1.8 × 106 km2 of the European forests remained 
unchanged. However, ~99.6% were located within the 500 meters from the forest 
edge, which were removed from the analysis. The remaining forest area (hereafter 
called forest core areas – FCA) was 6468.9 km2 (0.4% of the total unchanged 
forest area). Countries in eastern Europe (Poland, Croatia, Ukraine, Bosnia and 
Herzegovina, Belarus, and Romania) contained the largest area of FCA (Figure 
13). As we only analysed the the MODIS pixels with >50% of their area covered 
by FCAs, the final total forest area analysed was 3601.5 km2 (or 0.001% of the 
total undisturbed forest area in Europe). 
 

 
Figure 13. A) Spatial distributions of undisturbed forest cover and undisturbed forest core 
areas in 2020. B) Undisturbed forest core area size by country in 2020. Forest core areas 
were >500 m from the edge of the undisturbed forest patches Borders of the forest core 
areas have been exaggerated for visualization. Source: Article III, Figure 1. 

 

Spatio-temporal GPP, ET and WUE trends  

Most FCA showed no significant trend in the monthly GPP (>85%), ET (>76%) 
and WUE (>62%) between 2000 and 2020. The few FCA that showed significant 
increasing trend in GPP were spatially scattered throughout eastern, southern, and 
northern Europe (Figure 14A) and temporally concentrated in early to mid-spring 
(March 12.1% and April 14.6% from the total FCA of 3601.5 km2) and mid- to 
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late autumn (October 5.2% and November 12.5%; Figure 14B). The statistically 
significant decreasing trends were occurring in late spring (May 7.7%), early 
summer (June 3.8%), and early autumn (September 4.4%), and clustered in the 
south-eastern part of Europe. Comparing the median TS values for pixels with 
significant trends revealed that the magnitudes of the decreasing TS values were 
greater than the magnitudes of the increasing TS values for most months (6 out 
of 9 months) (Figure 14C). However, it can be observed that the total annual GPP 
change for FCAs with increasing trends was greater (3.3 Mt C/year) than for 
FCAs with decreasing trends (2.0 Mt C/year) (Figure 14D). That resulted in a 
annual net carbon gain of 1.3 Mt C per year.  
 

 
Figure 14. A) Statistically significant (95% confidence interval) spatial and temporal 
trends for monthly gross primary production (GPP) of forest core areas (FCAs) from 2000 
to 2020. B) FCA areas that showed significant increases or decreases in GPP.  
C) Theil– Sen’s slope (TS) values for pixels with increasing and decreasing GPP trends 
at a monthly time step. D) Monthly total carbon change for the increasing and decreasing 
GPP trends. Significant trends were identified using the Mann-Kendall test for each 
month. Source: Article III, Figure 2. 
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In contrast with GPP, more FCAs showed significant increasing trends in ET than 
showed decreasing trends for all the months analyzed (Figure 15). Only May 
showed more decreasing trends, which were clustered in south-eastern Europe 
(Figure 15A/B). June, August and September showed the greatest proportion of 
FCAs with increasing trends that were mainly located in eastern Europe (Figure 
15A). The remaining months showed no clear spatial pattern for the ET trends 
(Figure 15A). Additionally, the TS values of the FCA with increasing ET trends 
were higher than the FCA with decreasing trends for most months (6 out of 9) 
(Figure 15C). However, the difference between the TS values of both trends was 
smaller than the difference of the GPP TS values (ratio was close to 1).  
 

 
Figure 15. A) Distributions of forest core areas (FCAs) with statistically significant  
(p <0.05) increasing or decreasing trends for monthly evapotranspiration (ET) from 2000 
to 2020. B) Total FCA area that showed a significant increase or decrease in ET. 
C) Theil–Sen’s slope (TS) values for the increasing and decreasing ET trends at a monthly 
time scale. Significant trends were identified using the Mann-Kendal test for each month. 
Source: Article III, Figure 3. 
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The WUE analysis indicated that the FCA with significant decreasing trends were 
spread throughout Europe, especially during the summer and early autumn, 
whereas FCA with significant increasing trends were mainly clustered in eastern 
Europe during the spring and late autumn (Figure 16A). In terms of the area of 
FCAs (Figure 16B), the area with increasing WUE was greater than the area with 
decreasing WUE in 5 months (May to September). Interestingly, the median TS 
values for FCAs with increasing trends in early spring and late autumn were at 
least 1.5 times greater than the TS values of FCAs with increasing trends in the 
remaining months (Figure 16C). Additionally, the TS of FCAs with a significant 
increase of WUE had a greater magnitude than in areas with a significant decrease 
in four of the nine months (Figure 18C).  
 

 
Figure 16. A) Distributions of forest core areas (FCAs) with statistically significant 
(p<0.05) increasing or decreasing trends for monthly-scale water-use efficiency (WUE) 
from 2000 to 2020. B) Total area of FCAs with significant increases or decreases in WUE. 
C) Theil–Sen’s slope (TS) values for increasing and decreasing WUE trends at monthly 
time scale. Significant trends were identified using the Mann-Kendal test for each month. 
Source: Article III, Figure 4. 
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Interaction between GPP, ET and WUE trends  

By combining the negative and positive TS values of GPP, ET and WUE, regard-
less of their statistical significance, we found that almost half of the FCA had a 
concomitant increase in GPP, ET and WUE during early spring and late autumn 
(Figure 17). That indicates that the WUE increase in these periods was not due to 
a decrease in ET, but rather because of a greater GPP increase compared with the 
ET increase. During summer, on the other hand, more FCA showed increasing 
GPP together with decreasing WUE. Additionally, most FCA showed decrease 
in GPP and WUE during summer due to the ET increase (Figure 17).  
 

 

Figure 17. Proportions (%) of the total forest core areas (FCA) that showed an increase 
(+) or decrease (–) in gross primary production (GPP), evapotranspiration (ET), and 
water-use efficiency (WUE). Source: Article III, Figure 5. 
 

GPP compensation  

More than 93% of the FCA showed either GPP decrease or increase (significant 
or not) in at least one of the months analysed. Although November showed the 
largest area of FCAs with GPP increase (98%), April was the month with the 
greatest positive GPP (5 Mt/year; Figure 18A) balance (total increase minus total 
decrease within the month). May showed the largest area of FCAs with 
decreasing GPP (70%) and with negative GPP balance (–2.3 Mt/year; Figure 
18A). By multiplying the monthly TS values for GPP by the FCAs in each pixel, 
we identified that 75.1% of the FCAs showed an annual net gain in GPP (increase 
minus decrease) of 9538.7 t C per year (Figure 18B). For the remaining 24.9% of 
the FCAs that showed decreased GPP, the total net loss was 1960.8 t C per year 
(Figure 18B). Therefore, the net carbon balance for GPP in the FCAs totalized a 
net gain of 7577.9 t C per year. The FCAs with net loss in GPP were clustered in 
northern and southern Europe (Figure 18C), whereas FCAs with net gain in GPP 
were scattered throughout Europe (Figure 18D). 
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Figure 18. A) Gross primary production (GPP) compensation (total increase minus total 
decrease) for forest core areas (FCAs) at a monthly time step. B) Boxplots of the annual 
net GPP gain and loss for all FCAs across Europe, where the black horizontal lines are 
the medians and the shaded area is the frequency of the values. C) Spatial distribution of 
FCAs with annual net GPP loss. D) Spatial distribution of FCAs with annual net GPP 
gain. Source: Article III, Figure 6. 
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4. DISCUSSION 

The case studies in this dissertation provided insights into the direct and indirect 
human-induced forest degradation in regions with different climates. Article I 
(discussed in section 4.1) revealed the direct human-induced forest degradation 
caused by forest fragmentation and its relationship with the spatial and temporal 
dynamics of forest loss. Articles II and III (discussed in sections 4.2 and 4.3) 
revealed the effects of the indirect human-induced forest degradation and the 
associated reduction in the provision of forest ecosystem services (water cycling 
and carbon assimilation) due to anthropogenic climate variability and long-term 
climate change.  
 
 

4.1. Direct human-induced forest degradation  
by forest fragmentation 

Forest loss, which also includes areas of degraded forest created by fire or selec-
tive logging, decreased significantly from 2004 to 2012 in Brazilian Amazon, as 
has been reported by previous studies (Richards et al., 2016). This reduction has 
mainly resulted from a decrease in the number of the large forest loss patches 
(Rosa et al., 2012) that were the target of the PPCDAm (Nepstad et al., 2014) and 
the Soy Moratorium (Gibbs et al., 2015). Therefore, both initiatives have played 
an important role in reducing forest loss rates and, as a result, in reducing forest 
degradation. However, the number of small forest loss patches (<6.25 ha) in-
creased throughout the study period, indicating that direct human-induced forest 
degradation continues on a smaller scale. The increase in the number of small 
forest loss patches may be related to a strategy adopted by the landlords to avoid 
the government’s deforestation monitoring systems (Rosa et al., 2012; Schneider 
and Peres, 2015; Richards et al., 2016). Moreover, Article I reinforced this 
possibility because the study showed that the forest loss patches not only became 
smaller but also spread out more, indicating that dispersion may have been an 
additional strategy to escape the monitoring system.  

Although the forest loss rates decreased after 2004, the forest areas vulnerable 
to degradation did not decrease because the number of new forest fragments 
showed an increasing trend due to the increased number of small forest loss 
patches. These results confirm the findings of simulations that also suggest forest 
fragmentation increases despite a decreased forest loss (Taubert et al., 2018). This 
upward trend in the fragmentation and the reduction of the sizes of forest patches 
can potentially increase the forest degradation, as more areas will become suscep-
tible to fire (Cochrane, 2003) and edge effects (Keller et al., 2008). The edge 
effects, for instance, were responsible for the loss of 947 Tg of carbon due to 
degradation of the forest biomass within the edges of the Amazon forest from 
2001 to 2015 (Silva et al., 2020). This carbon loss corresponds to one-third of the 
losses from deforestation. In addition, the shift of forest fragmentation to areas in 
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the inner BLA with high net primary production (Malhi et al., 2009; Aragão et 
al., 2010) will not only increase carbon emission but also increase forest de-
gradation due to the biomass loss induced by the forest edges (Chaplin-Kramer 
et al., 2015). Therefore, the spatial shifts in the forest loss dynamics are driving 
the forest degradation to areas in the BLA that were formerly considered intact 
(Potapov et al., 2017).  

The spatial shifts of the areas of forest loss have also modified the process of 
forest degradation through fragmentation between primary and non-primary 
forests. Before 2013, both forest types showed a similar pattern in forest cover 
fragmentation. However, after 2013 the forest fragmentation became more intense 
in non-primary forest areas, which are not the target of the anti-deforestation 
initiatives (i.e., PPCDAm and Soy Moratorium). The degradation of the non-
primary forest through fragmentation can reduce its potential to act as a large 
carbon sink that mitigates climate change (Heinrich et al., 2017). Moreover, few 
conservation units and indigenous reserves are located in the non-primary forest 
areas, and this makes most of these areas more vulnerable to forest fragmentation. 
Within conservation units and indigenous reserves, the forest cover fragmentation 
was less intense than outside of these areas. That demonstrates the importance of 
the conservation units and indigenous reserves to improve forest conservation 
and to reduce or prevent forest fragmentation and degradation in the BLA (Cabral 
et al., 2018). 

Fire occurrence, which is an important driver of forest degradation, may also 
have contributed to the increased number of small forest loss patches. In the BLA, 
fire occurrence is often related to the deforestation process and to agricultural and 
pasture management (Lima et al., 2012). However, during drought years, the fire 
may escape their control and spread into neighbouring forest areas to become a 
forest fire. This is shown by the increased forest loss in 2016 and 2017, when 24.0 
and 23.9% of the patches, respectively, had fire occurrence. This was especially 
true in 2016, when an intense drought occurred in the BLA (Jiménez-Muñoz et 
al., 2016; Yang et al., 2018). Intense drought in the Amazon can result from 
changes in the precipitation regime (Marengo, 2004; Cox et al., 2008) that are 
triggered by anomalies in sea surface temperatures. During these drought periods, 
the forest is more susceptible to fire (Aragão et al., 2018), which can increase the 
area of degraded forest. 

 
 

4.2. Indirect human-induced forest degradation by changes 
in evapotranspiration and carbon cycles 

In my analyses of only the unchanged forest areas, Articles II and III indicated 
periods when the provision of forest ecosystem services changed, likely driven by 
shifts in the climate. These climate-induced alterations in the forested areas (espe-
cially reductions of carbon assimilation) can be characterized as indirect human-
induced forest degradation since the integrity and maintenance of the ecosystem 
services related to water and carbon cycles have been compromised (IPCC, 2019).  
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In general, Article II and Article III revealed that ET has intensified in the 
unchanged forested areas in most months and that this effect was widely dis-
tributed. During the spring and autumn, the ET intensification can be related to 
the lengthening of the growing season. Longer growing seasons in temperate 
regions have been identified in several previous studies, which indicated that 
increasing temperature and precipitation were the main drivers of ET inten-
sification (Dragoni and Rahman, 2012; Gaertner et al., 2019). Although the ET 
intensification appears to not be a negative change, degradation of the forest’s 
capacity to control water recycling has a direct impact on the regional precipi-
tation regime and water balance (Cheng et al., 2017; Guo et al., 2017). For example, 
most of the months with a significant increase in ET and temperature (e.g., March 
and May; Article II) also showed a reduction in the river discharge (Kriau-
ciuniene et al., 2012). The increased ET can also result in a lower soil water avail-
ability during the summer (Lian et al., 2020), and when this is combined with 
decreased precipitation, it can explain the ET reduction during July and August 
(Article II). Moreover, the ET changes in one region can alter the precipitation 
regimes in other regions (Makarieva et al., 2013; Staal et al., 2018). The analysis 
of Article II supports the hypothesis that the increase of the forest ET was more 
likely driven by changes in climate variables than by LULC change, as was 
reported previously (Li et al., 2017). These results suggest that the Baltic region 
is experiencing a warming trend in most months, in all seasons, and for the whole 
year, accompanied by a reduction in precipitation in autumn and summer months. 
The analyses of Articles II and III also revealed that areas with increasing ET 
are, in general, widespread, whereas areas with decreasing ET are clustered in 
certain areas of the Baltic countries (Article II) or Europe (Article III). 

As in the case of Article II, analysis of the results of Article III indicated that 
the longer growing season induced a spatially scattered increase of GPP over 
undisturbed European FCAs in the early spring and late autumn. The GPP in-
crease, especially during the spring, has been linked to a heating-induced change 
in the phenology of temperate forests and to increases in the atmospheric CO2 
concentration (Keenan et al., 2014; Sippel et al., 2017). Under high concent-
rations of atmospheric CO2, the forest vegetation can photosynthesize more while 
decreasing the stomatal aperture to reduce the loss of water vapour by transpi-
ration (Guerrieri et al., 2020). This combination of processes led to a concomitant 
increase of GPP and WUE (i.e., more carbon is being assimilated per unit of 
water) during early spring and late autumn, despite the increase in ET (i.e., 
WUE=GPP/ET). Although the combined GPP and WUE increases within most 
of the FCAs may not be seen as forest degradation, it is important to note that this 
increased efficiency is not the result of a decrease in ET. In fact, most of the FCAs 
showed an increase in ET during the early spring and late autumn, as previously 
discussed. To maintain the spring GPP increase, the vegetation removes water 
from the soil, which is not replaced due to the reduced spring precipitation that 
has been observed (Ionita et al., 2020). Therefore, the decreased summer soil 
moisture (Lian et al., 2020), combined with more frequent droughts (Trenberth et 
al., 2014), will constrain any potential future GPP increase during the summer. 
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During the summer, GPP showed a decreasing trend in the FCAs in south-
eastern Europe. This degradation of the forest’s capacity to assimilate carbon 
during the summer is related to changes in climate extremes, such as droughts and 
heatwaves (Keenan et al., 2014; Sippel et al., 2017). Considering that the same 
FCA can show both trends (increasing and decreasing) at different times, I found 
that 25% of these areas showed an annual GPP loss. This means that about 900 km2 
of FCA have decreased (due to climate change) because the GPP gains did not 
compensate for the GPP losses. Worryingly, these potentially degraded FCAs 
with an annual GPP loss are spread across Europe and across different forest types 
(Copernicus Land Monitoring Service, 2018). Thus, the definition and appli-
cation of forest management techniques that can enhance carbon assimilation, 
such as shelterwood cutting and thinning (Lindroth et al., 2018; Puhlick et al., 
2020), will be challenging due to the diversity of forest environments. In addition, 
the total GPP losses in these potentially degraded FCAs were responsible for 
offsetting 20% of the total GPP increase across the continent. This high pro-
portion demonstrates how carbon losses from degraded forest areas must be 
considered in national (or global) greenhouse gas estimates (Matricardi et al., 
2020; Qin et al., 2021). Moreover, this proportion could increase in the future, as 
some studies have indicated that in the next 20 to 30 years, ecosystems—
including forests—may reach a productivity tipping point (Sperlich et al., 2020; 
Duffy et al., 2021). At that point, the FCAs may show a productivity reduction 
that would further exacerbate the reduction of GPP compensation, thereby in-
creasing the area of degraded forests. All these observations have led researchers 
to question the potential or capability of certain unchanged FCAs to act as nature-
based solutions for the mitigation of climate change (Anderegg et al., 2020b).  
 
 

4.3. Limitations and future prospects 

It is important to note that the data and methods in all three case studies have some 
limitations. For instance, the forest loss data (Article I) does not include only 
human-induced forest degradation (e.g., deforestation, selective logging, fire), 
but also includes natural forest disturbance such as windthrow and natural tree 
mortality (Harris et al., 2017). Therefore, the annual forest loss rates must be 
considered cautiously, especially during years with intense drought (e.g., 2010 
and 2016). Another limitation is the coarse resolution of the MODIS data used in 
the three case studies. The MODIS fire data used in Article I is provided at a  
1-km2 resolution. This means that a fire could begin or be located in any area 
within the 1-km MODIS pixel. Therefore, the fire maybe not be directly respon-
sible for the forest loss if it is used as a management tool to burn the residual 
vegetation that remains or that begins to grow after deforestation. The MODIS-
based ET and GPP data were validated using ground-based eddy covariance data, 
but the coarse spatial resolution of the data still limits accurate estimation and can 
miss variations in the forest composition at the subpixel level that would affect 
the ET and GPP estimates. However, despite these limitations, the results presented 
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in this thesis provide objective estimates of the true values and important insights 
into the direct and indirect human-induced forest degradation.  

In future analysis of forest degradation through fragmentation in the BLA, it 
would be useful to include forest regrowth data and identify the role of regrowth 
in mitigating forest degradation processes. Moreover, it would be useful to 
combine data on the driving forces behind the fragmentation to identify the spe-
cific causes (e.g., selective logging, small-scale farmers) of fragmentation in dif-
ferent areas of the BLA so that targeted solutions can be developed. To improve 
the analysis of forest degradation through changes in water and carbon cycles, 
I recommend stratification of the analysis by forest types using recently deve-
loped high-resolution forest type maps (Parente et al., 2021). By using this type 
of data, improved estimates of GPP and ET could be developed specifically for 
each forest type. In addition, the new GPP and ET estimates could be done using 
data-driven models (e.g., machine learning models) or process-based models that 
use environmental covariates (e.g., atmospheric relative humidity) at higher 
spatial resolution. This would support the analysis of GPP and ET dynamics at 
forest edges, as most of the world’s remaining forest areas are within 1 km from 
the edge of the forest (Haddad et al., 2015; Ordway and Asner, 2020).  
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CONCLUSIONS 

In this thesis, I evaluated the direct and indirect causes of forest degradation using 
three case studies. The first case study described direct human-induced forest 
degradation through forest fragmentation in the Brazilian Amazon region. The 
other two case studies focused on indirect human-induced forest degradation 
through changes in water and carbon cycles caused by climate change. These case 
studies describe the condition, health, and quality of the unchanged forest cover 
in different biomes and under different climate conditions. Therefore, the con-
clusions in this section provide insights into the necessity of improving measures 
to combat deforestation and forest degradation and to account for how indirect 
human-induced forest degradation can hinder the capacity of forest areas to act 
as nature-based solutions for climate change mitigation. 

• Although the anti-deforestation initiatives have played an important role in 
reducing deforestation in tropical forest across the BLA, they have induced 
changes in the forest loss process. The decrease in the area of forest loss 
patches and the spatial shift to new front lines for deforestation in the BLA 
increased fragmentation of previously isolated areas. That resulted in an 
increase in forest degradation through fragmentation. Hence, more forest areas 
are potentially being degraded as a result of the edge effects (e.g., tree 
mortality) caused by the fragmentation (Article I). 

• Climate shifts may have degraded the capacity of the forest areas to control 
their ET. The changes (increases and decreases) in ET rates in undisturbed 
forest areas occurred at different spatial scales (regional and continental). In 
the Baltic region, the longer growing season induced an increase in ET during 
the spring and autumn, versus a decrease during the summer. In contrast, on a 
continental scale, ET increased during the spring, autumn, and summer in 
most of the analysed FCAs. These changes in the ET rates influenced the hydro-
logic cycle differently at different spatial scales (Article II and Article III). 

• The degradation of forest ecosystem services due to changes in the climate 
prevented some FCAs from acting as carbon sinks. One quarter of the Euro-
pean FCAs showed no GPP compensation across seasons; that is, the GPP 
increases in spring and autumn could not compensate for the summer GPP 
decrease. Moreover, the total GPP decrease in the FCAs was responsible for 
offsetting 20% of the total GPP increase in Europe. Nearly half of the FCAs 
showed a simultaneous increase in GPP and WUE in the spring and autumn. 
However, the WUE increase did not result from decreased ET, but rather was 
due to a GPP increase that was greater than the ET increase. That contradicted 
the results of some previous studies. These GPP and WUE insights are criti-
cally important for assessing the capabilities and limitations of undisturbed 
FCAs to provide a nature-based solution (e.g., carbon sinks, water pumps) to 
mitigate global heating (Article III). 
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SUMMARY IN ESTONIAN 

Inimmõjust põhjustatud metsade degradeerumise hindamine 
erinevates bioomides kasutades satelliitandmete ruumianalüüsi 

Maailma metsad on tugeva inimmõju surve all. Kui levinuim ja arvestatavaim 
inimmõju metsadele on raadamine, siis vähem olulised ei ole ka allesjäänud 
metsade killustumine ja muutused metsade poolt pakutavates ökosüsteemi 
teenustes (nt. süsiniku- ja veeringe reguleerimine), mis on tihtilugu tingitud inim-
tekkelisest globaalsest kliimamuutusest. 

Metsaökosüsteemid võivad siduda kuni 12% inimtekkelisest süsihappegaasist 
ning tagastada atmosfääri kuni 40% kohalikest sademetest. Seetõttu on metsa-
ökosüsteemidel oluline roll süsihappegaasi emissioonide vähendamisel ja veeringe 
reguleerimisel. Metsade degradeerumine võib vähendada fotosünteesi läbi süsi-
niku sidumist. Fotosünteesi käigus taimed seovad atmosfäärist süsihappegaasi 
biomassiks samal ajal kui juured võtavad mullast vett, millest osa läheb evapo-
transpiratsiooni käigus veeauruna atmosfääri. Ökosüsteemi poolt seotud süsi-
happegaasi kogus väljendub primaarproduktsioonina. Evapotranspiratsiooni ja 
primaarproduktsiooni dünaamika sõltub keskkonnatingimustest, millest olulisim 
on kliima. Soojemad temperatuurid kevadel ja sügisel tagavad pikema taime-
kasvuperioodi, mis omakorda viib suurema primaarproduktsioonini ja seeläbi ka 
süsiniku sidumiseni. Samas soojemad suved põhjustavad suuremat taimede 
hingamist, mille käigus süsihappegaas satub tagasi atmosfääri. Seetõttu ei pruugi 
kevadine ja sügisene suurem süsiniku sidumine olla tasakaalus suvise suurenenud 
süsiniku emissiooniga metsadest. Lisaks põhjustavad suvised suurenenud tem-
peratuurid suuremat aurumist, mis võib viia vähenenud mullaniiskusele, mis võib 
paljudes piirkondades saada taimekasvu limiteerivaks teguriks.  

Varasemad teadustööd on kasutanud erinevatel ruumi- ja ajaskaaladel kaug-
seire andmeid metsade muutuste ja degradeerumise hindamiseks. Kuigi täna-
päeval on kaugseire andmete kättesaadavus ja kvaliteet oluliselt paranenud, ei ole 
kahjuks siiani metsaökosüsteemides toimuvate pikaajaliste muutuste uurimiseks 
piisavalt kõrge lahutusega ja ühtlase ning pika kaugseire andmete aegread kätte-
saadavad või isegi puuduvad. Seetõttu on metsade degradeerumisest tulenevate 
süsinikuemissioonide hinnangud sageli puudulikud ning neid ei arvestata riik-
likes aruannetes. Samas võivad mõnede hinnangute kohaselt need emissioonid 
ulatuda neljandikuni kogu metsatustumisest tulenevast süsinikuemissioonist. 
Veelgi enam – püsiva metsade degradeerumise seire puudumine piirab oluliselt 
võimekust hinnata metsade suutlikkust toimida looduspõhise lahendusena 
(Nature-based Solutions NBS) kliimamuutuste leevendamisel.  

Käesoleva doktoritöö eesmärgiks oli hinnata kahte metsade degradeerumisega 
seotud protsessi: (1) troopilise vihmametsa killustumist ja (2) muutuseid eva-
potranspiratsioonis ja süsinikuringes häiringuteta metsades. Metsade killustumist 
käsitleti otsese inimmõju tagajärjena, kuna see on peamiselt põhjustatud metsade 
raadamisest ehk metsatustumises. Seevastu muutuseid evapotranspiratsioonis ja 
süsinikuringes käsitleti kui kaudse inimmõju tulemust, kuna need protsessid on 
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peamiselt tingitud inimtekkelisest globaalsest kliimamuutusest. Eelpool mainitud 
metsade degradeerumise hindamiseks kasutati satelliitandmeid ja ruumianalüüsi 
kolmes erinevas juhtumiuuringus. Esimeses uuringus analüüsiti satelliitandmes-
tike põhiste metsade muutuste kaartide alusel metsade killustumist Brasiilia 
Amasoonias aastatel 2001 kuni 2017. Kahes ülejäänud uuringus vaadeldi muutusi 
vee- ja süsinikuringes Baltikumi ja Euroopa metsades. Nendes uuringutes 
keskenduti häiringuteta metsade tuumaladele, mis jäid serva mõjualast välja. 
Uurides muutumatuna püsinud metsamassiive, on võimalik tuvastata kliima-
muutuse mõju metsaökosüsteemi vee- ja süsinikuringele. Seejuures on oluline 
vaadelda vee- ja süsinikuringlust mitte ainult aastate kaupa, vaid ka kuude kaupa, 
tuvastamaks võimalikke sesoonseid muutusi. 

Käesoleva doktoritöö tulemused näitasid, et kuigi Brasiilias on metsatustu-
mise vastased poliitikad vähendanud metsade raadamist, siis samal ajal on suure-
nenud metsade killustumine, sest raiutakse väiksemate eraldiste kaupa ja liikudes 
endiselt varem raadamata metsamassiivide sisse (Artikkel I). Seetõttu väheneb 
aja jooksul Brasiilia Amasoonias järelejäänud metsafragmentide keskmine suurus. 
Koos kasvava metsa killustumisega kahandab see elurikkust ja soodustab kasvu-
hoonegaaside emissioone ning süsinikukadusid. Killustunud metsas on rohkem 
metsaserva, kust süsinikukaod on suuremad nii leostumise kui ka gaasilise 
emissioonina. 

Baltikumi ja Euroopa muutumatuna püsinud metsamassiivide (tuumalade) 
analüüs (Artiklid II ja III) tuvastas viimase 20 aasta jooksul perioodid, mil eva-
potranspiratsioonis esinesid muutused, mis on suure tõenäosusega tingitud kliima-
muutustest. Evapotranspiratsiooni suurenemine ja vähenemine esines nii regio-
naalsel (Baltikumi) kui ka kontinentaalsel (Euroopa) tasandil. Baltikumis leiti, et 
pikem taimekasvuperiood on suurendanud evapotranspiratsiooni kevadel ja 
sügisel, kuid samal ajal on suvel evapotranspiratsioon mõnedes piirkondades 
vähenenud. Seevastu Euroopa tasandil suurenes enamikus metsade tuumaladest 
evapotranspiratsioon kõigil kolmel aastaajal (kevadel, suvel ja sügisel). Kuigi 
evapotranspiratsiooni suurenemisel ei ole metsade ökosüsteemile otseselt nega-
tiivset mõju, siis võib sellel olla ebasoovitav mõju regiooni veeringele, sest suure-
nenud evapotranspiratsioon suurendab tõenäosust, et suveperioodil on mullas 
vähem vett, mis omakorda suurendab põuaohtu. 

Töö tulemustest selgus, et neljandikus Euroopa metsade tuumalades ei suuda 
kevadel ja sügisel suurenenud primaarproduktsioon kompenseerida suvist primaar-
produktsiooni vähenemist ning aastane summaarne primaarproduktsioon on 
kokkuvõttes vähenenud ja süsinikku seotakse vähem. Vähenenud primaarprodukt-
siooniga metsamassiivid paiknesid üle kogu Euroopa ning hõlmasid erinevaid 
metsatüüpe, mis teeb keeruliseks anda väga üheseid metsamajanduslikke soovi-
tusi süsiniku sidumise parandamiseks. Kliimamuutuste mõjul võib metsade pri-
maarproduktsioon väheneda veelgi rohkem, mis seab kahtluse alla varasemalt 
eeldatud metsade võimekuse leevendada kliimamuutuste mõjusid. 
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