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Summary 

The world’s natural ecosystems are under pressure due to land conversion and climate change. 
Forests are a major part of these natural ecosystems and cover up to 30% of the earth’s 
surface. Trees are crucial for timber, store carbon, and provide other ecosystem functions. 
Assessing and predicting forest ecosystem responses based on global environmental changes 
is an important task for scientists.  
 
For many decades monitoring of forest ecosystems has been implemented using various well 
established (conventional) methods, but in more recent decades remote sensing techniques 
have made steep developments and provide opportunities in this respect. Although 
conventional monitoring has proven its value in many cases, monitoring forest ecosystems 
for decision making often requires large scale monitoring. In this sense, remote sensing (RS) 
offers a solution and has been successfully used for monitoring forest disturbance at regional 
and global scales. However, remote sensing also has made advances at plot scale, for example 
using near-sensing terrestrial laser scanning (TLS). Despite the potential for close 
collaborations between the remote sensing and forest ecology communities, there is still a 
disconnect (e.g. spatial / temporal resolution of data) between the two fields of expertise, 
which means that combining data from the two fields is difficult. To better understand for 
example tree physiological processes using remote sensing, further synchronisation of the 
two fields is vital for improving the potential for satellite data.  
 
In this thesis, I explored how to link conventional ground-based methods with remote sensing 
techniques, using both satellite and novel near-sensing TLS in order to investigate aspects of 
forest change. To do this, I looked at four representative cases with different forest types, 
which were selected to address different current environmental challenges with indirect 
(reduced tree vitality) and direct (change in forest structure) impacts.  
 
In chapter 2, we attempted to upscale ground-based conventional forest canopy 
measurements at plot level to remote sensing derived indices of the canopy in the Pampa del 
Tamarugal aquifer, in the hyper-arid Atacama desert of Chile. We assessed the foliage loss 
(dry branches) of the Prosopis tamarugo Phil. (a native tree) by ground-based visual 
assessment and digital pictures over three groundwater depletion conditions. These pictures 
were segmented and classified into green and brown canopy to derive the GCF (green canopy 
fraction). The GCF was then related to NDVIw (NDVI in winter time) from the WorldView2 
satellite data, and NDVIw was used to estimate and thus upscale the GCF to all P. tamarugo 
trees in the aquifer. NDVIw derived from the Landsat archive allowed us to not only assess 
the current status of the P. tamarugo trees, but also changes over time. In this study we could 
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successfully link ground-based conventional forest canopy measurements to remote sensing 
derived indices of the canopy. This allowed us, in combination with the groundwater level 
grids, to assess the tree vitality of the whole aquifer and determine a critical groundwater 
depth of 20 m for the P. tamarugos survival. 
 
Chapter 3 and 4 link ring width (RW) data at plot level to remote sensing derived plot level 
indices of the canopy. In both chapters the aim was to better understand the effect of 
environmental factors (e.g. water shortage) on the growth of trees both from the stem (wood) 
and canopy perspective. In Chapter 3 we used the GCF (current situation) and NDVI-based 
indices (historical situation) from satellite data derived from chapter 2, and assessed the 
correlation between NDVI-based satellite indices with ground-based tree-ring increments in 
two contrasting sites (low and high groundwater depletion). Time-series analysis (over a 
period of 26 years) and NDVI-derived parameters showed significant negative trends in the 
high-depletion site, indicating drought stress. Ring width of P. tamarugo trees was 48% 
lower in the high-depletion site. At the tree level, the GCF in the highly depleted site also 
indicated drought stress since a larger percentage of trees fell within lower GCF classes. In 
this case monitoring water shortage over time was straightforward since the stand was 
monospecific, and water shortage happened gradually. This was not the case in chapter 4 
where we addressed the effect of climate on tree growth by combining tree-ring data of 25 
locations in Slovenia with remote sensing derived EVI indices (enhanced vegetation index) 
from MODIS (Moderate Resolution Imaging Spectroradiometer) satellite data. We attempted 
to upscale the results at plot scale to national level for the tree species Fagus sylvatica L. 
(Beech) in the temperate forests of Slovenia. We were not able to find any relations of both 
RW and EVI based anomalies with climate parameters, nor was there a relation between RW 
and EVI based anomalies. Reasons might be: (i) time-series length (i.e. overlap between the 
data types), (ii) complexity of the environmental stress, such as the interplay of climatic 
conditions with other factors such as topography (also depending on the timing and duration 
of a climate event within the year), (iii) a satellite pixel might consist of other tree species 
less sensitive to drought, and (iv) empirical linkage between parameters – uncertainty about 
the direct relationship between stem and canopy derived parameters. We did find indications 
that both RW and EVI based anomalies were negatively affected by the extreme climate 
events in Slovenia, in particular the effect of the ice storm of 2014. Combining 
dendrochronology and remote sensing allowed us to understand the effects of drought stress 
on two different carbon pools (crown and stem, respectively), providing more insights on the 
physiological response of the species to drought. 
 
In Chapter 5 we investigated forest structure in tropical forests in Ethiopia. Here we 
combined conventional forest inventory measurements such as biomass, tree density, and 
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tree species, with near-sensing TLS measurements such as PAVD (plant area vegetation 
density) and canopy openness. Differences between four forest types (intact forest, coffee 
forest, silvopasture, and plantation) for both conventional and TLS measurements were 
assessed. Results showed that the 3D vegetation structure (i.e. PAVD) and canopy 
parameters could be used to differentiate between forest types. TLS as tool for monitoring 
forest structure showed potential as it can capture the 3D position of the vegetation volume 
and open spaces at all heights. To quantify changes in different forest types, consistent 
monitoring of 3D structure is needed and here TLS is an add-on or an alternative to 
conventional forest structure monitoring. 
 
This thesis contributes to the exploration of the advantages of combining conventional 
ground-based data and remote sensing derived data. Combining both data types can mutually 
enhance the potential capabilities of each other. Remote sensing can upscale plot data to large 
spatial scales, while near sensing tools such as TLS can provide detailed forest structural 
data. Conventional ground-based data provide insight into the ecology of stands, e.g. RW or 
ecophysiological processes, and can help to understand remote sensing derived canopy 
indices. Advances in remote sensing are moving towards higher spatial, temporal, and 
spectral detail, but without the in-situ ecological data these advances do not reach their full 
potential. I, therefore, strongly advocate closer collaborations between the two research fields 
in the set-up of monitoring campaigns (e.g. different spatial scales). In this thesis I explored 
the value of combing the two fields in an empirical way. However, not all issues have been 
solved and more research is needed. Future research could focus on an integrated and tree-
centred approach that can help to understand climate-growth interaction and the connections 
between stem and canopy derived indices. Future challenges also lay in improving the data 
operability and data processing. For remote sensing to become a conventional method, it has 
to become more ecologically (ecosystem) driven in an operational and cost-effective way. 
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Chapter 

          1  

General introduction 

 

1.1  Background 
The world’s forest ecosystems are under high pressure due to land conversion (Hosonuma et 
al., 2012) and climate change (IPCC, 2013). Forests are a major part of the world’s natural 
ecosystems and cover around 30% of the earth’s surface (FAO, 2017). Forests are not only 
needed for timber and other resources, but also provide ecosystem functions such as carbon 
storage and biodiversity. The approximately 4 billion hectares of forest ecosystems 
worldwide change constantly in both extent and vitality, making forest monitoring crucial 
(FAO, 2015). Between 2000 and 2015, approximately 90,000 km2 of forest has been lost per 
year in the tropics (Carter et al., 2018). Forests are under threat by anthropogenic pressure 
and conversion of forest to agriculture resulted in 72% of forest loss between 1990 and 2015 
(Carter et al., 2018). After agriculture, mining, infrastructure, and urban expansion are 
responsible for much of the rest of forest loss (Hosonuma et al., 2012). Deforestation is 
almost always detrimental for biodiversity. In addition, it causes greenhouse gas emissions 
due to loss of an important carbon sink, which is detrimental for future climate change 
mitigation. Forest degradation, however, affects standing forests, where the land cover 
remains forest. For example, illegal logging, often occurring at smaller scales than large-scale 
clearances for agriculture, is responsible for altering the forest structure underneath the 
canopy. This has large impacts on the forest biodiversity, although not always negatively as 
it creates niches for different animal and plant species (Tews et al., 2004). An important 
component of the Paris Agreement is the REDD+ (Reducing Emissions from Deforestation 
and forest Degradation and the role of conservation, sustainable management of forests and 
enhancement of forest carbon stocks in developing countries) mechanism, which includes 
both deforestation and degradation. In order to successfully implement REDD+, forests need 
to be monitored, and, therefore forest management practices and their effects on the forest 
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structure need to be understood. In addition to REDD+, other initiatives require information 
from forest monitoring, such as, extent and in some cases structure in order to track their 
goals including the United Nations Forum on Forests, the Aichi targets under the UN 
convention on Biodiversity, and the Sustainable Development Goals among others. Forest 
monitoring provides information required to conserve and protect all forests, including 
temperate and tropical forests, and also provides information for forest managers who are 
seeking to maximize timber production and other products and services (FAO, 2018).  
 
The spatial data requirements for policy makers and other decision makers, related to forest 
ecosystems, are often not met by conventional measurements and could be aided by remote 
sensing by upscaling local measurements to large scales. While large-scale clear-cut 
deforestation is relatively easy to identify using remote sensing (for example using satellite 
images), forest degradation can be more scattered and gradual, and thus is not easy to monitor. 
Forest can also be indirectly threatened, for example by (air) pollution or alterations in 
groundwater balance, which also can cause small and gradual changes. Climate change and 
associated changes including rising atmospheric CO2 levels, increased mean temperature and 
also more frequent extreme weather events, such as summer droughts, also threaten forests 
(Ciais et al., 2005; IPCC, 2007). It is predicted that these changes will profoundly affect 
forest ecosystems; but, how precisely tree growth will respond to these changes remains 
unclear (Xu et al., 2013). Although increasing CO2 levels enable trees to use water more 
efficiently (Keenan et al., 2013), their growth may be curbed by climate-induced water 
shortages (Bréda et al., 2006), heat stress (Bréda et al., 2006; Ciais et al., 2005), or increased 
respiratory demands (Adams et al., 2009; Mcdowell et al., 2008). In the last decades, forest 
mortality associated with drought and heat stress has been detected worldwide (Martinez-
Vilalta et al., 2012; Phillips et al., 2010). Assessing and predicting ecosystem responses to 
global environmental changes is an important and urgent task for scientists (Pettorelli et al., 
2014). In order to better protect forests and to take appropriate management decisions, 
knowledge of forest ecosystem functions and monitoring of forests and their functions is 
crucial. Since many decades, monitoring of forest ecosystems has been done by various well 
established ‘conventional’ methods, but in more recent decades, remote sensing techniques 
have made steep developments. This thesis will explore the integration of both conventional 
and (novel) remote sensing techniques in assessing the anthropogenic and natural impacts on 
forests.  

1.2 The use of conventional ground-based measurements to 
assess forest vitality and forest structure 
In this thesis I define conventional ground-based forest measurements as forest parameters 
that have been used for at least a decade, and that have empirically proven their operational 
value in the field of forest ecology. The array of ground-based measurements to assess forest 
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vitality and forest structure is large.The most prevalent tree attributes measured in the field 
are stem DBH (Diameter-at-Breast-Height), tree species, and tree height for biomass 
estimations. These are the main parameters measured in many ongoing monitoring 
programmes, such as the regular acquisition of NFI (National Forest Inventory) plot data. To 
assess forest vitality and growth, many studies have focussed on the leaf area and leaf area 
efficiency (e.g. Roberts et al., 1993). Over the years the tools for measuring the leaf area have 
evolved towards, for example, the development of the LAI-2000 (Leaf Area Index) and 
hemispherical cameras to estimate canopy gap fractions (e.g. Jonckheere et al., 2004). Also 
digital pictures can be used to determine the vitality of the tree canopy, and can be used to 
estimate LAI, the percentage leaf discolouration in a canopy, or GCF (Green Canopy Fraction) 
(Chávez et al., 2013a).  
 
A tree’s vitality can also be indicated by the increment of the stem which is measured via 
measuring DBH, dendrometers, or dendrochronological techniques (in the latter annual ring 
width increments are measured). Dendrochronological measurements are a well-established 
and valued technique for assessing the impact of external factors on tree growth and wood 
production (e.g., the impact of environmental changes) due to its capability to reconstruct 
long time-series of climate-growth relationships. There are many studies that successfully 
used RW (ring width) data to assess the effects of, for example, drought (Eilmann et al., 2011; 
Fonti et al., 2013), heat waves (Ciais et al., 2005; van der Werf et al., 2007) and late frosts 
(Bräuning et al., 2016) on tree-ring increment. However, the relation between canopy derived 
parameters and the (intra-)annual wood formation or other tree physiological processes, given 
variable climate conditions, is not well understood.  
 
When it comes to forest structure, the afore mentioned biomass related measurements (DBH, 
tree height and species names) are commonly used, but forest structure is complex and 
encompasses much more than those parameters can capture. Other parameters, which can 
describe forest structure, are frequency distributions of canopy height and DBH distributions 
(Brockelman, 1998), occupation of vegetation in the space within canopy gaps (Bongers, 
2001; van der Meer, 1997), canopy openness (Chazdon and Pearcy, 1991; Oliver and Larson, 
1996), and canopy height of tree crowns (Hubbell and Foster, 1990). A more recent, 
conventional method to assess forest structure is using hemispherical pictures, which allow 
to estimate LAI, canopy openness and canopy gaps (Trichon et al., 1998). Besides the canopy 
openness (i.e. gaps where light can penetrate to the forest understory), the location of 
vegetation volumes (Birnbaum, 2008) (and in absence of this, emptiness) in 3D space is 
another important parameter that is much harder to measure using conventional methods. 
 
Although conventional ground-based measurements provide valuable information, they are 
generally limited to plot level, and are time and labour intensive. Satellite data have the 
potential to monitor forest characteristics in a less labour intensive way. 
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1.3 The use of remote sensing to assess forest vitality and forest 
structure 
In this thesis I consider remote sensing tools as space-based sensors, for example satellites 
and also remote sensing systems on the International Space Station, which are hereafter 
referred to as satellites, or more recent tools that operate nearby (i.e. TLS – Terrestrial Laser 
Scanner), or a few 100 m away (i.e. sensors mounted on airplanes or drones). 
 
In the last decades remote sensing techniques have developed fast, ranging from the 
improvement of satellite data resolutions (both temporal, spatial and spectral) in a new 
generation of spaceborne systems, to the development of the TLS technique. Satellite data 
not only enable forest monitoring over large areas, but also allow monitoring in otherwise 
inaccessible locations, thus providing advantages over conventional approaches. 
 
Satellite derived data have been used successfully to capture effects of changes in 
environmental conditions on tree growth in different ecoregions: for example, effects of 
drought on gross primary production in temperate forests (Vicca et al., 2016) and evidence 
of the trees’ response to drought in tropical forests (Asner and Alencar, 2010). The most 
commonly known remote sensing index is the NDVI (Normalized Difference Vegetation 
Index), which has been used a lot to evaluate forest vitality and productivity (Arrigo et al., 
2010). Besides these studies, few studies are published on the effect of drought or other 
climate parameters on tree vitality. Direct changes due to fires, wind throws or clear cutting 
can be captured by satellite data, but when it comes to more complex effects of climate, it 
depends on the intensity and extent of disturbance, and the availability of satellite data 
whether detection occurs (Deshayes et al., 2006).  
 
Remote sensing has also been used to capture forest structure, although mainly in tropical 
forests. Satellite data have been successfully used for monitoring forest disturbance from 
regional to global scale (DeVries et al., 2015; Hansen et al., 2013). Clear-cut forests and large 
scale selective logging can be relatively easily monitored due to the almost complete loss of 
the canopy cover, which is easily identifiable in satellite data. However, smaller scale 
changes such as forest degradation are much more challenging to detect, and the ability to 
identify these changes depends on the spatial resolution of the satellite sensor. To estimate 
forest parameters such as biomass, the use of SAR (Synthetic Aperture Radar) has been 
successfully applied, but tends to saturate in areas with high tree density (Joshi et al., 2015). 
LiDAR (Light Detection And Ranging or Laser Imaging Detection And Ranging) has been 
used in large-scale mapping of biomass (Baccini et al., 2012; Saatchi et al., 2011); however, 
data are uncertain (Mitchard et al., 2014). To date, no airborne or satellite sensor has been 
operationally applied to monitor forest degradation, largely due to the specific nature of 
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degradation (small scale) and the timeframe over which it occurs (Mitchell et al., 2017). No 
airborne or satellite sensor is able to capture forest structural estimates under the forest 
canopy. Recently, the TLS has shown promising advances to estimate biomass in the tropics 
(Gonzalez de Tanago et al., 2018), but data processing remains quite time-consuming. Very 
few remote sensing studies (e.g. Palace et al., 2016) looked at a wider array of forest structural 
characteristics, especially in the tropics.  

1.4 Combining conventional ground-based measurements and 
remote sensing 
In spite of the capabilities of conventional methods (section 1.2) and the advances in remote 
sensing (section 1.3), there are very few studies combining both techniques. In relation to 
measuring the effects of drought on tree growth, Bunn et al. (2013) and Bhuyan et al. (2017) 
found a relation between the NDVI and RW chronologies in forests in the Northern 
hemisphere, but they did not focus on year-to-year climate variations. Other studies mainly 
used RW data as a proxy of productivity in mixed landscapes, but did not directly relate RW 
data to remote sensing derived indices (Coulthard et al., 2011; Southworth et al., 2013b). 
Thus, the understanding of how climate extremes such as drought affect trees is still limited 
(Norman et al., 2016). Changes in vegetation functioning, especially when vegetation does 
not show severe changes such as browning or defoliation, are difficult to capture using 
satellite-derived indicators (Vicca et al., 2016). Satellites primarily can measure the above-
ground foliage and, although the leaves are crucial in the photosynthesis process, it is still a 
proxy for wood production. Thus, satellite data alone cannot provide enough information to 
understand trees’ responses to, e.g., climate changes. Plot level data also are often not 
sufficient to cover the spatial scales needed for policy makers and here remote sensing data 
could play an important role in upscaling the information obtained at plot level. Therefore, 
integration of space-based remote sensing data with ground-based data is essential to 
understand the trees’ response to environmental effects. 
 
Integration of methods is also important when dealing with forest structure, especially when 
assessing forest degradation with subtle changes underneath the canopy. Changes below the 
canopy can strongly alter the forest structure and have large impacts on biodiversity too 
(Barlow et al., 2016; Pettorelli et al., 2014). Due to anthropogenic pressure not only forest 
structure, but directly and indirectly fauna is affected, sometimes to an extreme degree with 
no large animals remaining under the intact forest canopy – i.e. the “empty forest” theory of 
Redford (1992). Accurate characterization and measurement of the intensity of forest 
management and use and thus the drivers of forest degradation is required in order to take 
management actions to prevent further degradation and to plan restoration actions (Ghazoul 
et al., 2015; Ghazoul and Chazdon, 2017). However, few studies deal with these subtle 
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changes in forest structure from a remote sensing perspective, particularly in the tropics. 
Palace et al. (2016, 2015) captured tree density, basal area and tree density in tropical forests, 
and Couteron et al. (2012) used a physical approach to derive forest structure using radiative 
transfer models, which enabled the linkage between remote sensing and in-situ measurements. 
Recently developed novel sensing tools such as TLS have provided opportunities to measure 
forest structure and have the potential of reducing the uncertainty of conventional in-situ 
measurements. However, conventional measurements such as tree species names and some 
plant functional traits (e.g. leaf thickness) cannot be captured by TLS. For this reason the 
integration with conventional ground-based data is needed. From the satellite and airborne 
based sensors, SAR and LiDAR sensors show the most promise for quantifying AGB (above 
ground biomass), but still need field data to model AGB (Mitchell et al., 2017). However, no 
satellite or airborne sensor can capture subtle forest structural parameters underneath the 
canopy, so there is a need for ground-based sensor data or conventional field measures.  

1.5 Objectives 
Despite the potential for close collaborations between the remote sensing and forest ecologist 
communities, there is still a disconnect between the two fields of expertise, which means that 
combining data from the two fields is difficult. This is due to the differences in the data 
derived from remote sensing and from conventional monitoring, such as the spatial / temporal 
resolution, definitions (of forest or biomass for example) and differences in terms of what is 
measured. In an operational sense, existing ground data (for example NFI plot data) might be 
combined with remote sensing data. To do this, the location of a plot defined by the ecologist 
needs to be known so that it can be linked to a specific pixel(s) in a remote sensing image. 
Often biomass plots are not large enough to cover one or multiple remote sensing pixels or 
in some case the exact plot location is even not known, meaning that it is very difficult to 
combine different datasets. Despite the above mentioned issues, the fast advances in 
technology (especially remote sensing techniques) provide opportunities to overcome 
problems such as differences in scale (finer resolution data).  
 
Forests face many threats from climate change and degradation. Some of these threats, such 
as the scale of insect outbreaks (increased outbreaks due to warmer conditions) are more 
difficult to map based on in-situ data alone and can benefit from the increased availability of 
satellite data. To better understand climate-growth relations related to these threats (e.g. tree 
physiological processes) or monitor forest structural parameters (e.g. to capture the effect of 
management practices) by remote sensing monitoring, further synchronising the two fields 
(coordination of data collection, or sharing existing data with extensive meta-information) is 
vital to improve the potential for satellite, airborne and ground-based remote sensing.  
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In this thesis, I explore how to link conventional ground-based methods with remote sensing 
tools, using both satellite and novel near-sensing TLS in order to investigate aspects of forest 
change. To do this, I look at four representative cases, which were selected to address 
different current environmental challenges (mining, climate change and forest management). 
They also look at different impacts to the system: indirect (reduced tree vitality) and direct 
(change in forest structure) impacts. The four case studies also cover a range of different 
forest types, from hyper-arid desert species in Chile, to temperate forests in Slovenia and 
tropical cloud forests in Ethiopia (Figure 1.1). The selection of the case-studies was also 
based on data availability.  

Figure 1.1: Map with the locations of the study sites used in this thesis, with a representative picture of each stand 
(below) and their site description.  
 
 
 
 
 
 
 
 

Atacama desert, Chile 

Slovenia 

Kafa, Ethiopia 
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Beech (Fagus sylvatica L.) forest in Slovenia. One of the dominant tree species in the country with high 
economic value. Beech forests are generally characterised by their low understory growth. Recently (last 6 
years) many climate extremes have occurred which might affect the tree growth.  

Prosopis tamarugo Phil. trees in the hyper-arid Atacama desert, Chile. The Pampa del Tamarugal aquifer is a 
salt plane in which mainly P. tamarugo grows. Precipitation is virtually non-existent, and is highly dependent 
on groundwater flows from eastern sub-basins (Rojas and Dassargues, 2007). In many places in the aquifer, 
ground water extraction poses a threat to the survival of this native tree. 
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Within the framework of this PhD thesis the following research questions have been 
formulated: 
 
1. How can ground-based conventional forest canopy measurements be linked to remote 
sensing derived indices of the canopy? 
This research question is answered by assessing a specific forest ecosystem with hyper-arid 
conditions, and with a specific stress (water shortage due to groundwater depletion). 
 
2. How can individual tree-based dendrochronological measurements be linked to remote 
sensing derived plot level indices? 
Very few studies have attempted to combine RW with remote sensing derived indices. In this 
thesis I study this in two different forest types (P. tamarugo in the hyper-arid Atacama desert 
in Chile; and beech forest in temperate regions in Slovenia.) 
 
3. What is the added value of ground-based TLS in addition to established ground-based 
forest structural measurements? 
This question is more technology driven and aims to explore new opportunities of near-
sensing TLS to assess the effect of management practices in montane cloud forests in 
Ethiopia. 

Tropical montane cloud forests in the Kafa Biosphere Reserve, Ethiopia. This biosphere is a biodiversity 
hotspot and is considered the origin of the Coffea arabica. Forests range from intact core forests, to coffee 
forests, silvopastures and plantations. This forest is under threat due to degradation. 
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1.6 Thesis structure 
The remainder of this chapter describes the framework of the thesis (Figure 1.2). This thesis 
consists of six chapters, including this introduction. Chapter 2 addresses the first research 
question, where we attempt to upscale ground-based conventional forest canopy 
measurements at plot level to remote sensing derived indices of the canopy in the Pampa del 
Tamarugal aquifer. Chapters 3 and 4 mainly focus on research question 2, aiming to link RW 
data at plot level to remote sensing derived plot level indices, in order to better understand 
the effect of environmental factors (e.g. water shortage) on the growth of trees both from the 
stem (wood) and canopy perspective. In chapter 5 we assess forest structure in different forest 
types by complementing conventional ground-based data with near-sensing TLS derived data. 
The case studies in chapters 2 and 3 deal with a single species (P. tamarugo), whereas 
chapters 4 and 5 are more complex with mixed species case studies. 
 
Chapter 2 presents the relation between visually assessed Green Canopy Fraction (GCF) 
combined with GCF derived from ground-based photographs with satellite-based GCF to 
assess the effect of groundwater depletion on Prosopis tamarugo Phil. in the Atacama desert 
in Chile. Furthermore, we performed a spatial-temporal assessment of the whole aquifer 
using NDVI-derived indices from satellite data (upscaling). 
 
In Chapter 3 we use the GCF and NDVI-based indices from satellite data derived from 
chapter 2 and assess the correlation between NDVI-based satellite indices with ground-based 
tree-ring increments over a 24-year time span. This was done in two contrasting sites (low 
and high groundwater depletion). The GCF is used to provide more information on the 
current differences between the two sites.  
 
Chapter 4 addresses the effect of climate on tree growth by combining tree-ring data of 25 
locations in Slovenia with remote sensing derived EVI indices (Enhanced Vegetation Index) 
from MODIS (Moderate Resolution Imaging Spectroradiometer) satellite data. We attempt 
to upscale the results at plot scale to national level for the tree species Fagus sylvatica L. 
(Beech). 
 
In chapter 5 we look at forest structure in a tropical montane cloud forest in Ethiopia. Here, 
we use a combination of established ground measurements such as biomass, and assess the 
added value of near-sensing TLS derived forest structural parameters such as PAVD (Plant 
Area Volume Density) in plots with different management practices. 
This thesis is concluded in chapter 6, where I discuss the main findings of the case studies 
and the potential of the integration of conventional ground-based measurements with those 
derived from remote sensing. I assess the lessons learned and give recommendations for 
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future research by discussing the integration with newly available techniques such as near-
sensing with the aid of drones and high resolution satellite images.  

 
Figure 1.2: Conceptual framework linking the ground-based conventional measurements (green) with the remote 
sensing derived measurements (blue), and environmental factors (beige).  
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1 50 years of groundwater extraction in the Pampa 

del Tamarugal basin: can Prosopis tamarugo trees 
survive in the hyper-arid Atacama Desert 

(Northern Chile)? 
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Groundwater-dependent ecosystems are threatened worldwide by unsustainable groundwater 
(GW) extraction. This is the case of the Prosopis tamarugo Phil forest in the hyper-arid 
Atacama Desert (Northern Chile), one of the most extreme ecosystems on Earth. Despite 
concerns about the conservation of this ecosystem, little research has been done to quantify 
the effects of the increasing GW depth (GWD) on the P. tamarugo population. Here we 
provide a spatio-temporal assessment of the water condition of P. tamarugo trees and propose 
GWD thresholds for their conservation. We studied spatio-temporal changes of GWD and 
the water status of the forest using Landsat images and hydrogeological records (1988–2013). 
This was complemented with a digital inventory and estimation of the green canopy fraction 
(GCF) of all trees using fine resolution satellite images. Since P. tamarugos are solar trackers, 
their canopy spectral reflectance changes on a diurnal and seasonal basis. Thus, novel remote 
sensing drought stress indicators were defined: the mean NDVI in winter (NDVIw) 
accounting for foliage loss and the NDVI difference between mean winter and summer 
(ΔNDVIw-s) accounting for canopy water loss. NDVIw and ΔNDVIw-s of the P. tamarugo 
forest declined on average 19% and 51%, respectively, while GW depleted on average 3 m 
over the period 1988–2013. About 730,000 trees were identified in the study area, from which 
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5.2% showed a GCF < 0.25 associated with severe drought stress. A GWD > 12 m 
increasingly limited the paraheliotropic leaf movement, leading to dehydration and foliage 
loss. P. tamarugo at 12–16 m GWD suffered moderate drought stress while GWD of 16–20 
m implied severe drought stress. We suggest 20 m GWD as a critical threshold for the 
survival of P. tamarugo trees. 

Keywords 

Arid ecosystems; water stress; groundwater extraction; time series; remote sensing; 
normalized difference vegetation index; water management 

2.1 Introduction 
Water is a limiting resource for wildlife and human activities in arid and semi-arid areas. As 
national economies develop, the pressure for using the scarce water sources of desert basins 
to provide water to urban centers and industry increases, becoming a threat for desert 
ecosystems worldwide (Ezcurra, 2006; Pringle, 2001). The main water source in deserts is 
the groundwater (GW) and several authors have highlighted the importance of assessing the 
negative impacts of GW extraction on natural vegetation (Elmore et al., 2006, 2003; 
Naumburg et al., 2005; Patten et al., 2008). Desert vegetation provides important ecosystem 
services such as the regulation of the hydrological cycle, the conservation of endemic and 
rare species, and the provision of an oasis for local settlements, grazing and small scale 
agriculture (Ezcurra, 2006). The expected decrease in available fresh surface water due to 
global warming together with the future increase of water consumption at global scale, make 
GW overexploitation likely to occur (Wang et al., 2014). As a result, the main challenge for 
water managers today is to promote a sustainable exploitation of GW aquifers compatible 
with the conservation of desert ecosystems (Elmore et al., 2003). Chilean environmental 
institutions are already facing such a challenge in the Pampa del Tamarugal aquifer, where 
one of the most extreme desert ecosystems still remains in the heart of the Atacama Desert 
(Northern Chile). 

The Pampa del Tamarugal aquifer is the only source of drinking water for a large area in the 
Atacama Desert and for more than 50 years GW has been extracted to supply water to urban 
areas (including important cities like Iquique), the mining industry and agriculture (Figure 
2.1). From 1988 onwards the authorized GW extractions have exceeded the natural recharge 
of the aquifer (Figure 2.1) inducing a depletion of the GW table in the whole aquifer (Rojas 
et al., 2010; Rojas and Dassargues, 2007). This unbalance in the water budget is threatening 
the P. tamarugo ecosystem, which is completely dependent on GW and limited to the areas 
with shallow GW. The main species of this ecosystem is the P. tamarugo tree: an endemic 
tree species of the Atacama Desert. The ‘Pampa del Tamarugal’ formation provides habitat 
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to about 40 other plant and animal species, some of them endangered and/or endemic species 
(Conama, 2008; Estades, 1995; Ramírez-Leyton, G., Pincheira-Donoso, 2005). Currently, 
most of the P. tamarugo ecosystem is under protection in the Pampa del Tamarugal National 
Reserve, administrated by the Chilean Forest Service (CONAF), but the question is whether 
CONAF can protect this ecosystem from the impact of GW extraction occurring in the whole 
aquifer. 

 

Figure 2.1: Legally authorized groundwater extraction and estimated natural recharge for the Pampa del Tamarugal 
aquifer in the period 1960-2013 (Source: DGA, 2011) 

Considering the cumulated GW depletion after 50 years of extractions, the Chilean Water 
Service (the Dirección General de Aguas, DGA) officially declared the Pampa del Tamarugal 
aquifer as ‘restricted area’ (Res. DGA Number 245) in 2009. Hence, no new GW extraction 
will be authorized from 2009 onwards. Although this is a positive action towards the 
conservation of the P. tamarugo ecosystem, still the question remains whether this restraint 
is enough to consider the P. tamarugo trees as safe in the future. There is consensus among 
environmental authorities on the decline of the P. tamarugo trees due to GW depletion. 
However, there is a lack of studies quantifying the magnitude and extent of the impacts on 
the water status of the trees. Furthermore, there is no clear definition of a groundwater depth 
(GWD) threshold under which the water status of P. tamarugo trees can be considered as 
below normal conditions. These three aspects: the magnitude of the impacts, the extent and 
the thresholds for P. tamarugos survival are required for environmental impact assessment 
and water management. In this paper, we attempt to approach these aspects by analyzing 
different remote sensing datasets and hydrogeological data.  

Although previous studies have shown the usefulness of remote sensing for assessing water 
stress of P. tamarugo (Chávez et al., 2013a, 2013b; Chávez et al., 2014), these findings have 
not been applied on a large scale yet. In these studies, the normalized difference vegetation 
index (NDVI) has proved useful to assess the water stress of P. tamarugo from the tree level 
(using high spatial resolution satellites) to the stand level (using satellites with coarser sensors 
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such as Landsat or MODIS). These authors highlighted that P. tamarugo trees are heliotropic 
plants or ‘solar trackers’, an important botanical fact to consider for remote sensing based 
assessments. P. tamarugos sense the increasing solar irradiation during the day and adjust 
the orientation of their leaves (leaf pulvinar movements) to avoid facing the sun rays at the 
hottest time of the day, causing a diurnal variation in the NDVI signal (Chávez et al., 2013a, 
2013b). Similarly, this mechanism gets more active in summer than in winter, causing a 
seasonal variation in the NDVI signal with low values in summer and high values in winter 
(Chávez et al., 2014). 

Chávez et al. (2014) showed that the mean NDVI in winter (NDVIw) was negatively 
correlated to cumulative GW depletion, in other words NDVIw decreases as GWD increases. 
In the same study the authors proposed a new water stress indicator: the NDVI difference 
between winter and summer (ΔNDVIw-s), which was related to the capacity of P. tamarugo 
to perform leaf pulvinar movements. Due to its nature, ΔNDVIw-s was considered an early 
indicator of water stress, since the limitation of the leaf movements occurred under stress 
before P. tamarugo started shutting down green foliage (Chávez et al. 2013a; Chávez et al. 
2013b). In this paper, we hypothesize that both indicators (NDVIw and ΔNDVIw-s) are 
spatially and temporally correlated to GWD, making a quantitative assessment of the impacts 
of GW extractions in the Pampa del Tamarugal aquifer possible. Furthermore, we aim to 
provide useful information for operational P. tamarugos conservation practices and GW 
management by combining the high temporal resolution of Landsat with HSR satellite 
images.  

Besides the local national application, this contribution aims to provide a remote sensing 
based approach to detect and quantify drought stress on paraheliotropic (‘solar tracking’) 
vegetation, a common adaptation to semi-arid and arid environments. 

2.2 Material and methods 

2.2.1 Species description 
P. tamarugos are thorny desert trees highly specialized to survive the aridness of the hyper-
arid Atacama Desert, a place considered among the more extreme environments for life 
(McKay et al., 2003; Navarro-gonza et al., 2003). This endemic species of the Atacama 
Desert belongs to the Leguminoseae family and exhibits a large range of phenotypes. In 
adverse conditions, P. tamarugos express a shrub-like phenotype, about two m high and 2-3 
m crown size, while P. tamarugos express a tree-like phenotype under favourable conditions, 
reaching up to 25 m high and 20-30 m crown size (Altamirano, 2006; Chávez et al., 2013a; 
Riedemann et al., 2006).  



Effect of groundwater extraction on Prosopis tamarugo
  

17 
  

Several adaptations to survive the harsh conditions of the Atacama Desert have been 
described for P. tamarugo. They are phreatophytic species (Mooney et al., 1980) with a dual 
root system: a deep taping root and a dense superficial root mat (Sudzuki, 1985a). It has been 
suggested that P. tamarugos’ root system moves water from the GW to the root mat layer 
during the night to ensure water supply during the growing season when the water demand 
at the capillary fringe increases (Mooney et al. 1980). Furthermore, like other Legiminoseae 
plants P. tamarugo trees are solar trackers (Chávez et al. 2013a; Chávez et al. 2013b). They 
adjust the angle of the leaves as solar irradiation increases to avoid facing direct sun rays at 
the hottest time of the day (paraheliotropism) and this way enhance the photosynthetic 
process and avoid photoinhibition. Paraheliotropic leaf movements have been reported for 
many other desert plants and some major crops (Ehleringer and Forseth 1980; Pastenes et al. 
2005; Pastenes et al. 2004). Another remarkable adaptation is its osmotic regulation capacity 
allowing rapid stomata closure as temperature and vapour pressure deficit increase during 
the day (Acevedo et al., 1985; Ortiz et al., 2010). In summary, P. tamarugos optimize the 
water budget by enhancing the GW intake and by reducing evapotranspiration due to 
excessive solar irradiation. 

2.2.2 Study area 
The study area comprises all P. tamarugo plantations of the ‘Lote3’ of Pampa del Tamarugal 
National Reserve and some plantation stands and natural vegetation located in private areas 
surrounding the Reserve (Figure 2.2). The study area covers the two sectors where most of 
the remaining P. tamarugo population is concentrated: the Salar de Pintados and the Salar de 
Bellavista. Both sectors are located in the south-west part of the Pampa del Tamarugal aquifer 
where the GW table is relatively shallow (5-15 m). Since GW levels are close to the surface, 
these sectors show a high evaporation causing salt accumulation in the upper layers of the 
soil (Houston, 2006a). This has led to the formation of salt-flats, locally known as ‘salares’, 
with Salar de Pintados and Salar de Bellavista as the largest ones in the Pampa del Tamarugal 
Aquifer.  

The Pampa del Tamarugal aquifer is situated in the dry plains located between the Andes 
mountain range and the Pacific Ocean, covering an area of about 5,000 km2 (Rojas and 
Dassargues, 2007). It is 130-160 km long, 13-60 km wide and located 45 km away from the 
coast line at an altitude of 1,000 m (JICA-DGA-PCI, 1995; Rojas and Dassargues, 2007). 
Since precipitation is practically inexistent, the recharge comes laterally from the eastern sub-
basins through infiltration and GW flow (Houston, 2002; Rojas and Dassargues, 2007). 
Several authors have estimated the recharge of the aquifer (DICTUC, 2008, 1988; JICA-
DGA-PCI, 1995; Rojas and Dassargues, 2007), showing a general agreement on a value of 
about 1,000 l/s. However, artificial discharge (pumping) has dramatically increased since the 
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1980’s causing a sustained negative water balance and an overall lowering of the GW table 
(CIDERH, 2013; Rojas and Dassargues, 2007).  

Figure 2.2: Landsat mosaic showing the study area in the Atacama Desert (Northern Chile). Monitoring wells from 
the DGA network (updated to 2013) and extraction wells from DGA (2011). 
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The natural P. tamarugo trees were almost extinct in the 19th century due to overexploitation 
for wood supply and fuel for the saltpetre industry (Zelada, 1986). Although there were 
attempts to reforest Pampa del Tamarugal as early as 1936, it was not until the 1970’s when 
an enormous reforestation effort was carried out by the Chilean government and about 13,000 
hectares were planted. Trees were planted in 40 cm deep holes in a regular 10x10 m grid by 
removing the salt crust. Plants were put in the shadowed south base of the holes and watered 
during the first year of establishment till the root system was tapping the GW (Habit et al., 
1981; Mooney et al., 1980). During the reforestation of the Pampa del Tamarugal also some 
other Prosopis species were planted, sometimes mixed with P. tamarugo. Nevertheless, only 
pure P. tamarugo stands were considered in this study (see the green areas in Figure 2.2). 

2.2.3 Hydrogeological data 
We collected available data of extraction wells, monitoring wells and historical GWD maps 
of the Pampa del Tamarugal aquifer, complemented with precipitation records. Although 
precipitation hardly occurred in the study area, the few rainfall events can have an impact on 
the NDVI signal of the P. tamarugo forest (Chávez et al. 2014). The sources of information 
used in this study are: 

2.2.3.1 Extraction well data (DGA 2011).  

We considered the 740 extraction wells used by DGA to calculate artificial discharge from 
the Pampa del Tamarugal aquifer (Figure 2.2). We obtained from each well the location, the 
authorized GW extraction (l/s) and the year in which the extraction request was issued. We 
assigned this year as the starting year of extraction, since the authorization year was absent 
for many wells. 

2.2.3.2 Monitoring wells from the DGA network (1989-2013).  

We used 26 wells located in the center-south part of the aquifer with GWD records updated 
till December 31st, 2013 (Figure 2.2). These wells are part of the current operational DGA 
network. Only 13 wells had records for the period 1989-2013 and the other 13 for the period 
1998-2013. The records obtained this way were used to calculate mean annual GWD values 
for each well considering only years with at least three measurements (see details in 
Appendix A, Table A1). 

 
2.2.3.3 GWD grid maps (1988-2013).  

Sources for these maps were the study of JICA-DGA-PCI (1995) for the years 1988 and 1993 
and GWD interpolations made in this study using the 27 DGA monitoring wells for the period 
1998-2013. For the GWD interpolations 1998-2013 we used spatial interpolation by ordinary 
point kriging, as implemented in the gstat package (Pebesma, 2004) of the R software (R 
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Core team, 2013). Assuming temporal stationarity of the spatial correlation structure, a single 
experimental variogram was computed by pooling point pairs from different years. Spatio-
temporal interpolation was not attempted because of lack of data for fitting a spatio-temporal 
variogram. An exponential variogram model was fitted (nugget = 15, psill = 280, and range 
= 7,000). GWD data for the period 1998-2013 were interpolated by ordinary point kriging to 
a square grid with 90 m spacing. We performed a leave-one-out cross-validation to check the 
kriging assumptions; Z-scores of the residuals were normally distributed with mean -0.01 
and standard deviation of 1.28. The deviation from 1 of the standard deviation was caused 
by a few large residuals located outside the forested area (see Appendix A, Figure A2), 
corresponding to wells close to the pumping areas. 

2.2.3.4 Precipitation records (1992-2013).  

These were obtained from the DGA meteorological station Huara en Fuerte Baquedano, 
located about 30 km north from the study area (20°07'51''S, 69°44'59''W) and at similar 
altitude (1,100 m).  

2.2.4 Landsat NDVI derived metrics 
We used all available Landsat 5 TM and Landsat 7 ETM data of the study area covering the 
period 1988-2013. A total of 667 cloud free L1T images of 30 m pixel resolution 
corresponding to path 1 and row 34 were downloaded and pre-processed using the Landsat 
Ecosystem Disturbance Adaptive Processing System (LEDAPS) to obtain surface reflectance 
values for all spectral bands (Masek et al., 2006). Subsequently, we used the red and near-
infrared (NIR) surface reflectance values to compute the NDVI for each scene as follows: 
NDVI = (NIR-Red)/(NIR+Red). Using as a base the P. tamarugo plantation map of CONAF 
(1997) and the 3-month average Landsat NDVI of the 1988 winter, we created a forest mask 
with all pixels inside the P. tamarugo stands and NDVI values higher than 0.13. Then, a 
Landsat NDVI time series was calculated using the median value of the pixels for each scene 
inside the forest mask. Using this time series we calculated NDVI derived metrics for each 
year as follows: 

(1) NDVIw = average of all NDVI scenes from the months May, June and July (winter); 
(2) NDVIs = average of all NDVI scenes from the months November, December and 

January (summer); 
(3) ΔNDVIw-s = Landsat NDVIw – Landsat NDVIs.  

As stated before, we considered a minimum of three scenes for the summer and winter period 
to obtain a representative value of the respective season. Otherwise a gap in the time series 
occurred. For mapping NDVI derived metrics of specific years (1988, 1993, 1998, 2005, and 
2013), no ETM SLC-off scenes (containing no-data stripes due to the failure of the Scan Line 
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Corrector in 2003) were used. Only 2013 was mapped using ETM SLC-off data since the 
TM sensor was discontinued in November 2011. 

2.2.5 Digital inventory using high spatial resolution imagery 
Following the recommendations of Chávez et al. (2013), we performed tree identification in 
summer (to avoid shadows) and NDVI calculation in winter (the annual NDVI peak occurred 
in winter for paraheliotropic P. tamarugo trees). For this reason, a panchromatic Quickbird2 
image with 0.6 m pixel resolution, acquired in November 2006, was used to automatically 
delineate single P. tamarugo trees in the study area. We used the procedure developed by 
Chávez and Clevers (2012), allowing discrimination of single trees even when the tree 
crowns were overlapping. This object-based algorithm provided object polygons with the 
crown area of each tree as output. Using these polygons, we extracted for each tree the digital 
values of the red and NIR bands of a WorldView2 multispectral image with 2 m pixel 
resolution, acquired in July 2011. The digital values of both bands were transformed into top-
of-canopy reflectance following Updike and Comp (2010) to finally calculate the NDVIw 
for each P. tamarugo tree in 2011. Although differences in canopy size may exist between 
2006 and 2011, we believe that they can be neglected since the crown growing rate of adult 
trees was low, which was confirmed by visual comparison of the canopy size in the 
panchromatic images of 2006 and 2011. Thus, differences in crown size between 2006 and 
2011 were most likely smaller than the pixel resolution of the multispectral image. 

During a field campaign carried out in January 2012, 50 P. tamarugo trees were surveyed. 
We used the procedure proposed by Chávez et al. (2013a) to calculate the green canopy 
fraction (GCF) of each tree using digital pictures and an object-based image segmentation of 
the green and brown canopy elements. We regressed the GCF and NDVI values for single 
trees to obtain an empirical equation, which was used to estimate GCF for all the trees 
identified in the digital inventory. This way, we obtained the total number of P. tamarugo 
trees, the total and individual crown area and an estimation of the GCF at the tree level in 
2011. 

2.2.6 Data analysis 

2.2.6.1 Temporal patterns 

We analysed the relationship between the annual average time series of NDVI derived 
metrics (NDVIw and ΔNDVIw-s) and GWD of the P. tamarugo areas by inspecting the 
trends and by calculating simple correlation coefficients (R). Annual average values were 
calculated by averaging all the cells (pixels) from the satellite images and GWD interpolation 
grids inside the forest mask (spatial mean). 
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2.2.6.2 Spatial patterns 

We made maps for the years 1988, 1993, 1998, 2005 and 2013 showing the location of the 
pumping wells, the GWD iso-curves of 5, 10, 15 and 20 m and the NDVI derived metrics. In 
order to provide an up-to-date assessment of the condition of the P. tamarugos after 50 years 
of GW extraction, we analysed the distribution of the P. tamarugo population in the GWD 
range of the forested area in 2011 by using histograms of the number of trees as well as the 
proportion of trees sorted in four classes of GCF (0-0.25, 0.25-0.50, 0.50-0.75 and > 0.75) at 
different GWD. In the same way we used histograms with the proportion of Landsat pixels 
sorted in four categories of NDVIw and ΔNDVIw-s at different GWD. 

2.3 Results 

2.3.1 Groundwater depth and Landsat NDVI derived metrics in the 
period 1988-2013 
The authorized GW extraction in the Pampa del Tamarugal aquifer increased from about 400 
l/s in 1988 to about 2,200 l/s in 1998 (Figure 2.1), causing an average GW depletion of about 
2 m in the areas covered by P. tamarugo (Figure 2.3). By 2009, the year the aquifer was 
declared ‘restricted area’, the authorized GW extractions had reached about 4,000 l/s. This 
amount constitutes the current (2013) legal water rights in the Pampa del Tamarugal aquifer, 
which is four times the natural recharge of the system (estimated at about 1,000 l/s) (JICA-
DGA-PCI, 1995; Rojas and Dassargues, 2007). Since 1998 GWD has increased linearly (p-
value < 0.001, R2 = 0.94), reaching an average of 14 m GWD in the areas covered by P. 
tamarugo by 2013 and an average cumulative GW depletion of 3 m. 

The lowering of the GW table coincided with consistent temporal declines in the mean annual 
NDVIw and ΔNDVIw-s of the areas covered by P. tamarugo, showing a negative linear trend 
(p-value < 0.001, R2 = 0.79 for NDVIw and p-value < 0.01, R2 = 0.38 for ΔNDVIw-s) in the 
period 1988-2013, which was only interrupted by recovery jumps related to occasional 
precipitation events (Figure 2.3). These precipitation events had no effect on the GWD and 
only a temporary positive effect on the NDVI derived metrics. For the period 1988-2013, the 
NDVIw signal considering all areas covered by P. tamarugo decreased by 19%, while the 
ΔNDVIw-s signal decreased by 51%. The annual time series of GWD was limited to the 
period 1998-2013. 
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Figure 2.3: (a) Average groundwater depth (GWD), (b) precipitation, and (c) average NDVI in winter (black) and 
summer (red) for the area covered by P. tamarugo in the Pampa del Tamarugal aquifer. 

For this timeframe, NDVIw was negatively correlated to GWD with R = −0.82; however, 
ΔNDVIw-s was not correlated to GWD (R = 0.03). This low correlation may have occurred 
because of limited amount of data in this timeframe (no ΔNDVIw-s values for 1999, 2002, 
2005, and 2010), and/or because the main effects of GWD occurred before 1998 (see Figure 
2.3c), and/or because ΔNDVIw-s was more sensitive to the precipitation events of 2008, 2011 
and 2012. 
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2.3.2 Spatial patterns of the impact of groundwater extraction in 
the period 1988-2013  

2.3.2.1 Spatial patterns of groundwater depletion 

Before 1988 the authorized GW extractions were lower than the natural recharge of about 
1000 l/s and no significant changes in P. tamarugo areas were reported for the period 1968-
1984 (Canadell et al., 1996). P. tamarugo was mainly distributed in areas with less than 15 
m GWD and about 50% of the trees were in areas with less than 10 m GWD (Figure 2.4). 
JICA-DGA-PCI (1995) performed an extensive study of the hydrogeology of the Pampa del 
Tamarugal aquifer and provided GWD maps for the years 1960 and 1993. They concluded 
that no significant GW depletion occurred in the period 1960-1993, and for this reason we 
assumed the GWD map of 1960 also as representative for 1988. For the period 1993-1998, 
the pumping was concentrated in the north-western part of the study area (with a cluster of 
wells in the Canchones sector). Consequently, the GW depleted (especially in the north-west 
area), leaving few P. tamarugo areas with GWD < 10 m. No P. tamarugo stands were in 
areas with a GWD > 20 m by 1998. 

In 2005 a new cluster of pumping wells appeared in the northern part of the study area (El 
Carmelo sector) and for the period 2005-2013 the major GW depletion occurred around this 
new cluster. Some specific areas close to the Canchones cluster recovered in this period (see 
well JICA-6 in Appendix A1, Tables A1-A2), meaning that most of the pumping took place 
in El Carmelo rather than in Canchones after 2005. Besides the areas immediately close to 
Canchones, most of the P. tamarugo areas faced GWD depletion in this period. By 2013 only 
few areas with P. tamarugo had less than 10 m GWD and the line of 20 m GWD got close to 
the stands in the east and north of the study area, reaching the P. tamarugo natural areas in 
the north (Figure 2.4). 
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Figure 2.4: Extraction wells and groundwater depth in the Pampa del Tamarugal aquifer at different dates. Sources: 
1988 and 1993 (JICA-DGA-PCI 1995), 1998, 2005 and 2013 (this study using the DGA monitoring network).  
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2.3.2.2 Spatial patterns of Landsat NDVIw 

In Figure 2.5 we can visually observe a general trend of decreasing NDVIw values when 
comparing different years in the period 1988-2013, which is consistent with the time series 
shown in Figure 2.3. In the absence of GW depletion (1988-1993), the larger values of 
NDVIw (> 0.25) occurred mainly in areas with GWD < 10 m in the center and south-west of 
the study area. P. tamarugos located close to the Canchones pumping cluster with high 
NDVIw values in 1988 declined in the period 1988-1998. In 2013, after 50 years of GW 
extraction, only few sectors remained with NDVIw > 0.25 and were concentrated in the few 
areas with GWD < 10 m in the center-south of the study area (Figure 2.5). 

Figure 2.5: NDVIw and groundwater depth in the Pampa del Tamarugal aquifer at different dates.  
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2.3.2.3 Spatial patterns of Landsat ΔNDVIw-s 

The decline in ΔNDVIw-s for the period 1988-2013 was larger than in case of NDVIw, as 
shown before in Figure 2.3c. This is also noticeable in Figure 2.6, displaying the spatial 
patterns of ΔNDVIw-s at different points in time. Similarly to the case of NDVIw, the areas 
close to the Canchones pumping cluster with larger values of ΔNDVIw-s in 1988 declined in 
the period 1988-1998. ΔNDVIw-s in 1993 showed the largest ΔNDVIw-s values of the time 
series (Figure 2.3c), which could not be related to any known precipitation event. By 2013 
ΔNDVIw-s reached the smallest values of the series and no clear clusters of large ΔNDVIw-
s values can be distinguished in the study area anymore.  

Figure 2.6: ΔNDVIw-s and groundwater depth in the Pampa del Tamarugal aquifer at different dates. 
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2.3.3 Demographic patterns 
From the previous sections it became clear that GW extraction had a negative effect on the 
water status of P. tamarugos. Both Landsat NDVI derived metrics were able to flag the areas 
where the effects took place, but they could not yet provide meaningful outputs for managers, 
like the number of trees affected by GW depletion. For this reason, we complemented our 
analysis with a digital inventory using HSR satellite images to provide more operational 
outputs. According to the digital inventory of 2011 a total of 728,953 P. tamarugo trees were 
identified in the study area distributed over 13 plantation stands and some small patches of 
natural vegetation (see Appendix A1, Figure A1 and Table A3 for details). From this total, 
only 5.4% of the trees corresponded to natural trees and the other 94.6% to plantations. The 
average crown size of the P. tamarugo trees was 48.2 m2 and the total tree crown coverage 
was 35.1 km2.  

As shown in Appendix A1, Figure A3, there was a positive linear relationship (p-value < 
0.001, R2 = 0.71) between GCF (obtained from digital pictures) and NDVIw (obtained from 
the WorldView2 satellite image) for the 50 P. tamarugo trees surveyed during the field 
campaign. This empirical equation was used to estimate the GCF of all P. tamarugo trees. 
From the 728,953 P. tamarugo trees of the study area, 42% had GCF < 0.5 and 5.2% GCF < 
0.25 (unhealthy). Most of the trees (75.6%) belonged to the range of 0.25-0.75 GCF and only 
12.2% presented GCF > 0.75 GCF (healthy). 

As shown in the histogram of Figure 2.7a, in 2011 99.5% of the trees were distributed in 
areas with GWD < 20 m and most of them were in areas with GWD < 15 m (84%). On the 
other hand, only 20% of the trees were in areas with GWD < 10 m, which was a normal 
condition back in 1988 (Figure 2.4). Except for the extreme GWD values, the different GCF 
classes were homogeneously distributed over the GWD gradient (Figure 2.7b). From 17 m 
onwards the proportion of trees in lower GCF classes increased. The relatively even 
distribution over the GWD ranges between 10 and 18 m can be an indication of trees adapting 
to the new GWD condition. From the Landsat assessment, we know that the green foliage 
has declined about 19% since 1988 (Section 2.3.1). However, the depletion rate has been 
relatively low (3 m on average for the period 1989-2013, which equals 0.13 m/year) and trees 
may have adapted by shutting down part of the green foliage and/or elongating the roots 
while competing with each other for the available water. As a result this may give an even 
proportion of the GCF classes for the GWD range of 10-15 m, but a lower total amount of 
green foliage. Most likely, the high classes of GCF were better represented in the past, when 
the Landsat NDVIw values were higher than in 2011.  
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Figure 2.7: (a) Number of P. tamarugo trees identified in the high spatial resolution satellite image and 
(b) proportion of trees sorted by green canopy fraction (GCF) for different groundwater depths in 2011. 

2.3.4 Comparison between the HSR and Landsat assessments 
Consistent with the results obtained in the high spatial resolution analysis, the observed trend 
for Landsat NDVIw values (Figure 2.8a) was similar to the trend for GCF at different GWD. 
This is expected since GCF is estimated using NDVI. Because of the lower spatial resolution 
of the Landsat images, scattered trees located in the 20-25 m GWD range were not included 
in the histogram of Figure 2.8 as it was the case of the high spatial resolution images (Figure 
2.7). A different trend was observed for ΔNDVIw-s where high classes of ΔNDVIw-s 
decreased rapidly as GWD increased (Figure 2.8b). This metric is related to the capability of 
this paraheliotropic tree to perform leaf pulvinar movement, which is limited by drought 
stress (Chávez et al. 2014). It is not surprising that the proportion of P. tamarugos with high 
ΔNDVIw-s decreased as GWD decreased, because of water availability. This decreasing 
trend of high ΔNDVIw-s classes became very clear for trees at a GWD from 12 m and deeper 
.  

a 

b 
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Figure 2.8: Proportion of all Landsat pixels of the P. tamarugo stands sorted by (a) NDVIw and (b) 
ΔNDVIw-s for different groundwater depths in 2011. 

2.4 Discussion 
2.4.1. Towards a GWD threshold for P. tamarugos survival 

P. tamarugo trees were historically distributed mainly at GWD between 5 and 15 meter and 
rarely at GWD > 20 m. After 50 years of GW extractions some P. tamarugo trees (about 1% 
of the population) started facing 20 m GWD (Figure 2.7a). These trees showed an increasing 
proportion of green foliage loss (GCF < 0.25). A previous study (Chávez et al. 2013a) showed 
that single P. tamarugo trees with this level of green foliage loss were facing a predawn leaf 
water potential (the actual direct measurement of water supply at the root system) that was 
significantly below normal ranges. Consequently, we propose a threshold of 20 m GWD as 
a critical threshold for P. tamarugos’ survival. This threshold can be related to the maximum 
root elongation depth and the hydraulic lift capacity (Naumburg et al., 2005). In fact, only 

b 

a 
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few plant species can reach such a GWD (Canadell et al., 1996; Phillips, 1963). Although 
some trees and shrubs of exceptional species can reach a GW table deeper than 20 m (Stone 
and Kalisz, 1991), including Prosopis species such as P. juliflora and probably some P. 
tamarugo individuals, this is not the case for most of the P. tamarugo population as shown 
in Figure 2.7a. 

It is unlikely that P. tamarugos can cope with the high solar irradiation of the hyper-arid 
Atacama Desert in the long-term without performing leaf angle adjustments (pulvinar 
movements). Our results showed that this regulatory mechanism, as estimated by ΔNDVIw-
s, was strongly affected by GW overexploitation for the whole study area. In 2011 about 50% 
of the P. tamarugos located at a GWD > 16 m presented a severe limitation of the pulvinar 
movements (ΔNDVIw-s < 0.02), which is an indication of high level of water stress (Figure 
2.8b). Between 12 and 15 m GWD the proportion of trees with low ΔNDVIw-s increased 
rapidly, evidencing the effects of GW depletion. A more even proportion of all ΔNDVIw-s 
classes can be observed for trees located in areas with GWD < 12 m, which can be interpreted 
as the optimal range for P. tamarugo, consistent with the areas where P. tamarugos were 
historically distributed.  

2.4.2. Conservation and management implications 
Gayo et al. (2012) and Nester et al. (2007) provide paleo-climate evidence showing that P. 
tamarugo had a wider distribution (towards higher altitude) during the late Quaternary due 
to more abundant GW (i.e. a higher GW table) and even the presence of permanent river 
flows. This would have been the effect of a multi-millennial period of more abundant rainfall 
known as the Central Andean Pluvial Event (Latorre et al., 2006). It has been postulated that 
this positive inflow is still present in the Pampa del Tamarugal aquifer as ‘fossil’ or ancient 
GW (Aravena, 1996; Fritz et al., 1981; Houston and Hart, 2004; JICA-DGA-PCI, 1995). 
Although there is no consensus on the proportion of fossil GW in the total water budget of 
the aquifer (Houston and Hart, 2004), it is clear that an important amount of these ‘ancient 
savings’ have been ‘spent’ in the last few decades by excessive GW pumping (this paper). 
The current authorized GW extraction (4000 l/s) exceeds largely the ‘fresh’ GW recharge 
rate of 1.000 l/s and these ‘ancient savings’ will continue being ‘spent’. As mentioned before, 
practically null direct rainfall occur in Pampa del Tamarugal aquifer and recharge is mainly 
coming via infiltration from catchment basins in the high Andes and Altiplano at about 4000 
m above sea level (Houston, 2006b; Houston and Hartley, 2003a). In these areas, inter annual 
precipitation variation is controlled by changes in moisture transport linked to the intensity 
and direction of Easterlies winds (affected by ENSO) and humidity levels over the Gran 
Chaco (Garreaud, 1999; Vuille et al., 2000; Vuille and Keimig, 2004). However, sporadic 
summer rainfall events at lower altitudes linked to ENSO and associated to La Niña years, 
e.g. the 2008 and 2011 events reported in this paper, can cause a temporal ‘greening’ of the 
P. tamarugo forest, but these inflows do not constitute a significant recharge of the aquifer 
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unless the positive rainfall anomaly exceeds by one to two standard deviation the average 
(Houston, 2006c). Such events can occur every 10-100 years. Besides these punctual inflows, 
we expect that the chronic negative water balance of the Pampa del Tamarugal aquifer will 
continue in the future. As shown in this paper, most of the DGA monitoring wells showed a 
linear negative trend for the period 1998-2013 (see Appendix A1, Table A2), and there is no 
reason to think this trend will change in the future. Besides the restraint on authorising new 
extractions in the aquifer, there is no policy towards limiting the already given water rights 
and the depletion rate is more likely to continue unaltered in the future. If that is the case, we 
can predict that the 15 m GWD line will reach the wells 5 and 6 in 2060 (see Appendix A1, 
Table A2), causing a large area of P. tamarugos in the north and east of the study area to 
have a GWD exceeding 15 m and others exceeding 20 m. Thus, about 50% of the existing P. 
tamarugo trees (including all natural stands) will be in great danger. Important steps towards 
the conservation of the P. tamarugo ecosystem have been made by Chilean policy makers. 
Most of the P. tamarugo areas are currently under protection in the Pampa del Tamarugal 
National Reserve, and recently P. tamarugo was officially classified as ‘endangered’ in the 
framework of the Chilean law for species classification and conservation (D.S.13/2013). 
Despite these concrete steps, the key for ensuring the conservation of the P. tamarugo 
ecosystem is the protection of its water supply. This paper offers the basis for the 
implementation of a monitoring system of the water status of the P. tamarugo forest. As 
highlighted in literature (Willis, 2015), free Landsat time series can be used to continuously 
monitor vegetation, while commercial HSR satellite images (e.g. WorldView2 or the recently 
launchedWorldView3 satellite) can be used for detailed digital inventories and water status 
assessments over larger timespans (e.g. each 5-10 years). Now it is the turn for the Chilean 
policy makers to take further actions not only to restrict but also to decrease GW extractions 
in order to conserve the P. tamarugo ecosystem. 
 
2.4.3. Remote sensing of ‘solar tracking’ desert vegetation 
Optical remote sensing has been broadly used for assessing the health status of vegetation 
worldwide. Vegetation indices derived from canopy spectral reflectance such as NDVI are 
good estimators of vegetation green biomass, allowing scientists to study seasonal 
phenological cycles as well as the effects of natural and anthropogenic impacts. For these 
applications it is assumed that the canopy structure of vegetation is constant over a short 
period of time (daily, 16-days, monthly). However, this is not the case for heliotropic species 
or “solar trackers”, which adjust their leaf angle distribution according to the direction of the 
sun rays to either optimize (diaheliotropism) or minimize (paraheliotropism) the interception 
of solar radiation (Ehleringer and Forseth, 1980). In this paper, we provide a remote sensing 
based approach to assess drought stress on desert species displaying diurnal and seasonal 
changes of canopy structure. At the same time, this contribution brings about new questions: 
is the case of P. tamarugo an extreme example of paraheliotropism, considering the harsh 
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conditions of the Atacama Desert? Is heliotropism a factor to take into account in local, 
regional or global remote sensing applications? Paraheliotropic species are common in arid 
ecosystems (Ehleringer and Forseth, 1980), thus remote sensing of desert vegetation needs 
to take into account this mechanism. Besides desert vegetation, paraheliotropism has been 
identified as a particular trait of Leguminosae species, including major crops such as the 
common bean Phaseolus vulgaris L. (Pastenes et al., 2005, 2004), alfalfa Medicago sativa L. 
(Berg and Heuchelin, 1990) and soybean Glycine max L. (Foster et al., 2013). Nevertheless, 
the effects of paraheliotropic leaf movements on remote sensing applications for ‘solar 
tracking’ natural vegetation and crops, especially in areas with high solar radiation, remain 
poorly understood. This will be focus of future research. 

2.5 Conclusions 
1. Since 1988 the water balance of the Pampa del Tamarugal has become increasingly 

negative, leading to a general depletion of the groundwater table. For the period 
1988-2013, the groundwater table depleted about 3 m on average in the areas where 
the P. tamarugo population is distributed. The areas with higher depletion were 
located close to the main pumping clusters (Canchones and El Carmelo) in the north 
and north-east of the study area. 

2. As a consequence of the groundwater depletion in the Pampa del Tamarugal aquifer, 
the water status of the P. tamarugos has declined by 19% as measured by the 
Landsat NDVIw (an indicator of green biomass) and 51% as measured by the 
Landsat ΔNDVIw-s (an indicator of the available water in the trees needed to 
perform leaf pulvinar movements). Both temporal and spatial patterns were 
negatively correlated to groundwater depth. 

3. The digital inventory carried out in 2011 using very high spatial resolution imagery 
showed that about 730,000 P. tamarugo trees remained in the study area (Salar de 
Pintados and Salar de Bellavista) with a total crown area of 35.1 km2. Regarding the 
water status of the trees, the analysis showed that 42% of the P. tamarugo trees had 
less than 0.5 GCF and 5.2% less than 0.25 GCF, the latter is considered as a critical 
threshold for P. tamarugos’ water balance. Most of the trees (75.6%) were in the 
range of 0.25-0.75 GCF and only 12.2% had more than 0.75 GCF. 

4. We suggest a groundwater depth of 20 meters as a threshold for P. tamarugos’ 
survival since a) historically the distribution of P. tamarugos (natural and planted) 
was at depths less than 20 m, b) recently trees facing this threshold showed a green 
canopy fraction lower than 0.25 (75% of green foliage loss), and c) trees facing this 
threshold cannot longer adjust their leaves to avoid high solar irradiation as shown 
by the Landsat ΔNDVIw-s metric, accelerating the drying process.  
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5. We identified the range up to 12 m GWD as the optimal range for P. tamarugo, 
considering its historical distribution and water status as shown by the NDVIw and 
ΔNDVIw-s metrics. A GWD larger than 12 m increasingly limited the capability of 
this paraheliotropic species to perform pulvinar movements.  

6. We concluded that trees with a GWD range of 12-16 m were facing moderate water 
stress and trees at 16-20 m were facing high water stress, with 20 m as the limit for 
survival of P. tamarugo trees. 

7. Authorized water extractions currently exceed by four times the natural recharge of 
the aquifer and our projections indicate that conservation of the P. tamarugo 
ecosystem is in danger unless Chilean policy makers cancel a substantial number of 
water rights. 
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Groundwater-dependent ecosystems occur in arid and semi-arid areas worldwide and 
are sensitive to changes in groundwater availability. Prosopis tamarugo Phil, endemic 
to the Atacama Desert, is threatened by groundwater overexploitation due to mining 
and urban consumption. The effect of groundwater depletion on two representative 
sites (low -and high-depletion) was studied using a multi-scale approach, combining 
remote sensing based estimations of canopy growth and water condition, and tree-ring 
based analysis of stem growth. On the stand level two NDVI (Normalized Difference 
Vegetation Index) derived parameters: NDVI in winter and the difference between 
NDVI in summer and winter showed significant negative trends in the high-depletion 
site, indicating drought stress. Radial stem growth of viable P. tamarugo trees was 
48% lower in the high-depletion site. At the tree level, the Green Canopy Fraction 
(GCF) also indicated drought stress since a larger percentage of trees fell within lower 
GCF classes. Groundwater depletion of 3 m, reaching a groundwater depth of  > 10 
m, increased drought stress, and led to reduced growth in viable trees. Viable trees 
may be able to adapt to the drop in groundwater levels by increasing root growth, 
whereas for non-viable trees, the effects might be detrimental. 
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3.1 Introduction 
Groundwater-dependent ecosystems occur in semi-arid and arid areas in the Americas 
(Bogino and Jobbágy, 2011; Stromberg et al., 1996), Africa (February et al., 2007), 
Asia and Australia (Zencich et al., 2002). Although perfectly adapted to harsh 
environments, the vegetation is susceptible to natural or anthropogenic changes in 
groundwater sources (Eamus et al., 2015; Jobbágy et al., 2011; Naumburg et al., 
2005). Globally these ecosystems are threatened by excessive groundwater extraction, 
which causes partial crown dieback (Cooper et al., 2003), or even mortality in trees 
(Groom et al., 2000) and changes in ecosystem functions and structure (Eamus et al., 
2015). This is especially true for phreatophyte species in arid environments, which is 
why in order to conserve such ecosystems it is crucial to understand the response of 
these species to drought (Eamus et al., 2015). Perhaps the most extreme case of 
adaptation to arid environments is the endemic phreatophyte tree Prosopis tamarugo 
Phil. This thorny tree is one of the few tree species able to survive in the hyper-arid 
Atacama Desert in Northern Chile, a place considered one of the most extreme places 
on Earth to sustain life (McKay et al., 2003; Navarro-González et al., 2003). This 
protected species is found in forested areas, locally known as Pampa del Tamarugal, 
where the groundwater table is relatively shallow; between 4 and 18m below ground 
(Acevedo and Pastenes, 1983; Altamirano, 2006). In this ecosystem, besides some 
exceptional rain events groundwater aquifers are the only source of water, which are 
fed by the rainfall, glaciers and snowmelt from the Andes mountain range (Favier et 
al., 2009; Gascoin et al., 2011; Rojas and Dassargues, 2007). Rojas and Dassargues 
(2007) also identified the pumping of groundwater as the main driver of (negative) 
groundwater level changes.  
 
The Pampa del Tamarugal basin (21°07’S, 69°26’W) is one of the most important 
sources of groundwater within an area of about 4200 km2 (DICTUC, 2008; Rojas et 
al., 2010; Rojas and Dassargues, 2007). Authorized groundwater extraction that 
started in 1988 in this area steadily increased, reaching 4000 l/s in 2012, which is four 
times the estimated natural recharge (CIDERH, 2013; DICTUC, 2008; JICA-DGA-
PCI, 1995; Rojas et al., 2010; Rojas and Dassargues, 2007). The consequence has 
been a steady fall of the groundwater table throughout the whole aquifer, especially 
in areas close to extraction wells. Further lowering of the groundwater level as a result 
of groundwater extractions could threaten the survival of P. tamarugo (Chávez et al., 
2016).  
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The effects of groundwater extraction on P. tamarugo trees have been studied using 
remote sensing tools, ranging from experiments to large scale spatio-temporal studies 
using satellite images (Chávez et al., 2013b, 2013a; Chávez, 2014; Chávez et al., 
2016). However, this spatio-temporal assessment, as many other remote sensing based 
studies, was focused on the retrieval of canopy parameters only. In this contribution, 
remote sensing based estimations of P. tamarugo canopy growth and its water 
condition were combined with tree-ring based analysis of P. tamarugo stem growth. 
For temporal drought assessments, tree-ring analysis has been used to assess both 
short- and long-term effects of groundwater depletion on the growth of desert trees 
(Stock et al., 2012). Prosopis species are known to form annual rings in response to 
seasonal changes in water availability (Bogino and Jobbágy, 2011; López et al., 2008; 
Rivera et al., 2010; Villalba and Boninsegna, 1989), and in the case of Prosopis 
flexuosa DC. drought stress led to a decrease in radial growth or the ring-width 
(Giordano et al., 2011). By analysing these two data streams (i.e. remote sensing and 
tree-ring analysis), drought stress can be assessed in this species by considering two 
main carbon allocation pools together (crown and stem). Currently it is not known 
how the crown parameters obtained via satellite data relate to stem growth. A multi-
scale approach combining data from different data sources and scales (Normalized 
Difference Vegetation Index in winter, difference of winter and summer Normalized 
Difference Vegetation Index and tree-ring research on plot level, and Green Canopy 
Fraction on tree level) was used to assess the impact of groundwater depletion on P. 
tamarugo.  

 
The following hypothesis was tested: trees at a site with high groundwater depletion 
(about 3 m) will show drought stress symptoms which can be captured by both 
dendrochronological (decrease in ring-width) and decrease in the remote sensing 
parameters. Two contrasting sites with and without groundwater depletion, were 
studied to answer the following questions:  
 

(1) Is there a reduction in radial growth at the site with groundwater depletion?  
(2) How do stress indicators of drought assessed by remote sensing (crown status) 
relate to information obtained from dendrochronology (ring-width)?  
(3) Finally, can high spatial resolution remote sensing analysis (Green Canopy 
Fraction on tree level) provide further insight on the drought assessment at the 
stand level?  

 
To the authors' knowledge this approach combining remote sensing with 
dendrochronology has not previously been applied in tropical or subtropical areas to 
detect drought stress in groundwater-dependent ecosystems. 
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3.2 Material and methods 
3.2.1 Species description 
The endemic and protected Prosopis tamarugo Phil. belongs to the Leguminosae 
family and is one of 44 species of the Prosopis genus (Burkart, 1976). This evergreen 
species often forms multiple stems with an average diameter of 0.5-0.8 m and heights 
of 20-25 m, and is adapted to high saline conditions (Altamirano, 2006; Briner, 1985). 
It has thorny branches and a crown width of up to 20 m (Figure 3.1a) (Altamirano, 
2006). The P. tamarugo has fast juvenile growth, reaching heights of 2-2.5 m in 3-5 
years (Botti and Sudzuki, 1970). Field experiments have found that roots of seedlings 
quickly reach 0.8-1.2 m when shoots are only 6-8 cm long (Sudzuki, 1985a). The root 
system consists of dense lateral superficial roots with a large tap root branching out 
and reaching depths up to 12-18 m (Acevedo and Pastenes, 1983; Mooney et al., 1980; 
Sudzuki, 1985b). Partial foliage loss may occur between May and September (winter) 
and Ortiz et al. (2010) estimated a maximum foliage loss of 30% in the absence of 
drought stress before new leaves appear in September. P. tamarugo wood is very 
dense, with many resin ducts to protect the wood tissue after possible injury. The stem 
has a large area of dark-brown hardwood and a small band of pale sapwood. The wood 
is similar to that of P. flexuosa DC (Giantomasi et al., 2013; Villagra et al., 2005; 
Villalba, 1985) and Prosopis alpataco (Villagra and Roig, 1997) with a diffuse porous 
vessel structure and tree-ring boundaries indicated by terminal parenchyma bands 
(Figure 3.1c).  
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Figure 3.1: (a) Prosopis tamarugo Phil. in the Pintados plantation. (b) Paraheliotropic leaf 
movements with leaves in erectophile position at midday to avoid excess light and drought stress 
(top) and in planophyle position in the evening. (c) Micro section of the stem wood, showing two 
annual ring boundaries (see arrows). The ring boundaries are depicted by small bands of marginal 
parenchyma (see also Figure A in the supplementary results). 
 
3.2.2 Sampling sites and groundwater data 
P. tamarugo is mainly distributed in the Pampa del Tamarugal basin; almost 160 km 
long, with a width of 20-60 km (Figure 3.2a) and ~1000 m above sea level (Rojas and 
Dassargues, 2007). The Pampa del Tamarugal aquifer is fed by groundwater from the 
eastern sub-basins where annual precipitation is about 200 mm (Aravena, 1996). 
Sampling was conducted in the Pintados plantations in the Pampa del Tamarugal 
aquifer located in a National Reserve where establishment began in 1971 (CONAF, 
1997) (Figure 3.2a). The Pintados plantations are located in the heart of the hyper-arid 
Atacama Desert in northern Chile, which is characterized by high temperatures (up to 
45 °C), a potential evaporation rate of 145 l/s year-1, and transpiration rate of 904 l/s 
year-1 (JICA-DGA-PCI, 1995; Rojas and Dassargues, 2007), virtually zero 
precipitation (Houston, 2006d; Houston and Hartley, 2003b) and the absence of 
vegetation cover across vast areas. Since groundwater levels are close to the surface 
in some areas, high evaporation causes salt accumulation in the upper layers of the 
soil (Houston, 2006d).  
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P. tamarugo seedlings had been planted (around 1971) in holes of ~60 cm deep after 
removal of the salt crust (40 cm) and irrigated until establishment (Habit et al., 1981). 
Based on the results of Chávez et al. (2016) showing an increasing drought stress 
towards the south and east of the Pampa del Tamarugal aquifer, two contrasting sites 
were selected with i) different groundwater extraction rates (given by actual measures 
of groundwater level, i.e. close to monitoring wells), ii) similar initial groundwater 
levels before the major water extraction event, and iii) plantations with only P. 
tamarugo trees (not mixed with other species) with similar plantation years. The low-
depletion site had very little depletion (0.4 m) and is 0.47 km2 and the high-depletion 
site had around 3m groundwater depletion and is 0.33 km2 (Figures 3.2b and 3.3a). 
Although some private plantations outside the CONAF reserve presented higher 
depletion (two wells) than the selected high-depletion site, they were ignored, since 
the advantage of the CONAF stands is that the approximate age of the trees is known, 
and this is crucial for tree-ring studies (CONAF, 1997; Habit et al., 1981). In the past 
both the low-depletion and high-depletion sites had groundwater tables at similar 
depths: in 1989 the groundwater level (GWL) in the monitoring wells in the high-
depletion site was similar to that in the wells in the low-depletion site (i.e. 8-9 m 
depth). In 1990 groundwater extraction for mining and urban use began near the high-
depletion site (Rojas et al., 2010; Rojas and Dassargues, 2007). No groundwater 
extraction occurred near the low-depletion site and the GWL remained almost 
constant over time. There was no forest management conducted at our study sites after 
tree establishment.  
 
All available GWL data from the monitoring network of Dirección General de Aguas 
(DGA), spanning the period 1987-2012 was used. One monitoring well is within the 
low-depletion site: Jica 7 (B. Junoy J-7) (20°30’S, 69°40’W). Two monitoring wells 
are near the high-depletion site: Felix Quispe (Quispe D-167) (20°27’S, 69°34’W) 
and Planta AP Hispania (Hispania 138) (20°27’S, 69°38’W, Figure 3.2b). The GWL 
in the high-depletion site was obtained by using inverse distance weighting spatial 
interpolation in ArcMap (version 10.2.1) over a 10 x 10 m grid of the monitoring wells 
Quispe D-167 and Hispania 138, which are east and west respectively of the site 
(Figure 3.2b). Mean annual GWL in metres below ground level (i.e. negative values) 
was used. Although solar radiation and temperature showed seasonal changes, the 
seasonal patterns are constant over time (i.e. no trends), and precipitation is negligible 
(Houston, 2006d; Rojas and Dassargues, 2007), thus these data were not used in the 
study. 
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Figure 3.2: (a) Landsat composite showing the Pampa del Tamarugal basin and the location of the P. 
tamarugo forest stands (green). (b) True colour high spatial resolution image showing the low- (LD) and 
high-depletion (HD) sites and monitoring wells (triangles).  
 
3.2.3 Measurements 
3.2.3.1 Dendrochronological sampling and analyses 
Since the P. tamarugo trees are endangered and protected dendrochronological 
sampling was restricted to stem disks of eight trees in the low-depletion site and four 
trees in the high-depletion site, under the supervision of the Chilean forest service 
CONAF. Stem disks just above the soil surface level were collected from multi-
stemmed trees in March 2012 in such a way that sampled trees retained enough crown 
to reach crown closure again in the future. Only viable trees (GCF class 75-100, this 
crown classification is explained in section 3.2.3.2) were selected and a dominant 
straight stem was chosen, to avoid bias in ring-width due to competition. The sampled 
trees were approximately seven metres high with stem diameters from 8 to 22 cm. All 
stem disks were air dried and sanded using a sequence of sandpaper of decreasing grit 
size up to grade 1000 (López et al., 2008). Tree-rings were identified under a stereo 
microscope at a magnification between 8 and 100 x (Leica MZ 12.5). Tree-rings or 
ring-widths (RW) were measured along three radii per stem disk and crossdated 
visually (WinTSAP©) and statistically (WinTSAP©, COFECHA) (Holmes, 1983). 
The Expressed Population Signal (EPS) and Species intercorrelation (Rbar) were 
calculated. The EPS provides an estimate of how well the mean chronology based on 
a finite number of trees fits the hypothetically perfect chronology based on an infinite 
number of trees. The EPS value is between 0 and 1, and values above 0.85 are 
generally assumed to indicate a good fit (Wigley et al., 1984). The Rbar indicates how 
well the individual ring-width series are intercorrelated, with high values indicating 

a b 
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high correlations. For time-series analysis the R statistical package dplR (R 
development Team) was used (Bunn, 2008). Mean chronologies were calculated for 
both sites (López et al., 2005) and subsequently related to groundwater level and the 
remotely-sensed Normalized Difference Vegetation Index in winter (NW) and 
difference of winter and summer Normalized Difference Vegetation Index (NWSD) 
(explained in Section 3.2.3.2). Detrending was not applied since the time series were 
too short and statistical modification of the ring-width series would have complicated 
the comparison with the long-term variation in groundwater level (Grissino-Mayer, 
2001). The fast growing rate during the juvenile phase of about 15 years (see Results 
and Figure B of the Supplementary materials) was excluded from the analysis to avoid 
the ontogenetic effect. 
 
3.2.3.2. Remote-sensing data 
3.2.3.2.1 Landsat - NDVI derived metrics for paraheliotropic plants 

P. tamarugo is a paraheliotropic plant, i.e. its leaves adapt their inclination angle to 
avoid excessive solar radiation and photoinhibition (Ehleringer and Forseth, 1980), as 
shown in Figure 3.1b. In this way, paraheliotropic plants can photosynthesize longer 
than normal plants under high solar radiation (Pastenes et al., 2004). At the peaks of 
solar radiation their leaves fold, avoiding the solar rays and causing a drop in the 
canopy's spectral reflectance and NDVI (Chávez et al., 2013b; Chávez et al., 2014). 
These authors showed annual NDVI time series of P. tamarugo stands with peaks in 
winter and drops in summer, which were negatively correlated to in-situ measured 
solar radiation (Chávez et al., 2013a; Chávez et al., 2014). Based on this annual 
behaviour of NDVI, Chávez et al. (2014), proposed new indices for paraheliotropic 
vegetation: the mean NDVI in winter (NW) as an indicator of annual green biomass 
(thus expected to decrease over time in case of drought stress) and the NDVI 
difference between summer and winter (NWSD) as an indicator of the normal 
paraheliotropic movement and thus an indicator of canopy water content. Trees under 
drought stress are no longer able to perform paraheliotropic leaf movements, since 
water is needed for the pulvinus to function, thus the difference between NDVI in 
winter and summer will be minimal (and therefore lower than in non-drought stressed 
trees). In addition the NWSD is expected to decrease over time in stressed trees. In 
this paper, we used both NW and NWSD indices for annual estimations of green 
biomass and canopy water content of P. tamarugo stands.  
 
For the two study sites, all available Landsat 5 TM (Thematic Mapper) and Landsat 7 
ETM (Enhanced Thematic Mapper – inclusive the SLC-off scenes) satellite data 
covering the period 1989-2012 were downloaded from the USGS Earth Explorer 
website and were considered for use. For the Landsat NDVI time series, cloud-free 
L1T (orthorectified and geo-referenced) images of 30 m pixel resolution (471 scenes, 
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corresponding to path 1 and row 34) were used. The images were pre-processed using 
the Landsat Ecosystem Disturbance Adaptive Processing System (LEDAPS) to obtain 
surface reflectance values for all spectral bands (Masek et al., 2006). Finally, the 
surface reflectance values of the red band and NIR Near Infra-Red (NIR) band were 
used to compute the NDVI for each date via the following algorithm: NDVI = (NIR-
Red)/(NIR+Red). The median NDVI values of all pixels within the plot were 
calculated. There was no significant seasonal behaviour related to BRDF 
(bidirectional reflectance distribution function) effects (Chávez et al., 2014). Annual 
values of NW and NWSD were calculated as average pixel values within both sites: 
 

(1) NW = average of all NDVI scenes from May, June and July (midwinter); 
(2) NWSD = NW - NS, where NS = average of all NDVI scenes from November,  
December and January (midsummer). In total, 522 and 367 Landsat pixels were 
used for the low- and high-depletion sites respectively. To obtain representative 
values for NS and NW, only years with at least three images in the period June-
July-August (midwinter) and November-December-January (midsummer) were 
used to calculate the average per season (i.e. no intra-annual data, but one value 
per year). 

 
3.2.3.2.2 Very high spatial resolution (VHSR) satellite images - Green Canopy Fraction (GCF). 

At the single tree level, other indicators derived from satellite data can be used as 
drought indicators. Via high spatial resolution satellite images, the Green Canopy 
Fraction (GCF) from individual P. tamarugo trees can be obtained (Chávez et al., 
2016). It has been shown that drought stress causes P. tamarugo to loose canopy over 
time (Chávez et al., 2013b), thus GCF is expected to decrease. The GCF values 
provide information on the status of the crown viability (an indirect measurement of 
photosynthetic activity) at tree level.  
 
The GCF was calculated as the ratio of green to brown parts of the canopy (green 
canopy/(green + brown canopy)) assessed from four angles at ground level (digital 
photos) and was related to the spectral signal of a Worldview2 image of 2 m pixel 
resolution from July 2011. Single tree canopies were delineated with a Quickbird2 
image in summer (to avoid crown shadows) with a 0.6 m pixel resolution (Chávez and 
Clevers, 2012). The GCF was divided into four classes (each of 25%), starting with 
the class < 25%, which represents trees with a very dry canopy. 
 
3.2.4 Statistical analyses 
3.2.4.1 Stand level variables (GWL, NW, NWSD, RW) 
For the stand level comparison, the Mann-Kendall trend (MKT) test as suggested by 
Hipel and McLeod (1994) and later by De Beurs and Henebry (2005) was used to 
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check for significant trends on the monotonic series of annual GWL (expressed in 
negative values), annual RW, NW, NWSD. Temporal stationarity was accomplished 
in most cases, as shown by the autocorrelation function (ACF as implemented in the 
R package). The only significant autocorrelation found was for the GWL series for 
the high-depletion site and for time lags of < 4 years. Association between different 
time series was analysed by the Kendall rank correlation (KRC). The analysis was 
performed using the Kendall package of R and significance levels of 0.01, 0.05 and 
0.1 were shown. Additionally differences between the mean values of each parameter 
(RW, NW, NWSD and GWL) per site were calculated, using all annual time steps as 
single replicates and assuming independent samples as shown by the ACF function. 
Since some of the parameters were not normally distributed the non-parametric Mann-
Whitney U test (using IBM SPSS Statistics 22 software) was used for all parameters 
to compare the variables at each site. 
 
3.2.4.2 Single tree variables (GCF) 
GCF was used to describe the cumulative effect of drought stress on the amount of 
remaining green canopy of single trees at both high-depletion and low-depletion sites. 
For this variable the nonparametric Mann-Whitney U test was also used to test 
differences between the GCF values at the two sites using single trees as replicates. 

3.3 Results 
3.3.1 Groundwater level 
The GWL dropped by 0.4 m in the low-depletion site (data available for 1987-2012) 
and ~3 m in the high-depletion site (data available for 1989-2012). While the 
decreasing trend of the high-depletion site was highly significant (p < 0.01), the 
significant decreasing trend in the low-depletion site was less strong (p < 0.05), as 
shown by the Mann-Kendall trend test (i.e. the decreasing trend of the high-depletion 
site was more evident). The GWL of the high-depletion site was significantly lower 
than the low-depletion site (U < 0.001; Z = -6.059; p < 0.001) according to the Mann-
Whitney U test. 
 
3.3.2 Annual ring-width and groundwater level (stand level)  
Although the P. tamarugo tree forms distinct rings with the ring boundaries marked 
by narrow bands of marginal parenchyma (Figure 3.1c), the rings are frequently 
difficult to discern for various reasons: intra-annual density variations, discontinuous 
parenchyma bands, or extremely narrow rings, as seen in other tree species (Decuyper 
et al., 2014). The number of rings detected in the 12 trees investigated ranged from 34 
to 39, which is consistent with the estimated age of ca. 41 years (the trees were planted 
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around 1971). As a consequence of the planting method (seedlings of 3-5 months old 
were planted in 60 cm deep holes below the current soil surface level) (Lanino, 1972), 
some of the rings from the time series are not visible in our disks since they are only 
apparent at the base of the tree (i.e. 60 cm below the soil surface level) explaining the 
lower number of rings found in this study. The number of tree-rings also supports the 
assumption that the detected rings are annual, as the number of rings did not exceed 
the estimated age. Ring-width series measured from different radii of the same tree 
crossdated well. In some cases, crossdating was obscured by reaction wood formation, 
especially in the outermost part of the stem. For this reason, the outermost stem parts 
of the disks, where annual ring boundaries could not be discerned with confidence, 
were left out of the chronology to avoid introducing possible errors (the rest of the 
chronology was used and crossdated). Tree-ring series of trees from the two sites 
showed similar annual variation, with slightly better intercorrelation between trees 
growing in the low-depletion site (EPS = 0.96; Rbar = 0.79) than between trees 
growing in the high-depletion site (EPS = 0.83; Rbar = 0.57). All P. tamarugo trees 
exhibited a similar growth trend, with fast juvenile radial growth during the first 10-
15 years (which was excluded from the statistical analysis), followed by a sharp 
reduction to a persistently lower and stable average growth rate of approximately 1 
mm per year.  
 
From 1987 to 2012, average annual RW had a significant negative trend over time in 
trees in both sites, with p < 0.01; MKT = -0.520 for the low-depletion site and p < 
0.01; MKT = -0.586 for the high-depletion site. This is partly attributable to the 
remaining small ontogenetic trend in all ring-width series. Nevertheless, a comparison 
between the ring-width chronologies of both sites (Figure 3.3d) showed that the ring-
width (i.e. the whole time series minus the juvenile phase) was significantly lower by 
48% in the high-depletion site compared to the low-depletion site (U = 135; Z = -
3.715; p < 0.001). 
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Figure 3.3: Time series of stand level variables: (a) Groundwater level (GWL) in metres below ground 
level.; (b) NDVI in winter (NW) The blue arrows represent the few rainfall events (ranging from 1.6 to 6.9 
mm per year) and could explain the small peaks in NW; (c); NDVI difference between winter and summer 
(NWSD). (d) Average annual ring-width (RW) of viable P. tamarugo trees, where mean radial growth was 
48% less in the high-depletion site. 
 
  

a 

b 
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3.3.3 NDVI metrics (NW and NWSD) and groundwater level (stand 

level) 
The time-series analysis for the NW showed significant trends for both sites (Table 
3.1) as indicated by the Mann-Kendall trend (MKT) test. In the low-depletion site, 
NW increased over time (p < 0.01; MKT = 0.557), while, in the high-depletion site, 
NW declined over time (p < 0.01; MKT = -0.747; Figure 3.3b). The NW was 
significantly lower when comparing the high-depletion site with the low-depletion 
site (U = 20.5; Z = -5.361; p < 0.001). NWSD showed no significant positive or 
negative trend over time in the low-depletion site but a negative trend in the high-
depletion site (p < 0.01; MKT = -0.573) (Fig 3.3c). However, when comparing NWSD 
there were no differences between the two sites (U = 230.5; Z = -0.012; p = 0.990).  

 
In the low-depletion site, the Kendall rank correlation (KRC) indicated that the 
correlation with the GWL was significantly negative for the NW (p < 0.05; KRC = -
0.352) and poor for the NWSD (p < 0.1; KRC = -0.305). In the high-depletion site, a 
more significant and positive correlation was found between NW and GWL (p < 0.01; 
KRC = 0.688), and NWSD and GWL (p < 0.01; KRC = 0.482), (Table 3.1).  

 
Table 3.1: Trends and correlation between stand level variables: groundwater level (GWL, expressed in 
negative values), ring-width (RW), NDVI measured in winter (NW), and NDVI difference between winter 
and summer (NWSD) of P. tamarugo sites subject to low and high groundwater depletion. 
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3.3.4 Annual ring-width and NDVI metrics (NW and NWSD) 

(stand level) 
The significant negative correlation between RW and NW (p < 0.01; KRC = -0.399) 
in the low-depletion site might be somewhat explained by the slight ontogenetic effect 
in the RW(see Figure B in the Supplementary materials), yet there was no correlation 
between RW and NWSD. Although this ontogenetic effect in the RW is similar in the 
high-depletion site, there is a significant positive correlation between RW and both 
NDVI-derived parameters (NW: p < 0.01; KRC = 0.420 and NWSD: p < 0.01; KRC 
= 0.457).  
 

3.3.5 Green Canopy Fraction and groundwater level (tree level) 

Although all GCF classes appear in both sites in 2011 (Figure 3.4), more trees in the 
high-depletion site fall within lower GCF classes. There is little difference between 
sites in the fraction of trees in the lowest GCF class (GCF = 0-25) but in the high-
depletion site there are 11% more trees in GCF class 25-50 than in the low-depletion 
site (Table 3.2). Only 8% of the trees in the high-depletion site were in GCF class 75-
100, compared with 15% in the low-depletion site. The average GCF of all individual 
trees summarizes the overall difference in GCF between the two sites, which was 
0.470 for the high-depletion site and 0.549 for the low-depletion site, and there was a 
significant difference in GCF values between sites (U = 1522603.5; Z = -8.404; p < 
0.001). The standard deviation of GCF was higher in the low-depletion site (i.e. 0.519) 
than in the high-depletion site (Table 3.2). In addition to the numerical differences, 
there are different spatial patterns in the low-depletion site (i.e. the band of trees with 
a GCF < 0.25 and 0.25 to 0.50); in the high-depletion site the GCFs are more 
homogenous (Figure 3.4). 
 
 



Effect of groundwater extraction on Prosopis tamarugo
  

49 
  

Figure 3.4: Green Canopy Fraction (GCF) derived from high-resolution (2.4 m pixel resolution) 
Worldview2 satellite data (acquired in July 2011). 
 
Table 3.2: Forest site characteristics of the two study sites. The Green Canopy Fraction (GCF) classes show 
the percentage of trees organized in four GCF classes. GCF per tree was calculated using the Worldview2 
image of July 2011. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.4 Discussion 
3.4.1 Radial stem growth of viable trees is affected by groundwater 

depletion 
Radial growth in the high-depletion site was significantly lower than in the low-
depletion site by 48%. The generally slow growth may conceal even greater 
differences in resource availability between the two sites, In addition, since only 
viable trees with a GCF class of 75-100 could be sampled for ring-width analyses, it 

Site Low-depletion site High-depletion site 

CONAF site Recreo España 

Year planted 1971 1971 

Number of trees 2364 1532 

Tree density (per ha) 50.3 46.4 

Average GCF* (SD) 0.549 (0.519) 0.470 (0.185) 

GCF class < 25 (%) 9 11 

GCF class 25−50 (%) 38 49 

GCF class 50−75 (%) 37 32 

GCF class 75−100 (%) 15 8 
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is most likely that overall growth is even lower, as less viable trees have even less 
growth. A reduction in ring-width was also found in other arid ecosystems where 
water was limiting growth: for example for Populus trichocarpa and Pinus jeffrey 
(Stromberg and Patten, 1990) and for P. flexuosa DC. (Giordano et al., 2011). The 
reduction in ring-width in the high-depletion site may be related to a shift in allocation 
patterns towards investment of resources into root elongation (Chaves et al., 2003; 
Markesteijn and Poorter, 2009; Micco and Aronne, 2012). Another possible cause of 
reduced growth might be reduced carbon fixation due to longer periods of stomatal 
closure (Mcdowell et al., 2008). Groundwater depletion may lead to amplification of 
this potential allocation effect, as seen from the reduced ring-width of the viable trees 
in the high-depletion site (Figure 3.3d). All trees showed high radial growth during 
the first 10-15 years after establishment. Such a juvenile phase with high height and 
radial growth is in line with results reported by Rivera et al. (2010), who studied P. 
tamarugo trees in the same region, and by Alvarez et al. (2011) and Villagra et al. 
(2005) in P. flexuosa growing under similarly hyper-arid conditions.  
In its natural habitat, P. tamarugo trees germinate after major floods which 
occasionally occur as a result of runoff from the Andes (Mooney et al., 1980). The 
fast juvenile growth can be an adaptation of these trees to quickly establish and reach 
the groundwater and in this way avoid premature desiccation when the flood event is 
over and the high solar radiation prevails (Salih, 1998; Sudzuki, 1985b). Once the tree 
roots reach the groundwater, allocation strategies may change, with more biomass 
being invested in maintaining foliage and with root increment being stimulated by 
drought stress (Markesteijn and Poorter, 2009). Carbon allocation or limited carbon 
fixation may be the explanation of the relatively low radial increments in the last 20 
years in both sites (Figure 3.3d). However, further research is needed to understand 
carbon allocation strategies or limitations in carbon fixation of P. tamarugo trees 
under drought stress. 
 
3.4.2 Increased drought stress due to groundwater depletion - the 

remote sensing (crown) perspective 
The significant reduction in NW and NWSD of groundwater-dependent P. tamarugo 
trees in the high-depletion site indicates that the trees are experiencing increasing 
drought stress as a consequence of groundwater depletion. The high evaporative 
demand in desert areas induces drought stress once the water supply drops below a 
certain threshold (Houston, 2006d). The lower NW and NWSD in the high-depletion 
site indicate that a drop in groundwater level of about 3 m over the last two decades 
induced increased drought stress in tree crowns throughout the forest site. The positive 
correlation between NW, NWSD and GWL could be another indicator showing the 
detrimental effects of this depletion intensity. Furthermore, the groundwater level in 
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the high-depletion site dropped to 12 m, which according to Chávez et al. (2016) is 
within the zone (12-20 m) in which a disruption of the water status of the tree occurs. 
This indicates that most P. tamarugo trees in the high-depletion site have had limited 
access to water (Chávez et al., 2016).  
 
In the low-depletion site, the positive trend in NW suggests that most trees continued 
to increase their green biomass over time, which is also supported by the negative 
correlation between NW and GWL (i.e. NW increases due to crown growth, while 
almost no change is seen in the GWL). The absence of a significant trend in NWSD 
points to the absence of excessive drought stress, which implies well-functioning 
pulvinar movement of the leaves during summer (Chávez et al., 2014). In line with 
this, GCF was lower in the high-depletion site. A GCF class below 50 indicates trees 
are unhealthy (Chávez et al., 2016) and 49% of the trees in the high-depletion site 
belonged to this category (Table 3.2). Although the GCF is considerably higher in the 
low-depletion site, the large standard deviation indicates that in addition to healthy 
trees (high GCF), stressed trees (low GCF) are also present in the tree community 
here. This, together with the observation of clear spatial patterns in the low-depletion 
site (Figure 3.4), could point to the presence of below-ground features (e.g. bedrock) 
which define local water availability, e.g. the presence of impenetrable layers or layers 
hampering root expansion to greater depths to follow the falling groundwater level. 
Reduced crown vitality (GCF) also means reduced carbon assimilation for root growth 
and in turn reduces the tree's ability to access declining water reserves. This could also 
imply that under prevailing drought stress, radial growth is restricted. 
 
3.4.3 Impact of groundwater depletion on P. tamarugo 
All the indicators investigated - GCF, NW, NWSD, and RW - point to a strong effect 
of groundwater extraction on the viability of the groundwater-dependent P. tamarugo 
tree. Viable trees seem to cope relatively well with falling GWL, but the GCF values 
show that most of the P. tamarugo trees in the high-depletion site were affected by 
the drop of about 3 m in GWL in the last two decades. This indicates that there is a 
certain critical threshold of GWL, below which photosynthesis, maintenance of 
growth and adaptation of root length are constrained. A recent study by Chávez et al. 
(2016), assessed the GWL of the entire Pampa del Tamarugal and suggested the 
critical threshold for P. tamarugo survival was a depth of 20 m. It is known that other 
Prosopis species can reach groundwater as deep as 50 m (Phillips, 1963). However, 
when evaluating the adaptive capacity of a species, different factors play an important 
role, such as initial GWL, extent and speed of GWL depletion, site fertility and 
impenetrable layers. Our findings suggest that most trees in the high-depletion site are 
beyond their adaptive capacity and showed signs of stress at a GWL of ~12 m, which 
is in line with conclusions of Chávez et al. (2016), who showed signs of disruption of 
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the water status in the P. tamarugo at this depth. If the current situation remains stable, 
or GWL continues to fall in response to anthropogenic (pumping) or natural causes, 
the population will decline. It is clear that the current extraction limitation of 4000 l/s 
in the Pampa del Tamarugal aquifer is too high for the natural recharge rate of 976 l/s 
(JICA-DGA-PCI, 1995; Rojas and Dassargues, 2007). Other factors in addition to the 
anthropogenic pressure that could cause serious and immediate impacts on the P. 
tamarugo population are severe drought and earlier snowmelt or rainfall instead of 
snow (thus releasing water faster and causing shortages in groundwater supply later 
in the summer season) in the Andes mountains, due to higher temperatures as 
described in Coudrain et al. (2005). 
 
3.4.4 Applicability of a multi-scale approach in arid environments 
With this multi-scale approach, the impact of groundwater extraction on groundwater 
dependent forests was assessed and a methodology for studying the effects on 
resource acquisition (canopy) and radial growth was demonstrated. Although only one 
very high-resolution satellite image for deriving data at tree level (GCF) was used, the 
results show the potential of this approach for future studies. For example, the 
increasing use of drones and the upcoming high spatial and/or temporal resolution 
satellites with higher spectral resolution, such as Worldview3 (spatial resolution of 2 
m and eight spectral bands) and Sentinel 2 (free access, spatial resolution: 10 m and 
five days' revisit time) will increase possibilities to study ecosystems throughout the 
year and to combine this data with ground-based measurements at tree level. Arid 
ecosystems have the advantage of being infrequently covered by clouds, which leads 
to more cloud free and higher quality (e.g. less aerosols) satellite data, as was the case 
in the Atacama Desert.  
 
To date, the combination of remotely-sensed indices with dendrochronology of 
tropical trees has not been sufficiently explored. One of the few studies showed that 
shifts in regional precipitation patterns could be explained by combining tree-ring 
chronologies and remotely-sensed data (Southworth et al., 2013a). In the present 
paper, the results provided insight into what can be seen from the canopy and within 
the tree (i.e. radial growth) in trees undergoing drought stress (see Table 3.1, NW, 
NWSD and RW). 
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3.5 Conclusions 
We conclude that P. tamarugo trees were affected by the drop in groundwater of about 
3 m (from ~8 to 12 m) in recent decades. Groundwater depletion increases drought 
stress in the tree canopy and reduces radial growth, even in viable trees. Although 
viable trees can currently cope with this level of groundwater depletion, they could 
experience a reduction carbon fixation or may allocate more resources towards root 
elongation in order to remain in contact with the groundwater (this could be a possible 
explanation of the higher reduction in radial growth in the high depletion site). 
Furthermore, the drought-stress symptoms, detected by GCF on tree level, and NW 
and NWSD on stand level in the high-depletion site suggest that the viability of this 
whole stand is declining. If groundwater extraction continues in the Atacama Desert 
at the same rate, this unique tree species may not persist. In order to curb this trend, 
groundwater extraction rates should decrease drastically or should be spread both 
spatially and temporally so that the P. tamarugo stands have more time to adjust to 
lower soil water levels. The combination of remote sensing and tree-ring analysis 
provides a relevant insight into the ecophysiology of this desert tree, by assessing 
crown and stem status, and shows potential for upscaling drought effects from trees 
to stands and perhaps basins. 
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4 
2 Spatio-temporal assessment of beech growth in 

relation to climate in Slovenia – An integrated 
approach using remote sensing and tree-ring 

data 

M. Decuyper, R.O. Chávez, S.A. Estay, K. Čufar, P. Prislan, J. Gričar, Z. Črepinšek, 
M. Merela, M. de Luis, R. Serrano Notivoli, E. Martinez del Castillo, J.G.P.W. 

Clevers, D.M.A. Rozendaal, F. Bongers, M. Herold, U. Sass-Klaassen 
 
Predicted climate changes are likely to affect tree growth and biomass production 
specifically through increased frequency and intensity of droughts, heat waves, and 
frosts. Yet, there is still a lot of uncertainty on how trees respond to these changes. 
Growth measurements such as ring width are based on single locations, and for scaling 
up, the link between ring width and remote sensing needs to be understood. Linking 
ground-based wood increment to remotely sensed data has only been done in a few 
studies, often not taking the climatic drivers into account. We used tree-ring data and 
crown characteristics derived from the Moderate Resolution Imaging 
Spectroradiometer (MODIS) to assess the effect of general climate conditions as well 
as extreme climate events on the growth of beech (Fagus sylvatica L.) in Slovenia. 
Surprisingly, we did not find a consistent relationship of specific climate factors with 
tree-ring width nor with remotely sensed plot variables (e.g., the Enhanced Vegetation 
Index; EVI) across the study sites. Only severe, large scale damage of the canopy 
could be detected in both tree-ring width and remotely sensed EVI variables, as was 
the case for the ice storm in 2014. The large unexplained variation between climate, 
ring width (RW), and remotely-sensed variables suggests that non-climatic factors 
related to site and stand characteristics such as soil moisture and species composition 
determined variation in beech growth. The weak correlation between RW and remote 

http://les.bf.uni-lj.si/en/about-us/employees-new/show/katarina-cufar/
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sensing indices might result from various factors: (i) the 250 m MODIS spatial 
resolution pixels might contain a mixture with less drought-prone tree species, overall 
leading to little canopy damage; (ii) little overlap between the different time series, as 
remote sensing data was available for the last 16 years, but in the ring-width series 
recent years were often missing; (iii) it is possible that there is no relationship between 
remote sensing EVI indices, climate and RW, because RW represents stem growth 
and EVI is a proxy for canopy greenness. Future research should focus on a better 
understanding of climate-growth relationships, by closely linking ecophysiological 
research and high resolution remote sensing data. 
 
Keywords 
Climate extremes; dendrochronology; ice storm; drought 

4.1 Introduction 
Many studies indicate that at Northern latitudes the effect of climate change (i.e. 
warming due to increasing CO2 levels) prolongs the growing season of trees (Badeck 
et al., 2004; Menzel, 2002; Nabuurs et al., 2002; Nemani et al., 2003). Although 
increasing CO2 levels enable trees to use water more efficiently, their growth and 
biomass production may be curbed by increased climate-induced water shortage 
(Bréda et al., 2006; Fonti et al., 2013), heat stress (Bréda et al., 2006; Ciais et al., 
2005), or increased respiratory demands (Mcdowell et al., 2008).  
 
Photosynthetic activity determines the amount of carbohydrates available for wood 
formation. Thus, leaf phenology is intrinsically linked to wood formation (through 
cambial phenology). Summer droughts are common in Atlantic Europe and are known 
to reduce wood formation (i.e. tree-ring width) for species such as Scots pine (Pinus 
sylvestris L.) (Gruber et al. 2010) and beech (Fagus sylvatica L.) (Ciais et al., 2005; 
Čufar et al., 2008a; Giagli et al., 2016; Prislan et al., 2013; Scharnweber et al., 2011; 
van der Werf et al., 2007). However, recent studies indicated that precipitation was 
not a limiting factor in ring width (from here on: RW) (Prislan et al., 2018), while Van 
der Werf et al. (2007) found that RW increment ceased during the 2003 drought, but 
recovered in the same year. Similarly, variable effects of air temperature on ring width 
have been found, with negative air temperature effects on growth in different months 
(Čufar et al., 2008b; Di Filippo et al., 2007; Fischer and Neuwirth, 2013; van der Werf 
et al., 2007).The impact of expected climate changes on tree growth depends on the 
interplay of climate factors, as well as the timing of the occurrence of the climatic 
events and the interaction with specific site conditions. Therefore, the inclusion of 
multiple data types (i.e. RW and climate parameters) is needed to better understand 
effects of climatic events (Norman et al., 2016). 
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Some measurement techniques for tree growth focus on the measurement of stem 
growth of individual trees, like dendrochronology, while other techniques focus on 
the measurement of the total biomass of trees or even forest stands (i.e. at the plot 
level), like remote sensing techniques (Avitabile et al., 2015). While tree-centred 
measurement methods such as dendrochronology and xylogenesis are important tools 
to assess and understand (long-term) climate-growth relationships, they are time-
consuming and costly, which makes it difficult to monitor many locations. 
Furthermore, local effects of climate or soil characteristics can make them 
unrepresentative for large-scale assessments (Norman et al., 2016). Therefore, remote 
sensing can play an important role in tree-growth monitoring by upscaling from the 
individual tree level to larger scales in order to map areas that might be under threat 
given the climate change predictions. Several studies indicated the ability of remote 
sensing indices to detect drought or heat waves (Hlásny et al., 2015; Vicca et al., 
2016). However, due to the relatively coarse spatial resolution of the sensor (30 - 250 
m for sensors that have longer time series available), each grid cell represents an 
average of different tree species, unless large, homogeneous forest patches are present 
(Deshayes et al., 2006). Furthermore, from space the canopy greenness as a proxy for 
the tree’s productivity is measured, but until now few studies attempted to link tree-
ring width (stem) with remote sensing derived indices (Babst et al., 2018; Bunn et al., 
2013). Yet, it is not clear how remotely sensed indices obtained from chlorophyll 
pigments in the leaves and the amount of leaves relate to actual wood formation (i.e. 
tree-ring width). A relationship between both measuring techniques would allow for 
upscaling ground-based point measurements conducted on single trees to stand level. 
 
In this study, we assess the general effect of climate factors, and to some extent 
climate extremes, on the growth of beech in Slovenia, both from a tree-ring width 
(stem) as well as from a remote sensing (canopy) perspective. Although the 
distribution range of beech has been increasing recently, the species is affected by 
adverse climate effects, like ice damage, late frosts, heat waves and droughts 
(Marenče, 2015; Slovenian Forest Service, 2015). Secondly, we quantify the 
relationship between tree-ring width and remote sensing derived variables, and we 
aim to upscale the results from ground-based RW measurements to remote sensing 
derived canopy measurements. Specifically, we ask:  

- How do climate variables (and climate extreme events) affect beech radial 
growth (tree-ring width) and canopy characteristics (EVI indices) at different 
sites across Slovenia? 

- Can we link tree-ring width measurements with remote sensing derived 
variables and upscale from tree level to plot or even national level? 
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4.2 Materials and methods 
4.2.1 Study area & species description 
Slovenia is characterized by temperate forests covering about 58% of the Slovenian 
territory (Slovenian Forest Service, 2015) (Figure 4.1). With 346 million cubic meters 
of wood the Slovenian forests have an important economic value. European beech 
(Fagus sylvatica L.) represents 32% of the wood stock (Slovenian Forest Service, 
2015). Beech as the leading forest species is growing on a great variety of sites in 
different biogeographical zones with different climatic regimes. Beech has the 
additional benefit in that its leaves contain high amounts of tannin, limiting understory 
growth and thus reducing the noise in satellite images. 

Figure 4.1: Beech cover map with the locations of the plots with dendrochronological data (black dots) 
and the beech cover percentage. The white colour represents areas without beech cover. The map is based 
on beech cover data provided by the Slovenian Forest Service. 
 
A national beech cover map was provided by the Slovenian Forest Service (Slovenian 
Forest Service, 2015) and is based on NFI (National Forest Inventory) data (Figure 
4.1). The areas with a beech cover percentage of < 50% were removed from the 
analysis to avoid influence of other tree species or land uses. Using R software (R 
Core Team, 2016), the polygon data were rasterized towards the used Moderate 
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Resolution Imaging Spectroradiometer (MODIS) 250 m grid size (see section 4.2.4). 
Only 250 m pixels with ≥ 50% beech were included in this study. 
 
4.2.2 Dendrochronological data 
Dendrochronological ring width (RW) data for 25 sites were included (Figure 4.1) 
from previous studies (e.g. Čufar et al., 2008; Prislan, 2018; Prislan et al., 2013). 
Samples varied from 2 - 32 trees per site, with 3 cores at different orientations taken 
per tree. The age of the sampled trees ranged from 61 to 271 years; however, RW data 
was only considered for the period between 2000 – 2016 in the analysis. RW time 
series have variable length (Figure 4.2). Detailed descriptions of sampling and sample 
preparation can be found in Čufar et al. (2008); Prislan et al. (2018); Prislan et al. 
(2013).  

Figure 4.2: Tree-ring replication per site between the years 2000 and 2016. 
 
To correct for ontogenetic effects, i.e. decreasing ring width with increasing tree age, 
all raw dendrochronological data together were standardized using regional curve 
standardizations in the ARSTAN 6.05P programme (Cook, 1985). The RW of the 
individual trees was averaged per plot. 
 
All plots were taken into account in this study, but three particular plots, Javorniki, 
Idrija and Masun were used to exemplify the effect of most recent extreme weather 
events. These sites were selected since they had the most recent RW data and we know 
that they were affected by the 2014 ice storm, with Masun being the least affected 
(Slovenian Forest Service, 2015). 
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4.2.3 Climate data and model 
Daily precipitation and average temperature grids were generated using 36 weather 
stations covering the whole study area. The stations ranged in altitudes from 2 to 2514 
m.a.s.l. and had on average 4.71% missing data in the period 2000-2016. The 
reconstruction of each station was made in two steps: (1) we flagged and removed 
unreliable records, and (2) we filled in missing values based on the filtered dataset 
resulting from the previous step as follows. A grid was created with a cell size of 250 
meters in order to match the MODIS resolution. To obtain estimated values of 
temperature for each grid cell, multivariate logistic regressions (MLR) were used to 
compute reference values using altitude, latitude, and longitude as covariates. Daily 
precipitation for each point of the grid was estimated using two reference values based 
on the 10 nearest observations on the corresponding day: i) a binomial prediction 
referred to the probability of occurrence of a wet day and, ii) a magnitude prediction 
referred to the amount of precipitation using MLR. The reconstructed precipitation 
was calculated using the “reddPrec” package in R statistical software (http://cran.r-
project.org). From the climate grids, three climate variables were calculated: CDD 
(the number of consecutive days where precipitation was <1 mm during the growing 
season, a proxy of drought intensity); Prec (the total precipitation during the growing 
season) and Tmax (the absolute maximum temperature during the growing season, a 
proxy of heatwaves causing the burning or browning of the leaves). We did check for 
a proxy in the climate data for ice storms, but we could not capture the ice storm with 
the available climate data. 
 
4.2.4 Remote-sensing data 
The entire 16-days MODIS vegetation indices catalogue from the Terra (product 
MOD13Q1) and Aqua (MYD13Q1) satellites was used in this study. These satellites 
acquire images from the whole Earth on a daily basis and, in order to avoid data gaps 
due to clouds and other atmospheric contamination, they are composed within a 
temporal window of 16 days. These composites provide a more complete spatial 
coverage, which is especially useful for cloudy areas. From this product, two 
vegetation indices are available: the Normalized Difference Vegetation Index (NDVI) 
and the Enhanced Vegetation Index (EVI), from which the EVI was selected in this 
study since it has proved more sensitive than NDVI to detect leaf phenological 
changes for high biomass vegetation like beech forests (Huete et al., 2002; White et 
al., 2014). Combining the MODIS Terra and Aqua satellite data, a time series of 768 
MODIS EVI layers was obtained, spanning from 2000 till 2016. Since the (Vegetation 
Index) VI algorithm of each of the two satellites generates a 16-day composite, and 
they are eight days apart, we have a time series with a temporal resolution of 8 days. 

http://cran.r-project.org/
http://cran.r-project.org/
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All the scenes were pre-processed using the quality flags provided within the MODIS 
vegetation indices product using the 'raster' package as implemented in the R software 
(R Core Team, 2016). Based on these quality flags, all pixels with clouds, cloud 
shadows, water, snow, ice, and images with a high level of aerosols were neglected. 

Vegetation disruptions were detected using EVI anomalies (Figure 4.3). For each 250 
x 250 m pixel, the EVI time series for the period 18-02-2000 till 19-12-2016 was 
extracted, resulting in a 768 time step series in the most favourable case (e.g. no clouds 
or cloud shadows) (Figure 4.3a). The time series were sorted by the day of the year 
(DOY) per year to calculate the reference phenological curve (Figure 4.3b). Using all 
available EVI values (i.e. 46 per year), the maximum probability of having a given 
EVI value at a given DOY was calculated (dark red line in Figure 4.3c). Probabilities 
of having certain EVI values at different DOY were calculated using the 'rts' package 
as implemented by the R software (R Core Team, 2016). 

An iterative leave-one-out process was applied where a given year (e.g. 2014, Figure 
4.3) is left out and the reference annual phenological cycle is then estimated using the 
remaining years (Figure 4.3b). Then, the EVI anomaly for the given year is calculated 
by subtracting the reference values from the measured values of that year. Positive 
EVI anomalies show a “greening” of the vegetated land surface while negative 
anomalies show a “browning”. All pixels of Slovenia together provide a national EVI 
anomaly map and 46 anomaly maps were obtained per year, i.e. 768 maps for the 
period 2000-2016.  

Since the aim is to relate the anomaly data with annual RW data, the 8-day resolution 
EVI anomaly data under the reference line was summed up to obtain the area under 
the curve (EVI_AUC) per year. Only negative anomalies were used to calculate this 
variable. Furthermore, the absolute minimum was derived to detect potential extreme 
events (EVI_Min). These calculations were based on the growing season of the tree 
(i.e. March-October). 
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Figure 4.3: Calculation of the Enhanced vegetation index (EVI) anomaly for a single 250 m pixel of Fagus 
sylvatica forest. (a) The full time series of 16-day composites of EVI values is extracted for the given pixel 
(illustrated using Terra only). The black box shows the growing season 2014 (a year with a severe ice 
storm) to be analysed. (b) The EVI values from all growing seasons (grey x), except for the growing season 
to be analysed (2014 in black circled dots), are used to calculate the reference EVI curve (showing the 
seasonal behaviour of this deciduous tree). (c) The probability (red and yellow shades) of an EVI value 
occurring at a given day of the year is calculated: the dark red line (maximum probability) shows the 
reference EVI phenological curve for this forested pixel. The difference between the dark red line 
(reference) and the black dots (measured values), the EVI anomaly (black arrow), is then used to account 
for a disruption. 

4.2.5 General approach 
In order to be able to overlay or relate the datasets, the beech cover map and the 
climate data were resampled to match the 250 m resolution of the MODIS data. 
Around the plot locations, a buffer of 5 km was made assuming similar climate 
conditions. In this way the overlap with the MODIS pixels was not only based on one 
pixel (see detailed flowchart – Figure 4.4). 
 
 
 
 
 
 
 
 
 
 
 

a)

b) c)
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Figure 4.4: Flowchart of the different processing steps for each data source. 
 
4.2.6 Statistical analysis 
To assess the effects of climatic parameters (CDD, Prec and Tmax) on tree growth 
(RW) and on the remote sensing derived canopy variables (EVI anomaly data: 
EVI_AUC and EVI_Min) we used linear mixed-effects models. CDD, Prec and Tmax 
were included as fixed effects, and we included a random intercept per plot. All 
predictors (i.e. CDD, Prec and Tmax) were standardized by subtracting the mean, and 
dividing by the standard deviation prior to analysis. We compared ten models with 
varying fixed-effect structures, including an intercept-only model, and selected the 
best model based on Akaike’s Information Criterion (AIC). We regarded models 
within 2 AIC-units from the best model as equally supported (Burnham and Anderson, 
2002). We also included models with altitude, location and the lagged effects of 
climate as fixed effects, but models performed poorly (results not shown). Linear 
mixed-effects models were also used to assess the potential for upscaling plot data by 
testing if the EVI anomaly variables (EVI_AUC and EVI_Min) relate to tree growth 
(RW). We included a random intercept per plot and compared two models with 
EVI_AUC or EVI_min as fixed-effect, including an intercept-only model. Then the 
best model was selected based on AIC. We calculated the marginal R2 (Nakagawa and 
Schielzeth, 2014), which indicates the variation explained by the fixed effects. All 
analyses were performed in R, version 3.3.3 (R core team); mixed-effects models were 
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run using the “lme4” package (Bates et al., 2014), the marginal R2 (R2m) was 
calculated using the package “MuMIn” (Nakagawa and Schielzeth, 2014). 

4.3 Results 
4.3.1 Effect of climate on the growth of beech 
4.3.1.1 The dendrochronological perspective 
The best model (Model 3, Table 1) included Prec and Tmax and their interaction, 
indicating negative effects of Prec and Tmax on RW (Figure S4.1). This means that 
RW decreased with higher maximum temperatures and higher precipitation volumes. 
However, the amount of variation that was explained by this model was very low 
(R2m = 0.10). 
 
Table 4.1: Overview of the different mixed effect models used to compare the effect of climatic parameters. 
Mixed model outputs are shown with their AIC value to test the effect of climate variables on RW, 
EVI_AUC and EVI_Min. 

Model Fixed effects 
AIC 
(RW) 

AIC 
(EVI_AUC) AIC (EVI_Min) 

1 CDD + Prec + Tmax  24.31 0.00 0.00 
2 CDD + Prec * Tmax  5.57 15.59 8.15 
3 Prec * Tmax  0.00 10.37 10.16 
4 Prec + Tmax  19.28 26.02 18.40 
5 CDD + Prec  15.79 27.08 18.46 
6 CDD + Tmax 16.76 32.07 29.38 
7 CDD 7.87 39.36 34.90 
8 Prec  10.43 36.11 25.11 
9 Tmax  11.66 41.44 36.41 
10 intercept only 2.52 48.32 43.13 

 
Although year to year climate variables were not strongly correlated to RW, years 
with extreme climate conditions (i.e. drought of 2003 and ice storm of 2014) did show 
a decrease in RW (Figure 4.5). The averaged RW time series for three sites (i.e. 
Javorniki, Idrija, Masun) were known to be affected by the 2014 ice storm (Slovenian 
Forest Service, 2015) (Figure 4.5a). Besides the lower ring width in 2014, there was 
also a reduction in RW in the year 2003 (drought), 2011 (drought and heat wave), 
2013 (heat wave), 2015 (drought and heat wave). Similar patterns in RW were found 
when taking all sites into account, although the larger standard deviations indicate 
large site-to-site variation (especially in 2003 - Figure 4.5b). RW decreased over time 
for each of the three sites and all sites combined. Although not statistically proven, 
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the decrease in RW could have resulted from the frequent extreme events from 2011 
onwards (Figure 4.5). 

Figure 4.5: ( a) Average RW and EVI_AUC with standard deviation of the three sites (i.e. Javorniki, Idrija, 
Masun), which are known to be damaged by the ice storm of 2014 (Slovenian Forest Service, 2015). (b) 
Average detrended RW and EVI-AUC with standard deviation of all 25 sites. Numbers 1-5 indicate known 
extreme events (1: drought; 2: drought and heat wave; 3: heat wave; 4: ice storm; 5: drought and heat wave). 

 
4.3.1.2 The remote sensing perspective 
For both the EVI_AUC and EVI_Min there was a negative effect of CDD, Prec and 
Tmax (Model 1 in Table 4.1). This means that EVI_AUC and EVI_Min decreased 
with longer drought periods, higher precipitation and higher maximum temperatures. 
However, the amount of variation that is explained by this model is very low (R2m = 
0.03 for EVI_AUC and R2m = 0.01 for EVI_Min).  
 
The decrease in EVI_AUC showed the negative effect of the ice storm of 2014 on the 
tree growth. This is shown for the three sites known to be damaged by the ice storm 
(Marenče, 2015) (Figure 4.5a), but also when including all sites (Figure 4.5b). The 
drought of 2003 was not captured by the remote sensing derived EVI data (Figure 4.5a 
and 5b). A negative trend in EVI_AUC for the three sites (i.e. Javorniki, Idrija, Masun) 
can be observed, which was not the case when looking at the average EVI_AUC for 
all sites combined (Figure 4.5a). 
 
Figure 4.6 shows the extent of the damage on forested areas with > 50% beech cover 
caused by the ice storm of 2014. More than 53.000 ha may have been severely 
damaged (red area in Figure 4.6). Especially in the west (in the mountain area) and 
south, there was severe damage. For example Idrija was heavily affected by the 2014 
ice storm (Figure 4.6; Marenče, 2015). The north-east was less affected, but also has 
less beech stands. 
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Figure 4.6: EVI_AUC map of 2014 showing the extent of the damage caused by the 2014 ice storm. The 
map is based on beech cover data provided by the Slovenian Forest Service. 

 
4.3.1.2 Relation between dendrochronology and remote sensing and upscaling 
possibilities 
The results did not indicate a relationship of EVI_AUC or EVI_Min on RW. However, 
results for some individual sites (e.g., Idrija) indicated that RW and the EVI_AUC 
show similar patterns over time (Figure 4.7a). For the Idrija site, the effects of the 
2014 ice storm were clearly visible in the EVI data, and had a lagged effect in 2015 
and 2016 (Figure 4.7b and 4.7c). Similar results were found for the other affected sites.  
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Figure 4.7: Results of the Idrija site. (a) detrended RW and EVI_AUC, both indicating negative trends 
over time; (b) EVI time series (values x 1000) showing lower values from the ice storm in 2014 onwards. 
(c) EVI derived anomaly (dots) and its confidence interval for the expected EVI time series curve (red line) 
for the years with climate extreme events (DOY: Day Of the Year). 
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4.4 Discussion 
4.4.1 The effect of climate and climate extremes on beech growth 
We found that both Tmax and Prec had a negative effect on RW, but that effects were 
weak, indicating that other variables are at play (e.g. other climate variables and soil 
moisture). To identify which climate variables at a certain time in the year were 
affecting RW is difficult, which agrees with previous studies that report contrasting 
results (Čufar et al., 2015, 2012, 2008b; Di Filippo et al., 2007; Fischer and Neuwirth, 
2013; Prislan et al., 2018, 2013; van der Werf et al., 2007). Besides the complexity of 
the climate-growth relationships, there are also other potential explanations why in 
our case we did not find clear climate-growth relationships. This could be due to (i) 
the fact that RW represents annual growth, while the timing of the climatic events is 
important and often covers a short time span within the year, (ii) local conditions 
(distance to the sea, soil, etc.), and (iii) the short RW and climate time series that were 
included to ensure overlap with the remote sensing time series. 
 
Although we did not statistically test this, a negative trend in RW can be observed. 
Especially in the period 2011-2015 growth was lower, probably due to the fast 
succession of four extreme climate events, giving the trees no time to recover. Also 
the 2003 drought showed a decrease in RW increment; however, the large standard 
deviation indicates that this was not the case for all sites. This supports the idea that 
local conditions (e.g. soil characteristics) play an important role in the resilience of 
trees to climatic events (Gazol et al., 2018). 
 
4.4.2 The effect of climate and climate extremes on remote sensing 

derived EVI data 
Similar to for the RW data, the effect of the climate variables on EVI_AUC and 
EVI_Min data showed large variations across sites, and we found no effects of 
individual extreme events such as the 2003 drought on EVI_AUC and EVI_Min. Only 
a few studies were able to capture the effect of the 2003 drought on trees, in particular 
at the point when the trees’ leaves were already discolouring and/or shedding 
(Deshayes et al., 2006). We may not have found an effect, because of the relatively 
coarse spatial scale (250 m), which could have resulted in the inclusion of less 
drought-sensitive tree species in a pixel (despite only taking pixels with > 50% beech 
cover) (cf. Deshayes et al., 2006). Hlásny et al. (2015) found a negative effect of air 
temperature in monospecific beech stands, but the understanding on how climate 
extremes such as drought affect trees is still limited (Norman et al., 2016). Another 
possible reason for not finding relationships with climate variables may be the 
relatively short time series (i.e. 16 years) of the MODIS data. Only when structural 
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damage on the canopy is caused, such as during the ice storm of 2014, EVI_AUC can 
clearly capture the effect and severity of the damage on the trees. The Idrija site was 
one of the sites heavily damaged by the ice storm (Figure 4.5) (Marenče, 2015). Nagel 
et al. (2016) found that beech trees in the same area were more prone to severe damage 
by the ice storm than other tree species, underlining the devastating impact of the ice 
storm. 
 
4.4.3 Linking tree-ring width with remote sensing EVI anomaly 

data 
We did not find an effect of the EVI anomaly data (EVI_AUC and EVI_Min) on RW. 
The reasons for not finding a relation could be various: (i) the aforementioned issue 
with the 250 m spatial resolution causing pixels to be mixed with species that react 
differently to drought or other climatic events. This could be solved by using higher 
resolution Sentinel data (10 m), which still have a good temporal coverage, but 
currently the length of the time series is limiting such analysis (only operational since 
2014). (ii) Little overlap between the different time series, as remote sensing data was 
available for the last 16 years, but in the ring-width series recent years were often 
missing. That is the first major challenge to integrate both, unless we have long 
overlapping time series and consistent time series for both. Finally, (iii) we were able 
to detect large scale damage, i.e. the 2014 ice storm, but we were unable to capture 
the RW decrease during the 2003 drought with the EVI anomaly data. It is possible 
that there is no relationship between remote sensing EVI indices and climate and RW, 
because RW represents stem growth and EVI is a proxy for canopy greenness. 
Another reason is that the 250 m spatial resolution pixels might contain a mixture with 
less drought-prone tree species, leading to, overall, little canopy damage. 
 
In conclusion, we could not find climate-growth relations, or a relation between RW 
and EVI due to the issues listed above. However, we were able to capture the severe 
climate extremes of the 2014 ice storm in both RW and EVI data. Including site 
characteristics such as soil moisture or grouping sites according to their characteristics 
might improve results. Future research should focus on testing the relation of intra-
annual anomalies in relation to climate events and intra-annual RW data from cambial 
phenology studies. 
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Increasing anthropogenic pressure leads to loss of habitat through deforestation and 
degradation in tropical forests. While deforestation can be monitored relatively easily, forest 
management practices are often subtle processes, that are difficult to capture with for example 
satellite monitoring. Conventional measurements are well established and can be useful for 
management decisions, but it is believed that Terrestrial Laser Scanning (TLS) has a role in 
quantitative monitoring and continuous improvement of methods. In this study we used a 
combination of TLS and conventional forest inventory measures to estimate forest structural 
parameters in four different forest types in a tropical montane cloud forest in Kafa, Ethiopia. 
Here, the four forest types (intact forest, coffee forest, silvopasture, and plantations) are a 
result of specific management practices (e.g. clearance of understory in coffee forest), and 
not different forest communities or tree types. Both conventional and TLS derived parameters 
confirmed our assumptions that intact forest had the highest biomass, silvopasture had the 
largest canopy gaps, and plantations had the lowest canopy openness. Contrary to our 
expectations, coffee forest had higher canopy openness and similar biomass as silvopasture, 
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indicating a significant loss of forest structure. The 3D vegetation structure (PAVD – Plant 
area vegetation density) was different between the forest types with the highest PAVD in 
intact forest and plantation canopy. Silvopasture was characterised by a low canopy but high 
understorey PAVD, indicating regeneration of the vegetation and infrequent fuelwood 
collection and/or non-intensive grazing. Coffee forest canopy had low PAVD, indicating that 
many trees had been removed, despite coffee needing canopy shade. These findings may 
advocate for more tangible criteria such as canopy openness thresholds in sustainable coffee 
certification schemes. TLS as tool for monitoring forest structure in plots with different forest 
types shows potential as it can capture the 3D position of the vegetation volume and open 
spaces at all heights in the forest. To quantify changes in different forest types, consistent 
monitoring of 3D structure is needed and here TLS is an add-on or an alternative to 
conventional forest structure monitoring. However, for the tropics, TLS-based automated 
segmentation of trees to derive DBH and biomass is not widely operational yet, nor is species 
richness determination in forest monitoring. Integration of data sources is needed to fully 
understand forest structural diversity and implications of forest management practices on 
different forest types. 

 
Keywords 
Plant Area Volume Density (PAVD), canopy openness, canopy gaps, coffee forests, 
Ethiopia, 3D structural heterogeneity. 

5.1 Introduction 
Tropical forests typically have high diversity, as they are characterized by a more complex 
canopy structure when compared to other forest types (Ghazoul and Sheil, 2010; Whitmore, 
1982). Structurally complex habitats provide a large number of niches for different animal 
and plant species (habitat heterogeneity hypothesis; Tews et al., 2004). Increasing 
anthropogenic pressure leads to habitat loss, from deforestation that reduces the total forest 
area into smaller, isolated forest patches (Zipkin et al., 2009). In addition, degradation of 
remaining forests through selective logging, unsustainable use and extensive hunting leads 
to habitat loss (Harrison, 2011; Ticktin, 2004). In many seemingly intact forests the 
understorey has been heavily affected by human use, through cutting of poles for 
construction or fire wood, or planting of understorey species that are important 
commodities, such as coffee and cocoa (Harrison, 2011). Both processes lead to a steep 
decline in flora and fauna diversity with increasing degradation (Barlow et al., 2016; 
Pettorelli et al., 2014) and can for instance lead to ‘empty forests’ with no large animals 
remaining under an intact forest canopy (Redford, 1992). Accurate characterization and 
measurement of the intensity of forest management and use is required to understand the 
drivers of forest degradation, to prevent further degradation and to plan restoration actions 
(Ghazoul et al., 2015; Ghazoul and Chazdon, 2017). Anthropogenic pressure not only 
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affects forest biodiversity, but also the provision of other ecosystem functions, such as 
carbon storage (Kissinger et al., 2012), soil stabilization, and water provision (Ellison et al., 
2017). Besides the type, also the intensity and frequency of the disturbance events, and the 
time elapsed since the last event is important (Barlow et al., 2012). The combined effects 
of different management practices and the way they affect forest structure is not always 
clear, hampering the identification of management priorities for avoiding further forest loss 
and for restoring degraded forests (Berenguer et al., 2014).  
 
To what extent, and in what way, forest structure is affected through forest degradation likely 
depends on the type of forest management. In this study, we assess the difference in forest 
structure between four forest types, characterized by different forest management practices, 
in the montane cloud forest of the UNESCO Kafa Biosphere Reserve, southwest Ethiopia. 
This area is a biodiversity hotspot and is considered the origin of the Arabica coffee (Coffea 
arabica). However, in the last decades large areas of these unique forests have been 
converted to other land-uses (Tadesse et al., 2014). Many of the previously untouched intact 
forests are currently managed, for example as semi-forest coffee systems, or as forests used 
for fuelwood collection and/or grazing by cattle (i.e. silvopasture). Other types of 
management in the area include the total clearance of natural forest for plantations for wood 
production and agriculture. In intact forest, the vegetation is dense in both understory 
vegetation (i.e. < 10m) and in the canopy, with little light reaching the understory vegetation. 
Management in the coffee forests often imply the removal of most understory vegetation, 
while still leaving most of the canopy intact to provide shade for the coffee plants (Schmitt 
et al., 2009). Coffea arabica grows up to 10 m high, but is often pruned for easier harvesting 
and is planted with enough spacing, leaving a less dense vegetation structure. Management 
in the silvopasture system are diverse and can include fuelwood collection, grazing by cattle, 
and forests can be left to regrow after earlier use, which can result in a heterogeneous forest 
structure. Overall, silvopasture areas have a more open understory and canopy, and large 
canopy gaps. For plantations we assume a homogeneous canopy, with no canopy gaps and 
very little light reaching the ground floor, limiting the development of understory vegetation.  
 
Generally, 3D (three dimensional) structural changes in forests are monitored in permanent 
sample plots in which trees are measured for their stem diameter and height, are mapped, and 
species are identified. Such conventional forest inventory methods capture some of the 
horizontal and vertical forest structural parameters, like aboveground biomass (Day et al., 
2014), frequency distributions of canopy height (Brockelman, 1998), occupation of 
vegetation in space within canopy gaps (Bongers, 2001; van der Meer, 1997), and canopy 
openness (Chazdon and Pearcy, 1991; Oliver and Larson, 1996). However, to characterize 
the full spatial heterogeneity in forest structure, detailed 3D imagery is needed to measure an 
array of structural parameters, including the location of vegetation volumes (and in absence 
of this, empty-ness) in 3D space. These parameters are important for guiding management 
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priorities or monitoring sustainable practices. Terrestrial Laser Scanning (TLS) provides 
high-accuracy data on both vertical and horizontal forest canopy structure (Liang et al., 2016; 
Palace et al., 2016; Wilkes et al., 2017) and therefore is promising for detailed monitoring of 
forest structure. It is well established that conventional measurements can be useful for 
management decisions, but it is believed that TLS has a role in quantitative monitoring and 
continuous improvement of methods. TLS provides a rapid, full coverage of the surrounding 
area and produces a high-detail 3D point cloud, which allows the estimation of a range of 
parameters such as canopy height (Palace et al., 2015), number of layers (Palace et al., 2016), 
Plant Area Volume Density (PAVD) (Calders et al., 2015b) and tree volume (Calders et al., 
2015a; Ferraz et al., 2016). PAVD indicates the plant surface area to volume ratio, and 
provides a consistent, detailed quantification of vegetation elements (e.g. leaves, branches 
and stems) in a certain space. Consistent monitoring of changes in 3D structure is needed to 
monitor forest management implications, and here TLS could be an add-on or an alternative 
for monitoring conventional forest structure parameters. TLS-derived PAVD has been used 
to assess forest phenology (Calders et al., 2015b) and structural differences among forest 
types (Ashcroft et al., 2014), but effects of forest degradation have not been assessed. Small 
changes are difficult to detect by conventional satellite sensors due to their limited canopy 
penetration (Lefsky et al., 2002). Although synthetic aperture radar (SAR) and airborne laser 
scanning (ALS) have been successfully used to measure the 3D forest structure (Disney et 
al., 2006; Mura et al., 2015) and disturbances in the canopy (Joshi et al., 2015b), the data are 
still limited to the birds-eye view of the canopy. TLS fills this gap by measuring both forest 
understorey vegetation and the canopy. 
 
In this study we assess the forest structure in the Kafa region in Ethiopia of plots under four 
management types: (i) untouched natural forest (intact forest) with no signs of management, 
(ii) coffee forest, (iii) silvopasture and (iv) plantation. We compare 3D forest structure 
between these types based on conventional forest inventory methods and on TLS. We 
hypothesize that (1) aboveground biomass (AGB), tree density, basal area (BA), and diameter 
at breast height (DBH) are highest in intact forest and plantation, and slightly lower in coffee 
forest through creating space for coffee production. We expect that these parameters will be 
lowest in silvopasture, due to removal of trees e.g. for fuelwood; (2) the number and size of 
canopy gaps and canopy openings are expected to be lowest in intact forest and plantation; 
and (3) 3D forest structure, measured as PAVD, will be highest in intact forest, for both 
understory and canopy. Coffee forest is expected to have a lower PAVD in the understory, 
but values similar to intact forest in the canopy. Silvopasture is expected to have the lowest 
PAVD values in both understory and canopy, while plantation has canopy PAVD values 
similar to intact forest, but a very low understorey PAVD. 
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5.2 Methods 
5.2.1 Study site 
The research was conducted in the montane cloud forests of the Kafa Biosphere Reserve in 
Ethiopia (36°3’22.51” E, 7°22’13.67” N – Figure 5.1) which has an altitudinal range from 
500 to 3500 m above sea level. The Kafa Biosphere Reserve is a hotspot for biodiversity with 
around 244 plant species, including 110 tree species, and over 300 mammal species 
(Mittermeier et al., 2004; NABU, 2014). The Kafa Biosphere Reserve is covered by more 
than 50% with forest, including 7% of protected intact forests and 48% of buffer zones or 
candidate core zones. About 45% of the Kafa Biosphere Reserve consists of agriculture and 
pasture. The candidate core zones include zones designated for coffee cultivation. Farmers 
producing coffee are doing so under a Participatory Forest Management (PFM) scheme. The 
idea behind the PFM scheme is to ensure a long-term source of income by sustainable 
management of forest resources. 

Figure 5.1: The location of the Kafa Biosphere Reserve in Ethiopia and location of the plots. Source: Dresen 2011. 

 
5.2.2 Plot design and conventional measurements 
Plots were selected according to a stratified sampling design. The stratification was based on 
an overlay between several GIS data layers: a fragmentation map (Mulatu, 2013), a land 
use/cover map (Dresen, 2011) and a topographic map. Within the four forest types, a total of 
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27 plots were established (Intact: 9 plots, coffee forest: 8 plots, silvopasture: 7 plots and 
plantation: 3 plots). From the 27 plots, 21 plots had a 20 m radius and six plots a 10 m radius 
due to difficult terrain (e.g. slope). We used a nested design, where all trees of ≥ 20 cm 
diameter at breast height (DBH) were measured for their diameter and identified to species 
in the 20 m (or 10 m) radius plot, while trees of 5-20 cm DBH were included within the centre 
5m-radius subplot only (Figure 5.2b). Above-ground biomass (AGB) was derived from the 
DBH, species names and the wood density values for African tropical moist forests (Chave 
et al., 2009). Basal area (BA) and tree density were derived from the data. For an overview 
of all forest structural parameters derived from the TLS and conventional forest measures, 
including a detailed workflow on how the forest structural parameters were derived see 
Appendix A. 
 
5.2.3 TLS measurements  
A RIEGL VZ-400 terrestrial laser scanner (RIEGL Laser Measurement Systems GmbH, 
Austria) mounted on a tripod was used. The VZ-400 operates at a wavelength of 1550 nm 
and uses on-board waveform processing to record up to four returns per outgoing pulse with 
a range up to 350 m. For each plot, five scan positions were used: one in the centre and four 
in the cardinal directions (Figure 5.2b). Cylindrical, retroreflective targets (20 in total) were 
placed in the plot to allow co-registration of the individual point clouds (Wilkes et al., 2017). 
Pre-processing of the point cloud data was performed using RiSCAN PRO software (RIEGL 
Horn, Austria). Multiple scans per plot were co-registered based on their corresponding tie 
points using the 20 reflector targets from the field. Alignment errors were corrected using the 
multi-station adjustment (MSA) module, which improves the registration of the scan 
positions (Wilkes et al., 2017). Figure 5.2c shows an example of the 2D equiangular 
projection of the co-registered TLS point cloud. 
 
5.2.4 TLS derived parameters  
Vertical profiles of Plant Area Volume Density (PAVD) were derived for 0.5 m vertical bins 
from ground level to top of the canopy using individual TLS scans based on the method 
developed by Calders et al. (2014) (Figure 5.2a). The integral of PAVD over the whole 
canopy is the Plant Area Index (PAI) (Calders et al., 2015b). The retrieval method allows the 
estimation of PAI using multiple TLS returns and a height correction that accounts for sloped 
terrain. In short, the vertically resolved, directional gap fraction was estimated by relating the 
number of returned pulses to the total number of emitted pulses (Jupp et al., 2009). Next, 
PAVD was derived from the gap fraction at the hinge angle (57.5° zenith) to minimise the 
influence of leaf angle distribution (Jupp et al., 2009). The profiles can be aggregated into 
different height layers. In cases when one PAVD value per plot was needed, gap fractions of 
the single scans were averaged and then PAVD was derived. All plots are surrounded by 
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forest of the same level of disturbance, to ensure PAVD (not limited to the 20 m radius) was 
representative for the plot. 
 
To extract the canopy and canopy height parameters, the registered point clouds were loaded 
into CompuTree point cloud analysis open source software (Hackenberg et al., 2015). The 
detailed processing steps can be found in Appendix A. The derived 2D canopy height models 
(DHM) were exported as 0.5 m resolution raster files and further analysed in ArcMap (ESRI 
Redlands USA) (Figure 5.2d). The following parameters were derived from the DHM: (i) 
Canopy height: the top of the canopy at 0.5 m resolution for the 20 (or 10) m radius plot; (ii) 
Canopy gaps: defined here as neighbouring pixels with canopy height of < 10 m and with an 
area of ≥ 1 m2 (Hunter et al., 2015). From the canopy gaps the maximum and mean gap area, 
and the number of gaps per plot were derived; (iii) Canopy openness, defined here as all 
empty spaces of ≥ 1 m2 at 5 m height intervals, calculated until the maximum canopy height 
(Figure 5.2b, green layers). With the canopy openness we do not capture the empty space 
underneath the upper canopy (this would be the inverse of the PAVD). 
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Figure 5.2: Overview of the TLS derived parameters capturing forest structure. (a) Example of the Plant Area 
Volume Density (PAVD) of one plot with the different scan positions. (b) Canopy related parameters derived from 
the TLS Digital Height Model (DHM): Canopy height as the height of the vegetation (see dotted line); Canopy gap: 
number of canopy gaps with a size of > 1 m2 and < 10 m height; Canopy openness: area of open space (seen from 
the top) relative to the highest tree in the plot at 5 m height intervals (indicated by the shades of green). Scan positions 
are indicated by red dots. (c) 2D equiangular projection of the TLS point cloud (projections for each forest type can 
be found in Appendix B). (d) DHM for a 20 m radius plot at 0.5 m resolution. 

 
5.2.5 Statistical analysis  
Linear mixed-effects models were used to compare the forest types for the conventional 
forest structure measurements (i.e. AGB, BA, tree density and the DBH distribution). The 
model selection was based on Akaike’s Information Criterion, adjusted for small sample sizes 
(AICc). Models within 2 AICc-units from the model are equally supported (Burnham and 
Anderson, 2002). Similarly, we used linear mixed-effects models to compare TLS derived 
PAVD at 5 m height intervals among forest types. Mixed-effect models were used because 
multiple values (i.e. PAVD for each 5 m height interval) per plot are included, thus 
accounting for the fact that data points within a plot cannot be regarded as independent data 
points. We compared five models with varying fixed effects structures: (1) height interval, 
forest type and their interaction and including a random slope in height interval; (2) height 
interval, forest type and their interaction; (3) forest type; (4) height interval; and (5) only an 
intercept. In addition, we added a random slope for height interval to account for plot-to-plot 
variation in the relation between height interval and PAVD, which significantly improved 
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model fit based on a likelihood-ratio test (Appendix C). The same model comparison was 
used for the TLS derived canopy openness. Similarly, we compared the forest types for the 
TLS derived canopy height distribution, using mixed-effect models with a random intercept 
per plot, and compared the model with a model with a fixed intercept. Where needed, data 
were transformed (Appendix C) to enhance normality and homoscedasticity. All analyses 
were performed in R, version 3.3.3 (R core team); mixed-effects models were performed 
using the lme4 R package (Bates et al., 2014). 

5.3 Results 
5.3.1 Conventional forest structure parameters  
Mean DBH, AGB and BA differed between forest types, but this was not the case for tree 
density (Appendix C). Predicted mean DBH values ranged from 62 ± 12 cm for intact forest 
(median = 40 ± 54.5 cm) to 34 ± 18 cm for plantation (median = 34.3 ± 15.5 cm). Coffee 
forest and silvopasture were similar with mean DBH values of about 46 ± 12 cm (median = 
37.0 ± 31.8 cm and 33.5 ± 29.3 cm, respectively). Large trees (> 100 cm DBH) were most 
abundant in intact forest, and also present in coffee forest, although to a lesser extent 
(Appendix D). The DBH distributions show that trees with a DBH > 100 cm were almost 
absent in silvopasture and plantation, with plantation having many trees of 25-50 cm DBH 
(Appendix D). Mean BA and AGB were largest in intact forest (respectively 97 ± 28 m2 /ha 
and 753 ± 259 t/ha), followed by plantation (respectively 47 ± 49 m2 /ha and 422 ± 449 t/ha), 
coffee forest (respectively 40 ± 30 m2 /ha and 295 ± 275 t/ha) and silvopasture (respectively 
33 ± 32 m2 /ha and 282 ± 294 t/ha). Although no significant effect of forest type was found, 
mean tree density followed the same order (intact forest > plantation > coffee forest > 
silvopasture) (Appendix D).  
  



Chapter 5 

80 
 

5.3.2 TLS derived canopy forest structure parameters  

Figure 5.3: (a) Canopy openness per forest type at 5 m height intervals. (b) Cumulative Plant Area Volume Density 
(PAVD) as a function of height across four forest types. Predicted values are indicated (± SE; n = 27 plots). 
 
Canopy openness differed between forest types and was also influenced by height classes. 
Coffee forest had a lower canopy openness between 0 – 10 m compared to silvopasture, but 
had higher canopy openness in the higher height classes (predicted values range from 10% 
to 94% and 15% to 86%, respectively) (Figure 5.3a; Appendix C). Intact forest and plantation 
had similar canopy openness (predicted values range from -9% to 63% and -17% to 57%, 
respectively). 
 
Average canopy height, mean and maximum gap size, and the number of gaps also differed 
among forest types (Figure 5.4; Appendix C). Canopy height was highest in plantation (26.4 
± 9.7 m), followed by intact forest (19.0 ± 4.7 m), while silvopasture and coffee forest had 
the lowest canopy heights (17 ± 5.3 m and 15.5 ± 5.6 m respectively) (Figure 5.4a). Maximum 
gap size was higher in coffee forest and silvopasture (18.3 ± 4.6 m2 and 19.8 ± 4.9 m2, 
respectively) than in intact forest (7.5 ± 4.3 m2) and plantation (2.7 ± 7.5 m2) (Figure 5.4c - 
square root transformed values). Similar differences were found for the mean gap size with 
the lowest values in plantation (0.8 ± 0.5 m2), followed by intact forest (0.9 ± 0.3 m2), 
silvopasture (1.8 ± 0.3 m2) and coffee forest (2.0 ± 0.3 m2) (Figure 5.4b - log transformed 
values). Plantation also had the lowest number of gaps per plot (0.5 ± 0.8), followed by coffee 
forest (1.2 ± 0.5). The number of gaps was the highest in intact forest (1.5 ± 0.5) and 
silvopasture (1.3 ± 0.5) (Figure 5.4d - log transformed values). However, gaps in intact forest 
were mainly small, with an average size of approximately 1.5 m2 (equals 0.2 m2 when log 
transformed). 
 

 

a b 
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Figure 5.4: Structural parameters derived from the Digital Height Model (DHM) at 0.5 m grid resolution for four 
forest types. (a) Canopy height. (b) Mean gap size (log transformed). (c) Maximum gap size (square root 
transformed). (d) Number of gaps (log transformed). Predicted values are indicated (± SE; n = 27 plots). 
 
5.3.3. TLS derived 3D Plant Area Volume Density (PAVD)  
Plant Area Volume Density (PAVD) was generally highest in intact forest, for both 
understory and canopy compared to the other forest types (Figure 5.5). In both coffee forest 
and silvopasture the variation in PAVD was high in the 0-10 m height range (Figure 5.5a,b). 
In contrast to coffee forest and silvopasture, plantation consistently had very low PAVD 
values in the understory (Figure 5.5a,b).  
 
PAVD varied among forest types and height classes (Figure 5.3b; Appendix C). The 
difference in PAVD is most apparent in the understory (< 10 m), with intact forest having 
most vegetation (estimated PAVD = 3.0 ± 0.4) and plantation the lowest amount of vegetation 
(estimated PAVD = 1.7 ± 0.7) (Figure 5.3b). At a height of 35 m, intact forest reached an 
estimated PAVD of 4.0 ± 0.5, while plantation had an estimated PAVD of 2.5 ± 0.9. Coffee 
forest and silvopasture were very similar to each other in the understory (< 10 m) with the 
same estimated PAVD of respectively 1.9 ± 0.4 and 1.5 ± 0.4, but differed in the canopy 
(respectively 2.5 ± 0.6 and 2.0 ± 0.6) (Figure 5.3b). 

 

a b 

c d 
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Figure 5.5: (a) Mean Plant Area Volume Density (PAVD) and standard error (SE – shaded area) for all plots per 
forest type. (b) Boxplots, with the median (horizontal line) lower and upper quartiles (hinges), presenting the 
maximum PAVD at plot level and its variation (different scan positions within the plots), for the canopy (>10 m) 
and understory (<10 m) (vertical panelling) along the different forest types (horizontal panelling).  
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5.4 Discussion 
5.4.1 Management impacts on forest structure and management 

implications 
The conventional measures of AGB, BA and DBH differed among forest types (Berenguer 
et al., 2014; Clark and Clark, 2000), with highest values for intact forest (Appendix D). 
Unexpectedly, both AGB, BA and DBH were very similar for coffee forest and silvopasture. 
This means that in coffee forest not only the understory was cleared, but also many trees were 
removed, indicating a larger management impact than expected and also indicated by other 
authors (Aerts et al., 2011; Hundera et al., 2013; Schmitt et al., 2009). The large variation in 
BA and DBH in plantation is probably due to the different tree ages between the three forest 
plantation plots.  
 
TLS estimated canopy openness was the lowest in plantation because the plantation plots 
consisted of even-aged monocultures, followed by intact forest. The higher canopy openness, 
and large canopy gaps, in coffee forest in comparison to silvopasture (especially ≥ 10 m, i.e. 
height above the coffee), contradicted the idea of coffee being produced underneath a 
relatively intact forest canopy. The high canopy openness in the investigated coffee forests 
suggested that canopy loss is much higher than the 30% canopy loss reported for nearby 
semi-coffee forests (Schmitt et al., 2009). Also canopy gap size (mean and maximum) was 
in line with these results of canopy openness. The large number of small gaps in intact forest 
could indicate canopy heterogeneity (i.e. multiple tree height levels). Such heterogeneity in 
canopy structure increases light levels in the understory, which is beneficial for the 
understory vegetation (Chazdon and Pearcy, 1991; Montgomery and Chazdon, 2001). 
Average canopy height was highest in plantation, but in contrast to our hypothesis, the 
differences between the intact forest, coffee forest and silvopasture were small, probably due 
to the large variation between plots. Overall canopy height in coffee forest and silvopasture 
was the lowest, which could be detrimental for habitat heterogeneity and associated 
biodiversity (Ghazoul and Sheil, 2010; Martins et al., 2017). 
 
The differences in 3D vegetation structure (PAVD) between forest types were significantly 
different for the different vegetation heights. Intact forest had, in general, the highest 
vegetation density over the complete height range. In addition to the conventional parameters 
and canopy gap parameters, the vegetation density in coffee forest at the canopy level (> 10 
m) was lower than expected. Our assumption that coffee forest plots have a relatively intact 
canopy (intended to shade the coffee) was confirmed only for two out of the eight coffee 
forest plots (i.e. plot 10 and 11; Figure 5.5b). As expected coffee forest had high vegetation 
density between 2 and 10 m due to the coffee plants. The PAVD in silvopasture partially 
confirmed our assumption of low vegetation density in the canopy, supported by large canopy 
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gaps and low conventional parameters (DBH, AGB, BA and tree density). However, the 
understory vegetation in silvopasture was dense, most likely due to infrequent fuelwood 
collection and non-intensive grazing in most of the plots. Partial removal of the canopy 
enables light to reach the forest floor and creates a dense layer of heliophile species (M. 
Decuyper, personal observation). Cuni-Sanchez et al. (2016) found similar results for PAVD 
along a successional gradient in colonizing forest and young successional forest in Gabon. In 
all plantation plots there was little understory (indicated by the very low PAVD values), 
probably due to clearance of the vegetation and/or lack of sunlight. Tripathi and Singh (2009) 
identified similar patterns comparing vegetation structure from natural forests to plantations. 
Plantations could therefore be seen as structurally poor and offering only few habitat niches 
for flora and fauna (Tews et al., 2004). 
 
Most parameters, both conventional and TLS derived, followed our prior expectations, but 
the forest structure of coffee forest did not. The high canopy openness together with the low 
BA estimations, and our field experiences (M. Decuyper, personal observation) in coffee 
forest warrant more tangible measures for sustainable forest management of coffee forest 
under the PFM certification, such as thresholds on canopy cover (Aerts et al., 2011; Hundera 
et al., 2013). Currently, large differences exist between PFM rules and regulations and 
objectives of policy makers on the one hand, and the interpretation and implementation of 
sustainable forest management in PFM sites by local communities on the other (Ayana et al., 
2017). More tangible measures could relieve concerns regarding sustainability of the PFM 
scheme and the produced coffee, currently leading to heavy degradation and severely 
jeopardizing the sustainability of the coffee production, the diversity of wild coffee varieties, 
and ecosystem resilience (Aerts et al., 2011; Ayana et al., 2017).  
 
5.4.2 TLS monitoring helps determining management impacts on 3D 

forest structure 
While habitat loss through forest area loss and forest fragmentation is relatively easy to 
monitor and demonstrate, small scale changes in forest structure due to forest management 
(a more internal qualitative habitat loss) is much more difficult to monitor (Mitchell et al., 
2017). The impact of small scale forest management (as is the case in this study area) mainly 
affects the understory while the canopy is left relatively intact, making such forest alterations 
undetectable by current satellites (Mitchell et al., 2017).  
 
TLS measurements captured the variation in vegetation structure in the understory and 
canopy for different forest types. These TLS measurements enabled 3D quantification of 
forest structural measurements such as PAVD, but also the 2D canopy gaps and canopy 
openness at different heights to evaluate the effect of management implications. These 
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parameters could potentially be used for habitat heterogeneity proxies and linked to 
biodiversity analysis (Tews et al., 2004; Zipkin et al., 2009). Several of these parameters 
cannot be measured by conventional forest inventories, such as 3D position of plant volume 
(quantified by PAVD) and open spaces (i.e. inverse of PAVD). The 3D leaf positioning is 
important as it influences light extinction, tree architecture and photosynthetic leaf traits (e.g. 
Montgomery and Chazdon, 2001). Open space in different forest layers, including the forest 
understorey, is of great importance for many flora and fauna (Chazdon and Pearcy, 1991; 
Zahawi et al., 2015). With TLS, open spaces can be measured by assessing canopy openness 
and gaps at different heights. For example, open spaces and light between 0 and 1 m is highly 
important for seedling germination (Chazdon and Pearcy, 1991), at 0 and 5 m for coffee 
plants and their pollinators (i.e. bees) (Aerts et al., 2011), while between 5 and 30 m this can 
be important for bird species and epiphytes (Zahawi et al., 2015). For quantifying 
management effects on forest structure, consistent monitoring of changes in 3D structure is 
needed and here TLS is clearly an add-on or an alternative for monitoring conventional forest 
structure parameters. TLS is also an add-on for small scale canopy gap research, as it fills a 
gap between conventional geometric gap measurements (Van der Meer et al., 1994), grid-
based top of canopy measures (Hubbell and Foster, 1986), hemispherical cameras 
(Jonckheere et al., 2004) and airborne or satellite data (Joshi et al., 2015a). 
Besides the capability of TLS of measuring stem based structural parameters (i.e. AGB, BA, 
DBH and tree density) (Gonzalez de Tanago et al., 2018), there is still a need for the 
development of operational TLS data processing tools since there is not yet a fully automated 
way to measure DBH, AGB and BA in tropical forests. For example, deriving structural 
parameters such as biomass for tropical forests is quite challenging due to the dense 
understory (Gonzalez de Tanago et al., 2018). Additionally, from a forest conservation 
perspective, TLS cannot capture information on tree species richness in tropical forests, thus 
there is a need for integrating different data sources in order to fully understand the forest 
structural diversity. Complementing conventional parameters with TLS derived parameters 
shows potential in describing the sometimes subtle differences in forest management. 
 
TLS derived structural parameters can benefit from further integration with other datasets to 
better characterize forest structural differences across spatial scales (van Leeuwen and 
Nieuwenhuis, 2010). Not only data from conventional forest inventory methods, but also 
space borne and airborne LiDAR (Brede et al., 2017), multispectral TLS, as well as satellite 
remote sensing derived structural parameters are important to consider. Several studies have 
investigated the potential integration and upscaling opportunities of LiDAR and satellite 
remote sensing data, for example for stand height estimation (Mora et al., 2013). Further 
research is needed to link other TLS derived parameters with conventional forest inventory 
data, satellite or airborne data (Pettorelli et al., 2014) for better monitoring of management 
impacts on forest structure and biodiversity. 
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Chapter 

6 
Synthesis 

 

6.1 Main findings 
This thesis aims to contribute to understanding the effects of environmental conditions on 
tree growth and forest structure and to reduce the uncertainties of these findings. Our 
understanding of how climate extremes such as drought affect trees is still limited (Norman 
et al., 2016), especially when we also want to analyse these climate extremes at larger (above 
plot) scale. Although satellites can measure above-ground foliage of forests, and these leaves 
are crucial in the photosynthesis process, it is still a proxy for wood production. Thus, satellite 
data alone cannot provide enough information to understand trees’ responses to changes, e.g., 
climate changes. Likewise, plot level data alone are often not sufficient to cover the spatial 
scales needed for policy makers. Therefore, integration of remote sensing data with ground-
based data is essential to understand the trees’ response to environmental effects. Also 
conventional ground-based measurements for assessing forest structure could benefit from 
the integration with remote sensing tools as they could provide a detailed location of 
vegetation volumes in a consistent way.  
 
In this thesis I tackle these problems by combining conventional ground-based with remote 
sensing derived measurements. This was done through specific connections and applied in 
diverse systems in which forests face different challenges (i.e. groundwater depletion, climate 
extremes and degradation).  
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Three research questions were defined in the introduction (chapter 1):  
 
1. How can ground-based conventional forest canopy measurements be linked to remote 
sensing derived indices of the canopy? 
 
2. How can individual tree-based dendrochronological measurements be linked to remote 
sensing derived plot level indices? 
 
3. What is the added value of ground-based TLS in addition to established ground-based 
forest structural measurements? 
 
These three questions are explored in four chapters. Chapter 2 links visual and photographic 
ground-based measurements of trees and forests to satellite data, specifically high resolution 
(0.5-2 m) WorldView2 and 30 m resolution Landsat satellite data. This study was carried out 
in the hyper-arid Pampa del Tamarugal aquifer in the Atacama desert, Chile. This is a salt 
flat where P. tamarugo is one of the few trees able to survive due to its exceptional root 
system tapping into the groundwater. Chapters 3 and 4 link individual tree-based 
dendrochronology (tree-ring data) with remote sensing derived indices of forest stands in arid 
(chapter 3) and temperate (chapter 4) forests. Finally, chapter 5 assesses the integration of 
conventional ground-based forest structure measurements and TLS (Terrestrial Laser 
Scanning) in the montane cloud forest in Kafa, Ethiopia, which is an area characterised by 
dense intact forests in which the Coffea arabica is native, but also by degraded forest due to 
fuelwood logging, coffee production and grazing of cattle.  
 
6.1.1 How can ground-based conventional forest canopy measurements 

be linked to remote sensing derived indices of the canopy? 
In chapter 2, 32 P. tamarugo trees were measured in-situ along a linear transect, and with 
three different groundwater depletion conditions. The ground-based measurements consisted 
of a visual assessment of foliage loss (dry branches) and digital pictures. These pictures were 
segmented and classified into green and brown canopy to derive the GCF (green canopy 
fraction). The GCF was then related to NDVIw (NDVI in winter time) from the WorldView2 
satellite data, and NDVIw was used to estimate and thus upscale the GCF to all P. tamarugo 
trees in the aquifer. In this study we could successfully link ground-based conventional forest 
canopy measurements to remote sensing derived indices of the canopy. This allowed us, in 
combination with the groundwater level grids, to assess the tree vitality of the whole aquifer 
and determine the critical groundwater depth of 20 m for the P. tamarugos survival.  
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6.1.2 How can individual tree-based dendrochronological measurements 

be linked to remote sensing derived plot level indices? 
In chapter 3, the NDVI indices (NDVI winter, and difference between NDVI winter and 
summer) and GCF derived from satellite images from chapter 2 were used. We obtained tree-
ring widths (RW) from two contrasting sites (sites with low and high groundwater depletion) 
to assess whether the information about tree vitality seen in the canopy (GCF and NDVI), 
can also be seen in the RW. Combining dendrochronology and remote sensing allows us to 
understand the effects of drought stress on two different carbon pools (crown and stem, 
respectively), providing more insights on the physiological response of the species to drought. 
Time-series analysis was done over a period of 26 years and both NDVI-derived parameters 
showed significant negative trends in the high-depletion site, indicating drought stress. Ring 
width of P. tamarugo trees was 48% lower in the high-depletion site. At the tree level, the 
GCF also indicated drought stress since a larger percentage of trees fell within lower GCF 
classes. 
 
In chapter 4 we used RW data for 25 plots in temperate beech (Fagus sylvatica L.) forests in 
Slovenia in combination with MODIS satellite data. We used MODIS due to its high 
temporal resolution and calculated enhanced vegetation index (EVI) based anomalies 
potentially indicating the negative effects of climate, and more specifically climate extremes 
such as drought. We were not able to find any relations of both RW and EVI based anomalies 
with climate parameters, nor was there a relation between RW and EVI based anomalies. We 
did find indications that both RW as EVI based anomalies were negatively affected by the 
extreme climate events in 2011, 2013 and 2014. In particular, the effect of the ice storm of 
2014, which caused drastic changes in the canopy, was clearly visible in both RW and EVI. 
 
6.1.3 What is the added value of ground-based TLS in addition to 

established ground-based forest structural measurements? 
Chapter 5 investigated forest structure in tropical forests in Ethiopia. Here we combined 
conventional forest inventory measurements such as biomass, tree density, and tree species, 
with near-sensing TLS measurements such as PAVD (plant area vegetation density) and 
canopy openness. Differences between four forest types (intact forest, coffee forest, 
silvopasture and plantation) for both conventional and TLS measurements were assessed. 
Results from the TLS showed that the 3D vegetation structure (i.e. PAVD) and canopy 
parameters could be used to differentiate between forest types. TLS as tool for monitoring 
forest structure shows potential as it can capture the 3D position of the vegetation volume 
and open spaces at all heights. To quantify changes in forest structure, consistent monitoring 
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of 3D structure is needed and here TLS should be considered an add-on or an alternative to 
conventional forest structure monitoring. 

6.2 Reflection and outlook 
6.2.1 How can ground-based conventional forest canopy measurements 

be linked to remote sensing derived indices of the canopy? 
Chapter 2 demonstrated that ground-based canopy measurements can be related to remote 
sensing derived NDVI data using the methods of Chávez et al. (2013). Tree delineation and 
classification into brown and green canopy could be used to assess the current status of the 
vitality of individual P. tamarugo trees on the ground, and WorldView2 satellite data allowed 
an assessment of the vitality of all P. tamarugo trees in the Pampa del Tamarugal aquifer. 
The positive relation with NDVI not only allowed us to assess the current status of the P. 
tamarugos vitality, but also to assess the changes over time. In this way we could determine 
a critical threshold for water extraction to a groundwater level of 20 m. This is important 
towards policy makers and water managers so they can set these thresholds.  
 
Outlook: The findings of this study are not only important towards the management of this 
unique ecosystem, but could be applied in other (arid) ecosystems and can contribute to the 
development of better drought mitigation strategies (Vicente-Serrano, 2007). One example 
for which the method may be used is assessing the severity of insect outbreaks, which have 
become a serious threat for forests in the last decades due to global warming. Although it is 
relatively straightforward to capture severe insect outbreaks, an efficient monitoring system 
in order to timely capture the beginning of insect outbreaks (e.g. in combination with the 
biology of the pest) is not yet operational/feasible (Wulder et al., 2009). The start of insect 
outbreaks could be captured by linking ground-based and very high resolution satellite-based 
GCF (Green Canopy Fraction), given the availability of such satellite data.  
 
Although we were successful in combining ground-based canopy measurements with remote 
sensing derived indices (measured at the top of the canopy) to detect drought stress, this 
method might be difficult to replicate in mixed stands as well as in stands where tree densities 
are higher. First of all, with higher tree densities, canopies intertwine making the automatic 
delineation of individual tree canopies difficult (Barnes et al., 2017). Secondly, mixed stands 
can consist of recurring shallow rooted and persistent deeper-rooted vegetation complicating 
the monitoring of the effects of drought, especially in arid and semi-arid ecosystems 
(Donohue et al., 2009). However, with the fast evolving development of (micro-)satellites 
the spatial and temporal resolution will become adequate to delineate and monitor individual 
trees.  
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6.2.2 How can individual tree-based dendrochronological measurements 

(RW) be linked to remote sensing derived plot level indices? 
In chapter 3 and 4 we related RW to remote sensing derived indices of the canopy to know 
if not only the canopy, but also the ring-width is affected by water shortage and climate. The 
decrease in RW in P. tamarugo clearly indicated an effect of the groundwater depletion. This 
means that not only the canopy – it is believed that P. tamarugo has the strategy of scarifying 
branches under stress – but also the RW is affected. In this way drought stress in Prosopis 
sp. can be assessed in areas with mixed species stands and high resolution remote sensing 
data is not available. While the relation between RW and NDVI to assess the effect of water 
shortage was found in chapter 3, this was not that straightforward in chapter 4. Here I depict 
possible reasons why the relation between RW and remote sensing data was found in chapter 
3, and not in chapter 4.  
 

1. Time-series length: In chapter 3 we used Landsat data which allowed us to have a 
longer time series, while Modis data is only available since February 2000. A longer 
time-series length gives more information and allows us to capture both gradual and 
abnormal (e.g. climate extreme events) processes, which occur over long periods of 
time, for example impacts of drought on trees (Norman et al., 2016). Typically 
abnormal processes are difficult to capture, as the number of replications is often 
low and thus hard to test statistically (to enable comparison we need sufficient 
drought periods and non-drought periods) (Vicca et al., 2016). 

2. Complexity of the environmental stress: In case of chapter 3 the environmental 
stress is much easier to capture as there is a continuous water shortage, while this is 
only the case in odd years in the case of chapter 4. Furthermore, the interplay of 
climatic conditions with other factors such as topography is much more complex. 
Heatwaves (causing leaf burning) could have a direct impact on the canopy that 
could be captured by remote sensing indices, while this might not be reflected in a 
decrease in RW. Droughts might affect both RW and remote sensing indices, but 
this depends on the duration and the timing of the event (Norman et al., 2016). For 
example, at the end of the growing season there is little wood formation, so this 
effect might not be seen in the year of the drought, but might affect growth in the 
following year (Eilmann and Rigling, 2018). In addition, the climate conditions in 
the remaining part of the growing season, for example more rain, may obscure the 
negative effect of the drought. Other factors such as soil type and moisture might 
further complicate the climate-growth relations (Manrique-alba et al., 2017). 

3. Species mixtures/mixed pixels: In chapter 3, we are dealing with a monoculture of 
species without any understory vegetation and 30 m resolution data was used. In the 
case of chapter 4 we used MODIS data (due to a better temporal resolution), thus 



Chapter 6 

92 
 

all data (including the beech cover map) was resampled to a 250 m resolution. 
Although we used a beech cover threshold of > 50%, the mixture with other tree 
species less sensitive to drought (such as Quercus sp.) and understory vegetation 
cause a mixed remote sensing signal. It also can obscure the potential effect of 
climate on the canopy (Norman et al., 2016). 

4. Empirical linkage between parameters: RW and NDVIw in chapter 3 are both 
decreasing over time due to persistent groundwater depletion. This does not mean 
that the parameters measured at the top of the canopy (remote sensing indices) are 
directly linked to those measured at stem level via RW. Although the leaves are 
producing the essentials for tree growth via photosynthesis, it is unclear how this 
translates into wood formation given certain climate conditions. 

Outlook: In chapter 3 we gained more knowledge on how the P. tamarugo tree reacts to 
drought stress and that not only the canopy, but also the RW is affected. It can help us 
assessing Prosopis sp. trees in other regions where remote sensing data is not available or 
where mixed stands obscure the species specific signal in the remote sensing data (Norman 
et al., 2016), and RW can be used as early warning in case of (long-term) water shortages 
(Camarero et al., 2018). In chapter 4 we did not find a relation between RW and remote 
sensing derived indices, neither did we find a relation between either of those and climate. 
This is most likely due to a combination of aforementioned issues. The interplay of timing, 
duration and severity of climate factors is complex and there is still quite some unclarity on 
the link between remote sensing indices measuring the top of the canopy and the tree-ring 
width. I would advocate that future research focusses on a tree centred approach (Sass-
Klaassen et al., 2016), testing the relation of intra-annual anomalies in relation to climate 
events and intra-annual RW data from cambial phenology studies (Čufar et al., 2008b). 
Furthermore, the research should include the linkage between wood anatomy and 
ecophysiology (Steppe et al., 2015). Thus, to test the empirical links between remote sensing 
and stem growth, field experiments should include the use of dendrometers (measuring stem 
expansion and shrinkage every hour), sapflow meters (sapflow within the stem), micro-
coring (Čufar et al., 2008b) and visual assessments of the tree’s phenology (see figure 6.1). 
The dynamics in tree-ring formation (measured via micro-cores) can provide insight into 
wood formation (via carbon sequestration) and combining near real-time measurements with 
high temporal resolution will make it possible to link environmental triggers, such as drought, 
to tree growth (Cuny, 2015; Sass-Klaassen et al., 2016).  
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Figure 6.1: Overview of the proposed set-up integrating field measurements with remote sensing measurements. 
Lower part: Several tree physiological measurements at individual tree and plot level, including dendrometers, 
sapflow meters, in some cases via live stream (e.g. twittering tree https://treewatch.net/).  
Upper part: Upscaling the plot data with sensors mounted on drones at plot level, and further integration of the plot 
data with satellite data. 
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6.2.3 What is the added value of ground-based TLS in addition to 

established ground-based forest structural measurements? 
In chapter 5 we found an added value of TLS in addition to conventional measurements. We 
were able to extract several forest structure parameters from the 3D TLS point cloud. 
Although the processing was time-consuming we were able to develop a protocol using 
different software to obtain the parameters. We were not able to extract biomass and volume, 
because this is very time consuming and there is no automated method available yet 
(Gonzalez de Tanago et al., 2018). Once the processing tools are developed, the added value 
of TLS in monitoring forest structure is that (i) several parameters can be obtained in a 
relatively fast and consistent way, and (ii) it can capture the plant volume or empty spaces in 
the forest in a detailed way. The consistency is especially valuable when re-measuring the 
plot over time. 
 
Outlook: There is work to be done, and further benefits from integrating and comparing TLS 
and conventional measurements could be harnessed. Integration of the two methods could 
also be applied over more forest types characterised by different degradation levels. We did 
not estimate biomass from the TLS data, although recent advances indicate that it will be 
possible soon to automate the process to obtain biomass values for trees in tropical forest 
(Gonzalez de Tanago et al., 2018; Lau et al., 2018). Ongoing research is focusing on using 
certain forest structural parameters (e.g. canopy gaps or PAVD of the upper canopy obtained 
in chapter 5 and combining them with high resolution satellite data (e.g. Planet Labs data) 
and SAR (synthetic aperture radar) data (i.e. integration of a multi-sensor approach). In this 
way forest structure maps for the whole Kafa Biosphere could be obtained (ongoing research 
by Mulatu et al. (unpublished)). The multi-sensor approach for modelling forest structure has 
been discussed by Couteron et al. (2012). Further improvements could be obtained from the 
integration of TLS with airborne LiDAR to better capture the top of the canopy structure 
(Brede et al., 2017).  

6.3 Integrated advantages for both fields 
Benefits of combining: Within this thesis I explored the different challenges forests face in 
various ecosystems, from temperate, to montane tropical forest, and hyper-arid ecosystems. 
The advantages of combining conventional ground-based data and remote sensing derived 
data are that they mutually enhance the potential capabilities of each other. On the one hand, 
remote sensing has, for example, the potential of upscaling plot data to large spatial scales. 
Near sensing tools such as TLS can provide detailed forest structural data that can be linked 
to habitat heterogeneity studies. On the other hand plot data provide a lot of insight into the 
ecology of stands, e.g. RW or ecophysiological processes, and can help to understand remote 
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sensing derived canopy indices. Over all the chapters in this thesis ecologists can link the 
detailed data to e.g. biodiversity measures, as proxies for habitat niches. 
Advances in remote sensing are moving towards higher spatial, temporal and spectral detail, 
but without the in-situ ecological data these advances do not reach their full potential. I, 
therefore, strongly advocate closer collaborations between the two research fields in the set-
up of monitoring campaigns because, for example, currently plot sizes for biomass estimation 
are often too small making it hard to establish the link to the spatial resolution of the satellite 
pixel (Réjou-Méchain et al., 2014). 
 
Remaining challenges and the way forward: In this thesis we explored the value of combing 
the two fields in an empirical way. However, not all issues are solved and more research is 
needed as in the case of chapter 4, and I also advocate for an integrated and tree-centred 
approach (Sass-Klaassen et al., 2016) that can help to solve some of these issues. Advances 
have also been made according to more model driven physical approaches such as radiative 
transfer models (Couteron et al., 2012). These models are an important tool to couple ground-
based field data and remotely sensed information as they translate the signal information into 
biophysical parameters (Couteron et al., 2012). Future challenges lay into improving the data 
operability and data processing. For example, forest structure modelling of AGB with TLS 
is already possible in more homogeneous forest stands (Raumonen et al., 2013), but the 
operability and data processing in tropical forests is challenging (Gonzalez de Tanago et al., 
2018). For remote sensing to become a conventional method, it has to become more 
ecologically (ecosystem) driven in an operational (e.g. in the case of TLS) and cost-effective 
way. 
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