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a b s t r a c t

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 threat-
ened 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.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Groundwater-dependent ecosystems occur in semi-arid and
arid areas in the Americas (Bogino and Jobb�agy, 2011; Stromberg
et al., 1996), Africa (February et al., 2007), Asia and Australia
(Zencich et al., 2002). Although perfectly adapted to harsh envi-
ronments, the vegetation is susceptible to natural or anthropogenic
changes in groundwater sources (Eamus et al., 2015; Jobb�agy 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
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trees (Groom et al., 2000) and changes in ecosystem functions and
structure (Eamus et al., 2015). This is especially true for phreato-
phyte 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-
Gonz�alez et al., 2003). This protected species is found in forested
areas, locally known as Pampa del Tamarugal, where the ground-
water table is relatively shallow; between 4 and 18m below ground
(Altamirano, 2006; Acevedo and Pastenes, 1983). 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;
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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�070S, 69�260W) is one of the
most important sources of groundwater within an area of about
4200 km2 (DICTUC, 2008; Rojas and Dassargues, 2007; Rojas et al.,
2010). 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,
1988; JICA-DGA-PCI, 1995; Rojas and Dassargues, 2007; Rojas et al.,
2010). 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 (Ch�avez et al., 2016).

The effects of groundwater extraction on P. tamarugo trees have
been studied using remote sensing tools, ranging from experi-
ments to large scale spatio-temporal studies using satellite images
(Ch�avez et al., 2013a,b, 2014, 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 Jobb�agy, 2011; L�opez 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 ana-
lysing 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 ob-
tained 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 ground-
water 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.
2. Material and methods

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 0.5e0.8 m and heights of
20e25 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 (Fig. 1a) (Altamirano, 2006). The P. tamarugo has fast
juvenile growth, reaching heights of 2e2.5 m in 3e5 years (Botti
and Sudzuki, 1970). Field experiments have found that roots of
seedlings quickly reach 0.8e1.2 m when shoots are only 6e8 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 12e18 m (Mooney et al., 1980; Sudzuki, 1985b;
Acevedo and Pastenes, 1983). Ch�avez et al. (2016) indicated that
roots may reach a depth of 20 m. Partial foliage loss may occur
between May and September (winter) and Ortiz et al. (2010) esti-
mated 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 ter-
minal parenchyma bands (Fig. 1c).

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 20e60 km (Fig. 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) (Fig. 2a). The Pintados
plantations are located in the heart of the hyper-arid Atacama
Desert in northern Chile, which is characterized by high tempera-
tures (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 and
Hartley, 2003; Houston, 2006) 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, 2006).

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
Ch�avez et al. (2016) showing an increasing drought stress towards
the south and east of the Pampa del Tamarugal aquifer, two con-
trasting sites were selected with i) different groundwater extrac-
tion 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 3 m
groundwater depletion and is 0.33 km2 (Figs. 2b and 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



Fig. 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 Fig. A in the supplementary results).

Fig. 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). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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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
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monitoring wells in the high-depletion site was similar to that in
the wells in the low-depletion site (i.e. 8e9 m depth). In 1990
groundwater extraction for mining and urban use began near the
high-depletion site (Rojas and Dassargues, 2007; Rojas et al., 2010).
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 themonitoring network ofDirecci�on
General de Aguas (DGA), spanning the period 1987e2012 was used.
One monitoring well is within the low-depletion site: Jica 7 (B.
Junoy J�7) (20�300S, 69�400W). Two monitoring wells are near the
high-depletion site: Felix Quispe (Quispe D�167) (20�270S,
69�340W) and Planta AP Hispania (Hispania 138) (20�270S,
69�380W, Fig. 2b). The GWL in the high-depletion site was obtained
by using inverse distanceweighting spatial interpolation in ArcMap
(version 10.2.1) over a 10 � 10 m grid of the monitoring wells
Quispe D�167 and Hispania 138, which are east and west respec-
tively of the site (Fig. 2b). Mean annual GWL in metres below
ground level (i.e. negative values) was used. Although solar radia-
tion and temperature showed seasonal changes, the seasonal pat-
terns are constant over time (i.e. no trends), and precipitation is
negligible (Houston, 2006; Rojas and Dassargues, 2007), thus these
data were not used in the study.

2.3. Measurements

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 75e100, this crown classifica-
tion is explained in section 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 (L�opez et al., 2008). Tree-rings were identified
under a stereo microscope at a magnification between 8 and 100�
(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 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 (L�opez 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 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 Fig. B of the Supplementary materials) was
excluded from the analysis to avoid the ontogenetic effect.

2.3.2. Remote-sensing data
2.3.2.1. Landsat e 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 photo-
inhibition (Ehleringer and Forseth,1980), as shown in Fig.1b. In this
way, paraheliotropic plants can photosynthesize longer than
normal plants under high solar radiation (Pastenes, 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
(Ch�avez et al., 2014, 2013b). 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 (Ch�avez et al., 2013a, 2014). Based on this annual
behaviour of NDVI, Ch�avez 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 para-
heliotropic movement and thus an indicator of canopy water con-
tent. 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 e in-
clusive the SLC-off scenes) satellite data covering the period
1989e2012 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, 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: NDVI¼ (NIR-Red)/
(NIR þ 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 (Ch�avez et al., 2014). Annual values of NW and NWSD were
calculated as average pixel values within both sites:

(1) NW ¼ average of all NDVI scenes from May, June and July
(midwinter);

(2) NWSD¼NW e NS, where NS ¼ 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 representa-
tive values for NS and NW, only years with at least three
images in the period JuneeJuly�August (midwinter) and
NovembereDecember�January (midsummer) were used to
calculate the average per season (i.e. no intra-annual data,
but one value per year).
2.3.2.2. Very high spatial resolution (VHSR) satellite images e Green
Canopy Fraction (GCF).

At the single tree level, other indicators derived from satellite
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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 (Ch�avez et al., 2016). It has been
shown that drought stress causes P. tamarugo to loose canopy over
time (Ch�avez 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 þ 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 (Ch�avez 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.
2.4. Statistical analyses

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 andMcLeod (1994) and later by De Beurs
and Henebry (2005) was used to 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 autocorrela-
tion found was for the GWL series for the high-depletion sites 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.
Fig. 3. Time series of stand level variables: (A) Groundwater level (GWL) in metres
below ground level.; (B) Average annual ring-width (RW) of viable P. tamarugo trees,
where mean radial growth was 48% less in the high-depletion site; (C) NDVI in winter
(NW); (D) NDVI difference between winter and summer (NWSD). 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. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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 non-
parametric Mann-Whitney U test was also used to test differ-
ences between the GCF values at the two sites using single trees as
replicates.
3. Results

3.1. Groundwater level

The GWL dropped by 0.4 m in the low-depletion site (data
available for 1987e2012) and ~3 m in the high-depletion site (data
available for 1989e2012). 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 ¼ �6.059; p < 0.001) according to
the Mann-Whitney U test.
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
(Fig. 1c), the rings are frequently difficult to discern for various
reasons: intra-annual density variations, discontinuous paren-
chyma 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 around
1971). As a consequence of the planting method (seedlings of 3e5
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
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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 reac-
tion wood formation, especially in the outermost part of the stem.
For this reason, the outermost stemparts 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 ¼ 0.96; Rbar ¼ 0.79) than between trees
growing in the high-depletion site (EPS ¼ 0.83; Rbar ¼ 0.57). All
P. tamarugo trees exhibited a similar growth trend, with fast juve-
nile radial growth during the first 10e15 years (whichwas 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 nega-
tive trend over time in trees in both sites, with p < 0.01;
MKT ¼ �0.520 for the low-depletion site and p < 0.01;
MKT¼�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 (Fig. 3b) 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 ¼ 135; Z ¼ �3.715; p < 0.001).
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 1) as indicated by the Mann�Kendall trend
(MKT) test. In the low-depletion site, NW increased over time
(p < 0.01; MKT ¼ 0.557), while, in the high-depletion site, NW
declined over time (p < 0.01; MKT ¼ �0.747; Fig. 3c). The NW was
significantly lower when comparing the high-depletion site with
the low-depletion site (U ¼ 20.5; Z ¼ �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 ¼ �0.573) (Fig 3d). However, when comparing
NWSD there were no differences between the two sites (U ¼ 230.5;
Z ¼ �0.012; p ¼ 0.990).
Table 1
Trends and correlation between stand level variables: groundwater level (GWL, express
difference between winter and summer (NWSD) of P. tamarugo sites subject to low and

Scenario/parameter Mann�Kendall trend test Kendall

GWL (m

Low-depletion site
GWL (m) �0.348** e

NW 0.557***
NWSD NS
RW (mm) �0.520***
High-depletion site
GWL (m) �0.899*** e

NW �0.747***
NWSD �0.573***
RW (mm) �0.586***

2-sided p value with ***p < 0.01, **p < 0.05, *p< 0.1, NS p> 0.1.
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 ¼ �0.352) and poor for the
NWSD (p < 0.1; KRC ¼ �0.305). In the high-depletion site, a more
significant and positive correlation was found between NW and
GWL (p < 0.01; KRC ¼ 0.688), and NWSD and GWL (p < 0.01;
KRC ¼ 0.482), (Table 1).

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 ¼ �0.399) in the low-depletion site might be
somewhat explained by the slight ontogenetic effect in the RW (see
Fig. B in the Supplementary materials), yet there was no correlation
between RWandNWSD. 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 ¼ 0.420 and NWSD: p < 0.01; KRC ¼ 0.457).

3.5. Green Canopy Fraction and groundwater level (tree level)

Although all GCF classes appear in both sites in 2011 (Fig. 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 ¼ 0e25) but in the high-depletion site there
are 11% more trees in GCF class 25e50 than in the low-depletion
site (Table 2). Only 8% of the trees in the high-depletion site were
in GCF class 75e100, 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 ¼ 1522603.5; Z ¼ �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 2). In addition to the numerical differ-
ences, 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 (Fig. 4).

4. Discussion

4.1. Radial stem growth of viable trees is affected by groundwater
depletion

Radial growth in the high-depletion site was significantly lower
ed in negative values), ring-width (RW), NDVI measured in winter (NW), and NDVI
high groundwater depletion.

rank correlation

) NW NWSD RW (mm)

�0.352** �0.305* 0.249*
e e �0.399***
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e e 0.420***
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Fig. 4. Green Canopy Fraction (GCF) derived from high-resolution (2.4 m pixel resolution) Worldview2 satellite data (acquired in July 2011).

Table 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.

Site Low-depletion site High-depletion site

CONAF site Recreo Espa~na
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 25e50 (%) 38 49
GCF class 50e75 (%) 37 32
GCF class 75e100 (%) 15 8
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than in the low-depletion site by 48%. The generally slow growth
may conceal even greater differences in resource availability be-
tween the two sites, In addition, since only viable trees with a GCF
class of 75e100 could be sampled for ring-width analyses, it 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 allo-
cation patterns towards investment of resources into root elonga-
tion (Micco and Aronne, 2012; Markesteijn and Poorter, 2009;
Chaves et al., 2003). Another possible cause of reduced growth
might be reduced carbon fixation due to longer periods of stomatal
closure (McDowell et al., 2008). Groundwater depletionmay lead to
amplification of this potential allocation effect, as seen from the
reduced ring-width of the viable trees in the high-depletion site
(Fig. 3b). All trees showed high radial growth during the first 10e15
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 car-
bon fixation may be the explanation of the relatively low radial
increments in the last 20 years in both sites (Fig. 3b). However,
further research is needed to understand carbon allocation strate-
gies or limitations in carbon fixation of P. tamarugo trees under
drought stress.
4.2. Increased drought stress due to groundwater depletion e 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 de-
mand in desert areas induces drought stress once the water supply
drops below a certain threshold (Houston, 2006). 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 the high-
depletion site dropped to 12 m, which according to Ch�avez et al.
(2016) is within the zone (12e20 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
(Ch�avez 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
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summer (Ch�avez et al., 2014). In linewith this, GCF was lower in the
high-depletion site. A GCF class below 50 indicates trees are un-
healthy (Ch�avez et al., 2016) and 49% of the trees in the high-
depletion site belonged to this category (Table 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 com-
munity here. This, together with the observation of clear spatial
patterns in the low-depletion site (Fig. 4), could point to the pres-
ence 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.

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 Ch�avez 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 20m. 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 Ch�avez et al. (2016), who
showed signs of disruption of 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 anthropo-
genic pressure that could cause serious and immediate impacts on
the P. tamarugo population are severe drought and earlier snow-
melt 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).

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 possibil-
ities to study ecosystems throughout the year and to combine this
data with ground-based measurements at tree level. Arid ecosys-
tems have the advantage of being infrequently covered by clouds,
which leads to more cloud free and higher quality (e.g. less aero-
sols) 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., 2013).
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 1, NW, NWSD and RW).

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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