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a b s t r a c t

Isolated patches of swamp forests surrounded by xerophytic vegetation occur along the semiarid coast of
Chile. Supported by shallow groundwater, these unique ecosystems have endured a long-term aridity
trend during the Holocene and historical land use change. In this study, we investigated the patterns and
climate drivers of annual tree growth in a coastal swamp dominated by the hygrophilous tree Myrceu-
genia exsucca. A tree-ring width chronology spanning the period 1864e2007 was developed and
compared with long-term precipitation, temperature and soil moisture dynamics. There is a general lack
of significant climate response during the earlier part of the 20th century, but a time-dependent positive
growth response to temperature and moisture variability took place following partial drainage of the
forest (1930s). Furthermore, a shift from a concurrent to a lagged growth response to moisture occurred
around 1980, coinciding with increased frequency of ENSO-related moisture extremes. These results
suggest that the ecological functioning of swamp forests in this region is very resilient to short-term
climate variability, but even slight drainage disturbance can trigger very dynamic growth responses to
climate variability. The degree of anthropogenic disturbance of these ecosystems will likely influence
their response to projected increases in regional aridity during the coming decades.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Isolated patches of swamp forest surrounded by xerophytic
vegetation occur through the narrow Pacific coastal plains of the
semiarid coast of north-central Chile (30�Se36�30

0
S), near the

southern edge of the Atacama Desert. These forests represent the
northernmost extent of the discontinuous swamp forest ecosys-
tems in Chile (30�Se41�S), which are restricted to floodplains and
low lying areas prone to permanent or temporary flooding
(Varela, 1981; San Martín et al., 1988). Anthropogenic disturbance
associated with drainage and widespread clearance of forest for
agriculture in the fertile Chilean lowlands has largely reduced
the extent of swamp forests during the last two centuries
entales y Evolutivas, Facultad
la Teja, Casilla 567, Valdivia,
(Villagr�an, 1982; Villa-Martínez and Villagr�an, 1997; Maldonado
and Villagr�an, 2006). Regardless of their location, the structure
and composition of the remaining swamp forests are relatively
similar. Typically, the canopy is completely closed and dominated
by evergreen flood-tolerant tree species from the Myrtaceae family,
including Myrceugenia exsucca (DC) Berg., Luma chequen (Molina)
A. Gray and Blepharocalyx cruckshanksii (Hook. Et Arn.) Niedenzu.

The swamp forests of the semiarid coast of Chile are regarded as
environmental archives of millennial-scale vegetation and aridity
fluctuations over central Chile during the Holocene. Pollen analysis
of the sediments deposited in these swamps indicates that most of
them were established between 5000 and 9900 years ago, when
wetter past climatic conditions raised the local groundwater level
and stimulated the formation of swamp-like habitats (Villagr�an and
Varela, 1990; Villa-Martínez and Villagr�an, 1997; Maldonado and
Villagr�an, 2002). In the present, these forests are restricted to
small areas of permanent flooding by groundwater seepage and
near-surface flow along creeks. Therefore, their functioning and
survival are thought to be strongly connected to rainfall patterns
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and groundwater dynamics from seasonal to millennial time scales
(Maldonado and Villagr�an, 2006). Nevertheless, these connections
have not been demonstrated empirically and our understanding of
the ecological functioning and climate responses of these northern
swamp forest ecosystems is still poor (Correa-Araneda et al., 2011).

Precipitation has declined steadily during the last 130 years in
north-central Chile (LeQuesne et al., 2006; Vuille and Milana,
2007). Further drying is expected to occur during the coming de-
cades with ongoing climate change (Fuenzalida et al., 2007). This
observed and projected increase in aridity is of concern for the
survival of the swamp forests and for ecosystem structure and
function in the surrounding drylands as well. Here, we investigate
the relationship between interannual climate variability and tree-
ring growth in a semi-desert swamp forest, called ‘Palo Colorado’
(Maldonado and Villagr�an, 2006). We combined a local tree-ring
record with gridded precipitation and temperature estimates,
local observations of groundwater level andmodel-based estimates
of soil moisture to assess how climate variability affects the
ecological dynamics of the swamp. This study is the first of its kind
and provides new empirical insights into the functioning and likely
responses of these unique swamp forest ecosystems to increased
aridity in the coming decades.

2. Regional climate and study site

The semiarid region of north-central Chile (27�e32�S), which is
bounded by the Pacific Ocean to the west and the Andes to the east,
is known as the ‘Norte Chico’. It represents a steep biome transition
between the Mediterranean-type ecosystems of central Chile and
the hyper-arid Atacama Desert to the north (Fig. 1a). The seasonal
Fig. 1. Location map of the study site in the semiarid region of north-central Chile and growt
swamp forest. Black shading denotes elevations above 4000 m a.s.l. (b) Mature individual o
towards the right).
dynamics of the subtropical eastern Pacific anticyclone and the
permanent blocking effect of the Andes result in a Mediterranean-
type rainfall regime (Miller, 1976). Almost all annual precipitation
(about 200 mm) occurs during the austral winter betweenMay and
August (see Fig. 3). The rainy season is then followed by a contin-
uous dry period during the rest of the year. The El Ni~no Southern
Oscillation (ENSO) is the main driver of interannual climate vari-
ability in the region (Aceituno, 1988, Garreaud et al., 2009). Warm
El Ni~no events weaken the eastern Pacific anticyclone and produce
higher than average precipitation and temperature anomalies
throughout the region, whilst cold La Ni~na events result in drier and
colder than normal conditions (Montecinos and Aceituno, 2003).

The Palo Colorado swamp forest (32�050S; 71�290W) is a small
forest patch (2.5 ha) dominated by flood-tolerant Myrtaceous trees
and surrounded by semi-desert scrub vegetation (Maldonado and
Villagr�an, 2006). The forest is located in a permanently inundated
area next to a small ravine that runs through the coastal plain from
the adjacent coastal hills. This forest was established about 10,000
years ago under wetter climatic conditions, and provides the
longest palynological record of any swamp forest in the semiarid
region of Chile (Maldonado and Villagr�an, 2006). Since the flooded
soil is unsuitable for agriculture, the forest has been relatively well
protected from the intense anthropogenic disturbance that affects
the surrounding semiarid scrub vegetation. However, some
drainage work was carried out during the second half of the 1930s.
The dense forest canopy is dominated by M. exsucca trees that can
reach up to 10 m in height and 40 cm in diameter (Fig. 1b). Most
matureM. exsucca trees develop buttresses at the stem base, similar
to other trees growing in swamps such as the tupelo gum and bald
cypress (Pallardy and Kozlowski, 2007). Other hygrophilous trees
h features of M. exsucca. (a) Topographic map showing the location of the Palo Colorado
f M. exsucca growing in the swamp. (c) Annual growth rings of M. exsucca (the bark is



Fig. 2. M. exsucca tree-ring width chronology. (a) Raw ring-width data. (b) Average
standard tree-ring chronology spanning the period 1864e2007 and the EPS statistic
(light grey) computed in 20-year windows with an overlap of 10 years. The commonly
accepted 0.85 EPS threshold (i.e., 85% common signal and 15% noise) is indicated by the
dotted horizontal line. (c) The associated sample size of the average chronology for
each year.
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such as L. chequen, Escallonia pulverulenta, Maytenus boaria Molina
and Schinus latifolius (Gill. Ex Lindl.) Engler dominate the canopy at
the edge of the swamp, where sun-light is more abundant.

3. Methods

3.1. Sampling and tree-ring chronology development

A total of 120 increment cores were extracted from 60 mature
M. exsucca trees, with two samples taken from each tree. Trees
without buttressing were preferentially sampled, or alternatively
cores were extracted above the buttress to reduce eccentric growth
patterns. We used standard dendrochronological procedures to
process the samples and develop tree-ring width chronologies
(Fritts, 1976). Annual growth rings were dated to the year in which
growth starts during the austral spring, and measured to an accu-
racy of 0.001 mm. Visual crossdating and ring-width measure-
ments were checked using the quality-control program COFECHA
(Holmes, 1983).

The age/size related trend in the tree-ring width measurements
was modelled by using a negative exponential function or a linear
regression with negative slope, and removed from the measure-
ment series by division using the CRUST program (Melvin and
Briffa, in press; available at: http://www.cru.uea.ac.uk/cru/
software/crust/), a new software for tree-ring standardization
developed at the Climatic Research Unit (CRU). The detrended
growth series were averaged together into a mean chronology,
representing common interannual to decadal growth variations in
the forest stand. It is important to bear in mind that together with
the short lifespan of most of the sampled trees, this curve-fitting
detrending procedure acts as a high-pass filter on the individual
series (Cook et al., 1995) and most of the multidecadal and longer-
term growth variability is lost in the resulting chronologies.
Therefore, our focus is primarily on interannual to decadal time
scales.

The Expressed Population Signal statistic (EPS; Wigley et al.,
1984) was used to assess the strength of the common growth
signal in themean chronology over time. This statistic measures the
magnitude of the common variability between trees over a given
period, taking into account sample replication. The EPS was
computed using 20-year sliding windows with 10 years of overlap.
There is no formal significance test for this statistic but a threshold
of 0.85 (85% of variance in common and 15% of noise) is commonly
accepted for a significant common signal.

3.2. Tree growth and climate variability

In order to identify the main climatic drivers of tree growth, the
tree-ring width chronology was correlated with gridded monthly
precipitation and temperature from the nearest 0.5� grid box of the
CRUTS 3.20 dataset (Harris et al., in press), and also with gridded
monthly soil moisture data simulated by the Climate Prediction
Center (CPC) Leaky-Bucket model (Fan and van den Dool, 2004) for
the period 1948e2007 (available at: http://www.cpc.ncep.noaa.
gov/soilmst/leaky_glb.htm). Leaky-Bucket is a simple, single-layer
hydrological model driven by observed monthly precipitation and
temperature data. It estimates soil moisture, evaporation and
runoff in a standard soil column of 1.6 m over the global land sur-
face at a spatial resolution of 0.5�. The model is run with constant
parameters, estimated using observed runoff data in eastern
Oklahoma, US. In order to evaluate the reliability of simulated soil
moisture data as a proxy for the local water-table level in the
swamp, we extracted monthly CPC soil moisture estimates for the
nearest grid box to Palo Colorado and compared these data with a
11-year record (1989e1999) of in situ groundwater level measured
in a monitoring well (Santa Ines) located 6 km away from the
swamp (Fig. 3).

All correlations with monthly climate (1901e2007) and soil
moisture (1948e2007) data were computed on running windows
of 20 years with the bootRes R package (Zang and Biondi, 2013). A
window overlap of 10 years was used for temperature and pre-
cipitation and 5 years for the shorter soil moisture data. This
allowed identification changes in correlation and tree-growth re-
sponses over time with a robust significance testing based on
bootstrapping. Significance was tested at the 90% level.

To provide a regional context for the growth patterns observed
in the swamp, the tree-ring chronology ofM. exsuccawas compared
with a tree-ring chronology of an evergreen montane tree (Kage-
neckia angustifolia D. Don) published earlier by Barichivich et al.
(2009). This chronology spans the period 1842e2004 and has
been shown to capture well the regional patterns of vegetation
growth in the water-limited interior drylands. It is located in the
Andean foothills at about 140 km north-west of Palo Colorado.

4. Results

4.1. Tree-ring chronology

Tree-rings of M. exsucca are clearly identifiable (Fig. 1c), indi-
cating a marked annual seasonality of tree growth in the swamp.
The latewood cells appear as a darker band that defines the annual
termination of the growth ring at the macroscopic level (Fig. 1c).
Despite the clear tree-ring anatomy, crossdating was very chal-
lenging due to absent rings associated with stem buttresses. In
addition, in some cases it was not possible to identify ring
boundaries in the recent portion of the samples because of me-
chanical damage, growth suppressions or poor contrast in
anatomical features. As a result, only 32 samples out of 120 were
successfully crossdated and measured. The annual ring widths
varied from less than a tenth of a millimetre in slow growing trees
to about 9 mm in fast growing trees or periods of rapid growth
(Fig. 2a). The oldest sampled and successfully crossdated tree had a
minimum age of 97 years, but most of the trees had ages between
40 and 60 years. This resulted in a tree-ring chronology spanning

http://www.cru.uea.ac.uk/cru/software/crust/
http://www.cru.uea.ac.uk/cru/software/crust/
http://www.cpc.ncep.noaa.gov/soilmst/leaky_glb.htm
http://www.cpc.ncep.noaa.gov/soilmst/leaky_glb.htm
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144 years from 1864 to 2007 (Fig. 2b), and represent the first well
replicated tree-ring chronology of the endemic tree species of the
Myrtaceae family from the semiarid coast of Chile. The average
intercorrelation between the samples was 0.41, a relatively modest
value compared with species in the drylands. This suggests an
important degree of spatial heterogeneity in growth patterns
across the swamp.

The tree-ring chronology indicates that the growth ofM. exsucca
in this swamp has a pattern of strong decadal variability, with pe-
riods of high growth rates around 1920 and 1980 (Fig. 2b). Periods
of reduced growth occurred during the latter half of the 1930s and
most of the 1960s and 1970s. The growth patterns are more un-
certain prior to 1900, when the chronology is made up of less than 6
samples (Fig. 2c). The EPS indicates a high degree of common signal
in the tree-ring chronology since around 1900 but a sustained
weakening of this signal occurred between the 1930s and 1950s
(Fig. 2b).

4.2. Correlation of tree growth with climate and moisture
variability

Monthly model-based soil moisture data show a remarkable
temporal agreement with in situ groundwater levels (Fig. 3a). The
level of the water-table and soil moisture peaks at the end of the
rainy season (JuneeSeptember), after all the annual soil water
recharge has occurred. This is followed by a continuous decline as a
result of increased evapotranspiration and no further recharge,
reaching a minimum at the end of the dry season in late autumn.
This strong agreement demonstrates that the model-simulated soil
moisture data are a good proxy for seasonal and interannual water
level fluctuations in the swamp.

Correlation analysis with monthly temperature, precipitation
and soil moisture indicates that tree growth in the swamp has a
very complex and time-varying response to climate variability
during the current and previous growing seasons (Fig. 4). There is a
general lack of consistent climate response prior to the 1950s, fol-
lowed by a period of significant (P < 0.1) and positive growth
response to temperature and to a lesser extent to precipitation. The
temperature response was significant during the rainy season of
the previous year (from June to September), during most of the
previous growing season fromOctober to April and during the rainy
and growing seasons from July to December of the current year. The
emergence of this growth response to thermal variability around
1950 is illustrated in Fig. 5a by comparing tree growth with tem-
perature averaged from July to October of the previous year. This
figure shows that growth patterns since 1950 closely track inter-
annual and decadal variations in temperature most of the time
(r ¼ 0.37 for the period 1951e2007, P < 0.01).
Fig. 3. Comparison of monthly and seasonal variability of the water-table level measured in t
Leaky-Bucket hydrological model, and precipitation for the nearest grid box to Palo Colora
Contrary to our expectation, the correlation between tree
growth and precipitation in the swamp is less consistent than with
temperature (Fig. 4). Significant but unstable correlations occur
with precipitation during the peak (JulyeAugust) of the previous
and current year rainy seasons. Correlations during the rainy season
of the current growing year were significant and positive from
around the 1930s until the 1970s, indicating a concurrent growth
response to rainfall anomalies during this earlier period. This is
followed by a shift to a lagged growth response to rainfall variability
during the most recent decades, as correlations during the current
year turned negative and those during the previous year became
positive and significant. Fig. 5b illustrates the relationship between
tree growth and precipitation variability during the peak of the
rainy season (JulyeAugust) of the previous year (r ¼ 0.31 for the
period 1951e2007, P < 0.05). The increased correspondence of
growth and previous year rainfall anomalies from about 1980 de-
picts a 1-year lag in the growth response. For instance, heavy
precipitation associated with a strong El Ni~no event in 1987e88
(the highest positive precipitation anomaly in Fig. 5b) is linked to
increased tree growth during the following year.

Correlations of tree growth with monthly soil moisture dy-
namics (1948e2007) during the current and previous year are
consistent with the evidence for a shift towards a lagged growth
response to moisture anomalies from 1980 (Fig. 4). Correlations are
significant (P < 0.1) only from June to December of the current
growing year and shift from positive to negative around 1980. The
temporal lag in the growth response is much clearer than with
precipitation. Frequent, ENSO-related wet anomalies during recent
decades are always associated with increased tree growth during
the following year (Fig. 5c). A clear example of this delayed growth
response occurred during the strong El Ni~no event in 1997.

Taken together, these correlation patterns suggest that tree
growth in the swamp became more sensitive to climate variability
during the second half of the 20th century, when a very dynamic
positive growth response to temperature and moisture variability
during the current and previous year has taken place.

4.3. Tree-growth patterns in the swamp and drylands

Tree growth patterns in the swamp differ substantially from
growth patterns in the montane drylands on a yearly basis (Fig. 6a
and b), but agree well on decadal to interdecadal time scales
(Fig. 6c). The lack of overall agreement (r ¼ 0.15 for 1864e2004;
P > 0.1) in year-to-year variability is primarily associated with dif-
ferences in magnitude and timing of growth responses to moisture
anomalies in these contrasting environments. Tree growth in the
more stable swamp environment has stronger temporal persis-
tence and reduced interannual variability as a result of slowly
he Santa Ines well since 1989 with monthly gridded soil moisture estimated by the CPC
do. (a) Monthly variability and (bec) climatologies.



Fig. 4. Temporal patterns of correlation between the annual growth ofM. exsucca and monthly precipitation, temperature and soil moisture from April of the previous growing year
(p) to December of the current growing year. Correlations are shown for 20-year running windows. An overlap of 10 years between consecutive windows is used for precipitation
and temperature and 5 years for soil moisture. The stippling denotes significant correlations (P < 0.1).
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varying growing conditions, whereas rapidly changing moisture
conditions in the drylands result in highly variable and concurrent
growth anomalies. The shift to a lagged growth response to mois-
ture anomalies in the swamp during recent decades further
Fig. 5. Comparison of annual tree growth in the swamp with climate and soil moisture
variations during the seasons with strongest correlations. (a) Mean temperature dur-
ing JulyeOctober of the previous year, (b) precipitation during JulyeAugust of the
previous year, and (c) soil moisture averaged over AugusteDecember of the current
growing season. The monthly number of station records included in the CRUTS 3.20
precipitation and mean air temperature gridded fields in north-central Chile (located
within a distance of 150 km north and south of Palo Colorado) is shown in the cor-
responding panels. These are the stations that contributed most to the gridded esti-
mates at Palo Colorado. Correlations for different periods of interest and their
significance (*: P < 0.05, **: P < 0.01) are indicated in the plots.
decreases the overall correlation with growth patterns in the dry-
lands (Fig. 6b). Thus, these differences in growth dynamics reduce
the synchrony of interannual growth anomalies (Fig. 6aeb) but do
not affect the consistency of longer term growth variability as
shown in Fig. 6c.

Weak correlations between the swamp and dryland tree-ring
chronologies during the first half of the 20th century (Fig. 6b) are
consistent with the evidence for a poor climate response of the
swamp forest during this period based on gridded meteorological
data. However, strong correlations are observed in the earlier part
of the swamp forest chronology around the year 1900, though
admittedly this earlier part of the chronologies is less reliable
(Fig. 2b) and this association may occur by chance. Prolonged
Fig. 6. Comparison of M. exsucca tree growth in the coastal swamp forest with the
growth of the montane tree Kageneckia angustifolia in the interior Andean drylands. (a)
Standard tree-ring chronologies; and (b) their 20-year running correlations with no lag
and with 1-year lag. The strong El Ni~no events in 1982 and 1997 are indicated by
vertical lines. (c) Comparison of decadal variability using 20-year low-pass filtered
series.
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periods of reduced growth in the swamp during the 1930s, 1960s
and 1970s are consistent with reduced growth in the drylands and
increased correlations between the chronologies (Fig. 6b). These
periods are known to have been times of severe regional drought.

5. Discussion

The functioning and persistence of the swamp forest ecosystems
in the semiarid coast of Chile are expected to be strongly associated
with regional rainfall patterns and groundwater changes (Villagr�an
and Varela, 1990; Villa-Martínez and Villagr�an, 1997; Maldonado
and Villagr�an, 2006). In this study, we show that annual tree
growth in one of these swamps had a changing response to mois-
ture and also to temperature variability over the course of the 20th
century (Figs. 4 and 5). Temperature, rainfall and soil moisture
variability were correlatedwith tree-growth patterns in the swamp
only from around 1950, with no clear growth response to climate
found in previous decades. This apparent lack of growth response
to climatic variability prior to 1950 could be in part related to a
decrease in the quality of the gridded records back in time, as the
number of meteorological stations available for interpolation drops
(Fig. 5). However, the same result is obtained when using station-
based temperature and precipitation records instead of gridded
estimates (Fig. S1). The gridded data are generally consistent with
regional averages based on local stations (r ¼ 0.58 for JuleOct
temperature, 1930e2003, P < 0.01; r ¼ 0.98 for JuleAug precipi-
tation, 1901e2002, P < 0.01), though the gridded temperature es-
timates appear to be less reliable before 1950 (Fig. S2). The
substantial weakening of the correlation between year-to-year
variations of tree growth in the swamp and the drylands during
the same period (Fig. 6b) provides independent evidence for the
absence of a significant climate response. Therefore, it seems un-
likely that the observed lack of growth response to climate vari-
ability during the earlier part of the 20th century is related to
quality issues in the climate data.

The shift towards increased climate sensitivity of the swamp
forest in the early 1950s follows the beginning of the drainage ac-
tivities in the forest around the year 1939. According to the land-
owner, cement channels were built around the forest to extract
water for human consumption. Therefore, it is likely that this
disturbance is the underlying cause for the increased correlation
between climate variability and tree growth in the swamp over the
recent decades. This implies that under natural growing conditions,
such as the period prior to the drainage works, undisturbed swamp
forests are generally very stable and highly resilient to short-term
climate variations.

Even though the drainage disturbance may have turned the
forest more vulnerable to environmental variability, tree growth
appears to have responded more strongly and positively to tem-
perature than to rainfall and moisture variability (Fig. 4). This
positive growth response to temperature is a new finding of this
study and could have not been anticipated from the limited
ecological knowledge on the functioning of these swamp forests,
which were believed to be controlled primarily by moisture vari-
ability (Maldonado and Villagr�an, 2006). We hypothesize that the
installation of drainage ditches around the forest did not result in
excessive drying of the swamp but that the hydrological change
was sufficient to significantly stimulate the decomposition rates of
the thick layer of organic matter in the forest floor with warmer
temperatures. Therefore, growth stimulation due to increased ni-
trogen mineralisation and nutrient availability caused by warmer
conditions (Rustad et al., 2001) might explain the extended positive
correlations found between temperature and tree growth (Fig. 4).
This hypothesis is consistent with modelling and observational
studies on the influence of water-table depth fluctuations on
nutrient availability and plant productivity in riparian and wetland
ecosystems (Holden et al., 2004; Hefting et al., 2004; Choi et al.,
2007; Sulman et al., 2013). Furthermore, it is unlikely that such
an extended positive growth response to temperature in this
coastal environment is related to a dominant direct temperature
limitation on cambial activity, as in some riparian species growing
in the high Andean drylands (Roig et al., 1988; Schmelter, 1999).

Temporal changes in correlations between tree growth and
model-based soil moisture and rainfall variability suggest a shift
from a concurrent to a lagged growth response to moisture
anomalies from around 1980 (Fig. 4). This coincides with an un-
usually high frequency of moisture extremes linked to more
frequent and intense ENSO events after about 1976 (Trenberth and
Hoar, 1997). Considering that El Ni~no events are essential to
groundwater recharge in the region (Squeo et al., 2006), ENSO-
induced wet extremes, such as during the rainy seasons of
1992e93 and 1997 are likely to result in unusually persistent
flooding in the swamp during the entire subsequent growing sea-
son (Fig. 2a). Normal water levels return during the growing season
of the following year, when the growth pulse occurs. Interactive
effects of altered hydrology and biogeochemistry in the swamp
after mild drainage, and nutrient and fine root dynamics during and
following wet extremes are likely to be the main drivers of this
delayed response of stem growth. However, we do not rule out the
possibility of some systematic dating error in our tree-ring chro-
nology since crossdating was difficult in many samples.

The nuances of the climate response of tree growth in the
swamp result in poor correlations with vegetation growth (Kage-
neckia) in the interior montane drylands on a yearly basis (Fig. 6).
However, the disagreement decreases on decadal and longer time
scales because the influence of short term differences in the timing
of growth responses to climate anomalies becomes smaller. Like in
the swamp, tree growth in the montane drylands also has some
degree of positive response to temperature (Barichivich et al.,
2009). Therefore, common influences of both moisture and tem-
perature variability contribute to the observed agreement between
decadal growth patterns in the two environments. Prolonged
growth reductions in the swamp and drylands coincide with severe
drought during most of the 1960s and 1970s (Schneider, 1982;
Barichivich et al., 2009), indicating a similar response to persis-
tent climate anomalies.

Global climate models project a drying of the subtropical dry
areas under increasing greenhouse gas (GHG) concentrations
(Meehl et al., 2007). Therefore, regional aridity in north-central
Chile is expected to continue increasing during the coming de-
cades (Fuenzalida et al., 2007). This could pose a serious threat to
the persistence of these millennial swamp forest ecosystems if they
are not efficiently protected from anthropogenic disturbances that
increase their vulnerability to climate changes.

Further research about the physiological responses ofM. exsucca
to flooding and drought conditions is needed. This tree species has
morphological adaptations in the root system such as the formation
of plank-buttressing, adventitious roots and aerenchyma tissue
(Gonz�alez et al., 2003). These features are thought to facilitate the
entry of oxygen into the root and the stem, and they are closely
related to flooding duration. However, other physiological adapta-
tions would be involved and thesemay vary seasonally according to
habitat dynamics (Crawford, 2003). The effects of drought can be as
important as flooding for tree survival and growth, particularly at
the seedling stage (Parolin et al., 2010). A recent study in a swamp
forest of the semiarid region of Chile highlights that M. exsucca
seedlings are less resistant to drought conditions than the other
dominant tree species of this ecosystem (Bascu~nan-Godoy et al.,
2013). These results become relevant under the projected climatic
conditions for the semiarid region of Chile, which potentially could
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discontinue the present species composition of these swamp
ecosystems.
6. Conclusion

The analysis of M. exssuca tree rings suggests that the ecological
functioning of the swamp forests in this semiarid region is very
resilient to short-term climate variability under natural growing
conditions, but slight artificial drainage can trigger very dynamic
growth responses to moisture and temperature variability. This
indicates that well conserved, pristine swamps will be more resil-
ient to the anticipated increase in regional aridity during the
coming decades than swamps that have undergone artificial
drainage or are affected by excessive groundwater abstraction.
Further tree-ring studies in pristine swamps will help to validate
the ecological patterns observed in the Palo Colorado swamp. In
addition, ecophysiological studies looking at the links between
temperature, nutrient dynamics and tree growth are needed to
understand the complex ecological response to drainage found in
this swamp.
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Fig. S1. Temporal patterns of correlation between the annual growth of M. exsucca and monthly precipitation and 
temperature based on regionally averaged station records rather than on gridded estimates. Correlations are shown from 
April of the previous growing year (p) to December of the current growing year using 20-year running windows with an 
overlap of 10 years between consecutive windows. The stippling denotes significant correlations (P < 0.1). The regional 
precipitation record covering the period 1901–2000 was developed by Barichivich et al. (2009) and corresponds to the 
average of 12 gauges located between 27° and 32°S. The mean air temperature record corresponds to the average of 
Punta Tortuga (29.92°S; 1930–1992) and La Serena (29.90°S; 1930–2003) stations, located in the semi-arid coast about 
200 km north of Palo Colorado (32.08°S). Notice that the correlation patterns are very similar to those shown in Fig. 4 in 
the manuscript and thus support our results based on gridded data (CRUTS 3.20). 
 
 
 

 
 
Fig. S2. Comparison between gridded (CRUTS 3.20, see Fig. 5) and station-based averages of mean air temperature 
during July–October and precipitation during July–August (see Fig. S1 for description). The monthly number of station 
records included in the CRUTS 3.20 gridded fields located within a distance of 150 km north and south of Palo Colorado 
is shown to assess the reliability of the gridded estimates. Correlations between the series and their significance 
(*: p < 0.05, **: p < 0.01) are indicated in each plot. Gridded estimates are generally highly consistent with regional series 
based on local station records, particularly for precipitation. The only discrepancy occurs between the temperature series 
during the period before 1950, when there is only one station included in the CRUTS 3.20 dataset within a distance of 
150 km from the nearest grid box to Palo Colorado. 
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