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Abstract

Key message Striking hydro-climatic differences of 2
years (wet; dry) dramatically control the increment
pattern of L. huasango in varying extent, even causing a
“growth collapse” during the La Nina drought
2010/2011.

Abstract  We present the first multi-year long time series
of local climate data in the seasonally dry tropical forest in
Southern Ecuador and related growth dynamics of Lox-
opterygium huasango, a deciduous tree species. Local cli-
mate was investigated by installing an automatically
weather station in 2007 and the daily tree growth vari-
ability was measured with high-resolution point dendrom-
eters. The climatic impact on growth behaviour was
evaluated. Hydro-climatic variables, like precipitation and
relative humidity, were the most important factors for
controlling tree growth. Changes in rainwater input affec-
ted radial increment rates and daily amplitudes of stem
diameter variations within the study period from 2009 to
2013. El Nifio Southern Oscillation (ENSO) related
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variations of tropical Pacific Ocean sea surface tempera-
tures influenced the trees’ increment rates. Average radial
increments showed high inter-annual (up to 7.89 mm) and
inter-individual (up to 3.88 mm) variations. Daily ampli-
tudes of stem diameter variations differed strongly between
the two extreme years 2009 (wet) and 2011 (dry). Contrary
to 2009, the La Nifia drought in 2011 caused a rapid
reduction of the daily amplitudes, indicating a total ces-
sation (‘growth collapse’) of stem increment under ENSO-
related drought conditions and demonstrating the high
impact of climatic extreme events on carbon sequestration
of the dry tropical forest ecosystem.

Keywords Climate variability - Dendroecology -
Dendrometer - Ecuador - La Nifia drought - Seasonally dry
tropical forest

Introduction

The endangered ecosystem “seasonally dry tropical forest”
features an exceptional biodiversity and great endemism
richness (Eamus 1999; Estrada-Medina et al. 2013) which is
characterised by a small number of evergreen species and a
majority of deciduous tree species (Bullock et al. 1995). A
distinct seasonality of rainfall patterns, up to five humid
months, is the decisive factor controlling phenological
phases and seasonal tree growth rhythms (Borchert et al.
2005; Reich and Borchert 1982; Sayer and Newbery 2003).

In general, seasonally dry tropical forests are charac-
terized by a maximum annual precipitation below
1600 mm that is unevenly distributed throughout the year,
resulting in a long dry period of at least 5-6 months with
monthly precipitation sums below 100 mm (Mayle 2004;
Pennington et al. 2006).
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The seasonality of important climatic factors (e.g. pre-
cipitation, solar radiation, relative humidity, temperature,
and vapour pressure) is reflected by the trees’ physiological
responses (e.g. phenological and growth cycles, competi-
tive behaviour). However, these responses vary consider-
ably along the pan-tropics, depending on region and tree
species (Wagner et al. 2014).

In comparison with the subtropical Andes and the tem-
perate zones of South America (Boninsegna et al. 2009)
little is still known about the growth behaviour of trees
inhabiting in the dry tropical areas of South America. Dry
forests have received rather little attention in scientific
literature, although drylands cover 41 % of the earth’s
surface and host ca. 20 % of major centres of plant bio-
diversity (Maestre et al. 2012). Only few studies focus on
this ecosystem along the equatorial Pacific region, includ-
ing Ecuador and Peru (Mayle 2004; Linares-Palomino and
Ponce-Alvarez 2005; Linares-Palomino et al. 2010; Vol-
land-Voigt et al. 2011; Sidrkinen et al. 2012). Hence,
detailed knowledge about the interactions between climatic
conditions and tree growth patterns in the seasonally dry
tropical forests of equatorial South America is largely
lacking.

Since the study site “Laipuna Conservation and Devel-
opment Area” is located in a region strongly influenced by
the El Nifo Southern Oscillation (ENSO) phenomenon,
trees need to develop different growth strategies to cope
with these climatic extreme conditions. A widely used
method for studying relations between tree growth and
climate variability is the well-established measurement of
stem diameter variations with high-resolution electronic
point dendrometers (e.g. Worbes 2002; Rozendaal and
Zuidema 2011; Steppe et al. 2015). This approach has been
proven to be suitable to record long-term, seasonal, and
diurnal diameter growth variations of tropical trees
(Wimmer et al. 2002; Biondi et al. 2005; Deslauriers et al.
2007; Brduning et al. 2008, 2009a, b; Biondi and Hart-
sough 2010; Volland-Voigt et al. 2011; Krepkowski et al.
2011, 2013; Drew et al. 2014).

The climatic influence of ENSO along the Ecuadorian
and Peruvian coasts includes basin-wide warming/cooling
of sea surface temperatures of the Pacific Ocean and
therefore wetter El Nifio and drier La Nifia conditions
(Trenberth 1997; Vuille and Bradley 2000; Vuille et al.
2000; Takahashi 2004; Bendix et al. 2011). The strong La
Niifia event 2010-2011 (Boening et al. 2012; Cotrill 2012;
Tobin 2012; Tobin and Skinner 2012; Hoyos et al. 2013)
was characterised by a severe drought along the Peruvian
and Ecuadorian costs, and extreme rainfall events associ-
ated with flooding in the higher Andean region,
respectively.

It is precisely for these reasons that the aim of our study
is to analyse the response of the seasonally dry tropical
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forest ecosystem to inter-annual variations of different
climatic forcing factors. Specifically, we studied growth
rhythm and growth rate of the tree species Loxopterygium
huasango that is a valuable timber species and an important
constituent of the dry forest ecosystem. In detail, we
address the following research questions: (1) Is tree growth
of L. huasango affected by the amount of local precipita-
tion? (2) Is positive radial increment restricted to any
hydro-climatic season (wet, dry, or both seasons)? (3) How
are tree growth and consequently carbon sequestration
influenced by La Nifia events?

Methods
Study site and local climate

The study site Reserva Laipuna, officially named “Laipuna
Conservation and Development Area”, is located at the
south-western slope of the Andes (4°12'S, 79°53'W) at
altitudes between 590 and 1.480 m asl (Fig. 1). The area
belongs to the seasonally dry topical forest belt, distributed
along the Pacific coast line in Ecuador and Peru (Bullock
et al. 1995; Linares-Palomino et al. 2010; Sirkinen et al.
2012). Since the Andes block moist easterly air masses
originating from the Atlantic Ocean (Garreaud et al. 2009),
the regional precipitation regime shows only one single
rainy season with rainfall brought from the Pacific by
westerly winds, typically lasting from January to the end of
May (Volland-Voigt et al. 2011). A long dry season occurs
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Fig. 1 Map of the study area
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between June and December. The terrain is hilly with
deeply incised gorges, and bedrock mainly consists of
acidic Cretaceous intrusive granite. Consequently, very
young, acidic, dry, and little developed Torriorthens soils
dominate in the study area which are characterized by low
fertility (Ministerio de Recursos Naturales y Energeticos
1982; Ministerio de Agricultura y Ganaderia 1984; United
States Department of Agriculture, Natural Resources
Conservation Service 1999).

In May 2007, we installed a climate station (THIES
Clima Germany) near the valley of Rio Catamayo
(590 m asl) in a distance of ca. 500 m from the studied
trees. The measured climate variables included air tem-
perature, precipitation, relative humidity, and wind direc-
tion and wind speed 2.5 m above ground. Each climate
variable was recorded at 10-min intervals and hourly
arithmetic means (for wind direction vector mean) were
stored by a data logger.

Tree species and wood anatomy

Loxopterygium huasango Spruce ex Engl. (Anacardiaceae)
is a common deciduous broadleaved tree species of the
Ecuadorian and Peruvian seasonally dry tropical forest and
occurs at altitudes between 900 to 1100 m asl (Burnham
and Carranco 2004; Rodriguez et al. 2005; Linares-Palo-
mino and Ponce-Alvarez 2009). Tree heights may attain up
to 25 m (Gonzales Estrella et al. 2005). The species is
shedding all leaves during the latter part of the dry season
(Williams et al. 1997; Mayle 2004; Linares-Palomino and
Ponce-Alvarez 2005). It is assumed that L. huasango has a
deep, extensive root system. Thus, transpiration rates and
water supply can better be balanced (Borchert 1994;
Zalamea and Gonzalez 2008; Méndez-Alonso et al. 2013).
Loxopterygium huasango produces very hard and dur-
able wood, characterised by a wood density of 0.73 g cm™>
(Zanne et al. 2009). In case of bark injury, the trees exude
an aromatic whitish latex/gum (Heidelberger and Rao
1966). The high economic potential of L. huasango has
early been recognized by the furniture and the medical/
pharmaceutical industries, causing a strong exploitation of
the species. De Elao reported the threatened status of the
species (Agrawal 1996a). To counteract these trends, L.
huasango has been designated for nature conversation and
reforestation projects in Ecuador (Agrawal 1996b).

Dendrometer measurements

High-resolution point dendrometers (Ecomatic, Germany)
were installed at breast height (~1.30 m) on three tree
individuals growing on a steep slope to study short-term
variations as well as long-term trends in stem growth of L.
huasango, and to relate them to the local environmental

conditions. The installation of the dendrometers was done
parallel to the slope. Parts of the outer bark were carefully
removed to exclude undesirable shrinking and swelling
side effects of the bark (Briauning et al. 2009a). Since 2009,
radial stem variations were measured in 30-min intervals.
Calculation methods implemented here are based on the
three-phase model of a typical diurnal stem cycle, which
has been fully described in previous studies (Wimmer et al.
2002; Deslauriers et al. 2007; Drew and Downes 2009;
Volland-Voigt et al. 2011). Daily amplitudes (dA, i.e. the
difference between the maximum stem radius and the
minimum stem radius of the previous day) of radial stem
radius variation, daily radial increments (dR, i.e. the dif-
ference between two consecutive daily stem radius max-
ima), and cumulative radial growth (cum dR, i.e. the
accumulation of consecutive daily stem radius maxima)
were calculated.

The measuring period of climatic data and dendrometer
measurements actually lasted from 2007 to 2013. However,
due to longer data gaps of the growth measurements in
earlier years we neglect data before 2009. Although
cumulative growth trends will be shown until 2013, cal-
culations of increment patterns (e.g. dA) of three tree
individuals were only possible until 2011. The time period
between 2009 and 2011 is consistent between climate and
tree growth data and was therefore used as evaluation
period in this study.

Data analysis

Climatic data (temperature, precipitation, wind direction,
wind speed and relative air humidity) were analysed with
the R package ‘metvurst’ and plots are designed with R
‘windContours’ (Bunn 2008; Appelhans 2013).

To quantify intra- and inter-annual tree growth vari-
ability in relation to climatic seasonality (rainy and dry
season) we used IBM SPSS STATISTICS 22. Require-
ments for statistical methods and normal distribution of
variables were checked with the Kolmogorov—Smirnov test
and also visually (histogram). Since some variables were
not normally distributed, difference hypotheses were tested
with the Wilcoxon sign rank test and the Mann—Whitney
U test. To examine the relation between tree growth pat-
terns and climatic conditions, we calculated Pearson’s
correlation coefficients. Due to the lack of normal distri-
bution in the interval-scaled data (monthly radial incre-
ment, temperature, relative humidity, irradiation,
precipitation, monthly sea surface temperature (SST) in
Nifo regions 1 + 2, 3, 3.4 and 4 and Southern Oscillation
Index Standardized (SOI Std.), we also calculated Spear-
man rank correlations. Since these results confirmed the
Pearson correlations, we do not show Spearman’s rank
correlations in the following.
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Results
Climate variability

In general, the local climate can be classified as tropical
dry, with a strong seasonality of rainfall, occurring between
December and May (Valencia et al. 1999). During 2007 to
2013 the overall climatic pattern was characterized by a
mean annual temperature of 23.5 °C, whereby an increase
of 1 K occurred by comparing the years 2007 and 2013
(Table 1; Fig. 2a). The mean annual relative humidity was
74 %, annual averaged irradiation was 226 W m_z, and
mean annual precipitation amount was 550 mm (Table 1).
Heavy rainfall events occurred between January and May
(Fig. 2b). Over 90 % of the total annual rainfall is
restricted to the rainy season.

However, the local climate shows a high inter-annual
variability and distinct seasonal climate pattern (Table 1).
For example, annual precipitation amounted 792 mm in
2009, but 742 mm fell during the rainy season and only
50 mm during the 7-month dry season. In contrast, only
284 mm of precipitation fell during the rainy season of the
extremely dry year 2011, and 30 mm during the dry sea-
son. The monthly rainfall ranged between 0.0 mm in July
2007 and 423.5 mm in February 2012. During night-times
relative air humidity amounted more than 90 % and
dropped below 60 % in the afternoons (Fig. 2c). Within the
rainy season, the mean relative humidity amounted approx.
75 % in 2011 and 84 % in 2009. Average minimum daily
values of irradiation were 77 W m~2 during the rainy
season, when the sky was often covered with clouds.
Average maximum daily values of irradiation
(309 W m™?) occurred during the dry season. An overview

Mean annual vapour pressure deficit amounted 7.5 hPa,
whereas minimum vapour pressure deficit amounted
5.7 hPa during the rainy season and the maximum vapour
pressure deficit amounted 8.5 hPa during the dry season.
During the extremely wet year 2009, vapour pressure
deficit reached 9.1 hPa in October and 4.3 hPa in March. In
contrast, in the extremely dry year 2011, vapour pressure
deficit was 11.2 hPa in March and 5.1 hPa in April
(Table 1).

The climate conditions of 2009 and 2012, as well as
those of 2011 and 2013 were similar with regard to tem-
perature and precipitation. However, the years 2009 and
2011, in particular differed mostly among each other and
showed striking different climatic conditions. Table 2
shows the influence of sea surface temperature (SST) of the
four different Nifio regions and the Southern Oscillation
Index (SOI, pressure difference across the Pacific Ocean,
sea surface pressure SSP) on local climate parameters.
Highly significant relationships were observed between
Nifio 1 + 2 region and local relative humidity (r = 0.77,
p < 0.01) and local precipitation (r = 0.68, p < 0.01).

Rainfall anomalies of the years 2009 and 2011

In general, precipitation events were concentrated to night-
times and were strongly linked to the prevailing wind
direction (Fig. 3). We analysed differences of the dominant
wind directions and rainfall patterns in the wetter year 2009
(791.6 mm) and the drier La Nifia year 2011 (314.1 mm)
(Fig. 3; Table 1).

Between January and May 2009 (rainy season) northerly
winds were most frequent and dominated at noon, night
and early morning. During afternoons and evenings winds

of the hourly values of irradiation is depicted in Fig. 2d.  shifted to a southerly direction. Precipitation was

Table 1 Climate conditions

during 2007-2013 2007 2008 2009 2010 2011 2012 2013
Mea ¢ 23.1 22.8 232 23.6 24.1 23.5 24.2
Min ¢ 19.7 18.9 18.6 18.9 18.6 20 20.1
Max ¢ 26.2 25.3 25.8 26.1 27.7 26.2 27.5
Mea rh 62.3 82 76.3 75.1 71.1 79.2 71.3
Min rh 46.9 60.1 61 60.7 54.5 66.2 59.3
Max rh 82.5 99.9 94.3 98.1 92.7 923 94.6
Mea ir 222 207 239 220 233 230 231
Min ir 80 67 75 69 71 95 85
Max ir 298 312 310 309 311 330 295
P sum n.d. 581.2 791.6 477.1 314.1 849.8 296.2
P SUMgyiny season n.d. 545.4 741.8 4462 283.9 844.2 258.7
P SUM4ry season 8.8 35.8 49.8 30.9 30.2 5.6 375
Dmax P 24 76.4 71.3 48.8 40 54.9 30.5

t temperature (°C), Mea mean, Min minimum, Max maximum, rh relative humidity (%), ir irradiation (W/
m?), P sum sum of precipitation (mm), n.d. no data available, Dmax daily maximum
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concentrated between afternoon after 3 p.m. and early
morning before 9 a.m., whereas no rains occurred between
morning and afternoon.

During the dry season (June to December) in 2009, three
main wind directions dominated: S and NW winds occurred

N D
from midnight to 9 a.m., northerly winds dominated during
noon, and during the afternoons easterly winds prevailed.
Rainfall occurred only from 2 p.m. until 7 p.m.

Between January and May 2011 (rainy season), the wind
mainly breezed from N directions during the nights and
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Table 2 Pearson correlation coefficients of monthly means (May
2007 to December 2011) of temperature ¢ (°C), relative humidity rh
(%), irradiation i (W mz), monthly sum of precipitation p (mm), and
monthly radial increment of three Loxopterygium huasango (L. hua.)

trees and with Southern Oscillation Index Standardized (SOI Std.) and
monthly sea surface temperature of the four different Nifio regions
(NINO)

L. hua. A L. hua. B L. hua. C SOI Std. NINO 1 42 NINO 3 NINO 34 NINO 4
t 0.05 —0.05 0.13 0.22 0.43%%* 0.08 —0.14 —-0.25
rh 0.53%* 0.61%* 0.45%%* —0.39% 0.77%* 0.82%* 0.64%* 0.41*
i —0.10 —-0.22 —0.21 —0.05 —0.47%* —0.25 —0.08 0.07
p 0.67%* 0.62%* 0.72%%* —0.06 0.68%* 0.41%* 0.13 -0.07

* p < 0.05; ** p < 0.01

mornings, shifting then to SE directions in the afternoons
and in the evenings. In particular, a completely different
wind distribution occurred during March 2011 compared to
March 2009 (Fig. 3). During January and May, rain mostly
occurred between 6 p.m. and 9 a.m., whereas in March
nearly no rainfall occurred between 1 p.m. and 9 a.m. The
wind and precipitation conditions during the dry season
(June to December) 2011 were similar as in the dry season
2009.

It is shown (Fig. 3), that during the drier La Nifia year
2011 the main dominant northerly wind direction changed
into southerly wind direction in the study area, compared to
the “normal” year 2009. Therefore, less humid air condi-
tions (less relative humidity and amount of rain) and
slightly higher air temperatures occurred (Table 1). In
2009, the amount of precipitation during January to March
was much higher than in 2011, whereas April 2011 was
wetter than April 2009. In January 2011, precipitation was
only around 10 % of the rainfall amount in January 2009.
A striking rainfall deficit occurred in March 2011, when
only ca. 1 % of the precipitation fell, compared to March
2009.

Seasonal growth variability

Loxopterygium huasango forms diffuse porous wood.
Growth boundaries are clearly marked by flattened latewood
fibres of up to three rows (Fig. 4). Therefore, L. huasango
offers a high potential to analyse climate—growth relation-
ships. Figure 5 illustrates the cumulative radial growth of
three studied L. huasango trees in relation to the local cli-
matic conditions. Due to longer data gaps in earlier years,
the analysed period lasted from January 2009 to July 2013.
All three studied trees showed a strong synchronicity of
stem shrinkage, swelling, and increment processes. Despite
equal trunk circumferences of 1.1 m at breast height (L.
huasango A and L. huasango B) the trees differed consid-
erably in their absolute growth rates (end of measurement
July 5, 2013: L. huasango A.: 16.90 mm; L. huasango B:
9.05 mm). The main growing season was consistent with the
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rainy season, as indicated by a strong increase in radial
increment, usually exceeding previous years’ maximum
stem diameters. However, growing seasons varied from year
to year concerning date of start and duration.

Shortly after the termination of the rainy season, a slight
decrease in stem radii could be found. Minimum stem
radius values were reached quite quickly and remained
nearly constant until the end of the dry season.

Absolute annual increments strongly varied within the
years and were controlled by the amount of precipitation
(Fig. 6). In the dry years 2011 and 2013, the maximum
stem radii of the previous year (2010 and 2012) were
hardly exceeded, indicating almost no growth.

Beside absolute growth differences, also the seasonality
of growth increment varied between years. In the wetter
years 2009, 2010, and 2012, a steady stem diameter
increment occurred, with one maximum at the end of the
rainy season. In contrast, the cumulative growth curves of
the dry years 2011 and 2013 were characterised by three
short peaks of increment occurring in February, April and
June. This is in line with the maxima of precipitation and
the minima of vapour pressure deficit. In both dry years,
increment was initiated considerably later mainly caused
by absent precipitation and above average temperature
during January. It also applies for the months March and
May in 2011 and 2013, respectively.

Daily amplitudes (dA) of radial stem variations were
useful to obtain a better understanding of trees’ water
balance. We compared seasonal variations of dA during the
wettest and driest years 2009 and 2011 (Fig. 7). Both L.
huasango individuals (trees A and B) showed considerably
higher dA values during the rainy seasons and the first
months of the dry season than during the end of the dry
season in both years. However, in the wet year 2009,
monthly dA declined 2 or 3 months after the beginning of
the dry season. Radial stem variations for trees A and B
were recorded until August and October, respectively. In
the dry year 2011, monthly dA of both individuals dropped
rapidly during the transition period (May/June) and
remained conspicuously small until December.
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Fig. 3 Coloured contour plots
of hourly precipitation
distribution (mm) and wind
frequency of hourly occurrence
(%, black isolines) during the
rainy season (January—May) in
the wet year 2009 (left) and the
dry year 2011 (right). Areas
with numerous closely spaced
wind isolines showed the most
occurrence of wind direction
during the daily hours in the
mentioned month. Blue to red
coloured areas showed hourly
rainfall distribution within the
month. Y axis daily hours, X
axis wind direction (°)

precipitation (mm)
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Fig. 4 a Transversal thin-
section of Loxopterygium
huasango with transition zone
of sapwood and heartwood with
tyloses. An exemplary tree-ring
boundary is indicated by white
arrows. b Polished surface of L.
huasango illustrated by
reflected light microscope.
Exemplary tree-ring boundary is
indicated by white arrows
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Fig. 7 Monthly means of daily amplitudes of two individual trees (a,
b) of Loxopterygium huasango and their linkage to monthly sums of
precipitation in 2009 (left) and 2011 (right). Seasonal and monthly
sums of precipitation are depicted in the boxes. Box plots description:
the length of the box represents the interquartile range (25th—75th

To verify the differences between the monthly dAs
within the rainy and dry seasons of both years, we averaged
the monthly values to dry and wet season means (Fig. 8).
Due to data gaps in November and December 2009 for L.
huasango B, we restricted dry season values from June
until October to calculate a robust mean. For both indi-
viduals, dAs did not significantly differ between the rainy
seasons of 2009 and 2011 [L. huasango A: 7
(N = 151) = —0.005, p =n.s.; L. huasango B: 7Z
(N = 151) = —1.522; p = n.s.]. However, differences of
dAs of the dry seasons 2009 and 2011 were significant.
Thus, during the strong La Nifia year 2011, dAs were
significantly smaller than under less dry conditions in 2009
[L. huasango A: Z (N = 165) = —8.750, p < 0.001; L.
huasango B: Z (N = 165) = —11.070, p < 0.001].

To verify if intra-annual differences of the dA occur, we
calculated the Mann—Whitney U test for both individuals in
2009 and 2011 separately. Daily amplitudes in 2009 and
2011 were significantly higher during the rainy seasons
than during the dry season for L. huasango A [L. huasango
A 2009: U (painy: 151, ngry: 165) = —3.926, p < 0.001;
2011: U (Rainy: 151, ngpy: 165) = —13.313, p < 0.001].
However, this could not be confirmed for L. huasango B.
While in 2009 the dAs were smaller during the rainy season
than dAs during the dry season, the situation reversed in

percentile), the dot in the box interior represents the mean, the
horizontal line in the box interior represents the median, the vertical
lines issuing from the box extend to the minimum and maximum
values, outliners are marked with asterisk

2011 (L. huasango B 2009: U (Mainy: 151, ngy:
165) = —2.355, p <0.05; 2011: U (npainy: 151, ngpy:
165) = —11.081, p < 0.001).

Climate—growth relationships

Regarding the monthly radial increment, positive correla-
tions were detected with the monthly sum of precipitation
and relative humidity (Table 2). Higher sums of precipita-
tion were accompanied with higher radial increment for all
three individuals (p < 0.001). Solar irradiation and monthly
radial growth were negatively correlated (although not sta-
tistically significant), indicating the negative impact of
increased drought stress on tree growth in the dry forest.

Discussion and conclusions

Striking differences were detected between the 2 years
2009 and 2011, regarding both, climatic conditions
(changes in wind direction and precipitation distribution)
and increment patterns of the trees (increased annual tree
growth vs. almost no annual tree growth). Consequently, a
comparison of these 2 years seemed particularly useful to
answer our research questions.
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in the boxes. Non-significant differences are marked by n.s. signif-
icant differences are marked by asterisks (*p < 0.05; ***p < 0.001).

Climatic teleconnections

The annual cycle of the measured climate parameters
precipitation, temperature, irradiation, wind direction and
speed, and also relative humidity is similar every year,
although absolute values vary strongly between years.
Total precipitation amounts ranged between 296 mm
(2013) and 850 mm (2012) and the rainy season strongly
varied in length, like 2013 it ended in May whereas in 2012
it lasted until July. This in turn primarily affected the mean
relative humidity (higher during wetter years), and average
temperature and mean irradiation. Eamus (1999) described
very similar annual climatic cycles in other tropical dry
woodland ecosystems (savannahs).

Therefore, it is necessary to specify the influence of
supra-regional climate forcing factors like SSTs and SSPs.
We found significant relations between SSTs in the tropical
Pacific and SOI with climate parameters at our study site
Laipuna, confirming the great influence of La Nifia/El Nifio
events on local climatic conditions. This is in line with
results of Bendix et al. (2011) who found teleconnections
between climate in the Andean highlands in South Ecuador
and the tropical Pacific. Local relative humidity was sig-
nificantly correlated with SOI and SSTs in all Nifio regions
(Table 2). Contrary to the Nifio regions 3, 3.4 and 4, the
Nifio 1 4 2 regions show high positive correlation coeffi-
cients with relative humidity and precipitation. Negative

@ Springer

L. huasango B

Box plots description: the length of the box represents the interquartile
range (25th—75th percentile), the dot in the box interior represents the
mean, the horizontal line in the box interior represents the median, the
vertical lines issuing from the box extend to the minimum and
maximum values, outliners are marked with [little dots

correlations were found for irradiation. This signifies that
tropical Pacific SSTs strongly impact the local climate at
Laipuna. Also for the neighbouring region NW Peru, strong
relations between Nifio 1 + 2 region SSTs and wet season
precipitation were found (Bazo et al. 2013; Lagos et al.
2008). Rodriguez et al. (2005) proved the sensitive reaction
of trees in the Sechura dessert of north Peru (Prosopis
juliflora and Bursera graveolens) to El Nifio events,
especially during the extreme ENSO event 1997-1998,
when the region profited from abundant rainfall. In our
study, the monthly means of relative humidity show a
negative correlation with the SOI. The differences among
the atmospheric pressure between Tahiti and Darwin affect
the trade winds and therefore air humidity (Table 2).
Likewise, Vuille et al. (2000) found a close influence of
SST anomalies and ENSO on precipitation and temperature
along a gradient from the Pacific coast to the western
Andean slope (1° to 3° S), whereby the coastal regions of
Peru were mostly affected. During extreme rainfall events
associated with the strong El Nifios 1997-1998 and 2002,
the easterly wind component in Piura (NW Peru, near to
our study area) was weak and west winds dominated during
rainy days (Takahashi 2004).

For 2011, Cotrill (2012) reported about a La Nifia ‘re-
turn’, because the moderate La Nifia in 2010 turned into a
strong one during the first quarter of 2011. Tobin and
Skinner (2012) noted that the SOI in April 2011 was the
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second highest since November SOI 1973 and the second-
highest April SOI on record (since 1904). The coldest SSTs
were measured between autumn 2010 and winter 2011 with
a peak in January (Tobin and Skinner 2012). In summary,
the La Nifia 2010-2011 was one of the longest events with
ca. 18 months duration.

Due to the very fast change of SSTs between 2009-2010
(moderate El Nifio) and 2010-2011, Hoyos et al. (2013)
appointed the La Nifia 2010-2011 as “one of the most
intense” events and Boening et al. (2012) measured a
(ocean) sea level fall during the extreme cooling of the
Pacific. These adverse weather conditions during LN10-11
caused the ‘growth collapse’ of L. huasango in 2011,
indicating a strong impact of such climate extremes on
carbon sequestration rates of the dry tropical forest
ecosystem.

Seasonal growth variability of L. huasango

High-resolution dendrometer measurements have been
applied to detect seasonal tree growth variability in dif-
ferent climate zones and sites. Especially for the tropics,
where seasonal tree growth is limited by water availability
(Rozendaal and Zuidema 2011; Wagner et al. 2014) and
not by a seasonally induced cambial dormancy during a
cold winter (cf. temperate or boreal zones), measurements
of radial stem increase and shrinkage over a season provide
a suitable technique to record intra-annual growth
dynamics (Worbes 1999; Deslauriers et al. 2007; Briuning
et al. 2009a, b; Biondi and Hartsough 2010; Krepkowski
et al. 2011; Volland-Voigt et al. 2011; Wils et al. 2011;
Biondi and Rossi 2014; Drew et al. 2014; Gebrekirstos
et al. 2014).

Our results showed that the seasonal radial stem varia-
tions of the three studied L. huasango individuals were
strongly coherent over the five studied years, triggered by
climatic forcing and phenological phases. We are aware
that the number of tested trees is rather small. However,
there are publications with the same context and an equal
number of studied individuals, e.g. Jiang et al. (2015),
Biondi and Rossi (2014), Wang et al. (2014). Very
homogenous daily radial stem movement patterns have
been reported from other broadleaved tree species (Tabe-
buia chrysantha) within the research area Reserva Laipuna
(Volland-Voigt et al. 2011) and even from different tree
life forms in Ethiopia (Krepkowski et al. 2011).

We found strongly different absolute growth rates
between individuals of L. huasango (Fig. 6). Differences in
total growth are often explained by the trees’ age or the
trees’ location within the population (Brauning et al. 2008,
2009a, b; Volland-Voigt et al. 2011). However, we found
no significant differences in the stem circumferences of our
studied trees (L. huasango A.: 1.1 m; L. huasango B:

1.1 m, L. huasango C: 1.4 m), and hence a conclusion
regarding their age cannot be made. We rather assume that
the competitive status and the location on the slope
determined increments rates due to local differences in soil
water availability (Worbes 1999; Cardoso et al. 2012).

The 5-year long growth record of L. huasango con-
firmed the hypotheses that the radial increment of tropical
tree species is strongly controlled by climatic conditions
(Worbes 1999; Wagner et al. 2014). Extreme growth
variations between separate years are mainly affected by
changes in rainwater input (Clark and Clark 1994). How-
ever, tree species growing in seasonally tropical dry forests
may respond differently to rainfall events (Rozendaal and
Zuidema 2011). Radial increment can respond either pos-
itively or negatively to the total annual rainfall (Schongart
et al. 2004; Worbes 1999; Gebrekirstos et al. 2008;
Rozendaal and Zuidema 2011; Grogan and Schulze 2012),
to rainfall events during the dry season (Worbes 1999;
Sass-Klaassen et al. 2008) or during the rainy season,
exclusively (Fichtler et al. 2004; Trouet et al. 2006; Brie-
nen et al. 2010; Volland-Voigt et al. 2011; Pompa-Garcia
et al. 2015). We suggest that L. huasango belongs to the
latter group, because positive increments were only mea-
surable during the rainy season and stem shrinkage
immediately set in due to water loss with the beginning of
the dry season. Phenological cyclicality corroborates these
findings, since length and duration of foliation is related to
moisture conditions (‘unpublished data’ E. Cueva 2007,
Fig. 9). Leaves flush at the onset of the rainy season (De-
cember/January) and leave shedding starts with the
beginning of the dry season in summer (May/June). Con-
sequently, photosynthesis and radial increment rapidly
ceased. Other deciduous species within the dry forest
behave similarly, e.g. B. graveolens, Maclura tinctoria and
T. chrysantha (Linares-Palomino and Ponce-Alvarez 2005;
Volland-Voigt et al. 2011; Pucha Cofrep et al. 2015). These
findings are also described by Estrada-Medina et al. (2013)
and Valdez-Hernandez et al. (2010) in the tropical dry
forest in Yucatan. Leaf shedding is initiated by low soil
water potential and vapour pressure deficit, leading to
slight inter-annual variations in the phenological years (Do
et al. 2005; Valdez-Hernandez et al. 2010; Estrada-Medina
et al. 2013).

Absolute radial increment strongly differed between
years, correlating strongly with the total amount of pre-
cipitation within each rainy season (Fig. 5). During the dry
La Nifia year 2011 no radial increment occurred, demon-
strating the high impact of extreme climate conditions on
carbon sequestration of the tropical dry forest ecosystem.
Worbes (1999) stated that “Growth periodicity in tropical
regions is triggered when there is a dry season with less
than 50 mm precipitation per month (Worbes 1995).”
Accordingly, we found that the growth of L. huasango is
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Fig. 9 Mean values of the
vegetative (leaf shedding) and
reproductive (flowering and
fruiting) phenology of
Loxopterygium huasango trees
between November 2003 to
May 2007
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initiated when monthly mean precipitation during the rainy
season exceeded ca. 60 mm. Accordingly, cambial activity
was initiated by prolonged rainfall and extreme rain events
exceeding 20 mm of precipitation at the onset of the rainy
season (January and February). While in 2009 six rain
events with more than 20 mm per day occurred, there was
just one such extreme event in 2011 (Fig. 5). As a conse-
quence, a sufficient water saturation of the trunk to start
cambial growth could not be reached in 2011.

The analysis of daily amplitudes of L. huasango vali-
dated trees’ growth dependence on precipitation and
revealed large intra-annual, inter-annual and inter-species
differences (Figs. 7, 8). In this context it must be consid-
ered that every La Nifia year is a dry year but not vice
versa. Unfortunately, studies about the duration pattern of
the daily amplitudes of tropical trees for further compar-
ison are still sparse.

Our study on L. huasango is in agreement with a recent
pan-tropical overview, stating that “precipitation and solar
radiation are the main seasonal drivers of tree growth,
within the (pan) tropics” (Wagner et al. 2014). Our results
provide a baseline for further studies, including wood
anatomical and dendrochronological approaches, to dif-
ferentiate effects of rehydration processes from true cam-
bial activity within the stem. Including additional tree
species and wood parameters like tree-ring width, and
stable carbon and oxygen isotope analysis may help to
indicate the influence of ENSO events on tree water rela-
tionships, changes in water use efficiency, and drought risk
of vessel cavitation for different tree species in this
endangered and highly sensitive forest ecosystem at longer
time scales.
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