2013 ERDKUNDE Vol. 67 - No. 3 - 241-248

WOODY VEGETATION OF A PERUVIAN TROPICAL DRY FOREST ALONG A CLIMATIC
GRADIENT DEPENDS MORE ON SOIL THAN ANNUAL PRECIPITATION

JANNES MUENCHOW, HENRIK VON WEHRDEN, ERIC FRANK RODRIGUEZ, RODOLFO ARISMENDIZ RODRIGUEZ,
FABIAN BAYER and MICHAEL RICHTER

With 3 figures and 1 table
Received 03. January 2013+ Accepted 26. June 2013

Summary: Tropical dry forests are the most threatened ecosystem in the tropics. Tropical dry forests possess an outstand-
ing beta diversity, which can live up to rain forests standards, yet they are still vastly understudied. In northern Peru, El
Nifio Southern Oscillation (ENSO) fundamentally shapes these unique and highly endemic ecosystems. The objective of
this study was to determine (i) if a main gradient was detectable in the woody plant composition in this hyper- to semi-arid
environment; and (ii) to which extent climatic and edaphic variables account for it. Sampling was done on 50 30 X 30 m?
random plots along a humidity gradient. A sodium-soil texture gradient correlated with the first Isomap axis. Potassium
and pH, mainly representing precipitation, characterized the second axis. A cluster analysis detected two plant functional
groups: a tropical desert formation and a shrub and dry forest formation. Variation partitioning revealed edaphic variables
to be more important in structuring vegetation than mean annual rainfall. Extending irrigation in parts of the study area may
possibly be beneficial for local residents. However, it will almost certainly trigger the extinction of the last remnants of the
highly endemic tropical dry forest formations.

Zusammenfassung: Tropische Trockenwilder sind die gefihrdetsten Okosysteme der Tropen. Tropische Trockenwilder
verfigen Uber eine auBlerordentlich hohe Beta-Diversitit, welche mit der tropischer Regenwilder vergleichbar ist und doch
sind sie immer noch chronisch untererforscht. Dariiber hinaus formt die El Nifio Southern Oscillation mafBgeblich diese
einzigartigen und hochendemischen Okosysteme in Nordperu. Diese Studie soll zeigen, (i) ob die verholzende Pflanzenzu-
sammensetzung dem Hauptgradienten in diesem per- bis semiariden Gebiet folgte und (ii) welchen Einfluss klimatische und
edaphische Faktoren auf die floristische Zusammensetzung austiben. Wir untersuchten 50 30 X 30 m?zufillig ausgewihlte
Aufnahmeflichen entlang eines Feuchtegradienten. Ein Natrium-KorngroBe-Gradient korrelierte mit der ersten Isomap-
Achse. Kalium und pH charakterisierten die zweite Achse und spiegelten hauptsichlich den Feuchtegradienten wider. Eine
Cluster-Analyse ergab zwei funktionelle Planzengruppen: eine tropische (Halb-)Wiisten Formation und eine Busch-/
Trockenwaldformation. Eine Varianzpartitionierung offenbarte, dass edaphische Variablen einen gréfieren Einfluss auf die
Vegetationsstruktur austiben als der mittlere jahrliche Niederschlag, Die Ausweitung bewisserten Kulturlandes in Teilen un-
seres Studiengebietes wird fiir die Lokalbevélkerung méglicherweise von Vorteil sein, andererseits aber héchstwahrschein-
lich die letzten Uberbleibsel der hochendemischen tropischen Trockenwaldformation in unserem Studiengebiet ausléschen.
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1 Introduction of plants and animals, and exhibit an outstanding

beta diversity (Dirzo and Raven 2003). Finally, a

Dry forests are the most endangered tropical eco-
system (JANZEN 1988) and have their widest distribu-
tion in the Neotropical and Carribean region (MILES
etal. 20006). Tropical dry forests are of paramount im-
portance due to distinct characteristics. First, they en-
compass 42% of all tropical ecosystems (MILES et al.
2006). Thus, they sequestrate carbon in such a quan-
tity that they might help to mitigate climate change,
especially if protected and restored (BECKNELL et al.
2012). Secondly, they are host to disproportionately
high endemism, a large variety of functional groups
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remarkable 60% of Neotropical dry forests have al-
ready been lost (MILES et al. 2006) and Peru has even
converted 95% of its tropical dry forests to other land
uses (PORTILLO-QUINTERO and SANCHEZ-AZOFEIFA
2010). It is thus most surprising that tropical re-
search mainly focuses on humid forests (SANCHEZ-
AzorEIFA et al. 2005; MiLEs et al. 2000). It is even
more alarming that most of the available ecological
knowledge stems from only a few tropical dry forest
sites in Brazil, Costa Rica, Mexico and Puerto Rico
(PORTILLO-QUINTERO and SANCHEZ-AZOFEIFA 2010).
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Water is most likely the most important limiting
abiotic factor in tropical dry forests as it influences
plant recruitment, establishment and survival as well
as seedling production (BALVANERA et al. 2011). Yet,
other variations in the physical environment also af-
fect the vegetation in tropical dry forests (TABARELLI
et al. 2003). Generally, studies of gradients are of
fundamental importance in biogeographic and eco-
logical research (LomorLiNo 2001; PALIN et al. 2011).
Although altitudinal gradients have attracted much
scientific attention (RAHBEK 2005; BEcK et al. 2008),
climatic and edaphic gradients are equally impor-
tant (e.g., POWERs et al. 2009; EspiNosa et al. 2011).
Within tropical dry forest studies, woody vegeta-
tion has frequently been related to water availability
(e.g., BALVANERA et al. 2002; TABARELLI et al. 2003;
EspiNosA et al. 2011) but also to disturbance (SAGAR
et al. 2003), succession (MADEIRA et al. 2009) and
edaphic gradients (POWERs et al. 2009; EspINOsA et
al. 2011).

Furthermore, it is especially important to moni-
tor vegetation development in arid to semi-arid
regions as they tend to be vulnerable towards deg-
radation caused by local human activity and/or cli-
mate change (SIVAKUMAR et al. 2005; WAGENSEIL
and Samimi 2007; Schurz et al. 2011). For instance,
NW-Peru is an arid to semi-arid region of extremely
high climate variability primarily caused by the El
Nifio Southern Oscillation (ENSO; MUENCHOW et al.
2013a; MueNcHOW et al. 2013¢). Both El Nifio (Lopez
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et al. 2006) and La Nifia (MueNcHOW et al. 2013b)
heavily influence primary productivity in NW-Peru.
Furthermore, grazing, agriculture and urban expan-
sion have strongly changed the floristic composition
of tropical dry forests in NW-Peru (ExrveDT 2011,
Exrvept et al. 2012). Hence, the last remnants of
tropical dry forest in N'W-Peru should be a top pri-
ority target for conservation planning (MADEIRA et
al. 2009).

To assemble comprehensive ecological knowl-
edge of tropical dry forests, SANCHEZ-AZOFEIFA et al.
(2005) have proposed to address several key ques-
tions. First, common ecological patterns should be
identified in less well-studied regions. Secondly, how
does species composition change along gradients?
Thirdly, in the case of a detectable species turno-
ver, what are the dominant functional groups? To
answer these questions, we sampled 50 30 x 30 m?
plots along a climatic gradient in a scientifically ne-
glected region. We aimed to investigate the floristic
composition of the woody vegetation, and how it is
structured by precipitation and edaphic variables.

2 Study area and methods

2.1 Study site and sampling

The study area stretches from the Pacific coast
to the foreland of the Andes near Chulucanas (NW-
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Fig. 1: Characteristics of the study area. a) Location of all sampled plots and the NDVI of April during the study year 2011
(data: MODIS; https://lpdaac.usgs.gov/). b) Precipitation barplot for major towns within the study area. Precipitation in
2011 was measured at three automatic climate stations in Cangrejos (near Paita), Piura (Universidad de Piura) and near
Chulucanas (close to relevé 46). Median precipitation values were calculated for different time periods: Paita (2005-08;
data: Proyecto Chira y Piura), Piura (1991-2011; data: Universidad de Piura), Chulucanas (1942-2008 (missing years: 1969-

72,1991-96); data: Proyecto Chira y Piura)
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Peru; Fig. 1a). As a part of the Sechura desert, our
study area is characterized by extremely variable an-
nual precipitation (BExpIx 1999). The median pre-
cipitation gradient ranges from 29 mm yr' (Paita/
Cangrejos) in the west to approximately 149 mm
yr! (Chulucanas, Fig. 1b) in the east; yet interannual
variability can be extremely high (RicHTER and ISE
2005; BENDIX et al. 2011; MuENcHOW et al. 2013b).
Our study year endured a severe La Nifla event
(MugNcHOW et al. 2013b) during which precipitation
during the rainy season (January to April) was well
below the median values (Fig. 1b). Vegetation chang-
es from a tropical desert to a tropical dry forest for-
mation along the precipitation gradient (MUENCHOW
et al. 2013b). The precipitation gradient coincides
with a land use gradient.

We randomly sampled 50 30 x 30 m* plots along
the humidity gradient of our study area (Fig. 1a).
Field work was carried out at the end of the rainy
season from March to April in 2011. We elaborated
a presence-absence matrix of all woody plant species
over all plots. Nomenclature follows the Missouri
Botanical Garden Tropicos online database (www.
tropicos.org). Please refer to MUENCHOW et al. (2013b)
for a detailed description of the sampling design.

2.2 Variable assessment

We collected three randomly chosen soil sam-

ples in 15 cm and 30 cm depth in each plot and

measured soil pH, electrical conductivity, the car-
bon-nitrogen ratio, soil texture, P, and cations (Ca,
Mg, K, Na; Tab. 1). The coverage of soil (naked
soil) was estimated as a percentage in the field,
and opposes rock cover. Skeletal content was the
gravimetric proportion of stones (> 2 mm; Tab.
1). Please refer to MueENcHOW et al. (2013b) for a
detailed description of all soil analyses performed
in the laboratory. Annual precipitation values for
each plot were derived from the WorldClim dataset
(Hymans et al. 2005; Tab. 1).

2.3 Statistical analyses

We calculated WHITTAKER’s (1972) diversity in-
dices. Alpha diversity was computed as the mean
species number per site, beta diversity as the ra-
tio of the total number of species to the average
number of species minus 1. Gamma diversity is
simply given as the total number of species along
all sampled units.

To analyze the floristic composition, we sub-
jected our data to Isomap ordination. Initially,
Isomap computes the number of neighboring
points £ for a given point. If £ is low, a strong
non-linear relationship is apparent (FEILHAUER
et al. 2011). Secondly, Isomap calculates geodesic
distances between sample points with £ neigh-
bors based on a distance matrix, in our case Bray-
Curtis. This retains essentially the shortest path in

Tab. 1: Descriptive statistics of all environmental variables used in the statistical analyses

Variables and explanation Unit Mean Min Max
Calcium (Ca) cmol/kg 8.8 2.2 31.7
Carbon-nitrogen ratio (C/N) _ 10.9 0.0 145.1
Electrical conductivity (ec) us 363 19 3650
Magnesium (Mg) cmol/kg 0.77 0.23 2.2
pH _ 6.83 5.94 7.28
Phosphor (P) o/kg 7.57 0.00 28.95
Potassium (K) cmol/kg 0.35 0.08 0.75
Precipitation mm 66 21 174
Sand content (Sand) % 81.1 16.7 99.6
Skeletal content % 15 0.00 72
Sodium (Na) cmol/kg 0.30 0.24 0.51
Soil cover (cov_soil) % 87.63 10 100
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a curved space. Finally, Isomap subjects the geo-
desic distance matrix to classical multidimensional
scaling (TENENBAUM et al. 2000). We performed
Isomap ordination with £ ranging between 1 and
the sample size minus 1, and chose the ordination
with the highest explained variance (FEILHAUER et
al. 2011).

To derive cluster classes, we fed the parti-
tioning around medoids (PAM) algorithm a Bray-
Curtis-transformed species matrix. PAM estimates
medoids of the cluster centers (REYNOLDS et al.
2000). The mean average silhouette width over
all clusters indicated an optimal number of cluster
classes.

Moreover, we were interested in explaining the
floristic gradient using edaphic variables and pre-
cipitation. Consequently, we subjected the scores
of the first and the second Isomap axis, respective-
ly, to variation partitioning. Variation partitioning
aims at detecting the contribution of all subsets of
variables to the explained variance while control-
ling for the effect of the other subsets (BORCARD et
al. 1992). We log-transformed electrical conductiv-
ity, phosphorus and rock cover prior to variation
partitioning to meet assumptions of normality.
We only retained variables with a variance infla-
tion factor < 3; this led to the exclusion of calcium,
phosphorus and skeletal content. We applied a hy-
pothesis-based variable selection procedure until
only significant terms remained in the variation
partitioning models.

All statistical analyses were conducted in the
software package R (R Development Core Team
2013) using its packages BiodiversityR (KinDT and
Cok 2005), cluster (MAECHLER et al. 2013), labdsv
(RoBerTs 2013), lattice (SARKAR 2008) and vegan
(OKSANEN et al. 2013).

3 Results

Alpha diversity of woody species per plot
ranged between zero and six (mean: 3.4). In total,
we identified 15 species from 11 families with spe-
cies from the legume family (Fabaceae) having 4
species. Consequently, species turnover was inter-
mediate to low (Whittaker’s beta: 3.4). Prosopis pal-
Jida was the most frequent species (72%) followed
by Colicodendron scabridum (60%), Acacia macracantha
(50%) and Encelia canescens (48%).

The best Isomap solution retained a £ of 44.
The first two axes explained 74%. Adding one fur-

ther dimension increased the explained variance

to 87.3%. The lengths = SD of the first two axes
were 0.86 £ 0.24 and 0.77 £ 0.18, respectively. The
first Isomap axis was related to sodium and soil
texture. The second axis correlated with pH and
soil cover (Fig. 2). Additionally, Isomap was able
to differentiate the two plant formations obtained
from the clustering (Fig. 2): a tropical (semi-)desert
formation and an open shrub to tropical dry forest
formation. Galvesia limensis and Colicodendron scabri-
dum were indicator species of the (semi-)desert for-
mation and Acacia macracantha, Encelia cancescens and
Cordia Intea characterized the open shrub to tropi-
cal dry forest formation.

Prior to partitioning the variance, hypothesis-
based variable selection retained the variables soil
texture, potassium and sodium for the first axis,
and pH as well as soil cover for the second axis.
Variation partitioning revealed not only that soil
was more important in explaining the floristic gra-
dient than precipitation (Fig. 3) but also that only
the soil fraction (p-value Isomap axis 1: 0.01; p-
value Isomap axis 2: 0.009) was significant in ac-
cordance with a permutation test.

4 Discussion

Isomap successfully reduced dimensionality
while retaining a large portion of the variance.
A large £ indicates a linear relationship along the
main gradient (FEILHAUER et al. 2011) which is also
confirmed by the linear assemblage of clustered
plant functional groups in ordination space. The
first two Isomap axes yielded similar standard de-
viations. Consequently, both of them contributed
equally to the explained variance. The first axis
showed a sodium-sand gradient. Sandy soils favor
woody species because they enhance water infiltra-
tion. Thus they slow down evapotranspiration sup-
porting the faster establishment of a deeper root
system (Noy-MEIR 1973; SQuEo et al. 2007; SITTERS
etal. 2012). Accordingly, coverage of woody species
on coastal sandy plots was almost three times high-
er than on rocky coastal plots. The second Isomap
axis correlated well with pH and potassium. As pH
is strongly inversely correlated with precipitation
(R: -0.87, p-value < 0.01), the second axis mainly
represents the humidity gradient. Higher precipi-
tation leads to more leaching of hydrogen ions,
thus pH values decrease with increasing humidity
(WAGNER et al. 2011). At the same time, potassium
contents increased steadily along the humidity gra-
dient, obviously favoring woody plant growth. Our



2013 J- Muenchow et al.: Woody vegetation of a Pernvian tropical dry forest along a climatic gradient ... 245
O O Tropical desert
0.4 O - @ Shrubs and dry forest
= =
K
0.2
o
E Na
<
B Acacmacag
O
B Sand
Encecane
-0.2 4
.I
0O H .
p ) cov_soil
Cappavic
[m]
| | | | |
-0.4 -0.2 0.0 0.2 0.4 0.6
Axis 1

Fig. 2: Isomap ordination plot. Squares refer to the visited plots. Edaphic variables that were rendered significant
in the variation partitioning are shown as arrows and indicator species in italics. Vegetation formations correspond
to PAM clustering. Abbreviations environmental variables: cov_soil = coverage of soil, K = potassium, Na = sodium.

Abbreviations species: Acacmaca = Acacia macracantha Hamb.

& Bonpl. ex Willd. (Fabaceae), Cappavic = Capparis avicennifolia

Kunth (Capparaceae), Cordiute = Cordia lutea Lam. (Boraginaceae), Encecane = Encelia canescens Cav. (Asteraceae), Galvlime =

Galvesia limensis Domb. ex Benth (Plantaginaceae)

results support the findings of other studies on the
species composition of tropical dry forests along
edaphic gradients (POWERS et al. 2009; EspiNosa et
al. 2011; PENA-CLAROS et al. 2012).

Although water availability is the main limit-
ing abiotic factor in tropical dry forests (EspiNOsA
et al. 2011; MuUENCHOW et al. 2013b), variation
partitioning revealed that edaphic variables were
more important than mean annual precipita-
tion in structuring vegetation composition. This
seems reasonable, as scattered woody individu-
als are still present in the hyper-arid environment
of the coastal area. RONNENBERG and WESCHE
(2011) showed that increasing the precipitation
amount alone barely stimulates primary productiv-
ity in drylands but that it also requires a certain
base-line of nutrient availability (WHITFORD and
STEINBERGER 2011). Nevertheless, woody plants of
course depend on water availability. Sudden but
regular ENSO rain pulses (BENDIX et al. 2011) trig-
ger seedling establishment and expanded tree ring
growth (RODRIGUEZ et al. 2005; LopEz et al. 2000).
Indeed, SQuEo et al. (2007) showed that the seed-
lings of Prosopis pallida, the most common tree spe-

cies in our study area, survive with only 27 mm of
rain in the first year. In the second year, however,
Prosopis pallida requires at least three times as much
water. Thus, two consecutive humid years would
enable seedling survival (MUENCHOW et al. 2013b).
However, persistent rain scarcity in the coastal
area also suggests that already established woody
species have access to other water sources such as
immeasurable rainfall and fog (MUENCHOW et al.
2013a; MueNcHOW et al. 2013¢) or water sources in
deeper soil layers (FRAVOLINT et al. 2005). In sum-
mary, regular rain pulses in concert with favorable
edaphic conditions appear to be more important
than mean annual precipitation.

Currently, human activity threatens the unique
dry forest formations of NW-Peru which are host
to many endemic species. This impact is likely to
increase dramatically with the irrigation project
Alto Piura (www.peihap.gob.pe). This study pro-
vides a baseline for conservation planning of this
highly threatened ecosystem.
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Fig. 3: Variation partitioning of Isomap scores. a) Explaining the first axis with the edaphic
covariates (sand, potassium and sodium) and precipitation. b) Explaining the second axis with
the edaphic covariates (pH and soil cover). Numbers represent the adjusted coefficient of de-
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