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ABSTRACT
Many studies analyzing the relative contribution of soil properties versus distance-related processes on plant species composition have
focused on lowland tropical forests. Very few have investigated two forest types simultaneously, to contrast ecological processes that
assemble the communities. This study analyses—at the landscape scale—the relative contribution of soil and distance on lowland and
submontane tropical forests, which co-occur in two reserves of the Azuero peninsula (Panama). Floristic inventories and soil sampling
were conducted in 81 0.1-ha plots clustered in 27 sites, and data were analyzed using Mantel tests, variance partitioning and non-metric
multidimensional scaling. The largest differences in ﬂoristic composition occurred between reserves in both forest types. Soil variation
and geographic distance were important determinants of ﬂoristic composition, but their effects were highly correlated; together they
explained 7–25 percent and 46–50 percent of the variation in lowland and submontane forests, respectively. Soil variables that had the
best correlations with ﬂoristic composition were iron, zinc, and silt content in lowland, and calcium, copper, iron, potassium, magnesium, phosphorus, zinc, and sand content in submontane forests. The studied forests showed a high beta diversity that seems to be
related primarily with soils and, secondarily, with dispersal limitation and stochastic events. The results reveal a response of tree assemblages to environmental gradients, which are particularly conspicuous in Panama. The effects of limited dispersal seem to be more
important in submontane than in lowland forests, probably as a result of higher isolation.
Abstract in Spanish is available in the online version of this article.
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ONE OF THE MOST COMPELLING RESEARCH QUESTIONS IN ECOLOGY is
to elucidate the factors that explain the high biodiversity of tropical forests. Many authors have emphasized the contribution of
soil variation in determining ﬂoristic composition and species
richness (Phillips et al. 2003, Tuomisto et al. 2003a, Poulsen et al.
2006, Leigh et al. 2014). Distance-related processes such as dispersal limitation, local extinction and other stochastic events—
which are most simply represented by geographic distance (Terborgh & Andresen 1998)—can also play an important role in
determining species composition in tropical forests (Chust et al.
2006, Bohlman et al. 2008, Gueze et al. 2013, L
opez-Martınez
et al. 2013).
For a better understanding of processes underlying ﬂoristic
patterns in tropical forests it is necessary to test if species composition is more related to local factors, such as edaphic variables,
or to distance-related processes (Pyke et al. 2001, Vormisto et al.
2004, Leigh et al. 2014). The hypothesis that ﬂoristic patterns
exhibit strong spatial correlation emphasizes the neutral model:
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species are ecologically equivalent and their assemblages result
from random but spatially limited dispersal (Hubbell 2001, Condit et al. 2002). The hypothesis of environmental determinism, on
the other hand, suggests that species assemblages respond to
environmental gradients (Svenning et al. 2004). In tropical forests,
such variability is represented mostly by soil gradients at the
mesoscale (Tuomisto et al. 1995, Ruokolainen et al. 1997). To
date, results from studies aiming to elucidate the relative contribution of soil properties versus geographic distances are inconsistent: the importance of distance and soils varies among regions
and at different scales in response to evolutionary, climatic, geological, and ecological historical explanations (Bohlman et al.
2008, Chase & Myers 2011).
This study aimed to shed light on this issue by investigating
ﬂoristic patterns in two forest types, namely tropical semi-deciduous lowland forests and tropical ombrophilous submontane forests, that co-occur within the same region. The study was
conducted in two reserves of the Azuero peninsula (Republic of
Panama), a highly diverse yet fairly unexplored region. Most of
the currently available studies in the Neotropics have been conducted in lowland forests (e.g., Valencia et al. 2004, Jones et al.
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2006, Ruokolainen et al. 2007, Gueze et al. 2013). To our knowledge, only a few studies have compared the effects of soil characteristics and geographic distance on the ﬂoristic composition of
different forest types (Baldeck et al. 2013, see John et al. 2007,
for a general study in tropical forests). If the determinants of
ﬂoristic composition and beta diversity are not the same, this
might reﬂect differences in the ecological processes that assemble
the biotic communities. This could have important consequences
for forest management and conservation, for instance in
the delimitation of priority conservation areas (Rodrigues et al.
2004).
We address the following three questions: (1) is the ﬂoristic
composition similar within the same type of forest even between
distant geographic locations? (2) To what extent can ﬂoristic patterns of the two types of forest be explained by geographic distance versus patterns in soil characteristics? (3) Which soil
characteristics are the most important in determining ﬂoristic
composition?

METHODS
STUDY AREA AND AAMPLING METHOD.—Fieldwork was conducted
in two forest reserves of the Azuero peninsula, Republic of Panama: El Montuoso (12,421 ha; 400–1000 m asl; Herrera Province) and La Tronosa (21,221 ha; 300–1000 m asl, Los Santos
Province) (IGNTG 1988, ANAM 2010). The reserves are ca
40 km aside from each other (Fig. S1). Mean annual rainfall was
2031 mm in El Montuoso and 1603 mm in La Tronosa; and
mean annual temperature was 25°C in El Montuoso and 28°C in
La Tronosa (Garibaldi et al. 2005, 2009). The soils are clayey to
loamy at both reserves. Silicic volcanic rocks are well developed
in this region and porphyry copper mineralization is abundant
(Kesler 1978). Each reserve contained two major forest types:
tropical semi-deciduous lowland forest and tropical ombrophilous
submontane forest (ANAM 2000). The former are dominated by
drought-deciduous and often bottle-shaped upper canopy trees,
with many evergreen and some sclerophyllous understory trees
and shrubs (UNESCO 1973), and have been historically subjected to logging and cattle pressure. The latter consist mainly of
evergreen trees neither cold nor drought resistant, with emergent
trees largely absent and an even canopy layer (UNESCO 1973).
Ombrophilous submontane forests are located on the top of the
hills and maintain some of the last intact remnants of forest in
the area due to their inaccessibility.
Woody plant communities and soil composition were
recorded in 27 sites: 21 200 m 9 5 m (0.1-ha) plots were sampled in El Montuoso (11 in submontane forests and 10 in lowland forests) and six 100 m 9 100 m (1-ha) plots were sampled
in La Tronosa (three at each forest type). The latter were further
subdivided in ten 0.1-ha subplots. Fieldwork in El Montuoso was
conducted from 2002 to 2004 and in La Tronosa from 2006 to
2008, in both cases mostly during the rainy season. The geographic coordinates of each plot were obtained with a hand-held
Garmin GPS. Maximum distance among plots was 9.9 km in El
Montuoso and 21.1 km in La Tronosa.

Data from El Montuoso and La Tronosa were collected in
the context of different research projects, which explains differences in the sampling protocols, however sampling and identiﬁcation of species was standardized and performed by the same
research group (C. Garibaldi, pers. comm.). To keep plot size
constant for statistical analyses, only one of the ten
20 m 9 50 m (0.1-ha) smaller plots from La Tronosa was used
at a time (see Data Analyses). In addition, it must be acknowledged that differences in plot shape (Fig. S1) might affect estimates of community composition. However, previous studies
have demonstrated that long belts, rectangular, and square plots
all provide similar estimates of tree species diversity and composition in tropical (Condit et al. 1996, Laurance et al. 1998) as well
as in Mediterranean forests (Keeley & Fotheringham 2005).
FLORISTIC INVENTORIES.—In each plot, we recorded all woody
plants at least 10 cm in diameter at breast height (dbh). Mean
number of stems per 0.1-ha plot was 59, with 90 percent conﬁdence intervals between 13 and 127. Voucher specimens of all
individuals that could not be identiﬁed to species level in the ﬁeld
were collected and deposited in the University of Panama Herbarium (PMA). We identiﬁed the vouchers to species using taxonomic keys (D’arcy 1987) or if in doubt assigned them to
morphospecies. We accessed biological data freely available
through the BIOTREE-NET database (http://portal.biotreenet.
com/, Cayuela et al. 2012).
SOIL SAMPLING.—In each 0.1-ha plot in El Montuoso and La
Tronosa, we took ﬁve soil subsamples from the topmost mineral
soil layer, at a depth of ca 20 cm. We stored all ﬁve pooled subsamples in plastic airtight bags for transportation to the soil laboratory of the Faculty of Agriculture of the University of Panama.
We air-dried them after 2–3 days at 25°C. We analyzed 15 variables from the soil samples: percentages of clay, sand and silt (as
indicators of particle size), pH (using a potentiometer), percentage
of organic matter (Walkley–Black method), and extractable Al,
Cu, Ca, Fe, K, Mg, Mn, Na, P, and Zn with an atomic absorption spectrophotometer.
DATA ANALYSES.—To remove spatial autocorrelation derived from
the use of clustered plots, we designed a novel procedure to randomly extract one 0.1-ha plot from each of the larger 1-ha plots
in La Tronosa. This resulted in one of many possible subsets of
0.1-ha plots: all 21 0.1-ha plots in El Montuoso and six randomly
selected 0.1-ha plots in La Tronosa. We iterated the randomization 1000 times to account for variability in ﬂoristic composition
emerging from the random selection of 0.1-ha plots in La Tronosa, and the resulting datasets were used to perform all the analyses described below. We summarized the results of each analysis
mostly in the form of means and standard deviations of the estimated parameters.
Distance matrices were computed independently for each
forest type. We used the Steinhaus and Sørensen indices to calculate distance measures of ﬂoristic dissimilarity. These indices
are mainly useful for ecological community data. They are
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mathematically identical, but the Sørensen index uses only presence-absence information while the Steinhaus index also
includes abundance information (Legendre & Legendre 2012).
We used both indices to examine whether abundance data give
different results than presence-absence data, and found that
both indices gave relatively similar results in most analyses. This
ﬁnding is in agreement with those reported in previous studies
(e.g., Tuomisto et al. 2003b). Therefore, we only reported the
results for the Steinhaus index, which uses all of the information in the ﬂoristic dataset.
Soil differences between plots were expressed in Euclidean
distances computed separately for each soil variable. Before calculating the Euclidean distances, we transformed the concentrations
of elements (Al, Ca, Cu, Fe, K, Mg, Mn, Na, P, and Zn) to their
natural logarithms, because a unit difference in element concentration has more weight ecologically when it is low than when it
is high (Tuomisto et al. 2003b). We computed geographic distances from geographic coordinates (using the R function ‘coord2dist’; package ‘prabclus’) and also transformed them to their
natural logarithms, because dispersal limitation is expected to provide a linear similarity decay with logarithmic distance (Condit
et al. 2002).
We used Mantel tests of matrix correspondence to determine
whether similarities in ﬂoristic composition were correlated with
similarities in soil variables and geographic distance. We used the
standardized form of the Mantel test, which computes the Pearson’s correlation coefﬁcient. The statistical signiﬁcance of each
correlation was determined by a Monte Carlo test with 999 permutations. We ran partial Mantel tests to verify whether edaphic
distance matrices remained correlated after the effect of geographic distance was taken into account (Legendre & Legendre
2012). Mean values and standard deviations for the Pearson’s correlations were reported for the 1000 iterations using the procedure described above.
We also ran Mantel tests and partial Mantel tests for best
possible subsets of soil variables (Clarke & Ainsworth 1993) on
distance matrices to select the combination of explanatory variables that most contributed to explaining the variability in the ﬂoristic matrix of each forest type. As this procedure was repeated
1000 times to incorporate random selection of spatially autocorrelated plots in La Tronosa (see above), the results reported the
relative contribution of each variable in the 1000 best subsets
(i.e., frequency of appearance in the best subsets).
Next, we partitioned the amount of variation in species
composition that could be explained exclusively or in
combination by soil properties and geographic distance using
redundancy analysis (RDA; Borcard et al. 1992). In RDA, Chisquare transformed data matrix is subjected to ordinary, unweighted linear regression and unweighted singular value decomposition (SVD) (Legendre & Legendre 2012). We reported mean
and standard deviations for explained variances for the 1000 iterations.
Finally, we used non-metric multidimensional scaling
(NMDS) to explore the overall pattern of dispersion in species
composition; the resulting diagram shows the results from the
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1000 iterations and their mean values in the ordination axes. We
ﬁt the soil variables that most contributed to explaining differences in ﬂoristic composition according to the partial Mantel tests
for best subsets onto the NMDS diagram to help explain the
results of the former analyses. We also explored non-linear relationships explored by ﬁtting thin plate splines using general additive models and interpolating the ﬁtted values on the
unconstrained ordination diagram (Oksanen et al. 2012).
We performed all the analyses with the R software, including
its packages ‘vegan’ (Oksanen et al. 2012), ‘prabclus’ (Henning &
Hausdorf 2010), and ‘rgdal’ (Keitt et al. 2012).

RESULTS
FLORISTIC INVENTORIES.—Overall, the 81 0.1-ha plots contained
4746 individuals from 309 species; 1807 individuals were found
in El Montuoso and 2939 in La Tronosa. Lowland and submontane forests in El Montuoso contained 111 and 85 species,
respectively; whereas in La Tronosa there were 138 and 81 species, respectively. Table 1 display the ten most frequent species
found in each type of forest, where only 16 species (Table S1),
29 genera and 19 families were shared by both reserves for lowland forests. Garcinia madruno was the only species that was present in more than 30 percent of the plots in each reserve. In the
case of submontane forests, 14 species (Table S2), 21 genera and
19 families were shared by both reserves, with two species (Dendropanax arboreus and Garcinia madruno) present in more than 30
percent of the plots in each reserve.
SOILS.—Overall, the two reserves were edaphically distinct from
each other, with a greater edaphic heterogeneity within La Tronosa than within El Montuoso (Table 2). On average, soils were
more acidic in El Montuoso than in La Tronosa, and the concentration of all exchangeable bases (Ca, K, Mg, Na) was markedly
increased in La Tronosa and, within reserves, was much higher in
submontane forests. P, Mn, Zn, and organic matter were also
higher in La Tronosa and in submontane forests within each
reserve. The micronutrients (Cu, Fe) and Al reached a higher
concentration in El Montuoso than in La Tronosa. In general,
pH was positively related to the content of exchangeable bases
(Ca, Mg, Na) and other micronutrients (Mn, Zn), and negatively
related to Al and Fe content (Table S3).
The sand fraction dominated the soil texture, particularly in
submontane forests. The clay fraction was higher in El Montuoso
lowland forests, and the silt fraction was the least prominent in
all forest types across reserves.
ASSESSING

THE RELATIONSHIP BETWEEN FLORISTIC, EDAPHIC AND

GEOGRAPHIC PATTERNS.—Mantel

tests showed that there was a
strong correlation between ﬂoristic and edaphic distances for
most of the soil variables in each forest type (Table 3).
The soil properties that yielded the highest Mantel correlations (r > 0.70, P < 0.05 in at least 90% of iterations) in tropical
lowland forests were Al, Ca, Fe, Mg, Mn, Na, P, pH, and Zn. In
tropical submontane forests the highest correlations were attained
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TABLE 1. Most frequently occurring species in tropical lowland (A) and submontane forests (B) within El Montuoso and La Tronosa Forest Reserves in the Azuero Peninsula
(Panama). S = percentage of occupancy in plots (in brackets, number of 0.1-ha plots).
El Montuoso

La Tronosa

Species

Family

S (%)

Total individuals

Species

Family

S (%)

Total individuals

(A) Tropical lowland forests
Clethra lanata
Pera arborea

Cletraceae
Peraceae

100 (10)
90 (9)

118
70

Cryosophila warscewiczii
Manilkara zapota

Arecaceae
Sapotaceae

83.3 (25)
73.3 (22)

365
140

Cassipourea elliptica
Virola sebifera

Rhizophoraceae

90 (9)

Myristicaceae

70 (7)

46

Hura crepitans

Euphorbiaceae

53.3 (16)

79

46

Brosimum alicastrum

Moraceae

50 (15)

Byrsonima crassifolia

Malpighiaceae

60

70 (7)

40

Swartzia simplex

Leguminosae

50 (15)

Oenocarpus mapora

31

Arecaceae

70 (7)

30

Anacardium excelsum

Anacardiaceae

50 (15)

30

Roupala montana

Proteaceae

70 (7)

28

Pittoniotis trichantha

Rubiaceae

50 (15)

30

Licania hypoleuca

Chrysobalanaceae

70 (7)

25

Calycophyllum

Rubiaceae

46.7 (14)

110

Simarouba amara

Simaroubaceae

70 (7)

23

candidissimum
Pouteria campechiana

Sapotaceae

46.7 (14)

30

Myrcia gatunensis

Myrtaceae

70 (7)

20

Garcinia madruno

Clusiaceae

43.3 (13)

25

50 (15)

54

(B) Tropical submontane forests
Eugenia sp.

Myrtaceae

100 (11)

125

Dendropanax arboreus

Araliaceae

Calophyllum brasiliense

Clusiaceae

100 (11)

101

Protium sp. 1

Burseraceae

43.3 (13)

53

Quetzalia occidentalis

Celastraceae

100 (11)

60

Protium tenuifolium

Burseraceae

36.7 (11)

117

Cassipourea elliptica

Rhizophoraceae

100 (11)

52

Garcinia madruno

Clusiaceae

33.3 (10)

23

Podocarpus guatemalensis
Ardisia sp. 1

Podocarpaceae
Primulaceae

90.9 (10)
81.8 (9)

24
78

Alfaroa costaricensis
Protium panamense

Juglandaceae
Burseraceae

26.7 (8)
23.3 (7)

195
81

Dendropanax arboreus

Araliaceae

81.8 (9)

68

Ocotea sp. 1

Lauraceae

23.3 (7)

28

Garcinia madruno

Clusiaceae

81.8 (9)

54

Quercus lancifolia

Fagaceae

23.3 (7)

26

Lacistema aggregatum

Lacistemataceae

81.8 (9)

43

Cassipourea elliptica

Rhizophoraceae

23.3 (7)

14

Myrciaria ﬂoribunda

Myrtaceae

81.8 (9)

25

Cecropia insignis

Urticaceae

20 (6)

32

for Ca, Fe, K, Mg, Mn, Na, P, sum of exchangeable bases (Ca,
K, Na, Mg), sand, pH, organic matter and Zn (Table 3).
Overall, the highest correlations between ﬂoristic distances
and explanatory variables were achieved for geographic distances
(Table 3). When accounting for the effect of geographic distance
(i.e., partial Mantel test), the correlation between ﬂoristic composition and most of the soil properties markedly decreased; pH in
lowland forests and Ca, K, and Mg in submontane forests
remained signiﬁcant after removing the effect of geographic distance (P < 0.05 in at least 90% of iterations).
Three variables in lowland (Fe, Zn, and percentage of silt)
and eight in submontane forests (Ca, Cu, Fe, K, Mg, P, Zn, and
percentage of sand) maximized the correlation with ﬂoristic dissimilarities, according to partial Mantel tests for best possible
subsets of soil variables (Table 4).
According to the variance partitioning results, the amount of
variability in ﬂoristic composition that could be explained by geographic distance and soil was higher in submontane (44–46%)
than in lowland forests (32–40%). Distance and soil together
explained between 46 and 50 and 7–25 percent of the variation
in submontane and lowland forests, respectively. In both forest
types, distance alone and soil variables alone explained minor
portions of the variation, and soil variables were more important

than distance. In submontane forests, the amount of variance
explained by distance alone yielded a negative value, which can
occur because fractions are calculated by subtracting different
models, and these subtraction results can be negative when there
are complicated or non-linear dependencies between fractions
(Legendre & Legendre 2012).
The ordination diagram represented simultaneously the
results of the NMDS with 1000 random subsets of six 0.1-ha
plots from La Tronosa and the 21 0.1-ha plots from El Montuoso (Fig. 1). Two main groups were identiﬁed representing the two
reserves. The clustering of plots was higher for El Montuoso
than for La Tronosa, both between and within forest types. Lowland and submontane forests in El Montuoso were associated
with larger concentrations of Fe and Cu than forests in La Tronosa. Within El Montuoso, lowland forests held the largest concentrations of Fe and submontane forests registered the highest
concentration of Cu. High Mg, Zn and Ca concentrations characterized La Tronosa forests, with submontane forests showing the
largest values as compared to lowland forests. Submontane forests likewise held the highest value for sand. Lowland forest of
La Tronosa, on the other hand, contained the largest fractions of
silt. Non-linear relationships better explained the effect of P and
K concentration on ﬂoristic composition (results not shown),
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TABLE 2. Soil characteristics and elevation differences between lowland and submontane forests within each Forest Reserve: El Montuoso and La Tronosa (Panama). Cation
concentrations are given in ppm (except for Ca, Mg, Al, which are given in meq/100 g), organic matter and texture components (clay, sand, silt) in percentages; elevation
in m asl.
Tropical lowland forests
Montuoso

Tropical submontane forests
Tronosa

Montuoso

Tronosa

Variables

Mean  SD

Range

Mean  SD

Range

Mean  SD

Range

Mean  SD

Range

Elevation
pH

–
4.86  0.14

582–753
4.71–5.10

–
6.34  0.40

326–605
5.58–6.92

–
5.05  0.21

687–912
4.67–5.20

–
5.60  0.43

485–936
4.51–6.13

29.83  7.81

5.56–46.73

Ca

1.10  0.81

0.20–2.41

18.34  11.59

2.55–46.22

3.01  1.55

1.27–4.36

K

42.70  33.01

5–73

49.23  29.14

22–147

71.09  10.64

52–79

Mg

0.79  0.35

0.54–1.29

4.99  2.93

0.56–11.13

0.83  0.27

0.37–1.14

12.30  3.34

2.09–19.33

3–150

14–272

156.10  102.764

18–256

Na

24.20  5.14

20–33

63.62  38.42

37.09  10.45

18–48

129.13  100.24

Al

3.47  1.85

0–5

0.00  0.018

0–0

0.50  0.60

0–1

0.24  0.86

0–5

Organic matter

3.55  0.82

2.86–4.72

5.83  2.13

2–10.08

6.41  1.76

4.17–7.91

9.41  3.28

3.41–20.42

P
Cu

2.70  0.95
5.10  1.45

0–3
4–7

2.70  13.53
4.07  3.49

0–74
1–12

4.09  1.05
6.55  4.80

3–5
3–14

9.07  19.17
4.07  2.55

0–81
0–11

Fe

141.10  54.20

69–216

39.07  22.86

7–89

96.64  19.13

67–109

63.23  26.70

23–117

Mn

18.20  6.49

6–22

85.07  32.10

44–170

46.27  10.99

28–55

120.03  35.49

64–230

Zn

1.00  0.00

1–1

4.43  3.06

2–14

1.55  0.93

1–3

5.77  1.89

2–11

Clay

41.40  2.55

37–44

34.67  10.31

18–52

31.82  6.72

22–40

25.00  9.17

6–42

Sand

34.80  6.60

28–46

35.00  10.98

17–55

38.09  4.30

35–46

47.73  10.71

24–74

Silt

23.80  4.05

17–28

30.30  4.21

21–40

30.09  8.72

14–39

27.27  3.63

20–34

TABLE 3. Mantel correlations (r mean values and standard deviation) between dissimilarity matrices based on ﬂoristic, soil and geographic distance (the two reserves were ca 40 km
aside from each other) in lowland and submontane forests of Azuero Peninsula (Panama). The ﬂoristic distance matrices were calculated using Steinhaus index (abundance
data); all distance matrices for explanatory variables were based on Euclidean distances. An analysis of 1000 random iterations was made and statistical signiﬁcance level of
each iteration was assessed with a Monte Carlo permutation test using 999 permutations.
Lowland forests
Soil variables

Mantel

Submontane forests
Partial mantel

**

Mantel
*

pH

0.83  0.03

0.50  0.13

Ca

0.73  0.07**

0.40  0.16†

0.83  0.02**

0.37  0.05**

0.02  0.03

0.83  0.03**

0.57  0.06*

0.35  0.16
0.26  0.19

**

K
Mg
Na
Sum Ca + K + Mg + Na

0.06  0.04
**

0.67  0.09
0.69  0.08**
0.11  0.09

0.89  0.01
0.62  0.08*
0.64  0.04*

0.04  0.05
**

Al

0.58  0.02

0.29  0.15

Organic matter

0.45  0.14†

P

0.67  0.03**
†

0.67  0.08

Partial mantel
*

†

0.21  0.08

0.64  0.03**
0.31  0.06
0.37  0.05

0.00  0.03

0.45  0.02

0.20  0.17

0.42  0.11*

0.15  0.14

0.36  0.14†

0.75  0.08**

0.42  0.08†

Cu

0.50  0.17

0.02  0.27

0.21  0.12

Fe

0.62  0.08**

0.31  0.10

0.60  0.11*

0.13  0.12

Mn
Zn

0.63  0.05**
0.80  0.06**

0.01  0.29
0.48  0.15†

0.71  0.04**
0.71  0.07**

0.21  0.07
0.48  0.15†

Clay

0.52  0.12†

0.20  0.12

0.37  0.13†

0.16  0.10

Sand

0.24  0.15

0.04  0.11

0.54  0.14*

0.12  0.12

Silt

0.31  0.15†

0.06  0.11

0.02  0.06

0.31  0.02

Geographic distances

0.76  0.18*
†

–

0.85  0.00**

P < 0.05 in **100 percent, *90 percent, and 50 percent of iterations, Signiﬁcant iterations in at least 50 percent appear in bold.

0.3848  0.09

–

692

Garibaldi, Nieto-Ariza, Macıa, and Cayuela

TABLE 4. Mantel tests (r mean values and standard deviation) for best possible subsets
of soil variables that maximize correlations with ﬂoristic dissimilarities in
tropical lowland and submontane forests in the Azuero Peninsula (Panama).
Occurrence frequency of each variable in best subsets is given; np indicates
mean number of parameters selected in the best subsets.
Lowland forests

Submontane forests

Mantel best

Partial mantel

Mantel best

Partial mantel

subsets

best subsets

subsets

best subsets

Soil

Frequency

variables

Frequency

pH

0.25

0.25

0.41

0.27

Ca

0.16

0.13

0.48

0.28

K

0.01

0.08

0.21

0.24

Mg

0.27

0.19

0.62

0.39

Na

0.27

0.14

0.30

0.21

Al
Organic

0.15
0.08

0.14
0.14

0.08
0.16

0.03
0.07

P

0.36

0.26

0.68

0.60

FIGURE 1. Non-metric multidimensional scaling (NMDS) ordination of

Cu

0.25

0.25

0.46

0.40

Fe

0.25

0.28

0.54

0.43

tropical lowland and submontane forests of the Azuero Peninsula (Panama)
with selected soil variables through best subset analyses ﬁtted onto the ordina-

Mn

0.11

0.26

0.49

0.27

tion diagram. Gray points and triangles represent the ordination values for

Zn

0.79

0.59

0.39

0.34

the 1000 iterations in La Tronosa and El Montuoso, respectively; and full-col-

Clay
Sand

0.10
0.06

0.12
0.07

0.32
0.35

0.23
0.31

ored points and triangles show the centroids (i.e., mean value of the 1000 iter-

Silt

0.44

0.28

0.02

0

case of El Montuoso in lowland (white) and submontane (black) forests.

r  SD

0.83  0.02

0.62  0.10

0.90  0.01

0.56  0.08

np

6

3

4

8

matter

Variables with the highest ocurrence frequency in best subsets appear in bold.

with less clear patterns than those observed for other edaphic
variables.

DISCUSSION
BETA DIVERSITY AND SPECIES COMPOSITION.—Tropical lowland and
submontane forests in the Azuero peninsula showed high beta
diversity, measured as turnover in species composition with distance (Duivenvoorden et al. 2002), as indicated by the distinctive
species found between reserves and forest types. These results
are consistent with those of Condit et al. (2002) for lowland rain
forests in central Panama, where plots 50 km aside from each
other typically shared between only 1 and 15 percent of their species. In this study, distance between the two reserves was approximately 40 km, and only between 6.9 and 9.2 percent of species
were shared by both reserves. In contrast, Western Amazonian
plots separated by 100 km shared from 30 to 40 percent of their
species, and when this distance increased up to 1400 km, plots
still shared, on average, 20 percent of their species (Condit et al.
2002). The higher beta diversity in Panama as compared to Western and Central Amazonia (Bohlman et al. 2008) might be
related to larger variation in geology and climate at short distances (Condit et al. 2002, Duivenvoorden et al. 2002), which

ations) for each set of 0.1-ha plots in La Tronosa and for each plot in the

indicate that soil and precipitation gradients are strong in Panama
(Pyke et al. 2001).
SOIL AND FLORISTIC HETEROGENEITY.—NMDS ordination identiﬁed
a clear pattern of ﬂoristic composition: four rather distinct
groups, each of which corresponds to sites with relatively similar
soils and geographic proximity. Soil and ﬂoristic heterogeneity
within La Tronosa was greater than within El Montuoso. On
average, soils in El Montuoso were less nutrient-rich, more acidic
and contained a higher concentration of Al than in La Tronosa,
where the concentration of exchangeable bases (Ca, K, Na, Mg)
and organic matter was higher. The ﬂoristic differences among
plots that belong to the same type of forest were related to Fe,
Zn and percentage of silt in lowland forests, and Ca, Cu, Fe, K,
Mg, P, Zn and percentage of sand in the case of submontane
forests.
Within reserves, submontane forest soils were more nutrient-rich than those in lowland forests, which is similar to results
observed in comparisons of lowlands and submontane forests in
Amazonia (Macıa et al. 2007). Lowland and submontane forests
are characterized by an elevational gradient that produces rapid
shifts in soils and microenvironmental variables inﬂuencing ﬂoristic composition, as reported in both Amazonian (Macıa et al.
2007) and montane forests (Gerold 2008, Vitousek 2008).
Despite this, a surprising result emerged when lowland and sub-
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montane forests were compared: the ﬂoristic composition of lowland forests tended to resemble more closely that of submontane
forests within the same geographic region than the composition
of lowland forests of adjacent regions. This result supported
those of Terborgh and Andresen (1998), who concluded the
same for inundated and terra ﬁrme forest in the Amazonian
region. But whereas that study was carried out at a biographic
scale, with thousands of kilometers between forests in some
cases, this study was conducted at a much smaller scale. This
implies that the same forest type, even at relatively short distances, can exhibit a variable degree of ﬂoristic differentiation
(Emilio et al. 2010). In addition, these results might also indicate
an imprecise or ambiguous deﬁnition of the major vegetation
types within the reserves. Indeed, there is overlap in the elevational range between the two forest types at each of the reserves
(Table 2), and some of the formerly classiﬁed lowland forests
plots might turn out to be in transitional areas toward submontane forest (C. Garibaldi, pers. comm.).
In sum, lowland and submontane forests are heterogeneous
forests. This heterogeneity is linked with variation in soils, which
is ultimately determined by geological history and climate (Tuomisto et al. 1995, Andersen et al. 2010).
DETERMINANTS OF LOWLAND AND SUBMONTANE FOREST
COMPOSITION.—Our results indicate that both soil properties and
geographic distance control ﬂoristic patterns in lowland and submontane tropical forests in the Azuero peninsula. The inability to
separate geographic distance and soil effects in the variance partition analysis suggests that both factors are contributing simultaneously to ﬂoristic composition, and that they are probably
highly correlated across the landscape (Duivenvoorden et al.
2002). This is especially true in submontane forests, where the
fraction explained by their joint effects was very high. Observed
geographic limitation in this forest type could be the result of its
occurrence on the tops of hills, which will ultimately lead to isolation of forest remnants.
In both cases, however, soil alone was a more important
determining factor in the ﬂoristic patterns than geographic
distance, as indicated by our Mantel tests. This suggests that dispersal limitation and random processes are overlain on a landscape primarily determined by environmental heterogeneity and
are consistent with previous Amazonian and Central America
studies (Pyke et al. 2001, Ruokolainen et al. 2007, Andersen et al.
2010, Lopez-Martınez et al. 2013). In addition, when greater environmental heterogeneity is considered, local factors (e.g., soil
properties) usually have more explanatory power than spatial separation of sites (e.g., Chust et al. 2006, Jones et al. 2006).
Other factors not considered in this study, such as the differences in the history of forest use by local populations and the
resulting deforestation and habitat fragmentation, may be responsible for the large unexplained variance observed in the partitioning diagrams (Leigh et al. 2014). For example, the unexplained
variance in submontane forests in our study region, which maintain some of the last intact remnants of forest in the area due to
their inaccessibility, was much lower than that in lowland forests
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that have been historically subjected to logging and cattle pressure. Similarly, habitat fragmentation has been shown to inﬂuence
beta diversity in tropical dry forests of Mexico (L
opez-Martınez
et al. 2013), but this remains to be investigated in the forests of
the Azuero peninsula.
Our results help disentangle the various processes responsible for spatial community structure (Dray et al. 2012). Yet there
are some issues we did not consider that might inﬂuence our
results. First, the amount of variance simultaneously explained by
the environment and space (i.e., the spatially structured environmental component), which is often quite large, can also carry the
legacy of dispersal processes if dispersal spatially coincides environmental variables such as topography (Smith & Lundholm
2010). Secondly, some soil properties known to inﬂuence species
composition were not measured in our study (e.g., drainage,
water-holding capacity topographic position [Sollins 1998, Valencia et al. 2004). These could also inﬂuence the results of variance
partitioning because the spatial fraction is attributed to the effects
of dispersal limitation and species responses to unmeasured environmental variables (Andersen et al. 2010, Baldeck et al. 2013).
Third, chemical-extraction assays may not give an optimal measure of nutrient availability to plants and other soil properties at
the root surface (Sollins 1998, Ruokolainen et al. 2007). Fourth, it
is important to acknowledge that there might be scale-dependence in the degree to which environmentally based-deterministic
patterns are differentially observed relative to dispersal-based patterns as the scale of observation increases (Garzon-Lopez et al.
2014). If so, then our results might be applicable only at the particular scale at which this study was conducted. Finally, the relative contribution of deterministic versus dispersal-based processes
could be also inﬂuenced by patterns of tree co-occurrence in
neighborhoods of different shapes. For example, conspeciﬁc
clumping owing to dispersal limitation could be more readily
detected in square plots than rectangular ones. This would result
in a greater relative proportion of variance explained by geographic distance than environmental variables in square than rectangular plots. Mapping individual trees in plots, though timeconsuming, might help solve this problem.

ACKNOWLEDGMENTS
We thank Salom
on Aguilar, Haidy Perez, Dimas Arcia, Alvin Zapata, Francisco Farnum, Luis Carrasquilla, Orlando Castillo, Carlos Guerra and Nilka Torres for collaboration in ﬁeld work, and
identifying the specimens; Mireya Correa (Curator of the Herbarium of the University of Panama, PMA), people who live in El
Montuoso and La Tronosa and forest rangers of the Autoridad
Nacional del Ambiente (ANAM). The work was funded by the
University of Panama and the Japan International Cooperation
Agency (JICA). A part of this research was performed to fulﬁll
partial requirements for a M.Sc. degree in Biodiversity in Tropical
Areas and its Conservation at the Universidad Internacional
Menendez Pelayo (Spain), a Master’s Programme funded by the
Spanish National Research Council. Four anonymous reviewers
provided helpful comments on the manuscript.

694

Garibaldi, Nieto-Ariza, Macıa, and Cayuela

SUPPORTING INFORMATION
Additional Supporting Information may be found in the online
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