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ABSTRACT

Effective vegetation classification schemes identify the processes determining species assemblages and support the management of pro-
tected areas. They can also provide a framework for ecological research. In the tropics, elevation-based classifications dominate over
alternatives such as river catchments. Given the existence of floristic data for many localities, we ask how useful floristic data are for
developing classification schemes in species-rich tropical landscapes and whether floristic data provide support for classification by river
catchment. We analyzed the distribution of vascular plant species within 141 plots across an elevation gradient of 130 to 3200 m asl
within La Amistad National Park. We tested the hypothesis that river catchment, combined with elevation, explains much of the varia-
tion in species composition. We found that annual mean temperature, elevation, and tiver catchment variables best explained the varia-
tion within local species communities. However, only plots in high-elevation oak forest and Piramo were distinct from those in low-
and mid-elevation zones. Beta diversity did not significantly differ in plots grouped by elevation zones, except for low-elevation forest,
although it did differ between river catchments. None of the analyses identified discrete vegetation assemblages within mid-elevation
(700-2600 m asl) plots. Our analysis supports the hypothesis that river catchment can be an alternative means for classifying tropical

forest assemblages in conservation settings.

Abstract in Spanish is available with online material.
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EFFECTIVE VEGETATION CLASSIFICATION SCHEMES SUPPORT CONSERVA-
TION (Lindenmayer ef a/. 2008, Evens & Keeler-Wolf 2014) and
provide a framework for ecological research (ESA Vegetation Clas-
sification Panel 2015). Conservation planning in the tropics requires
choices about how to assess, classify, and monitor biodiversity
(Margules & Pressey 2000, Ferrier 2002). Floristic assemblages or
classes have long been recognized as useful for assessing biodiver-
sity and the identification of floristic units is often the first step in
this process (Humbold & Bonpland 2008). Devictor ez al. (2010)
suggest that, together with taxonomic (floristic) diversity, phyloge-
netic and functional diversity should also be considered because
they better meet conservation needs. In tropical forests, landscape-
scale mapping and identification of floristic diversity patterns ate
challenging (Kessler 2000, Sundqvist e 2/ 2013); achieving ade-
quate sample coverage in species-rich and structurally diverse land-
scapes is difficult (Homeier ¢z a/. 2010).

In data-poor locations, conservation planning may have to
rely on vegetative classifications generated using remotely col-
lected data. Remote collection may be more efficient than collect-
ing detailed floristic data, given the relationships between floristic
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composition, environmental gradients (eg, Franklin 1995, Vaz-
quez & Givnish 1998, Guisan & Zimmermann 2000, Ferrier
2002), and beta diversity (Givnish 1999). At the scale of pro-
tected areas or national parks, one could also base classifications
on river catchments, topography, or other geographical landscape
features (Syrbe ef al 2013, Warren ¢# al. 2014, Walz 2015). Where
floristic data exist, landscape attributes may represent a valuable
source of data for classifying species assemblages. Classifications
based on geographical landscape frequently rely on elevation in
combination with evapotranspiration potential or substrate (Tosi
1969, 1971, Tuomisto ef al. 2002), whereas river catchment is
rarely used. A long-standing confrontation between niche-based
and dispersal-based theories affects the theoretical context of
contrasting classifications by elevation zones and river catchment
(Hubbell 2001). In addition to isolation by distance, river catch-
ment (or watershed) might limit dispersal by creating a natural
barrier in the form of a ridge, for example. In the tropics, contri-
bution of geographic distance to floristic vatiation is roughly con-
stant (20-30%), while contribution of the environment varies
more (10-40%; Chave 2008). The distribution of Panamanian
tree species appears to be determined more by dispersal limita-
tion than by environmental heterogeneity, with the environment
alone (ie, rainfall, topography, and soil properties) explaining
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10-12% of the floristic variation; space alone, 22-27%; and the
interaction between the two, 13—18% (Chust ¢z al 2000).

Using a floristic survey carried out in Central America’s La
Amistad International Park (PILA), we explored the correlations
between species composition and environmental (climate, eleva-
tion) and spatial (river catchment) factors, asking: (1) to what
extent does elevation in general, and pre-defined elevation zones
in particular, explain variation in species composition across sites?
(2) How does beta diversity change when species are grouped by
clevation and river catchment arear? (3) How sensitive are the
answers to our sampling methods?

METHODS

STUDY AREA.

PILA is part of the La Amistad Biosphere Reserve
and World Heritage Site, a complex and heterogeneous ecosystem
that includes indigenous reserves, protected areas, and management
units across two countries, Costa Rica and Panama (Autoridad
Nacional del Ambiente 2004, Borge 2004). At the regional level,
PILA represents the second largest state-controlled park and forms
the core of the third largest biosphere reserve in Central America.
UNESCO declared PILA a World Heritage Site in 1983 and listed
it as a Binational property on the World Heritage List in 1991.

PILA comprises 401,000 ha (Fig. S1) of a biodiversity-rich
landscape (Davis e al. 1997, Borge 2004) with ca 3100 species of
vascular plants (Monro ef al. in press). PILA exhibits a rainfall
gradient which ranges from 2000 to 2500 mm on the Pacific
slopes and 4000 to 6000-7000 mm on the Caribbean slopes
(Herrera 1986, Autoridad Nacional Del Ambiente 2004, Borge
2004). Temperatures range from freezing or several degrees
below freezing above 3100 m asl (Cetro Fabrega, Monro pers.
obs) to +36 °C at sea level (Tosi 1971). Approximately 85% of
PILA is at an elevaton of 1000 m or more, with 32% at or
above 2000 m elevation.

PILA originally comprised a number of regional and national
vegetation classifications that differed in the number of classes
and the elevations used to delimit them (Holdridge 1967, Hol-
dridge et al 1971, Tosi 1969, Gémez 1986, Davis e al. 1997,
Central American commission for Environment and Develop-
ment 2016, Kappelle ¢t al. 2002, Zamora 2008). Monro et al.
(2009) generated the first unified vegetation zone map for PILA
based on plant species assemblages and elevation: (1) /ow-elevation
Jorest (LEF), below 700 my (2) mixed forest in transition to low-elevation
Sorest MFTLEF), 701-1200 m; (3) mixed forest in transition to clond
Sorest MFTCF), 1201-1600 m; (4) dloud forest (CF), 1601-2100 m;
(5) low-elevation oak forest (LEOF), 2101-2600 m; (6) high-elevation
vak forest (HEOF), 2601-3100 m; and (7) Pdramo, 3101-3500 m.
Elevation zone ranges were congruent with those identified by
Davis et al. (1997) except that the single montane belt was split
into two zones, LEOF and HEOF, to reflect differences in spe-
cies composition (Kappelle & Zamora 1995, M.O., pers. obs.).

THE DATASET.—We conducted sampling between 2003 and 2009.
Data collection in the area is constrained by access, requiring us
to focus our sampling on areas within a two-day hike from the

nearest road and on two sites for which we secured funding for
helicopter access. At each site, all vascular plant taxa were sam-
pled at each of 10-20 points, for a total of 141 sample points
across nine field sites (Fig. S1 and Table S1). Sampling locations
were not evenly represented across clevations, with most sam-
pling points at mid-elevation sites (MFTLEF, MFTCEF, and CF;
35-37 points per elevation band) and fewest sampling points in
the lowest (LEF) and highest (LEOF, HEOF, and Piramo) eleva-
tion bands (5—13 per elevation band).

We recorded all species we found in 6-8 h within a 50-m
radius of the sampling point (total sampling = cz. 2468 person
hours from area of 110.7 ha). We sampled the canopy, under-
story, and ground layer. This approach offers an advantage over
fixed-size sampling plots by balancing site comparability with the
need to comprehensively record biodiversity; the time ordinarily
spent demarcating plots is instead spent collecting data. In each
plot, we recorded the identity of canopy trees and their reproduc-
tive status. Finally, we documented the river catchment for each
sample plot.

For each plot, we extracted the values of annual mean tem-
perature, °C (ANMT), and average annual precipitation, mm
(ANP), from Worldclim dataset (Hijmans e a/. 2005). We calcu-
lated the values of several landscape attributes for each plot using
ArcGIS (ArcGISv. 10.2.2, 1999-2014 Esri Inc.): orientation of
slope (Aspect); slope, degrees (Slope); and river catchment area
(Catchment Area). We chose the first two variables because of
the study area’s pronounced elevation gradient and complex tet-
rain; we chose river catchment because of the potential influence
on vegetation (Costa e a/ 2005). Aspect was incorporated as a
categorical variable with nine levels: Flat, North, North-East,
East, South-East, South, South-West, West, and North-West. Five
Catchment Areas (La Estrella, Rio Changuinola, Rio Sixaola,
Banano, and Terraba) were incorporated as levels of a categorical
variable. We assigned each plot to one of the seven elevation
zones defined by Monro ez al. (2009).

StaristicAL ANALYSES.—We carried out all analyses using packages
base and wvegan in R Version 3.1.2 (R Foundation for Statistical
Computing).

ASSESSING ~ RELATIONSHIPS BETWEEN ENVIRONMENTAL GRADIENTS
AND SPECIES ASSEMBLAGES ACROSS SITES.—To identify putative natu-
ral gradients and how they influenced species composition, we
carried out detrended correspondence analysis, DCA (Hill &
Gauch 1980), implemented as function decorana and fitted envi-
ronmental vectors into community ordination using function ex-
vfit. To identify potential discontinuities along elevation gradient,
we carried out Correspondence Analysis, CCA (Ter Braak 1986),
using elevation as a factor with seven levels corresponding to ele-
vation zones (see Introduction). We built the maximal CCA
model with all variables (Aspect, Catchment Area, Elevation,
Slope, ANMT, and ANP). All correlations between environmen-
tal variables were below 0.5. We analyzed marginal effects when
each term was eliminated from the model using ANOVA with
199 permutations.



QUANTIFYING CHANGES IN BETA DIVERSITY WITH ELEVATION WHEN
SPECIES ARE GROUPED BY ELEVATION AND RIVER CATCHMENT
AREA—We used the approach proposed by Jari Oksanen
(Ramos-G. ez al. 2016) to quantify beta diversity (Anderson ez al.
20006). In this method, the index of dissimilarity based on the
Arrhenius species—area model is defined as S = [XZ, where X is
the size of the site and ¢ and z are estimated parameters (Ramos-
G. ¢t al. 2016). Function befadiver finds the value of g, which gives
the steepness of the species area curve and is a measure of beta
diversity; the fewer species the plots share, the steeper the curve
(Ricotta ez al. 2002). To assess how beta diversity changed along
the elevation gradient and between river catchments, we first
grouped sites by elevation zones and then by river catchments.
For each factor, we analyzed beta diversity separately and applied
Tukey’s honest significant difference test (Tukey’s HSD) to iden-
tify significant pairwise differences.

ASSESSING POTENTIAL BIASES IN OUR RESULTS DUE TO SAMPLING
vFFORT.—To identify potential sources of bias in this dataset, we
visually compared two frequency distributions: 1) the area of
PILA (represented by the number of 1 x 1 km grid squares)
and 2) the sampled area (represented by the number of plots)
along altitudinal, temperature, and precipitation gradients. Greater
discrepancy between the corresponding pairs of frequency distri-
butions would suggest that the sample is not representative of
the greater population, which could undermine the results of sta-
tistical analyses. We built histograms using function Aisz showing
density distributions of the area of PILA, and the area of sam-
pling plots, along the environmental gradients specified above.
We then carried out Shapiro—Wilk normality test (Royston 1982)
using function shapiro.test. If sampling effort adequately repre-
sented species richness of PILA, then the species accumulation
curve (SAC) would flatten out after an initial exponential increase
(Gotellli & Colwell 2001). To test this hypothesis, we built a spe-
cies accumulation curve by randomly adding samples from the
species pull to the accumulation curve and then plotting the
mean of these permutations using specaccun function (method =
“random”, permutations = 1000).

Autocorrelation is the lack of independence between pairs of
observations at given distances in time and space, a common
issue in ecological data (Legendre 1993). Presence of autocorrela-
tion in our dataset would suggest non-independent samples, lead-
ing to potential invalidation of our statistical analysis (Hurlbert
1984). To estimate the degree of spatial autocorrelation in species
richness data, we used Morans I coefficient (Legendre and
Legendre 1998). We used package pgirmess to build correlograms
of the species richness data in 100 distance classes.

RESULTS

We recorded 8306 individuals of 2117 species. The 2117 species
observed at the 141 plots belong to 178 different vascular plant
families (Table S2), among which the most species tich wete
Piperaceae (147 spp), Rubiaceae (144), Melastomataceae (110),
Araceae (106), and Asteraceae (71). Some of the most common
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families (Table S2) showed a steady decline in per-plot number of
records along the elevation gradient, with the highest per-plot
number of records in LEF (Figs. S2-S5), while the decline in
per-plot number of records with elevation was
(Figs. S6-89) in the other families. The most widespread species
were the early successional tree species, Cecrgpia angustifolia
(observed at 61 of 141 sample points) and Hampea appendiculata

(observed at 46 sample points), and the ground story herb /

irregular

epiphyte Anthurium microspadix (observed at 45 sample points).

TO WHAT EXTENT DO ENVIRONMENTAL GRADIENTS IN GENERAL, AND
PRE-DEFINED ELEVATION ZONES IN PARTICULAR, EXPLAIN VARIATION
IN SPECIES ASSEMBLAGES ACROSS SITES>—DCA revealed high gradi-
ent length (13.7 standard deviations along DCA1), indicating that
a few species occupied both ends of the gradient (Table S3). The
first and second ordination axes explained the variation within
the dataset well, as indicated by high eigenvalues (0.70 and 0.55,
respectively, Table S3). The first axis involved elevation and
ANMT, indicating that the observed differences in species com-
position were largely due to the changes in temperature and alti-
tude. The second axis was related to ANP, indicating that rainfall
strongly influenced species composition. All environmental vari-
ables were highly significant except for Slope (Table S4 and
Figs. §10 and S11). According to CCA, all selected environmental
variables except for Aspect and ANP influenced species commu-
nity structure (Table S5). After selection by permutation test for
marginal effects of terms, we built a minimal adequate CCA
model with four untransformed variables (Catchment Area, Ele-
vation Band, Slope, and ANMT); the model explained 12.0% of
variation (Table S6). Along the principal axis of ordination
(CCA1), the only discontinuity was between the sites (plots) in
HEOF and Paramo versus those in the low- and mid-elevation
zones (Figs. 1 and S12). The second cluster of plots showed a
strong trend (CCA2) with a progression of elevation zones from
low to high. This gradient appeared to be related to the differ-
ences in annual precipitation as shown by DCA, despite the lack
of significance of ANP in the CCA model (Fig. S10).

HOW DOES BETA DIVERSITY CHANGE WITH ELEVATION WHEN SPECIES
ARE GROUPED BY ELEVATION AND RIVER CATCHMENT AREA?—Beta
diversity differed significantly between LEF and all other zones
(Fig. 2 and Table S7). Beta diversity also differed significant
between HEOF and three other zones (MFTLEF, MFTCEF, and
CF), but not between HEOF and the neighboring zones (LEOF
and Pdramo). All pairwise differences in beta diversity of species
grouped by river catchment were significant except for two pairs:
Terraba-Banano and Sixaola-Changuinola (Fig. 3 and Table S8).

ASSESSING POTENTIAL BIASES IN OUR RESULTS DUE TO SAMPLING
EFFORT.—Our SAC did not approach a plateau (Fig. S13), suggest-
ing that sample effort was insufficient for generating a comprehen-
sive species list. A checklist for PILA (Monro 7 al., in press), which
documents ca. 3080 species, supports this conclusion.

Visual analyses of the frequency distributions revealed that
the areas of high elevation (2000-3000 m of altitude) were
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FIGURE 1. CCA ordination diagram for species showing the first two ordi-
nation axes. Elevation zones: low-elevation forest (LEF), below 700 m; (2)
mixed forest in transition to low-elevation forest (MFTLEF), 701-1200 m; (3)
mixed forest in transition to cloud forest (MFTCF), 1201-1600 m; (4) cloud
forest (CF), 1601-2100 m; (5) low-elevation oak forest (LEOF), 2101-
2600 m; (6) high-elevation oak forest (HEOF), 2601-3100 m; (7) Piramo,
3001-3500 m. The plots in HEOF and Paramo were separated by CCA from

those in the low- and mid-elevation zones.
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FIGURE 2. Species beta diversity in plots grouped by elevation zones. Beta-
diversity analysis is based on the species presence/absence data in individual
plots. Not significantly different (at 0.05 level of confidence) comparisons are

indicated by the same letters. Elevation zones as in Fig. 1.

under-represented while the highest elevation range (above
3000 m of altitude) was over-represented (Fig. S14); the areas
with ANMT below 17.5°C were undet-represented and the areas
with ANMT above 25°C were over-represented (Fig. S15); the
areas with rainfall below 2500 mm and above 3750 mm were
under-represented while those above 3000 mm were over-
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FIGURE 3. Species beta diversity in plots grouped by river catchments.
Beta-diversity analysis is based on the species presence/absence data in indi-
vidual plots. Not significantly different (at 0.05 level of confidence) compar-

isons are indicated by the same letters. Elevation zones as in Fig, 1.

represented (Fig. S16). Global values of spatial autocorrelation
measured by Moran’s I for species richness were different from
zero (Table S9), suggesting the presence of spatial structure at
the scale of the analyses.

DISCUSSION

We found that floristic studies can yield valuable classificatory
information but at the scale of PILA (4000 km?), elevation and
river catchment provide a pragmatic classification that is mean-
ingful with respect to community composition and species diver-
sity. With respect to whether grouping by elevation or river
catchment better explains variation in species composition and
beta diversity, eclevation was the abiotic variable that best
accounted for variation in species composition and taxon diver-
sity. River catchment was subservient to elevation in this respect.
Elevation and river catchment (Monro ez a/ 2009) are practical
classificatory tools because they are easy and economical to map.
The inclusion of river catchment provides alignment with water-
shed management as an approach to resource management
(Dixon & Easter 1980).

Is 1T BETTER TO CLASSIFY VEGETATION IN PILA BY ELEVATION OR
RIVER CATCHMENT.—Our floristic dataset supported the classifica-
tion of PILA into four classes: Paramo, HEOF, mid-elevation
zones (LEOF, CF, MFTCF, and MFTLEF), and LEF; apart from
LEF, the classes did not differ in beta diversity. For the broad
mid-elevation class, we suggest using environmental gradients
combined with edaphic, hydrological/tiver catchment area and
historical data to generate discrete classes that are informative
with respect to, but not based on, direct biodiversity observations.
Although forest community structure varies with changes in
edaphic conditions (Clark & Clark 2000, Tuomisto ef a/. 2002), in
the case of PILA, insufficient data on soils exist to support its



inclusion in a classification. Historical features, such as the pres-
ence of glaciers, are congruent with patterns recovered in the bio-
diversity data (discrete break at 3100 m) and represent an
appropriate surrogate. We do not know, however, of any histori-
cal features that could be applied to the montane forest class;
river catchment may be a good classifier for this elevation range.

SPECIES COMMUNITIES IN PILA AND THEIR CLASSIFICATION.—Sut-
prisingly, most studies of plant diversity across elevation gradients
in the tropics do not attempt to classify by species composition
but rather by species richness or species turnover (beta diversity)
(see Sanchez ¢f al. 2013, Kromer ef al. 2013 etc.). Our ordination
confirmed that selected environmental variables, including eleva-
tion, explain 12% of the total variation in species composition.
Our analysis supports the classification of PILA into four eleva-
tion classes rather than the seven proposed by Monro ef al.
(2009). These four classes are low-elevation forest (below 700 m
asl), montane forest (between 700 and 2600 m asl), high-elevation
oak forest (between 2600-3100 m asl), and the shrub- and herb-
dominated Sub-Paramo (above 3100 m asl). Our results combine
the 700-2600 m elevation zone into a single class and support
the distinction of high-elevation oak forest (HEOF), which shows
greatest affinity with the neighboring shrub- and herb-dominated
Sub-Paramo vegetation.

Our failure to recover many discrete vegetation classes using
taxonomic composition across the species-rich and physiognomi-
cally complex 700-2600 m elevation range is consistent with pre-
vious studies of tropical forest (Lieberman ez a/ 1996, Vazquez
& Givnish 1998, Hartshorn 2000, Bach & Gradstein 2011). The
lack of discontinuity in species composition across an elevation
gradient might reflect taxon composition, at species or family
ranks, changing continuously with elevation due to an absence of
well-defined environmental breaks (Kessler 2000, Bach & Grad-
stein 2011, Sundqvist ez a/. 2013). Kessler (2000) also suggests
that it is harder to detect environmental discontinuities in tropical
forest at low-to-mid elevations because of their taxon richness
and complexity. The basis for species assemblages remains
unclear (Austin 2002) and our fragmented knowledge of species
interdependence and turnover in tropical forests makes it difficult
to capture assemblages at any particular point in time.

Despite difficulties in detecting discrete species assemblages
across this extensive mid-elevation range, elevation classes con-
tinue to be proposed as frameworks for both conservation plan-
ning (Davis ¢ al. 1997, Hartshorn 2000) and investigating
diversity patterns (Rahbek 1995, 2005, Grytnes & McCain 2007,
Willinghofer e al. 2012, Sundqvist ef a/. 2013). This is likely for
pragmatic reasons; elevation subdivisions are unambiguous and
economical to apply, there is complete coverage, and they can be
replicated globally (Lomolino 2001, McCain 2009). Sundqvist
et al. (2013) also suggest that, to better predict community and
ecosystem responses to climate change, there is a need for studies
that observe how multiple contrasting taxa respond to elevation
along the same gradient.

Our recovery of distinct forest assemblages at the 700-2600
and 2600-3100 m asl ranges corroborates the results of previous
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studies. For Lieberman ¢ al  (1996) found no
discontinuities across an elevational transect on the nearby Volcan
Barva in Costa Rica (range 30-2600 m asl), while Bach and
Gradstein (2011) found discontinuity only at the 3000/3050
interface (Bolivian Andes, range 1700-3400 m asl).

Discontinuity in species turnover and field observations sup-

example,

ported our recovery of the distinct taxon assemblage at the
2600-3100 m asl range; although Quercus dominates the forest
canopy across the 2100-3100 m asl range, its taxon composition
differs significantly. While not suggested by broader regional clas-
sifications (Holdridge 1967, Holdridge ef a/. 1971, Davis et al.
1997, Hartshorn 2000), the subdivision of the 2101-3100 eleva-
tion range was also suggested by Kappelle and Van Uffelen
(2000). The CCA for species (Fig. 1) suggests that HEOF is
more similar to Paramo and that LEOF is more similar to the
mid-elevation forest. Most noticeable was the substitution of
some families in the ground story from one class to the other.
Kappelle e7 al. (1995) and our data both showed substitution of
Rubiaceae and Gesneriaceae terrestrial shrubs in LEOF by Eri-
caceae and Asteraceae terrestrial shrubs in HEOF (Figs. $2-89).
For example, we observed a transition from 42 Rubiaceae and 15
Gesneriaceae terrestrial shrub species in LEOF to one and zero
species in HEOFE. We also found that Rubiaceae diversity was
maintained, but that it shifted from shrubby to herbaceous taxa.
Kappelle ez al. (1995) suggested that these changes in family com-
position in oak forest are a consequence of decreasing canopy
height combined with lower air temperatute and an increasing
prevalence of strong winds. Our observations of forest with a
canopy of 35 m at 2900 m asl (AM, pers. obs) do not wholly
support such a scenario. An alternative explanation may be that
HEOF represents areas recently derived from Paramo vegetation
and that taxonomic affinity reflects some Paramo species petsist-
ing in HEOF. During the last glacial maximum, Paramo would
have occupied the HEOF elevation rage. As glaciers receded and
disappeared ca 10 KYA (Horn 1993), it would have been colo-
nized by the tree species dominant in the adjacent HEOF (Quer-
cus spp., Vaccinium spp., Schefflera spp., etc.) with shade-tolerant
species remaining (e.g., Hymenophyllum fucoides, Macleania rupestris,
Viburnum costaricanum).

In addition to recovering four discrete species assemblages,
we recovered river catchment as an important variable in CCA
and in beta-diversity analysis. While river catchment has been
demonstrated to influence species assemblages for understory
herbs in lowland tropical forest at the scale of 100 km® (Costa
et al. 2005), our work documents that river catchment influences
entire vascular plant assemblages in the tropics at the scale of
1000 km®. This finding warrants further research and may pro-
vide evidence of a synergy between land-use and conservation
planning whereby catchment areas could represent effective spa-
tial units for both (Chan e a/ 20006, Pressey et al. 2007).

SAMPLING EFFORT AND POTENTIAL BlAs—In the case of diversity-
rich and data-poor systems, data collection costs are high and
available funds low. The main limitation of the sampling design
used in this study was the non-random distribution of sample
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points due to logistical constraints and an attempt to sample all
major catchment areas. A more appropriate sample design could
have been achieved using a helicopter, at an approximate cost of
US$20K per point and US$2.8 m in total.

After assessing potential biases in our results due to sampling
effort, we concluded that the answers to the first (to what extent
does elevation in general, and pre-defined elevation zones in par-
ticular, explain variation in species composition across sites?) and
second (how does beta diversity change when species are grouped
by elevation and river catchment area?) research questions were
likely influenced by sampling effort. The dataset inadequately rep-
resented the annual mean temperature and annual mean precipita-
tion gradients, although the distribution of elevation was close to
that within the study area (Figs. S14-516). The sample points are
clustered in nine localities; this likely resulted in pseudo-replication
or potential invalidation of the results of our statistical analysis
(Hutlbert 1984). To test this assumption, we calculated Moran’s I
(Moran 1950) within the species richness dataset; the observed
value of autocorrelation was significantly different from zero, sug-
gesting presence of spatial structure at the scale of the data analy-
sis. If we had confidence in plot abundance scores, hierarchical
models would have been an appropriate tool to deal with pseudo-
replication (Ross e al. 2012). Confidence in plot data would also
enable testing the outcomes of constrained ordination; several ran-
dom subsets of the community data would have been ordinated
to see whether the basic patterns remain stable (Wilson 1981).
The species area curve (Fig. S13) suggests that total sample effort
and sample effort at each point were insufficient; this study recov-
ered only 69% of documented occurrences (Monro ez al. 2009).
In addition, we probably underestimated the numbers of twiners
and lianas in the lower-clevation zones because of the logistic
challenges of recording high canopy species. Inadequate sampling
within individual plots undermines species richness, biodiversity,
and ordination analyses, as well as the results of floristic analysis
within the elevation zones. Without further validation of the data-
set by additional fieldwork, it is impossible to estimate the predic-
tive power of abundance scores or evaluate the soundness of the
statistical analyses.

CONCLUSION

At the scale of protected areas and national parks, our floristic
dataset identifies elevation as a better classifier of vegetation than
river catchment with respect to species composition and diversity.
River catchment is, however, identified as having some classifica-
tory power. Combining elevation and river catchment may help
align vegetation classification with watershed management and
better support the sustainable use of natural resources.
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