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Abstract The African tulip tree, Spathodea campanulata Beauv., is an introduced spe-
cies forming novel forest types in Puerto Rico. These forests develop naturally after
deforestation, agricultural use and land abandonment, and there are many questions as to
their ecological characteristics. We sampled structure and species composition of large,
small, and juvenile trees (>10, >2.5 to <10, and <2.5 cm diameter at breast height,
respectively) in nine secondary forests dominated by S. campanulata on alluvial, karst, and
volcanic substrates in northcentral Puerto Rico. No differences were found in S. cam-
panulata forest structure between substrates. Of a total of 79 species found, 17 were
introduced. Forests on karst and alluvium had the highest and lowest global species
richness, respectively. Species richness increased from large to small to juvenile trees in
most sites, but more so on karst. The percentage of introduced species was inversely
related to species richness of tree size classes on all substrate types. The dominance of
S. campanulata in the large tree size class was highest and lowest in alluvial and volcanic
sites, respectively, and decreased from large to small to juvenile trees on all substrate
types. Species richness of S. campanulata forests is lower than that of native forests on
equivalent substrates. Although land use history affects composition, the juvenile tree
species established in S. campanulata forests seems to correspond to the geological sub-
strate were sites are found. This study shows S. campanulata restores forest structure and
native tree species on abandoned agriculture and grazing lands in Puerto Rico. Manage-
ment of these novel forests should consider them as resources were natural processes have
the potential of making them more diverse.
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Introduction

Human activity is having significant effects on the environmental conditions that support
life in the planet. These effects include climate change, soil erosion, acid rain, defores-
tation, changed composition of atmospheric gasses, urbanization, and many others, which
lead some to declare this era as the era of human domination or the Homogeocene (Mc-
Kinney and Lockwood 1999; Lockwood and McKinney 2001). A fundamental question
that emerges from these trends is: What is the response of the biota to anthropogenic
environmental change? Through time, the species composition of forests and other plant
communities have changed in response to natural environmental change, so that the forests
of today are different from those of the past (Behrensmeyer et al. 1992). Will anthropo-
genic effects cause similar changes in the species composition of modern forests? If so,
what will be their structure and species composition?

Given the high level of anthropogenic effects, some ecologists anticipate dire conse-
quences for species diversity due to biotic homogenization, particularly in the tropics (see
Lockwood and McKinney 2001; Sodhi et al. 2007 for excellent reviews). Other ecologists
suggest that the biota will respond to novel environmental conditions with the natural
assembly of novel communities composed of a new combination and relative importance
of species (Hobbs et al. 2006; Williams and Jackson 2007). The emergence of novel forests
is considered a natural response to such anthropogenic effects as deforestation, land use
and degradation, and abandonment (Fig. 1 in Hobbs et al. 2006). Ecologists are now
documenting novel tropical forests in Hawaii (Mascaro et al. 2008), Puerto Rico (Lugo and
Helmer 2004), and elsewhere in the world (Hobbs et al. 2006) but there is insufficient
information on the structural variation and species composition of these forests. Moreover,
since these forests are usually dominated by introduced tree species, ecologists worry that
their establishment reduces local biodiversity by inhibiting the regeneration of native
species (Grau et al. 2003; Mascaro et al. 2008).

The Caribbean island of Puerto Rico is already exposed to the conditions of the Ho-
mogeocene due to its high population density (450 people/km?), large fraction of urban
development (15%), high proportion of introduced species in the flora (>20%), and long
history of land use involving deforestation, intensive agricultural use, degradation of lands,
and subsequent abandonment and forest regeneration (Rudel et al. 2000; Lugo 2004; Lugo
and Helmer 2004). This cycle of land use and abandonment is at an advanced stage. Over
the past 60 years, the island has experienced an unprecedented rate of land abandonment
and forest regeneration such that today, forest cover is over 50% after a low of 5% in the
1960s (Birdsey and Weaver 1982; Brandeis et al. 2007). The rapid rate of forest regen-
eration on degraded and abandoned agricultural lands allows for the study of closed canopy
novel forests to see if in fact dominance by introduced species inhibits the regeneration of
native species and suppresses plant biodiversity.

The structure and species composition of native forests in Puerto Rico is shaped by
climate and geological substrate type (Danserau 1966; Little et al. 1974; Lugo 2005).
Consequently, we studied the structure and composition of novel forest stands within a
humid climate on three different geological substrates (alluvial, karst, and volcanic) to
examine if they varied as native forests do. These novel forests are dominated by the
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African tulip tree, Spathodea campanulata Beauv. (Bignoniaceae), an introduced species
that has the potential to invade abandoned lands previously used for agriculture and
grazing in many tropical islands (Aide et al. 2000; Haysom and Murphy 2003; Novotny
et al. 2004). In Puerto Rico, it has been observed that the forest environment that naturally
results from S. campanulata’s invasion is unfavorable for its own regeneration because of
its intolerance to shade and allows for the regeneration of other tree species (Aide et al.
2000; Lugo 2004). However, how species composition changes from the older large trees
to the recently established juvenile trees in these forests has not been studied properly. We
hypothesized that (1) the structure and species composition of S. campanulata forests
would vary as native forests on equivalent substrate types do and (2) species composition
would change through tree size classes reflecting lower dominance of S. campanulata and
higher species richness in juvenile compared to larger tree size classes. Our study con-
tributes to the understanding of the role of introduced tree species in the response of the
biota to anthropogenic disturbances, specifically natural regeneration processes on
degraded and abandoned agricultural lands.

Study region and site selection

We selected three sites each on alluvial, karst, and volcanic geological substrates in the
northcentral region of Puerto Rico (18°N, 65°W; Fig. 1). The region falls in subtropical
moist to wet life zone climate and for the years 1971-2000, mean annual precipitation and
temperature ranged from 1,443 to 1,905 mm and from 21.5 to 25°C, respectively

Fig. 1 Study site locations on a map of geological substrate types (Bawiec et al. 2001). The inset delimits
the location of the study region within mainland Puerto Rico. Symbols correspond to sites on the following
substrates; squares: alluvial, circles: Karst, triangles: volcanic. Site codes; CI: Cibuco I, CII: Cibuco II, PI:
Paso del Indio, JN: Juan Nieves, OC: Ollas y Calderas, Pu: Pugnado, Ad: Adjuntas, Pe: Perchas, Po: Pozas.
Site names correspond to the municipalities or neighborhoods were the sites were located
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(Holdridge 1967; Ewel and Whitmore 1973; NOAA 2002). In Puerto Rico, S. campanulata
is light demanding, evergreen to deciduous, and has intense orange-red annual mass
flowering (Little and Wadsworth 1964; Francis 2000). Thus, we located and selected
closed canopy forests that were orange-red during S. campanulata’s flowering using field
observations and 1 m resolution aerial photography (CRIM 2004).

Site descriptions

The elevation of all sites ranged from 10 to 200 m except for Adjuntas which is at 500 m
above sea level. Alluvial sites are flat and slope ranges from 7 to 50% on karst sites and
from 50 to 70% on volcanic sites. The soil on alluvial sites is derived from non-volca-
niclastic sedimentary deposits from the Quaternary and on karst sites it is derived from
similar deposits embedded in calcium carbonate rock from the Oligocene (Acevido 1982;
Bawiec et al. 2001). The soil on volcanic sites is derived from weathering of extrusive
volcaniclastic material from the Cretaceous. Alluvial sites are riparian and suffer periodic
floods (Abelleira and Lugo 2008), karst sites are in closed depressions (Monroe 1976), and
volcanic sites are near mountain bases.

The age since abandonment and land use history of each site was determined from
interviews with local inhabitants and aerial photography from 1963, 1971, 1977-1978
(Ramos and Lugo 1994), and 1985. The age of each site, estimated as the mid-point
between the most recent aerial photos showing use and the oldest showing abandonment,
ranged from 24 to 39 years. This age range is suggestive of structural maturity for sec-
ondary forests in Puerto Rico (Aide et al. 2000; Chinea 2002).

The valleys where alluvial sites are located have been used for sugar cane plantations
since the sixteenth century up to the twentieth century (Alvarez Nazario 1982; Pic6 1988).
A years’ crop cycle consisted of cane growth, harvesting, burning and re-growth, some-
times interspersed with fallow years. The age of the sites suggests heavy machinery was
not used but cattle plow lines are still evident. The depressions where karst sites are located
might have been used for sugar cane as well but this crop was gradually abandoned in
higher elevations during the first half of the twentieth century (Picé 1988). The crops
planted immediately before abandonment in karst sites consisted of fruits such as citrus,
avocado and plantains, and tubers such as cassava and yams. Agricultural activities were
concentrated in lower ground were organic soil was available and the rather rocky upper
slopes and ridges were used for firewood and pole harvesting. As a result, some marginal
forest land remained on some ridges. Volcanic mountain slopes have been used for shade
or sun coffee, tobacco, fruits, and cattle pastures (Picé 1988; Dominguez Cristbal 2000).
In shade coffee, remnant trees are left standing through coffee harvesting but the spacing
between them may vary from closed to sparse cover. The only site previously used for
shade coffee in this study, Adjuntas, appears to have had a sparse canopy since it was also
used for growing citrus and plantains. At the other two volcanic sites the main crops were
sun coffee and tobacco, respectively. Grazing was a common practice in fallow years
between crops or after abandonment in all substrate types.

Vegetation sampling

We sampled arboreal vegetation in large, small, and juvenile tree size classes (>10,
>2.5 to <10, and <2.5 cm diameter at breast height [DBH], respectively). The large
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and small tree size classes were sampled using the point quarter method as described
by Cottam and Curtis (1956). At each site we selected 20 random points through
haphazardly placed line transects. At each point we identified the species and measured
the DBH of the nearest tree in each point-centered quarter for a total of 80 trees per
size class per site. When individuals had more than one stem above ground all were
measured. The juvenile tree size class was sampled by counting and identifying all
juvenile trees with stems <2.5 cm DBH in four 5 x 5 m plots placed haphazardly.
Only species that grow to >2.5 cm DBH were considered to be juvenile trees. We
consulted Little and Wadsworth (1964) and Little et al. (1974) for identification and
nomenclature.

Data analysis

We calculated tree density (trees/ha), basal area (m2/ha), sampled area (ha), and species
importance values (IV) for the large and small tree size classes following Cottam and
Curtis (1956), and Ashby (1972). The frequency of occurrence for each species included in
the 20 point counts, the number of trees, and basal area were converted into percentage of
all species and these percents were averaged to calculate species I'Vs per size class (Cottam
and Curtis 1956). We calculated density of juveniles (trees/ha) and juvenile size class
species IVs as the average of the density and plot occurrence frequency of each species
expressed as percentage of all species. Species were classified as native, endemic or
introduced and the percentage of introduced species for each size class per site was
determined.

We used single factor ANOVA to compare forest structure, species richness, percentage
of introduced species and dominant species IV in each tree size class segregated by
substrate type (n = 3) and used a Tukey test (« < 0.05) to compare means. Data were
tested for normality and variance homogeneity and the Kruskal-Wallis test was used to
compare non-normal data. Values reported for F and H statistics correspond to ANOVA
and Kruskal-Wallis tests, respectively. Independent ad-hoc analysis was assumed when
testing within size classes only and statistical analyses were done using Infostat statistical
software (Di Rienzo et al. 2003).

Non-metric multidimensional scaling (NMS) ordination analysis was used on species
IVs to determine compositional affinities between sites for each tree size class separately.
Species that occurred only at one site were excluded and transformations were used to find
valid solutions when necessary. We ran NMS on the slow and thorough autopilot mode in
PC-Ord software using Sorensen’s similarity index (McCune and Mefford 1999). Multi-
response permutation procedures (MRPP) were used to examine if species composition of
the sites was related to substrate type.

We consulted the literature to compare forest structure and species richness and dom-
inance of S. campanulata forests with native undisturbed forests on equivalent substrate
types. The extensive deforestation and agricultural use of the northcentral region precluded
any opportunity to establish appropriate control plots in the study (Wadsworth 1950; Ewel
and Whitmore 1973). Thus, comparisons to native forests types suffer from the use of
different sampling methodologies and because of this our analysis contains an indeter-
minate source of error. We also compare our S. campanulata forests to other secondary
forests studied in the area with the same caveats mentioned.
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Results
Forest structure

There were no significant differences in large and small tree density (F[2, 6] = 0.17,
P = 0.85), basal area (F[2, 6] = 2.38, P = 0.17) or juvenile tree density (F[2, 6] = 2.50,
P = 0.16) between substrate types (Table 1).

Species composition

We found a total of 79 tree species of which 17 were introduced and five are endemic
(“Appendix”). There were on average seven species (SE = 1.1, n = 9, sampled area:
0.05-0.14 ha), 12 species (SE = 1.5, n = 9, sampled area: 0.03-0.10 ha) and 19 species
(SE = 2.8, n = 9, sampled area: 0.01 ha) in the large, small, and juvenile tree size classes,
respectively (Fig. 2). Species richness in the large tree size class was higher on volcanic
sites and lower on alluvial sites (Fig. 2, H[2, 6] = 5.76, P = 0.03) but no significant
differences were found in the small (H[2, 6] = 5.07, P = 0.07) and juvenile tree size
classes (F[2, 6] = 4.48, P = 0.06). Post-hoc ANOVA on species richness of all size
classes combined showed the highest and lowest values were on karst and alluvial sites,
respectively (F[2, 6] = 9.64, P = 0.01). The percentage of introduced species in the large
tree size class was about twice that in the small and juvenile size classes but it did not differ
between substrates in any tree size class (Fig. 3; H[2, 6] = 5.42 and P = 0.07 for large,
H[2, 6] = 1.07 and P = 0.64 for small, and F[2, 6] = 1.53 and P = 0.29 for juvenile tree
size classes, respectively). Post-hoc ANOVA of percent introduced species in all size
classes also showed no differences between substrates (F[2, 6] = 1.58, P = 0.28).

The IV of the first rank species was higher on alluvial sites and lower on volcanic sites
in the large tree size class (F[2, 6] = 5.95, P = 0.04) but no difference was detected in the
small (F[2, 6] = 3.73, P = 0.09) or juvenile (F[2, 6] = 4.60, P = 0.06) tree size classes
(“Appendix”). In the large and small tree size classes, S. campanulata had the highest IV
at all sites except Adjuntas. There, S. campanulata was second to G. guidonia by only three
percent points (33 vs. 36%) in the large tree size class, but was considerably less important
in the small and juvenile size classes. In the juvenile size class, G. guidonia had the highest
IV at four sites, A. inermis and introduced S. jambos at two sites each, and O. coriacea at
one site. On two volcanic sites, S. campanulata was absent in the juvenile tree size class.
The endemic palm Roystonea borinquena, Casearia sylvestris, Guarea guidonia, and
S. campanulata were the only species with an IV greater than five percent in the large and
small tree size classes (“Appendix”). In addition to those just mentioned, species with such
IV in the juvenile size class were Andira inermis, Casearia guianensis, Calophyllum
calaba, Ocotea coriacea, Ardisia obovata, Syzygium jambos, and Piper aduncum.

Through all sites, the IV of S. campanulata was, on average, 75% in the large
(SE = 6.3,n =9),45% in the small (SE = 9.3, n = 9) and 6% in the juvenile (SE = 1.9,
n = 9) tree size classes (Fig. 4). The IV of S. campanulata was highest on alluvial sites
and lowest on volcanic sites in the large (Fig. 4; F[2, 6] = 5.49, P = 0.04) and small
(F[2, 6] = 9.24, P = 0.01) tree size classes but this was not significant in the juvenile size
class (H[2, 6] = 5.07, P = 0.08). Post-hoc ANOVA for all size classes combined followed
significantly the same pattern (F[2, 6] = 13.61, P = 0.01).

A valid NMS ordination solution was not found for the large and small tree size classes.
The juvenile class NMS had a tri-dimensional solution with one axis explaining more than
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Table 1 Forest structure, and species richness and dominance of Spathodea campanulata forests and of native old growth and secondary forests of north-central Puerto Rico

by geological substrate type

Forest type, land use history

Elevation Diameter at breast

Area

Tree density

Basal area Juvenile density Species

Dominant species and

and age (years) (m) height (cm) sampled (ha) (trees/ha) (m% ha) (trees/ha) richness importance value (%)
Alluvial
Spathodea forest, sugar 10 >2.5 0.07 2,514 (1,216) 84 9,233 10 Spathodea campanulata (83)
cane and pasture (24-38)
Clussia-Syzygium secondary <10 >2.5% 0.06 3,200 26 - 11 Clussia rosea (55)
forest (~40)
Young secondary (>50) <10 >2.5% 0.06 1,833 29 - 19 Hymenaea courbaril (34)
Old secondary (>100) <10 >2.5° 0.05 1,880 42 - 32 Manilkara bidentata (32)
Old growth Pterocarpus 3 >2° 0.03 2,433 (700) - - 1 Pterocarpus officinalis (100)
forest (>60)
Old growth Pterocarpus <10 >2.5¢ 0.1 1,680 (860) 45 - 7 Pterocarpus officinalis (61)
forest
Old growth Pterocarpus <10 >2.5¢ - 1,660 48 - 19 -
forest ecotone
Karst
Spathodea forest, sun crops 30-170 >2.5 0.08 2,550 (706) 54 32,533 19 Spathodea campanulata (64)
and pasture (24-38)
Secondary forest, pasture 90-300 >19 0.05 6,201 31 - 16 Spathodea campanulata (40)
(18-38)
Shade coffee (~35) 235-310 >1¢ 0.05 2,981 28 - 14 Guarea guidonia (36)
Old growth mesic forest - ¢ - - 24 - 15 Cinnamonum elongatum (36)
Old growth mesic forest - N - - 15 - 23 Cordia sulcata (32)
Old growth mesic forest <50 >10f 0.05 (119) 22 - 37 Casearia guianensis (13)
Volcanic
Spathodea forest, sun-shade 180-500 >2.5 0.08 2,931 (983) 58 44,933 15 Spathodea campanulata (42)
crops, pasture (25-39)
Young secondary 60 >4.18 0.4 2,459 12 - 29 Inga laurina (31)
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Table 1 continued

Forest type, land use history Elevation Diameter at breast Area Tree density ~ Basal area  Juvenile density Species  Dominant species and

and age (years) (m) height (cm) sampled (ha) (trees/ha) (m* ha) (trees/ha) richness  importance value (%)
Pasture (20-35) 160-340  >1" 0.1 6,274 25 - 19 Guarea guidonia (21)
Shade coffee (>20) 270-770 =1t 0.1 6,220 30 - 23 Guarea guidonia (18)
Shade coffee (~30) 416 >4 0.1 1,680 18 - 17 Miconia prasina (24)
Shade coffee (~40) 660-680 >4 0.25 1,124 40 - 24 Prestoea montana (46)
Old growth Ocotea- 47 >2°¢ 0.03 4,389 (633) 50 - 38 Hymenaea courbaril (13)

Manilkara forest (>60)

Old growth Dacryodes- 380 >2° 0.03 2911 (1,022) 58 - 40 Dacryodes excelsa (30)

Manilkara forest (>60)

All sites are in subtropical moist to wet life zones (Holdridge 1967). Empty cells mean data were not reported. The data are means that correspond to trees of the diameter at
breast height (DBH) reported except for large tree (>10 cm DBH) density which is in italics and juvenile tree (<2.5 cm DBH) density. The latter was only reported in this
study. For data from other studies, the letter next to DBH corresponds to the following

* Figueroa Coldn et al. (1984)
" Gould et al. (2006)

¢ Alvarez Lépez (1990)

4 Rivera and Aide (1998)

¢ Chinea (1980)

" Serrano et al. (1983)

& Weaver (1979)

" Popper et al. (1999)

! Marcano Vega et al. (2002)
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Fig. 2 Mean and standard error of species richness in large, small, juvenile (trees >10, >2.5 to <10, and
<2.5 cm diameter at breast height, respectively) and all tree size classes per site for each substrate type
(n = 3). Letters denote different means by ANOVA-Tukey test (¢ < 0.05). Sampled areas were 0.05-0.14,
0.03-0.10, and 0.01 ha for large, small, and juveniles tree size classes, respectively
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Fig. 3 Mean and standard error of the percent of introduced species in large, small, juvenile (trees >10,
>2.5 to <10, and <2.5 cm diameter at breast height, respectively) and all tree size classes per site for each
substrate type (n = 3). Letters denote different means by ANOVA-Tukey test (o < 0.05)
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Fig. 4 Mean and standard error of the importance value of Spathodea campanulata in large, small, juvenile

(trees >10, >2.5 to <10, and <2.5 cm diameter at breast height, respectively) and all tree size classes per
site for each substrate type (n = 3). Letters denote different means by ANOVA-Tukey test (o < 0.05)
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Fig. 5 Non-metric multi-dimensional scaling ordination of juvenile tree (<2.5 cm diameter at breast
height) size class species importance values by study site. The ordination had a tri-dimensional solution with
a final stress of 1.8 and final instability of 0.00001 for 121 iterations. Axis 1 explained 54% and axis 3
explained 36% of the ordination with an orthogonality of 99%. Squares, circles and triangles correspond to
alluvial, karst and volcanic sites, respectively. Site codes follow Fig. 1

half of the variance (Fig. 5). MRPP showed geological substrate was significantly related
to the juvenile tree species composition of sites (P = 0.002).

Discussion

The structure of S. campanulata forests was statistically uniform through substrate types,
and this partially rejects our first hypothesis (Table 1). Species richness and composition
did show differences between substrate types but differences in species richness were only
evident in the large tree size class (Fig. 2). However, compositional differences between
substrate types were most evident in the juvenile tree size class and this reflects recent
establishment by native species (Fig. 5). This is discussed further below. The studies used
in our comparison of S. campanulata forests to other forests in Puerto Rico did not always
use the same DBH tree size classes as our study. Therefore, the comparison that follows is
a generalization that mostly applies to the large and small (>2.5 cm DBH) tree size classes.

Comparison to native forests

The structure of S. campanulata forests resembles some native old growth and secondary
forests on similar or different substrates in Puerto Rico (Table 1). Large tree density and
basal area are in the high range of values reported for most other forests and probably result
from rapid growth of S. campanulata stands invading abandoned fields. Native old growth
forests dominated by Pterocarpus officinalis on alluvial swamps and Dacryodes exelsa on
wet volcanic slopes have basal area comparable to S. campanulata forests (see also Eusse
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and Aide 1999). Secondary forests on karst have high basal area in depressions where
S. campanulata is found (Rivera and Aide 1998; Aukema et al. 2007).

Similar to secondary and old growth native forests, the tree species richness and
dominance of S. campanulata forests showed differences according to the underlying
geological substrate (Table 1). For example, native alluvial forests on riparian floodplains
are characterized by lower tree species richness and high dominance by fewer species
compared to karst and volcanic forests (Lugo 2005). Likewise, alluvial S. campanulata
forests have lower species richness and higher dominant species IV compared to most other
forests but are similar to native Pterocarpus officinalis floodplain forests (Table 1). Tree
species richness and dominant species IV on karst and volcanic S. campanulata forests is
comparable to other secondary forests on the same substrates, but species richness is lower
and the dominant species IV is higher than in native old growth forests. Of all other forests
used for this comparison (Table 1), alluvial forests had higher dominant tree species IV
(mean = 56%, SE = 12, n = 5) compared to those on karst (mean = 31%, SE =5,
n = 5) and volcanic substrates (mean = 26%, SE = 4, n = 7). The S. campanulata forests
in this study follow the same trend (Fig. 4; “Appendix”).

Composition of tree size classes

Our hypothesis about the change in species composition through tree size classes is sup-
ported. When comparing large, small, and juvenile tree size class species richness and
composition, it is evident species dispersed from elsewhere are becoming established in
S. campanulata forests (Fig. 2; “Appendix”). It is also evident that native species are much
more common than introduced ones in the small and juvenile tree size classes and that
S. campanulata composes a minor part of the juvenile tree community (Figs. 3, 4). The
degree to which this is true varied with substrate type. The lower species richness and high
dominance of S. campanulata in the large tree size class of alluvial sites contrasts to their
juvenile tree species richness which equaled that of forests on karst and volcanic substrates.
This result highlights the role of seed sources and dispersal vectors. Higher species rich-
ness and lower dominance of S. campanulata in the large tree size class of karst and
volcanic sites is related to the interaction of past land use with substrate type as discussed
below. However, land use history has not impeded these sites from being invaded by native
species that produce compositional differences akin to native forest types and this is clearly
evident in the juvenile tree size class (Fig. 5).

Past land use and substrate

Although the volcanic region was used extensively for agriculture and grazing, remnant
forest in places of difficult access (i.e., steep slopes, ridges) harbored and served as sources
of native species (Figueroa Colén 1996; Helmer 2004). Likewise, studies of secondary
forests on karst show most human disturbance occurred in depressions leaving the drier and
inaccessible ridges and hilltops forested (Chinea 1980; Aukema et al. 2007). Higher
species richness in the large tree size class of karst and volcanic sites results from remnant
trees acting as perches for dispersers and nearby marginal vegetation serving as seed
sources earlier during forest development compared to alluvial sites were intensive sugar
cane harvesting eliminated such (Wadsworth 1950; McClanahan and Wolfe 1993).
Lower global species richness on alluvial sites can be of product of land use history and
periodic flooding. Wood extraction and sugar cane harvesting extirpated the species native
of alluvial old growth forests (Wadsworth 1950). Land use history limits species richness
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in similar riparian alluvial secondary forests (Chinea 2002; Martin et al. 2004). Periodic
flooding can also limit species richness on alluvial sites by mortality of flood intolerant
species (Abelleira and Lugo 2008). For example, juvenile density on two floodable alluvial
sites was lower than on other sites (6,300 and 4,200 trees/ha at Cibuco I and Paso del Indio,
respectively; Fig. 1; Table 1).

The species composition of karst and volcanic sites reflects land use history through
introduced trees planted by farmers. For example, Citrus paradisi (grapefruit), Musa
sapientum (banana and plantain varieties), and Persea americana (avocado) on karst and
volcanic sites, and Coffea arabica (coffee) on volcanic sites. The introduced tree species
found on alluvial sites did not include any agricultural remnants because of complete
clearing of vegetation during sugar cane harvesting and instead included trees planted for
ornament or shade such as Delonix regia or Terminalia catappa, or other invaders of
disturbed land such as Albizia procera and Cassia siamea. The legacy of previous land use
practices upon species composition was most evident at Adjuntas (Fig. 1) were all species
previously denoted as agricultural remnants were present and were both S. campanulata
and G. guidonia co-dominated the large tree size class. Large G. guidonia trees were used
for coffee shade which allowed the dominance of this species to remain throughout and
after use. Other species associated to shade coffee on this site are Inga vera, Inga laurina,
and Erythrina poepiggiana. Native species were also found in the large tree size class at
this and the other volcanic and karst sites including Cecropia schreberiana, Cinnamomum
elongatum, R. borinquena, Tetragastris balsamifera, Thouinia striata, and Zanthoxylum
martinicense. Those and other native species were mostly absent in the large tree size class
of alluvial sites.

We believe the higher IV of S. campanulata on alluvial sites is the product of a smaller
number of species available for initial establishment due to historical factors combined
with better growth conditions for S. campanulata (Fig. 4; Hall et al. 1992). The latter is
also suggested by the positive, although non-significant, relationship of S. campanulata
basal area to the number of trees per site (¥ = 0.30, P = 0.12). Alluvial sites are at the
high end of this relationship and volcanic sites at the low end. Lack of remnant trees due to
sugar cane harvesting, a relatively constant water supply from river inputs and high soil
fertility on alluvial sites can produce better growth conditions for light, water and nutrient
demanding invasive trees such as S. campanulata (Funk and Vitousek 2007).

Conclusion

The juvenile tree species community that is becoming established in the S. campanulata
forests of northcentral Puerto Rico corresponds to geological substrate type (Fig. 5). An
alternate explanation could be that species composition is responding to the location of
sites in the landscape (Fig. 1). The relative effect of these and other variables is currently
being investigated in another study. In any case, our results are strong evidence that these
novel forests are not conducing to but rather deterring biotic homogenization by catalyzing
the establishment of native tree species that can result in diverging successional trajectories
in otherwise deforested lands. It appears that S. campanulata’s invasion process, although
affected by substrate and land use history, results in forests of similar structure. However,
the juvenile tree species composition of these novel forests shows differences strongly akin
to those that occur in native forests mixed with some introduced species associated to
previous land use.
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We found that contrary to S. campanulata, native species dominate de juvenile tree
communities of these novel forests. This contrasts to other studies that have found native
species establishment to be inhibited in novel forest stands dominated by introduced
species (Lichstein et al. 2004; Pratt et al. 2005; Mascaro et al. 2008). Our study shows that
the ecological value of novel forests dominated by this introduced species in Puerto Rico is
not less than that of other secondary forests when it comes to mitigating anthropogenic
land cover change by native species restoration in abandoned agricultural and grazing
lands. Since most native species are incapable of growing in degraded and abandoned
lands, the ecological value of S. campanulata forests should not be overlooked (Aide et al.
2000). Planning and management decisions involving these novel forests should consider
S. campanulata’s successional character and its value in restoring native species at
deforested and degraded sites.
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Appendix

See Table 2.

Table 2 Importance value (IV) of species in large and small (L and S, >10 and >2.5 <10 cm diameter at
breast height [DBH], respectively), and juvenile (J, <2.5 cm DBH) tree size classes found in Spathodea
campanulata forests of different geological substrate types

Tree species Size class Alluvial Karst Volcanic
IV (%) 1V (%) IV (%)

Spathodea campanulata™ LS 82.8 64.1 41.6

J 11.2 5.2 1.1
Terminalia catappa* LS 33 - -

J 2.3 0.4 -
Casearia guianensis LS 3.1 1.0 2.2

J 5.1 2.8 4.6
Guarea guidonia LS 2.5 5.8 22.4

J 14.1 12.9 24.9
Cassia siamea* LS 1.8 0.2 -
Albizia procera* L 1.6 - -
Calophyllum calaba LS 0.8 0.5 -

J 104 7.2 -
Spondias mombin LS 0.6 - 0.8

J 1.1 - -
Thespesia grandiflora™* LS 0.5 0.4 -

J 1.1 1.9 -
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Table 2 continued

Tree species Size class Alluvial Karst Volcanic
1V (%) 1V (%) IV (%)
Casearia decandra S 0.5 1.3 -
J 1.1 1.8 -
Casearia sylvestris S 0.5 5.4 32
J 2.3 3.1 39
Zanthoxylum martinicense LS 0.3 0.9 0.5
J - 0.2 -
Cordia laevigata S 0.3 - -
J - 0.7 -
Erythrina poeppigiana* LS 0.3 - 0.7
Bucida buceras S 0.3 - -
J 1.1 - -
Cupania americana S 0.3 0.2 0.4
J 1.6 4.1 34
Ocotea coriacea S 0.3 0.7 -
J 39 6.3 0.5
Eugenia biflora S 0.3 0.4 0.9
J 1.1 25 3.1
Roystonea borinquena** LS - 52 0.9
J 32 2.0 -
Andira inermis LS - 3.0 4.0
J 26.6 8.7 8.6
Cinamomum elongatum LS - 1.6 0.8
J 0.6 3.4 1.1
Tetrazygia elaeagnoides LS - 1.5 -
Persea americana* LS - 1.3 0.6
Musa sapientum* LS - 0.8 1.6
J - 0.4 -
Thouinia striata** S - 0.7 -
J - 4.9 -
Guettarda scabra S - 0.6 -
J 0.5 0.2 -
Ardisia obovata S - 0.6 -
J - 6.1 -
Citrus paradisi* LS - 0.5 0.4
Tabebuia heterophylla S - 0.4 -
J - 2.6 -
Syzygium jambos* LS - 0.4 2.1
J 0.5 5.8 12.6
Dendropanax arboreus LS - 0.4 0.6
J - 0.3 0.5
Randia aculeata S - 0.4 -
J - 1.6 -
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Table 2 continued
Tree species Size class Alluvial Karst Volcanic
IV (%) IV (%) IV (%)
Vitex divaricata L - 0.2 -
Ceiba pentandra L - 0.2 -
Citharexylum fruticossum L - 0.2 -
Chrysophyllum argenteum LS - 0.2 0.2
J - 1.2 -
Piper amalago S - 0.2 -
J - 0.2 -
Inga vera LS - 0.2 1.9
J - - 2.2
Guettarda ovalifolia S - 0.2 -
Ocotea leucoxylon LS - - 4.2
J - - 29
Tetragastris balsamifera LS - - 3.0
J - - 47
Inga laurina LS - - 2.1
J 1.1 - 39
Cecropia scheberiana L - - 1.6
Urera baccifera S - - 1.2
Coffea arabica* S - - 0.7
J - - 5.0
Guapira fragrans S - - 0.6
Quararibea turbinata S - - 0.2
J - - 1.1
Trichilia pallida S - - 0.2
J - 0.9 1.0
Sheflera morototoni S - - 0.2
Piper aduncum S - - 0.2
J - - 6.4
Cordia sulcata S - - 0.2
Meliococcus bijugatus™ J 4.5 2.0 -
Erythroxylon brevipes J 2.6 0.9 0.5
Psidium guajava* J 1.1 - -
Delonix regia* J 1.0 - -
Eugenia monticola J 0.6 1.4 -
Cochlospermum vitifolium* J 0.6 - -
Leucaena leucocephala* J 0.5 0.4 -
Psychotria nervosa J - 1.8 -
Gesneria pedunculosa™* J - 0.8 -
Tecoma stans* J - 0.8 -
Exothea paniculata J - 0.7 -
Comocladia glabra J - 0.5 -
Cestrum macrophyllum J - 0.5 -
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Table 2 continued

Tree species Size class Alluvial Karst Volcanic
IV (%) IV (%) IV (%)

Miconia tetrandra J - 0.4 -
Samyda dodecandra J - 0.4 -
Clusia rosea J - 0.4 -
Ficus citrifolia J - 0.4 -
Daphnopsis americana J - 0.3 -
Heterotrichum cymosum** J - 0.3 -
Coccoloba diversifolia J - 0.2 -
Parathesis crenulata J - 0.2 -
Miconia impetiolaris J - - 2.3
Miconia prasina J - - 1.8
Faramea occidentalis J - - 1.6
Capparis baducca J - - 1.0
Anona muricata® J - - 0.5
Buchenavia capitata J - - 0.5
Drypetes glauca J - - 0.5

The data are based on three sites per substrate, 20 point-quarters per site for each L and S tree size class,
respectively, and four 25 m? plots per site for the J tree size class. Species IV’s reported for the L and S tree
size classes are based on data sets including both size classes combined but the size class reported corre-
sponds to those in which the species was present (IV # 0). Species are IV rank-ordered by substrate
following those that occurred in the L and S tree size classes and then by those occurring only in the J tree
size class

* Introduced species

** Endemic species
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