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Abstract Urban environments generally have reduced biodiversity, nevertheless they

may contribute to biodiversity conservation. The presence of epiphytes on urban trees

indicates viability of urban areas as repositories of biodiversity; however the influence of

biophysical and local habitat variables on the occurrence and diversity of epiphytes on

urban trees has not been studied. Epiphytes were surveyed on 1170 roadside Albizia saman

trees along 39 roads in the tropical city-state of Singapore. Eighty-seven percent of trees

were host to at least one epiphyte species. A total of 51 epiphyte species were encountered,

33 of which were native and represented one-third of Singapore’s 113 extant native epi-

phyte species. Generalized linear mixed models revealed that at the tree level, DBH, fork

structure (branch multiplicity), and distance of the host tree from nearest forest patch were

associated with epiphyte richness, whereas at the road level, surrounding habitat type, fork

structure, and average tree height were associated with epiphyte diversity (Simpson’s

reciprocal index [1/k]). Canonical correspondence analysis showed that the presence of a

species was often influenced by a single factor rather than multiple factors, e.g. distance to

forest, host tree trunk diameter or height, or host tree branching complexity. This study

suggests that an understanding of native epiphytes’ dispersal syndrome, the preservation of

forest remnants, and protection of trees—especially large and tall trees exhibiting complex

architecture—are crucial for epiphyte conservation in highly urbanized environments.
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Introduction

Globally, urban areas are becoming more prevalent (Lumsden and Bennett 2005; Sudha

and Ravindranath 2000), and urbanization—along with habitat loss—is a major factor

contributing to the rapid loss of biodiversity throughout the world (Groombridge and

Jenkins 2002). Yet although urban environments tend to have reduced biodiversity com-

pared to natural forest habitats, these areas may contribute to biodiversity conservation

(Alvey 2006; Angold et al. 2006; Cornelis and Hermy 2004; Goddard et al. 2010), espe-

cially if the urban landscape maintains forest fragments (e.g. secondary forest, urban

parks), which may be viable repositories of biodiversity (Alvey 2006; Angold et al. 2006).

Outside of remnant forested patches in urban landscapes, roadside trees may provide

opportunities for maintenance of biodiversity, such as by providing corridors for animal

movements, nesting or roosting sites, or substrate for epiphyte growth. Indeed, planting and

maintenance of trees might be the sole option for the conservation of local biota in urban

areas (Yasuda and Koike 2009). Although ecological conditions of roadside trees differ

from that of forest trees (e.g. temperature, humidity), a few studies have shown that diverse

epiphyte and arthropod communities can colonize urban host trees (Wee 1978; Yasuda and

Koike 2009). In particular, promoting epiphyte diversity on urban trees is critical because

epiphytes provide microhabitats for fauna (Scheffers et al. 2013; Stuntz et al. 2002);

therefore, maximizing epiphyte diversity could have cascading positive effects to animal

taxa as well.

Epiphytes are adversely affected by deforestation and urbanization but may also be

amenable to conservation in urban landscapes. Epiphyte decline is particularly common-

place in tropical cities such as Singapore, a highly urbanized city state that has lost 62 % of

its original 297 native epiphyte species since the 1900s (Turner et al. 1994). Like most

cities, the extent and density of urban areas in Singapore is expected to increase with

population growth, suggesting even greater pressure on biodiversity in the future.

Despite its focus on economic development and concomitant urbanization, the gov-

ernment of Singapore extensively plants roadside trees (one of the taglines for Singapore is

‘‘City in a Garden’’; Ministry of National Development 2008). The most widely planted

roadside tree in Singapore is Albizia saman (Tan et al. 2009), which is native to South

America and was first planted in Singapore in 1876 (Burkill 1935). The wide, umbrella-

shaped crown of A. saman provides excellent shade, whereas distinctive characteristics

such as flaky bark and leaf-free inner branches allow rain trees to be favourable host trees

for epiphyte colonization. Two previous local surveys on urban epiphytes (Wee 1978;

Yoon 2011) have shown that A. saman tends to harbour more epiphyte species than other

roadside tree species, highlighting it as a potentially valuable roadside tree for the con-

servation of urban epiphytes.

Very little research has been conducted on epiphyte diversity of roadside trees in

Singapore, or in the tropics more broadly (see Barkat 1968; Wee 1978; Yoon 2011).

Critically, it is even less clear what factors may affect the distribution of epiphyte diversity

in urban settings. Examples of potential factors include the host tree size and morphology

(e.g. number of branches), the distance to forest remnants, and the dispersal syndrome of

epiphyte species. In this study, we describe the vascular epiphyte diversity on roadside A.
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saman trees, and investigate the influence of biophysical variables on epiphyte diversity

and distribution on the tropical island of Singapore. Understanding the capacity of urban

trees to promote urban epiphyte diversity, as well as the factors mitigating it, is important

for biodiversity conservation and management in the urban landscape.

Materials and methods

Study design and field surveys

Through collaboration with Singapore’s National Parks Board, we developed a list of all

roads having roadside A. saman trees. From that list, 57 roads were randomly selected and

visited, or inspected on GoogleTM Street View. A survey site was preliminarily mapped by

randomly positioning a starting point on the road, along with a direction for the roadside

survey. Each site was classified according to adjacent land use—either urban, grassland, or

secondary forest—by determining the land use composition comprising[50 % of the area

within octagons of *200 m in diameter around each site, drawn in GoogleTM Earth

(Fig. 1). Land use categorization was based upon physical attributes of the area: ‘‘urban’’

consisted of man-made structures (e.g. buildings), ‘‘grassland’’ was an open area of

manicured turf grass, possibly fringed with trees or shrubs, and ‘‘secondary forest’’ in-

cluded patches of lowland tropical forest or young secondary forest on previously cleared

or degraded land, or urban parks dominated by trees (Yee et al. 2011). Thereafter, 13

roadsides were randomly selected for each surrounding habitat type; altogether, 39 roads

were selected for study (Fig. 2).

At each site, 30 trees were surveyed, 15 on each side of the road. Systematic obser-

vations of vascular epiphytes were conducted on each A. saman tree from base to crown

with binoculars. A species list was created for each focal tree. Species identification was

accomplished in the field for majority of the epiphytes; for a few individuals (�10) in the

genus Ficus, temporary voucher leaves were collected and the species confirmed with the

aid of field guides (Boo et al. 2006; National Parks Board 2013). All epiphytes were

recorded and classified based on type (see Benzing 2008): true (possessing specialized

physical and physiological adaptations to survive under canopy conditions), facultative

(able to inhabit the ground or tree canopy interchangeably), accidental (terrestrial species

lacking unique modifications for canopy life but having germinated on the host tree),

Fig. 1 Examples illustrating the surrounding habitat type classification of roadsides. The habitat types
shown are (from left) urban (Gul Road), grassland (Boon Keng Road), and secondary forest (Orchard
Boulevard). All polygons were 200 m in diameter (polygon diameters shown are to scale)
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parasitic (exclusively mistletoes), and hemiepiphyte (germinating on the tree but eventu-

ally rooting in the ground). Although ground-based techniques may underestimate the

epiphyte species richness in forested environments (Flores-Palacios and Garcı́a-Franco

2006), detection probability in an urban setting is assumed to be high because roadside A.

saman have a single-layer configuration, and the trees tended to be only 15–20 m tall. The

survey excluded trees that were known to harbour artificially-planted epiphytes (Yam et al.

2011), those with a stem diameter of less than 30 cm (considered too young to harbour any

epiphyte; Wee 1978), or which were recently pruned. The location of every rain tree was

recorded using a Garmin� GPSMAP 60CSx GPS. In total, 1170 host trees were surveyed

during this study.

Tree characteristic data included DBH (measured with a diameter tape, at 1.3 m above

the base), height (estimated using the Suunto� PM-5 clinometer), angle between two

primary branches (largest angle of main fork, estimated using a protractor), and number of

primary branches (fork structure). The distance of host trees from nearest forest vegetation

and nearest distance between host trees on the same road were measured in GoogleTM

Earth.

Data analyses

All analyses were conducted using occurrence data. The nonparametric diversity estimator

Chao2 (Chao 1987) was used to estimate the species richness of the aggregated tree data

set. For each host tree, species richness was taken as the total number of epiphyte species

observed. We also assessed diversity at the road (site) level using Simpson’s reciprocal

Fig. 2 Map of Singapore showing all 39 study sites according to surrounding habitat type
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index (1/k), which was computed based on the species occurrence on all host trees at that

site combined (Kersten et al. 2009).

To evaluate the influence of surrounding habitat types and biophysical factors on epi-

phyte diversity, we conducted the analyses at two scales: (1) individual host tree (i.e. the

tree as the unit of replication) and (2) road (i.e. the road as the unit of replication). Tree-

level epiphyte richness was modelled by fitting generalized linear mixed models (GLMMs;

McCullagh and Nelder 1989), which were fitted using the Poisson distribution with a

log link function, with road as a random effect. For road-level analysis, the models were

fitted using the Gaussian distribution with an identity link function; the predictors were the

average values across all 30 trees, and the response variable was Simpson’s reciprocal

index (1/k). The normality of the Simpson’s reciprocal index was verified by means of

Kolmogorov-Smirnov and Shapiro-Wilk tests. The predictors (fixed effects) for both

GLMMs were DBH, height, largest angle of main fork, fork structure, distance of host tree

from nearest vegetation, nearest distance between host trees, and surrounding habitat type.

The Akaike Information Criterion was used for model comparison and step-wise simpli-

fication. Spearman’s correlation tests were consequently carried out to illustrate the effects

of the statistically significant predictors.

Canonical correspondence analysis (CCA; ter Braak 1986) was used to illustrate the

principal relationships between epiphyte species and each biophysical factor. CCA applies

an iterative approach involving multiple regression to select the linear combination of

biophysical factors that explain variation in the species ordination score of each axis. The

vectors in the biplot point towards the direction of maximal value change in biophysical

factors with the vector lengths representing maximum rate of change (Gabriel and Odoroff

1990; ter Braak and Verdonschot 1995).

All analyses were done using IBM SPSS Statistics Version 20 except for the diversity

estimator test (Chao2) and CCA, which were conducted using PAST Version 2.16

(Hammer et al. 2001).

Fig. 3 Number of host trees with their corresponding species richness and surrounding habitat type
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Results

Overall, a total of 3937 epiphyte occurrences (species presence) were tallied on 1170

roadside A. saman trees. Most of the surveyed trees (87 %) had at least one epiphyte

species (mean = 3.4 ± 2.3 species/tree), ranging from 0 to 11 (Fig. 3). The occurrence

Table 1 List of epiphyte species with[10 occurrences ranked in order of relative occurrence (across all
trees, n = 1170)

Species Occurrence Rel. occ. Rel. freq.

SF G U

Davallia denticulata 324 238 225 20 67.3

Asplenium nidus 331 205 123 16.7 56.3

Pyrrosia piloselloides 247 158 120 13.3 44.9

Pyrrosia longifolia 229 137 80 11.3 38.1

Vittaria ensiformis 199 50 30 7.1 23.9

Dendrobium crumenatum 167 64 36 6.8 22.8

Ficus microcarpa 67 62 88 5.5 18.6

Ficus benjaminaa 45 43 42 3.3 11.1

Dendrophthoe pentandra 18 60 49 3.2 10.9

Nephrolepis auriculataa 28 9 19 1.4 4.8

Drynaria quercifolia 53 1 1 1.4 4.7

Dischidia major 0 48 0 1.2 4.1

Phymatosorus scolopendria 37 0 1 1 3.3

Drynaria sparsisora 24 3 4 0.8 2.7

Microsorum punctatum 24 2 0 0.7 2.2

Ptychosperma marcathuriib 3 14 7 0.6 2.1

Pyrrosia lanceolata 15 1 4 0.5 1.7

Vittaria elongata 19 1 0 0.5 1.7

Nephrolepis acutifoliac 10 4 4 0.5 1.5

Goniophlebium percussumd 16 1 0 0.4 1.5

Ficus religiosab 3 6 7 0.4 1.4

Ficus fistulosa 9 3 2 0.4 1.2

Platycerium coronarium 6 4 2 0.3 1

Asystasia gangetica ssp. micranthab 5 0 6 0.3 0.9

Dischidia nummularia 4 6 1 0.3 0.9

Ficus caulocarpa 2 9 0 0.3 0.9

Full list of the species included in Appendix Table S1. Occurrence refers to the number of trees on which
that species was found; occurrence is shown for each habitat types: secondary forest (SF), grassland (G),
urban (U). Relative occurrence (Rel. occ.) is the percentage of all occurrences across all species accounted
for by that species. Relative frequency (Rel. freq.) is the percent of all 1170 trees on which that species was
found. Statuses of epiphyte species
a WUO = weed of uncertain origin
b Naturalized
c Endangered
d Vulnerable (Chong et al. 2009)
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record contained 26 families, 36 genera, and 51 vascular species (Appendix Table S1); 18

species were accidental epiphytes. The remaining 33 (non-accidental) epiphyte species

represent 29 % of Singapore’s 113 extant non-accidental epiphyte species (Chong et al.

2009). Moraceae and Polypodiaceae were the most speciose families with nine species

each. The 12 most common species made up 91 % of the total observation frequency

(Table 1). Davallia denticulata had the highest relative occurrence, followed by Asplenium

nidus, and Pyrrosia piloselloides. There were twice as many angiosperm species (71 %)

observed as pteridophyte species (29 %). Most roadside epiphytes were native (59 %)

whereas exotics and weeds of uncertain origin (WUO) accounted for 33 and 8 % of the

epiphyte species respectively (Appendix Table S1). There was also an equal number of true

and accidental epiphytes species observed (18 species), nine facultative epiphytes, five

hemiepiphytes, and one parasitic epiphyte. Predominantly arboreal epiphytes (true

Fig. 4 Relationships between epiphyte species richness and a DBH b fork structure c distance of host tree
from nearest vegetation and between epiphyte species diversity and d average height of host tree. Results
from Spearman’s correlation tests are indicated
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epiphytes, facultative epiphytes, hemiepiphytes, and parasitic epiphytes) had higher spe-

cies richness (71 %) and occurrence (96 %) as compared to accidental epiphytes (29; 4 %).

The overall species richness was 51 (RichnessChao2 = 48.7 ± 2.6) and with urban = 35

species (RichnessChao2 = 33.2 ± 5.6), grassland = 31 (RichnessChao2 = 33.3 ± 3.3) and

secondary forest = 41 (RichnessChao2 = 40.4 ± 8.3). The similar estimates of species

richness generated by Chao2 diversity estimator suggested that our sample size (n = 1170)

was sufficient to capture the vast majority of species on urban A. saman trees. Secondary

forest roads had the highest epiphyte species occurrence (Occurrencesecondary = 1916;

Occurrencegrassland = 1143; Occurrenceurban = 878), and diversity (1/ksecondary =
7.7 ± 1.6; 1/kgrassland = 6.4 ± 1.0; 1/kurban = 5.3 ± 1.2; ANOVA, F(2,36) = 11.47,

P\ 0.001). These diversity trends held true when considering only native species: richness

was highest in secondary forest roads (Richness = 27 ± 2.4), as compared to grassland

(Richness = 22 ± 2.8) and urban (Richness = 19 ± 3.0; Kruskal-Wallis test, H = 7.706,

df = 2, P\ 0.05). Post-hoc pairwise comparisons between habitat types indicated that the

native species occurrence was statistically higher in secondary forest as compared to urban

(H = 6.501, df = 1, P\ 0.05), but not grassland (H = 3.207, df = 1, P = 0.073). There

was also a significant difference between the overall occurrence of native and non-native

species (Mann-Whitney test, U = 179, P\ 0.001).

The tree-level GLMMs revealed that DBH, fork structure, and distance of host tree from

nearest vegetation corresponded to overall epiphyte species richness (Table 2). Sur-

rounding habitat type was not predictive of epiphyte species richness at the tree level.

Univariate correlations demonstrated the relationship between species richness and DBH

(r = 0.584, P\ 0.001), number of branches (r = 0.183, P\ 0.001), and distance of host

tree from nearest forest vegetation (r = - 0.551, P\ 0.001) (Fig. 4). Host trees with

DBH\40 cm had no more than five epiphyte species. Of particular note is that there was a

linear decline in the maximum number of species found on host trees as a function of

distance from forest.

Road-level GLMMs revealed that surrounding habitat type, average fork structure, and

average height of host trees were predictive of overall epiphyte species diversity (Table 2).

Table 2 Results of generalized linear mixed models illustrating the biophysical factors which were in-
fluential predictors of epiphyte species richness at the tree and road level

Biophysical factors Estimate SE P value

Tree-level richness

Intercept 2.39 1.27 \0.001

DBH 1.03 1.00 \0.001

Fork structure 1.14 1.04 \0.001

Distance of host tree from nearest vegetation -1.00 1.00 \0.001

Road-level diversity (Simpson’s reciprocal index [1/k])

Intercept -1.29 1.75 0.47

Surrounding habitat type – – 0.015

Average fork structure 1.39 0.52 0.011

Average height 0.20 0.06 0.002

Tree- and road-level GLMMs were fitted using the Poisson distribution with a log link function and the
Gaussian distribution with an identity link function respectively
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A positive correlation was observed between species diversity and the average height of

host trees at a site (r = 0.525, P\ 0.01; Fig. 4).

CCA revealed that several species distributions were influenced by biophysical pa-

rameters. Dendrophthoe pentandra (a parasite), Ptychosperma marcathurii (an accidental

epiphyte), Ficus religiosa, Ficus microcarpa, and Ficus benjamina were more likely to

occur at roadsides situated closer to forest (Fig. 5). Pyrrosia lanceolata tended to occur on

trees with greater DBH, and Asplenium nidus was found on host trees with greater

branching complexity (number of branches). Occurrence of the ferns Drynaria quercifolia,

Drynaria sparsisora, and Goniophlebium percussum was positively associated with host

tree height (Fig. 5).

Fig. 5 Canonical correspondence analysis plot illustrating associations between biophysical factors and
occurrence of different epiphyte species. Only species with occurrence [10 were included. All species
names were abbreviated for better diagrammatic clarity e.g. A. nid = Asplenium nidus, P. lan = Pyrrosia
lanceolata, D. pen = Dendrophthoe pentandra, P. mar = Ptychosperma marcathurii, F. rel = Ficus
religiosa, F. mic = Ficus microcarpa, F. ben = Ficus benjamina, D. que = Drynaria quercifolia, D.
spa = Drynaria sparsisora, G. per = Goniophlebium percussum
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Discussion

Roadside trees as viable epiphyte repositories

Singapore is one of the world’s most modified countries (Sodhi et al. 2004), having lost

more than 99 % of its original forest cover (Corlett 1992). So in this regard, Singapore is

an extreme example of habitat loss requiring novel urban solutions for biodiversity con-

servation. Addressing this need, Singapore also has an extensive network of roadside trees,

having planted 660,000 trees in public areas (one tree to every four persons) by the 1980s

(Yuen 1996). So in this way, Singapore can be a model case study. This study found that

most A. saman roadside trees had epiphyte colonization. Furthermore, epiphytes found on

roadside A. saman accounted for one-third of Singapore’s extant, and primarily native,

epiphyte species. Therefore, although roadside tree communities are likely to be depau-

perate in comparison with forested systems, our results suggest that roadside trees may

indeed serve as a foundation to conserve biodiversity even in highly urbanized landscapes.

It is imperative for potential roadside trees to possess desirable structural characteristics;

this consideration may enhance the epiphyte diversity in non-forested environments.

Tree architecture

Tree architecture—diameter, branching complexity, and height—was associated with

epiphyte diversity. In general, DBH is positively associated with tree age (Cummings et al.

2006; Etisa 2010). Trees with larger DBH will have greater surface area than smaller,

younger ones, allowing for greater diaspore interception and epiphyte colonization

(Benzing 2004; Flores-Palacios and Garcı́a-Franco 2006; Zotz and Vollrath 2003). Thus,

the likelihood of trees accumulating more species will increase over time (Cummings et al.

2006; Etisa 2010; Zotz 1997). Host trees may also have complex multiple branches of

different sizes, with variable nooks and crevices. It is important to note that branch mul-

tiplicity is not necessarily associated with age and may be dependent on the tree species,

architectural modifications such as natural or artificial pruning, or by virtue of the fact that

the trees are growing in open conditions compared with forest counterparts. These struc-

tural complexities tend to form bases which provide mechanical support, facilitate accu-

mulation of water, dead leaves, and dust (Mojiol et al. 2009; ter Steege and Cornelissen

1989; Wee 1978), and reduce desiccation (Kersten et al. 2009). These characteristics may

also provide various microhabitats for epiphytes (Annaselvam and Parthasarathy 2001;

Sillett 1999) and encourage epiphyte colonization and growth, particularly for large-

growing and heavy species which require large spaces for sturdy support (e.g. Asplenium

nidus). Several previous studies have shown a positive relationship between tree height and

epiphyte diversity (Flores-Palacios and Garcı́a-Franco 2006; Laube and Zotz 2006; Malizia

2003; Zimmerman and Olmsted 1992). However, unlike trunk diameter which increases

indeterminately, tree heights does not; maximum height is mainly constrained by water

transport mechanisms within the xylem or habitat stress (Koch et al. 2004; Thomas 1996).

Nevertheless, this positive relationship may reflect the vertically stratified epiphyte dis-

tribution (ter Steege and Cornelissen 1989; Zotz 2007), resulting from greater microclimate

and microhabitat heterogeneity on taller trees (Bennett 1986; Hsu et al. 2002; Nadkarni

1994). For example, while complex branching may provide adequate moisture conditions,

tall trees may provide more exposed crowns (Flores-Palacios and Garcı́a-Franco 2006)

which offer higher light (Benzing 2004) and xeric conditions (Benzing 2008). These
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conditions might provide opportunities for drought tolerant species, such as the CAM-

plants Drynaria quercifolia, Drynaria sparsisora, and Goniophlebium percussum, to

colonize niches which are more exposed (Hsu et al. 2002). Overall, our results suggest that

large, tall, and structurally complex trees in urban landscapes are more suitable repositories

for biodiversity than small, short, and structurally simple trees. In extension, such trees will

be expected to serve as sources of diaspores for adjoining host trees, thus enhancing

connectivity.

Conservation of forest fragments

The surrounding land use influenced host tree epiphyte richness and diversity; this cor-

roborates previous studies that have investigated the land use–epiphyte diversity rela-

tionship in natural systems (Belinchón et al. 2007; Etisa 2010; Flores-Palacios and Garcı́a-

Franco 2008; Hietz et al. 2006; Hietz-Seifert et al. 1995). Importantly, sites near secondary

forest exhibited the highest species richness, and the largest proportion of epiphytes being

of native origin. This trend indicates that nearby secondary forest patches may be effective

diaspore sources for the colonization of native epiphytes on roadside host trees. In contrast,

sites without any nearby vegetation (urban) had both the lowest epiphyte diversity and the

highest proportion of non-native species occurrence. For example, the non-native epiphytes

Bergera koenigii, Cleome rutidosperma, Ficus celebensis, and Mimosa pudica were found

exclusively on roadsides in the ‘‘urban’’ habitat. These species are planted in local gardens

and greeneries (Boo et al. 2006) and can only be found under direct human care (Chong

et al. 2009). Thus, the results suggest that even small patches of native vegetation may be

important repositories of diaspores; yet the maintenance of larger, secondary (or primary)

forest patches across an urban landscape may be crucial to maximize the potential for

native epiphyte communities to persist in highly urbanized ecosystems.

Further evidence of the crucial nature of remnant vegetation on roadside epiphyte

diversity is that species richness declined as a function of distance from the nearest forested

patch (see also Hietz-Seifert et al. 1995). Notably, zoochoric epiphytes appeared to be

strongly distance-dependent; Dendrophthoe pentandra, Ficus religiosa, Ficus microcarpa,

Ficus benjamina, and Ptychosperma marcathurii were more likely to be found on road-

sides nearer to forested areas. This suggests that the positive influence of forest patches on

epiphyte diversity in urban areas is spatially limited (Hietz-Seifert et al. 1995) and may

extend beyond dispersion (e.g. ambient temperature and humidity). This notion highlights

the need for urban planning to consider the inter-patch distance if urban roadside biodi-

versity is to be maintained. Further, the potential for large, tall, and complex trees (dis-

cussed above) to serve as corridors between remnant forest patches in highly urbanized

landscapes should be addressed with future research.

Dispersal syndrome and circa situm conservation

The negative correlation between epiphyte diversity and distance to nearest forest

vegetation suggests varying levels of dispersal limitation among epiphyte species. The

dispersal syndrome of epiphytes may therefore be a contributing factor in determining

epiphyte occurrence across the urban landscape. Although the angiosperm epiphyte rich-

ness was twice of pteridophytes’, ferns exhibited greater occurrence and comprised the top

five most common species overall. This may be explained by the extensive and frequent

long distance wind dispersal of dust-like spores of pteridophytes (Caulton et al. 2000).

Unlike ferns, however, the wind-dispersed orchids showed low occurrence and diversity. In
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the case of orchids, the specialized habitat requirements may explain their low occurrences.

For example, orchids typically require specific pollinators for cross-pollination (Pemberton

2010; Vereecken et al. 2010) and fungal symbionts for both germination and growth

(Hartley and Smith 1983); the availability of these conditions may vary widely in the urban

environment. In contrast, the lower occurrence among animal-dispersed taxa may be an

indication of stronger constraints to zoochorous species distributions in urban landscapes.

One exception may be the family Moraceae, which was the most diverse group of vascular

epiphytes in this study. Previous work has highlighted the success of some fig species in

urban areas (Corlett 2006), mainly owing to dispersal by cosmopolitan and disturbance-

tolerant fauna such as the Asian glossy starling (Aplonis panayensis) and the plantain

squirrel (Callosciurus notatus; Peh and Chong 2003), complemented by fleshy stem tubers

for water-storage and utilization of nitrates as osmotic compounds to counter the effects of

water stress (Schmidt and Tracey 2006). These advantageous life history traits may allow

Ficus spp. to establish and survive in water-limited sites such as tree canopies and even

hard structures such as pavement and buildings (Mun 2004; Wee 1992). The introduction

of poorly-dispersed native epiphyte families/species with suitable traits (e.g. Orchidaceae)

on roadside habitats may be a viable option to increase epiphyte diversity in urban habitats,

primarily roadsides.

Circa situm conservation (‘‘farmer-based conservation’’) is a term that has been used to

discern the contrasting circumstances of conservation within modified agricultural land-

scapes (e.g. home gardens, agroforestry systems) outside natural habitats but within a

species’ native geographical range (Boshier et al. 2004). As illustrated in this study, this

concept could be applied to the urban context. For example, Asplenium nidus is known to

serve as habitats for several species of arboreal frogs (Scheffers et al. 2013). Also, the

success of some fig species (e.g. Ficus microcarpa) in urban areas (Corlett 2006) may be

ascribed to their mutualistic pollinators, fig wasps (Cook and Rasplus 2003), and dispersers

such as the plantain squirrel (Callosciurus notatus; Peh and Chong 2003). Thus, the suc-

cessful colonization of these native epiphytes in urban environments may not only improve

their gene flow, it may also help maintain populations of epiphyte-dependent fauna,

especially pollinators and dispersers.

Conclusions

This study supports three conclusions for the conservation of epiphyte diversity in highly

urbanized systems. First is that the remnant forest vegetation is crucial to serve as a source

for (re-)colonization of epiphytes on planted roadside trees. In Singapore, for example,

forest patches include both mature and degraded secondary forest. Indeed whereas this

study could not evaluate the relative effectiveness of mature versus degraded secondary

forest as a diaspore source, it is clear based on our analysis that some form of forest is

better than none. We would expect that mature forest would be a far superior source than

degraded secondary forest, and future research could address such a hypothesis. Urban

planning that incorporates biodiversity should consider maintaining large patches of native

vegetation spaced at appropriate intervals that would increase the likelihood of roadside

colonization by epiphytes and potentially, other species.

Second is that several tree architecture traits (DBH, height, branch complexity) corre-

sponded to higher epiphyte diversity. It is thus apparent that protecting old, tall, and

structurally complex trees is an essential component of urban biodiversity conservation.
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Indeed there may be a tension between roadside maintenance requirements (e.g. roadside

safety) and biodiversity conservation. However, when possible, decisions should favour

retention of old, complex trees rather than removal and replanting. Third is that the

dispersal syndrome of native epiphytes may influence the ability of epiphytes to colonize

and persist in the urban setting. Seed dispersal in particular appeared to be a major filter in

the dispersion of epiphytes in Singapore. Intervention action to increase epiphyte diversity

should recognize dispersal limitations and focus on enrichment of species that may not

easily disperse outside of forests. It is also recommended to consider other life history

factors (e.g. growth rate, reproductive age) in the planning stages prior to host tree planting

or direct epiphyte transplantation.

Finally, expectations for conserving epiphyte diversity on roadsides should be realistic.

More than 60 % of Singapore’s epiphyte flora has been extirpated, and only about 30 % of

the remaining species were encountered on roadside trees in this study. It is likely that

other tropical urban environments have similar characteristics. Identifying which epiphyte

species are most amenable to roadside planting, and which could maintain reproductive

populations in highly urbanized environments, would be an important contribution. With

proper mitigation measures and planning, urban landscapes can be transformed into

valuable species storehouses for native vascular epiphytes and perhaps their associated

urban fauna as well. However, it is most likely that the urban environment will retain only

a fraction of the original species composition found in native forest.
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