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ABSTRACT

Selectivedoggingn tropical rain forest may promote population growth of invasive
plants. Theability of invaders to respesgecificallyin reproductive traitgo increases

in resource abundanceay allow them to increasbkdir presence in the seed rain
recipientcommunitiesThe invasive pioneer tre@e/lucia pentamer@Melastomataceae)

is currently spreading within Gunung Palung National Park in West Kalimantan,
IndonesiasThe park has also experienced periodle@él, smaliscale selective logging
that seem to0 have facilitated population growth and spoktdds invader. We firstised
fruiting frequency as a proxy for fruit output to make comparisons bet®eeevitamera
and the native tree community of over 200 genéfathen constructed two Generalized
Linear Autoregressive Moving Average (GLARMA) models using 13 months of
phenolegy-data to predict both fruiting frequency and crop siZ péntamerander
selective legmg versus natural treefallisturbance regimeBe/lucia pentamerfiuited at
considerably higher frequency than all 200 native genera considered. This invader also
respondegbositivelyto selective logging with both odds of being in fruit and crop sizes at
leastdoubling in logged plots.rBlific seed outpubf B. pentamerés especially
problematiowithin the lotterycompetition of tropicatain forestgap tree communities, in
which preminencén the seed rain is particularly importaRturthermore, e

reproductive response & pentamer&o selective logginguggests that this harvesting
practice may have a considerable role in facilitating thissiovein Southeast Asia.

Keywords. GLARMA model; Indonesia; seed output; selective logging, tropical

/nvasion.

PROLIFIG'SEED OUTPUT IS ONE OF MANY TRAITS ASSOCIATED WITH INVASIVE PLANTS
(Rejmanek& Richardson 1996, Masaer a/ 2008, van Kleunen, Weber, & Fischer 2010,
Burnset al.2013,Jelbertet a/.2015). This high fecundity can lead to high abundance in
the seed rain, a major factor in many invasions (Ro&deichardson 2003, Holl&
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Simberloff 2005). High seed input of an inwasepeciesnay even overwhelm native
communitieghought toberelativelyresistant to invasio(D’Antonio, Levine, &
Thomser2001). Tropical rain forest, for instance, is thought to be difficult to invade
because of high biodiversigt least at sma#icales (210 nf) (Levine, Adler, & Yelenik
2004, Fridley et a/.2007, Maror& Marler 2007). However, given the stochastic nature of
colonization in rairforest gap tree communities (Brok&wBusing 2000, Luslet a/.
2006),"high'seed input might be particularly effective for a potential invasive specie

Gapcreation and regeneration are fundamental processes within tropical rain
forests (Brokaw 1985, 1987). Disturbance in the form of treefalls createsogyiseer
species; ineluding smalight-demanding trees that quickly colonize these spaces
(Denslow 1987). Although there is some evidence for niliffierentiationas a function
of gap size, pionedree assemblages deggely shaped bghance arrival & g, rather
than competitive outcomes trackiskight differences in abiotic conditions (Hubbelt a/
1999,Schnitzer& Carson 2001, StevedsCarson 2002, Letten, Lyons, & Moles 2013).
The resultingottery of colonzation by these pioneer species may make propagule
pressure particularly important iropicalrain forestpioneer treeommunites
Quantitative and qualitativéhanges to the natural treefall gap disturbance regraated
by selective loggingnayincreasehe chance ahtroducedspecies entering the
colonization lotteryfacilitating invasiorby suchspecies with prolific reproductive
output(Britton-Simmons& Abbott 2008, Eschtrut& Battles 2009)

In"addition to a higher baseline rate of seed output, invasive species often show
greaterplasticity relative to native species in responding to increases in resource
availability (Davidson, Jennions, & Nicot2®11) that often accompany disturbances to
the canopy, such as selective logging. This response may be shown in reproduidive trai
in particular.(Ruprecht, Fenesi, & NiZ)14), increasing seed output, and ultimately,
relative presence in the seed rafmative communities. Therefore, an already prolific
invasivesspecies that further inases seed output in response to disturbance could be
especially,successful in tropical rain forgap communities, considering the colonization
lottery discussed above.

The invasive Neotropical pioneer trBel/lucia pentamerBaudin
(Melastomataceae) @urrently spreading atsagnificant rate withinrGunung Palung
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National ParK GPNP)in West Kalimantan, Indonesikirst observations of this indar

at GPNP were noted roughly ¥ears ago and presence has steadily increased since then.
The park experienced a periodintenseselective logging in 200R002 that produced
manycanopy gaps of equivalent size to natural treefall ga@sanly a single tree is
felled). Previous work has demonstrated that these selective logging gaps$ suppor
significantly moreB. pentamer#an natural treefall gaps (Dillist a/ 2017).

Furthermore, adult individuals within these selective logging gaps experieneased
light levels'due to the process of monodominant stands recruiting followssifby
thinning with age leaving few conspecific competitcaiad even fewer heterospecific
competitorgpersonal obs)rhis process therefore may result in ambient conditions that
influence thie reproductive potential Bf pentamerandividuals.

We collected phenology and crsize datdor B. pentameraver the course of 13
months to study seed output in its invaded range. Ongoing projects at the Caliang P
Research StatiofCPRS)within GPNPhave collected similar phenology data on over
200 generagonativetrees, thus allowing comparisons betweBnpentamerand the
native community. Furthermore, the lack of selective logging within the CP&%ecall
us to-eempare the seed outpubijpentameran natural treefall gaps t®eed output in
logging'gaps thatazurred in close proximity to the research ak®a first hypothesized
that B. pentamer&eeswould demonstrate relatively high fruiting frequency compared to
the rest of the community. We also hypothesized Bhgentameradults inplots that
containedselective logging would produce fruit more frequently and in greater

abundanee‘thaB. pentameradults inplots without selective logging disturbance.

METHODS

FIELD SITE,AND STUDY SPECIES—This study was conducted in and around the Cabang
Panti Reseah Station (CPR33t Gunung Palung National Park (GPINWest

Kalimantan, Indonesia. CPRS comprises approximately 2100 ha of the 90,000 ha that
make uprGPNP (Marshall 2004). Phenology data have been recorded for over 20 years
within CPRS Cannonet a/.2007a, Cannoet a/.2007b, Marshall, Beaudrot, & Wittmer
2014). The trail grid system of CPRS is situated along the western slope of Gunung

Palung, and is intersected by two small rivers (Sungai Bayas and Sungai Air lrattih) t
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drain westward to the South China Sea. A third river (Sungai Rankong) flows roughly
parallel to theseseveral kilometers southf the trail grid system. Logging occurred
between the Sungai Rankong and the trail grid system, as well as several kiometer
further_to the wesfThe tail grid system was frequently walked by CPRS staff, which had
the effect.of discouraging any illegal logging within CPRBe trail grid system
thereforeconstituted a boundary, separating the undisturbed CPRS forest from this
adjacentarea in which illegloggers operated.

Bellueia pentamerhaas a wide native range extending from southern Mexico to
the Brazilian AmazorReproductive maturitgan occur in as few as three years of age
(Renner 1990) after which point individuals almost continuously produce flowers along
main woeody branches (cauliflorous fruiting habit). ReproductioBadf/ciaspp. is
characterized by selhicompatibly and evidence of asexual reproductia @pomixis;
Renner 1986)its globose fruits contain thousands of small seeds and are eaten by a wide
range of vertebrates in its native range including monkeys, birds, terrestnahais,
and humans, who are thought to have introdugegeentamer&o Southeast Asia as a

potertial crop fruit (Renner 1989).

SAMPLING DESIGN.— Phenology routes were created in six separate locafibese were
three routes within the undisturbed trail system of CPRS: one along eac{sungai
Bayas'and Sungai Air Putih), beginning atd@levation and extendingksn
downstream, as well as a third route compgsll other knownB. pentameradult
individualsswithin the trail grid system{= 15). There were also three routes within
areas that had experienced selective logging: one along the Sungai R@ikong
extending 5 km downstream from 50m elevation) avalalong established paths (ki
long) to.the south and to the west of CPRS. Individuals along the paths were included
the study.if they were 10-50 m off the path. Sampling along rivers included individuals
within_20:m of the shoreline.

Only adultB. pentamerandividuals were included in this study.
Individuals were classed as adult by the presence of fruiting scars, which occur as a result
of the caulifloroudruiting habt of this speciesPresence/absence of buds, flowers,

immature fruit, and mature ripe fruit were recorded monthly for each individual stem.
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Mature ripe fruis werealso counted to record monthly crop siZés.immature fruits
wereincludedand all observable mature ripe fruits were counied fio proxy was used
to infer crop sizesPDiameter at breast heightt{h) of each individual was also measured
at the beginning of the study. The study lasted for 13 months from March 2014 through
April 2015; with a two-month hiatus in data collection in September and October caused
by administrative complications. Attempts to quantify the relative presene of
pentamergropagules within the seed rain were unsuccessful.

Although all adultB. pertameran CPRS were included in the study, the large
size of the population in thedjacent disturbed areas necessitated that a suftibetse
wererandomly selected for sampling. Along all six routes, trees were grouped into plots,
which casisted of alindividuals<20 m apart(/.e., adistanceof >20 m would designate
a separate plot). Within the disturbedest, identification numbers of individual plots
were selected for study using a random number generator. The maximum number of tree
sampled withm each plot was fiveeven though some plots contairfadmore tharfive
individwalswTherefore, a random number generator was also used to select individual
trees within‘plotsvhen necessarfach plot was also searched for evidence of prior
selective logging/e., remnant boards which remain for years after felled trees are
processed on site) to designaseh plot adogging’ or ‘non-logging’.No plots within
CPRS contained selective loggi while in the adjacent area there were both plots with

and without prior selective logging.

STATISTIGAIL ANALYSIS .—Our first analysis compared the fruit frequencyBopentamera

to nativetreeswithin CPRS Fruit frequency was calculatedonthly for B. pentameras

the number of individuals with mature or ripe fruit divided by the total number of
individualsat CPRS Similar data had been collectied 200 native genera from the
period,of October 2007 through April 2013 by Adidr justification of ugng genera
instead.ef'species see [Marsh&llLeighton 2006Dillis et a/.2013). These existing data
from native genera included only stems of sufficient diameter to produce fruit (Marshall
& Leighton 2006)Preliminaryfruiting frequencycomparisons betweeB pentamera

and nativereesindicated thabnly descriptive statistics would be appropriate and
necessarys.e, there was a substantial empirical difference that was immediately
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obvious). We discuss individual comparisons below, including the overall forest average,
the most common pioneer trees, and the most frequent fruiter othes. thantamera

We considered fruiting frequency as the most appropriate tool for comparison
betweenB. pentamerand the native community, given the enormous amount of
variation.in. fruit types €.g, size, nutritional content, seeds per fruit), as well as evidence
from this forest that fruihg frequency may be one of the best predictors of consumption
by fruit'dispersers (Dilliset a/.2015). We additionally determineffequencies with
which B"pentamer&ees had buds, flowers, and immature fruit, in ordedtress
whether the/frequency of ripe fruit was a result of frequent reproduatiem artifact of
persistenceyacross months.

lt'should be noted that data fsaiting in logged sitesvere only available foB.
pentamerarather than the entire tree community, so comparisons of native responses to
selective logging canndte made. The purpose of inding the initial comparison with
the native community was to establish whetBepentameraas asubstantially higar
fruitingsfrequency than other species

Thessecond analysis compared the iingifrequency oB. pentamer&eesin
plots eentaining evidence of selective logging versus those withbetdatasetonsisted
of monthly observations of the fruiting status of each tree, with trees nested ianuots
locations; therefore a statistical model that accommodateporal and nestegpatial
structure was required. A Generalized Linear Autoregressive Moving Average
(GLARMA)Xmodelwas a suitable choicdunsmuir 2016)We fitted a GLARMA model
estimatingthe log odds that a tree was in fruit in a given month, including an overall
interceptfixed effects for the presence of logging (predictor referred to hereafter as
logging, logstransformedDBH, and membership in either the riverside or forest zones
(referred.to hereafter @ong. The regression modelrther includechestedrandom
effeds (varying interceptsior tree,plot and locationfinally the model included lag
one moving average termvhich captures the dependence of each monthly observation
on the previous month’s observatidm incorporate th&eptembeOctober hiatugn
data collection, the moving average residuals used to predict fruiting status miéwye
2014were equated to zero; in effect thesstartedthe moving average process anew in
November 2014.
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The third analysis used@.ARMA modelfor fruit countsto compare crop sizes
of B. pentameradividuals in plots containing evidences#lective logging versus
undisturbed plotdn place of the log odds above, the crop size moaeligtediog fruit
count for each tree in each month of observation. All albtails are as above.

The, GLARMA modelswvere fitted by computationalintensive Bayesian
methods, using the general purpose Gibbs sampler JAGS (Plummer @8l from
the statistical programming langweaB® R Development Core Team 20Q2&#a the
packageajags(Plummer 2015)Onemillion posterior samples were generated from each
Markov chain and discarded for burn in, and an additional one million samples were
generatedthinned at an interval of 100, and saved. Two independent Markavsch

were runfor‘each model, producing 20,000 samples for posterior analysis.

RESULTS

COMMUNITY COMPARISON.—Monthly fruiting frequencyproportion of stems in fruipf
B. pentamerat CPRYMean= 0.5 SD= 0.23 was consistently and dramatically
higher than‘the overall forest average (Meah04, SD= 0.01)(Fig. 1A). Even the most
frequently fruiting native genus at CPRB!érnandra spplean= 0.25, SD = 0.13
fruited-only half as ofteasB. pentamer&Fig. 1A). More importantly, the fruiting
frequency of the most abundarativepioneer tree competitoMacaranga sppean=
0.03, SD = 0.05) asanorder of magnitude lower tha® pentamerdrFig. 1B). Finally,

B. pentameralso hadigh frequencies of buds (Mean = 0.87, SD=Q.fl6jvers (Mean
=0.83,'Sb= 0.11), andmature fruit (Mear= 0.91, SD = 0.1

SELECTIVE LOGGING AND BELLUCIA PENTAMERAFRUIT FREQUENCY— Estimated
coefficients. for the longitudinal binary fruit frequency model are shown in Table 1.
Coefficients refer tohe log-oddof fruiting, but are converted to interpretable effect
sizeshy.exponentiation. All else being equal, the odds of a tree being imfauit
selectively,logged plawere two timess largeas in an unlogged ptogxponentiating the
coefficient estimate, upper and lower limits foggingfrom Table 1the odds are
exp(0.69)= 1.99 with 95% credibility intervalexp(0.30) = 1.35, exp(1.09)2.97).
Tree size also positively influencéte odds it was in fruit, with a Ifin dbhincrease
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from the overall mean value (15.66 cm, overall observed dbh range: 5 - 37 cm) doubling
the odd=of fruiting (DBH estimate= 2.00, 95% CI (1.63, 2.44)jig. 2 depicts

observations and model estimates for these effeatgyingand DBH areindependently
significant(seeTable 1) although the figure shows considerable overlap in confidence
bands. Thiss likely because the bands incorporate several sources of uncertainty, notably
from the intercep Zonehad a weakly supported effect on the odds of being in fruit
(estimate=0.2)} as the 95% credibility interval (0.47, 3.40¢ludes the null value The
random effect standard deviations suggest that tha@seamore variatiom fruiting

frequency among locations than amaither plots or individual tree&inally, the time

lag paameterimplies a positivéaemporal autocorrelatioin fruiting observations from

month te month, so that a tree in fruit in mominad a greater odds of being in frunt i

monthmt1, all else being equal.

SELECTIVE LOGGING AND BELLUCIA PENTAMERACROP SIZE—Estimated coefficients for
the longitudinal crop size model are shown in Tabléslabove, coefficients are
convertedito effect sizes by exponentiatii else being equal, the predicted fruit
countsawere more than twicéggingestimate= 2.5195% CI (1.26, 4.8%)as largdor
treesinsselectively logged plotsompared to natural treefall gags10cm increase from
the meardbh nearly doublethe predicted fruit countBH estimate= B4, 95% CI
(1.18, 2.70)). Fig3 depicts observations and model estimates for these effegtyng
and DBHare once again individually significant, although the ficagainshows
considerable overlap in conédce bands. The effect abnewas reliably negative, with
crop sizes within the forest less than half as large (estmm@i89, 95%ClI (0.17, 0.88))
as those along the riverhe random effectsuggesmost variatiorwasamong trees,
followed.in.orderby plots and locationginally, the time lag parametanplies a
positive temporal autocorrelatiom fruit count from month to montisp that a tree with
elevatedruit count in monthmwaslikely to haveelevatedruit count in monthr#1, all
else beingequal.

DISCUSSION
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FRUITING FREQUENCY WITHIN THE COMMUNITY.—The fruiting frequency oBellucia
pentameras distinctly higher than all native trees considered in this study. Given the
high frequencies of all reproductive phasteappears that this speciesrisquently
producingnewfruit, rather than a single crop remaining on stems for extended periods of
time. Altheugh some trees, such Bgernandrapp produced fruit almost half as often,
there were.no native pioneer treées.(potentialcompetitors ofB. pentamerathat were
even closdothe frequency with whiclB. pentameraroduced fruit. Ideally, we would
have beenable to directly quantify the proportio®Bobentameravithin the seed rain,
however, our proxy of seed output indicates a significant advantagepetitameraver
its native gempetitors within the colonization lotteryraih forestgaps.

Im"comparison with availability of native fruits, which is spread over many
different taxa of relatively rarely fiting trees,B. pentameraepresents a consistent
source of fruit for seed dispersers. The ability to maintain a constant presence in the
plantseed disperser markeiay provide an attractive target for frugivores (Dilkga/.
2015), asvitmay ease theitask of tracking fruiting schedules over space and titosve
& Smallwoeod 1982 Furthermore, the fruit oB. pentamerés of relatively high quality
(7.e, mgh_sugar content and low in defensive compounds; Renney 48&groduction
of newsfruitappeas to be relatively frequent. Although there have been no formal studies
yet of frugivory of B. pentamerdield observations suggasd fruit is eaten by a wide
variety of vertebratemcluding birdsterrestrial mammalsas well as human and non-
humanspimates(Marshall perscomm) Therefore, the second component of propagule

pressuregdispersal, does not appear to be lacking in this invasion.

RESPONSES TO SELECTE/ LOGGING— There was a strong relationship betwén
pentameraeproduction andelective logginglisturbance, with individuals in old
logging,sites producing fruit atrauchhigher frequency. Even thougjire model
indicatedithat larger trees produced fruit more frequently and trees in selective logging
sites may have in fatieenlarger (which this model did not expligithddress), they still
had higher fruiting frequency after accountingde (dbh)(Fig. 2). The same result was
found for crop sizefFig. 3), withreliably larger predicted counts for trees in plots that

had experienced selective logging, even after accounting for differences in size.
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Taken together, increases in the frequency and quantity with \Bhje&vitamera
produces fruisuggest a strongopsitiveresponse tselective logging. fie specific
mechanism for selective logging disturbance facilitating this phenotypic respofs
pentameravas not determined by the current study. Previous work, however,
demonstrated tha pentameraecruits in higher densities in selective logggaps than
in natural treefallsperhaps responding to increased substrate available to epiphytic
seedlingofthis speciegthe epiphytic growth habit &8. pentamerés discussed in detail
by Dillis“eral.2017). Subsequent field observations suggest that high seedling
recruitmentmay lead to an environment with redudigtit competition as a result of
dense recruitment followed by sétfinning and a lack of interspecific competition (Dillis
et al.2027)¢This invader has traits associated with fast growth in response to increased
light availability (Poorter 2001), such as high specific leaf area (Poorter 199&),like
many other invaders (Dahler 2003). The importance of light availability was also
evidenced by the resuhat crop size and fruiting frequency were greater in riverine
zones which inherently had more light. Further work will be valuable in determining the
precisemechanism by which selective loggiisgacilitating the recruitment and
reproductive output of this invader. It should be noted that the current study did not
analyzereproductive responses of native trees in this forest, which magsgead to

changes in light environments in a similar wAysystematic cmparison is needed.

CUMULATIVEIMPACTS.— Instances of disturbance are known to facilitate invasions
(Lozon&Maclsaac 1997, Lockwood, Hoopes, & Marchetti 2007, Metez/.2012).
Canopy disturbance is a particularly importargrequisite fomany tropical plant
invasions (Denslow:. DeWalt 2008). Considering the invasion described heitein
appears.that in addition to a population increas® glentameréan response to selective
logging.(Dillis et a/.2017%), this invader isendered more successful on an individual
basis asswellThe cumulative impacts of individual and population level responses to
selectiverlegging may create a scenamiavhich the lottery of gap colonization is overrun
(Britton-Simmons and Abbott 2008)ith B. pentamergropagulesThere is evidence
that selective logging has the potentiaindirectly alter thestructure and composition of
forests (Rutterr a/.2015, Slik, Verburg, & Kebler 2002). Althougélatively little has
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been determined about reproductiegsponses of invasive tree species to selective
logging disturbance in tropicedin foress, population level responses to gaps created by
timber harvesting have been documented (Padmanaba & Corlett 2014) Therefore,
additional work quantifying the relative proportion®fpentameréan the seed rain and
seed bank,would be valuable to determine if the responses in fruit output may carry
through.and pose a significant threat to the biodiversity of this forest.

ConcLusIoN—The invasion oB. pentameran Southeast Asia representpatential

threat to its biodiversity, the extent of which we currently can only spec@atestudy

has provided evidence that this invasion mayXaeerbagd by selective logging
practicerthat may otherwiseprficially appear relatively benign (Bicknell, Struebig, &
Davies2015). That is, negative impacts to biodiversity and forest health may be
occurring In the absence of noticeable habitat [blss.threat ofB. pentamer#s most

likely of.concern to biodigrsity of pioneer tree species in recipient communities, via the
potentialfor inundation of the lottery of colonization. Although there has not been
systematicswork on succession and replacemest pentamerahe sapling layer under
monodeminanB. pentamer&anopiess often almost entirely barren. Therefore, unlike
someinvaders that do not disrupt succession (Viisteensdarl 2000), such a pattern
may not exist within the current invasion. More work is urgently needed to determine
how severe this invasion may become and how broad of a threat it is to the plant
communitysBellucia pentamerds now widely distributed on many islands in Southeast
Asia. Similar to other emerging plant invasions in the region, such as tGatmaip/a

spp. (Sheik Padmanaba 2011), the current priority should be mapping the extent and

developing management strategies.
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TABLES
TABLE 1. Estimated coefiicients fahe fixed effects oboth the binary longitudinal
model for fruit frequency and the longitudinal count model for crop size.

Fruiting Frequency Model Crop SzeModd
Fixed«Effects (Posterior Mean, 95% (Posterior Mean, 95%
Credibility Interval) Crediblity I nterval)
Log DBH 1.40 (1.00, 1.81) 1.24 (0.34, 2.01)
Logging 0.69 (0.30, 1.09) 0.92 (0.23, 1.58)
Zone= Forest 0.24 (0.75, 1,22) -0.95 (-1.79, -0.13)
Intercept -3.30 (-4.57, -2.05) -1.88 (-4.06, 0.70)
Time-lag Effect
Onemonth lag 0.52 (0.43, 0.61) 0.09 (0.09, 0.10)

TABLE. 2. EStimated coefficients for random effects for both the binary longitudinal
model ferfruit frequency and the longitudinal count model for crop size.
Random Effect Mean Estimate Mean Estimate
Standard Deviations
Location 0.51 0.26
Plot 0.34 0.62
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Tree 0.12 1.48

FIGURE LEGENDS

FIGURE kMonthly mean proportisof stems in fruit at CPRS. Data fraBe//lucia
pentamerat CPRS are compared against the overall montkelyrs of all genera under
observationjand that of the most frequently fruiting geRusrrandrapp) at CPRSA).
Monthly means of the most common natpieneer tree competitaf B. pentamera
(Macarangapp) is also shown (B)Data for theB. pentameravere first collected in

April 2024=and no data were available for September or October 2014.

FIGUREZ2. Scatterplot of odds of fruit present versus DBH with model predictions.
Observations ardisplayedas the number of months each tree had fruit prebeidied

by the number of months fruit were abseguivalent ta timeaveraged odds that a tree
was in‘fruit The boundary correction 0.5 was added to both the numerator and
denominator. Trees in logged and unlogged plots are marked with red and black circles,
respectively. Central tendency lines depict posterior mean regressions, with the fixed
effect zoneheld at “river”. Shaded regions depict 95% credibility bands for regressions,

incorporating combined uncertainty in the intercept and coefficien®B6f and/ogging
FIGURE 3. Scatterplot of mean monthly fruit count versus DBH with model predgctio

Observations are displayed as the mean monthly fruit count for each indiseki&ig2

for all other. details.
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