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Abstract

Context Land-cover and climate change are predicted to affect pollination and plant
reproduction but few studies have tested how these stressors interact to drive pollination success.
Objectives Using a 9-year dataset we tested whether climate interacts synergistically with forest
loss and fragmentation to affect pollination of a tropical understory herb, Heliconia tortuosa. We
hypothesized that hot and/or dry conditions might amplify effects of habitat loss and
fragmentation, leading to declines in plant reproduction.

Methods We collected data on pollen tubes, fruits and seeds of H. forfuosa in a mensurative
experiment representing gradients in forest amount and patch size (N=40 focal-patch
landscapes). We modeled these reproductive metrics as a function of landscape composition,
configuration, precipitation, temperature, and statistical interactions among these variables.
Results We found little support for synergistic landscape and climate effects. However,
probability of fruit production decreased in wet years, and increased in large patches embedded
in more contiguous forest landscapes. Counterintuitively, small patches in heavily deforested
landscapes also exhibited a high probability of fruit — perhaps due to constraints on hummingbird
movement. Amount of H. tortuosa fruit decreased in wet years and in deforested landscapes.
Conclusion Although we did not detect synergistic effects, climate and landscape structure do
have independent impacts on plant reproduction. Unfortunately, the regional climate is predicted
to become wetter and the forest remains fragmented, with potential negative consequences for
Heliconia reproduction. Decline in this common species is likely to have cascading
consequences for hummingbird pollinators, and subsequently other hummingbird dependent

plant species.
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Introduction

Rates of biodiversity loss are increasing globally (IPBES 2019). There are a multitude of
threats contributing to biodiversity loss including climate change (Thomas et al. 2004; Brook et
al. 2008) and land-cover change (Dale et al. 1994; Brooks et al. 2002; Wilson et al. 2016).
Declines in pollinators (Potts et al. 2010; Winfree et al. 2018; Reilly et al. 2020) and their
associated plants (Biesmeijer et al. 2006) are now well established. A reduction in pollination
could drive further biodiversity losses because over 85% of flowering plants are animal
pollinated (Ollerton et al. 2011). Therefore, as climate changes, it is critical to understand how
climate and land-cover change affect pollination and plant reproduction.

Species distributions are expected to shift with changing environmental conditions
(Huntley and Webb 1989). The overall direction of these shifts is expected to be poleward and
into higher elevations (Parmesan 2006). However, the direction of species distribution shifts in
the tropics are expected be less consistent (VanDerWal et al. 2013). If plants and their pollinators
exhibit distinct shifts in distributions, the result could be reduced overlap in geographic ranges.
In addition, climate change can affect the phenology of plants (Parmesan 2006) and animals
(Visser and Both 2005), which may contribute to changes in temporal synchronicity upon which
pollination mutualisms depend (Schweiger et al. 2010). Phenological mismatches between plants
and pollinators may affect pollinator demography, pollinator population density and
distributions, pollen availability, and pollen limitation (Hegland et al. 2009).

In this study, we are concerned with how two components of landscape structure —
habitat loss and fragmentation — influence pollination. Habitat loss is the leading driver of
pollinator declines (Brown and Paxton 2009) and has been shown to negatively affect pollinator

diversity (Klein et al. 2003; Spiesman and Inouye 2013) which, in turn, reduces plant sexual
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reproduction (Garibaldi et al. 2013). Habitat fragmentation — the breaking apart of habitat into
smaller patches — is also known to decrease the sexual reproduction of flowering plants (Aguilar
et al. 2006). This could be due to fragmentation-induced changes to animal behavior (Bélisle et
al. 2001; Ricketts 2001) — particularly for species for which the matrix increases predation risk
or perceived risk (Lima and Zollner 1996). Changes to pollinator movement (Hadley and Betts
2009) could reduce both pollen quality and quantity, thereby reducing plant sexual reproduction
(Hadley and Betts 2012).

Although several studies have investigated the interactive impacts of landscape structure
and climate on biodiversity (Forister et al. 2010; Stangler et al. 2015; Oliver et al. 2015; Conenna
et al. 2017; Guo et al. 2018; Northrup et al. 2019), only one study has examined synergistic
climate and landscape structure effects on pollinators (Peters et al. 2019). However, several
authors have hypothesized that climate change could amplify the well-known impacts of habitat
loss and fragmentation (Dale 1997; Brook et al. 2008; de Chazal and Rounsevell 2009; Oliver
and Morecroft 2014). For example, climate change may lead to fewer floral resources for
pollinators due to geographic range shifts, mismatches in phenology, or unpredictable weather
forcing pollinators to move farther distances to acquire resources. However, if fragmentation
reduces pollinator movement, and therefore the capacity to ‘keep up’ with climate change,
pollination will be reduced (Betts et al. 2019). Climate-driven reductions in the abundance of
floral resources (Duchenne et al. 2020) also exacerbate pollinator resource declines driven by
habitat loss. These declines in pollinators could subsequently reduce pollination, potentially
leading to a positive feedback loop.

To address the possibility of synergistic effects of climate and land-cover change on

pollination, we analyzed 9 years of pollination and reproductive output data (2010-2018) from a
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hummingbird-pollinated understory herb, Heliconia tortuosa, in southern Costa Rica. In this
region, forest loss has historically been severe, with >70% of forest cover (>22,500 ha) lost
between 1947 and 2014 (Zahawi et al. 2015). This drastic loss of forest cover has produced a
highly fragmented landscape, leading to detrimental effects on the pollination of H. tortuosa; in a
previous study analyzing pollination and reproductive output data from the first two years of this
study (2010-2011), forest fragmentation was associated with reduced seed set (Hadley et al.
2014).

We formulated five non-mutually exclusive hypotheses that reflect potential effects of
climate and landscape structure on pollination dynamics in a tropical hummingbird system. First,
the landscape composition hypothesis states that forest amount will positively influence the
reproductive success of H. fortuosa because plant reproduction can be greatly influenced by
pollinator availability (Hadley et al. 2014) and diversity (Klein et al. 2003), which are negatively
impacted by habitat loss (Spiesman and Inouye 2013). The landscape fragmentation hypothesis
asserts that patch size will positively influence the reproductive success of H. tortuosa,
independent of the effects of forest amount (Hadley et al. 2014), because traplining
hummingbirds avoid crossing non-forested gaps (Kormann et al. 2016; Volpe et al. 2016), and
more gaps must be crossed to access flowers in small patches (leading to lower visitation rates).
The temperature hypothesis states that regional temperature will influence the reproductive
success of H. tortuosa because irregularly hot or cool years may affect H. tortuosa and its
pollinators’ phenology resulting in temporal or spatial mismatches (Hegland et al. 2009). The
precipitation hypothesis posits that regional precipitation will positively influence reproductive
success of H. fortuosa because rain facilitates growth and flowering of many tropical herb

species (Dominguez and Dirzo 1995), and Heliconia species are thought to be relatively drought-
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intolerant (Skillman et al. 1999; Bruna et al. 2002). Alternatively, we hypothesized that reduced
rainfall could increase reproductive success because water stress could induce flowering (Opler
et al. 1976). Lastly, the landscape and climate synergy hypothesis proposes that regional
temperature and precipitation will modify the effects of habitat loss and fragmentation on the
reproductive success of H. tortuosa. Therefore, if annual precipitation or temperature is extreme,

then the effects of habitat loss or fragmentation on H. tortuosa should be stronger.

Methods

Study area and study species

This study was conducted in the area surrounding the Organization for Tropical Studies
Las Cruces Biological Station (8°47°7"" N, 82°57°32"" W). This ~31,000 ha study area, located
in the Cotos Brus region of southern Costa Rica, is primarily composed of premontane tropical
forest and an agricultural matrix of pasture and shade coffee plantations (Hadley et al. 2014). We
studied forest patches ranging in size from <1 ha to >1200 ha across a gradient of forest amount
(5% to 80% forest within a 1000 m radius, Figure 1). Over the 9-year study period (2010-2018),
mean daily precipitation per year ranged from 7.7 mm to 13.5 mm and mean daily temperature
per year ranged from 19.2 °C to 20.3 °C. The region experiences a dry season from January to
March (Borgella et al. 2001).

Our study species is H. tortuosa (Zingiberales: Heliconiaceae), a tropical perennial
understory herb that is one of the most common and longest blooming plants in the study area
(Borgella et al. 2001). H. tortuosa reproduces both clonally and sexually and is partially self-

compatible, but hummingbird visitation is required for pollination (Kress 1983). Flowers of H.
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tortuosa last for a single day (Kress 1983) and are contained within brightly colored protective
bracts that gradually open—and begin producing flowers—as the flowering season progresses.
H. tortuosa may be particularly susceptible to reproductive declines due to its specialized
requirements for pollination. Specifically, two hummingbird species—the green hermit
(Phaethornis guy) and violet sabrewing (Campylopterus hemileucurus)—are responsible for
80% of H. tortuosa pollination (Betts et al. 2015). These forest-associated species travel
relatively long distances each day (Volpe et al. 2014) while visiting a routine sequence of
flowers (‘trapline’) and alter their movements in response to habitat configuration; specifically,
P. guy will choose longer or more circuitous routes to remain in forested areas (Hadley and Betts
2009), and the likelihood of P. guy crossing gaps in forest declines substantially if gaps are
greater than 30 m (Kormann et al. 2016; Volpe et al. 2016). Moreover, large forest patches in
this study system are associated with increased availability of large, traplining hummingbirds
such as P. guy and C. hemileucurus (Hadley et al. 2018). In addition to these landscape structure
impacts, climate change is predicted to cause montane hummingbirds to alter their distributions
to higher elevations in tropical regions (Buermann et al. 2011). Hence, H. tortuosa may be
particularly susceptible to population declines and disruptions of pollinator movement due to its

specialized requirements for pollination (Aguilar et al. 2006; Betts et al. 2015).

Pollination and reproduction metrics

We measured H. fortuosa pollination and reproductive output using multiple metrics,

each of which reflects different components of pollination/reproductive success: pollen tubes,
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fruit probability, fruit set, seed set, and total number of seeds (See Supplemental Information
Table Al).
Pollen tubes

Pollen tubes provide information about whether a plant was visited by a hummingbird
carrying conspecific pollen grains. We collected all the abscised flowers from H. tortuosa plants
during the flowering period (February to September) once a year. This sampling represents the
last 4 days of flowers produced in the patch as older flowers would have degraded. Styles were
extracted from flowers, fixed in formalin-acetic acid-alcohol, and subsequently inspected for the
presence or absence of pollen tubes using epifluorescence microscopy (sensu Kress 1983). We
then calculated, per patch and year, the proportion of styles with at least one pollen tube,
dividing by the total styles examined. We examined as many styles as were available for each
patch (ranging from 1 to 61 styles per patch per year). We repeated this sampling from 2010,
2011 and 2013 to 2017 (a total of 7 years) across 34 patches.
Fruit and seed set

Focal plants were identified by searching from a randomly selected road access point at
the edge of each patch (after Hadley et al. 2014). We selected the first 5 H. tortuosa plants we
found with developing inflorescences. If 5 plants were not quickly located, then searching
continued for 3 person-hours to locate as many more as possible. In some cases, there were
additional plants marked for other studies, from which we also collected data. After the
flowering period, mesh bags were placed over H. tortuosa inflorescences to prevent frugivory
while fruits ripened. We randomly selected two bracts per inflorescence from which we counted
and collected the number of mature fruits. Later, we counted the number of seeds within each

mature fruit. We also counted the pedicels of unsuccessful flowers, which can be observed long
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after the flowering event as a measure of flowering attempts (i.e., number of possible fruits).
This sampling design was repeated between April and October each year from 2010 to 2018
contributing to the sampling of 827 plants from 40 patches.

In addition to the proportion of pollen tubes metric outlined above, we developed four
fruit or seed-related metrics of plant fitness. After collecting the raw fruit and seed data, we
summarized it as follows. To create our second metric (the first of the fruit or seed metrics), we
quantified the probability of each H. tortuosa plant producing fruit. The presence of fruit reflects
sufficient plant vigor and conspecific pollen deposition by a hummingbird. Then, to reduce zero
inflation, we excluded all plants that did not produce any fruit. Third, we calculated the number
of mature fruits divided by the number of possible fruits per bract, and then averaged to obtain a
plant-level metric. This proportion of fruit indicates hummingbird visitation and pollen deposit
while accounting for the individual plant-level reproductive investment. Fourth, as H. tortuosa
produces up to 3 seeds per fruit, we calculated seed set by dividing the number of seeds produced
per bract by the number of possible seeds (number of possible fruits multiplied by 3), then
averaged to the plant level. This proportion of seeds again accounts for the individual plant-level
investment. Fifth, we examined the number of seeds produced by each plant for a measure of per

capita reproduction.

Focal-patch metrics

Following Hadley et al. (2014), we used a focal-patch design (Fletcher et al. In Review;
Betts et al. 2006b) which combines patch size with the surrounding landscape context of each

patch (Halstead et al. 2019). We measured habitat loss (landscape composition) using the

10
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proportion of forest within a 1000 m radius of a focal plant, or the centroid of each focal patch in
the case of the pollen tube analysis. We selected the 1000 m spatial extent because it is the
maximum expected daily movement of hummingbirds in this system (Volpe et al. 2014) and is
therefore our best estimate of how far pollen could reasonably be transported. To measure habitat
fragmentation (landscape configuration), we quantified the size of focal patches. Patch
boundaries were delineated by gaps >30 m, as hummingbirds in this system avoid crossing forest
gaps larger than this size (Hadley and Betts 2009; Volpe et al. 2016). We log-transformed patch
size because we expected there to greater effects of patch size on pollination at low values of
patch size (e.g., 1 - 2 ha) than at large values (e.g., 101 to 102 ha). Measures of habitat loss and
fragmentation are often highly confounded, which results in model collinearity (Dormann et al.
2013). However, we deliberately designed our experiment to reduce such intercorrelation
(Hadley et al. 2014); Pearson’s correlation coefficients between forest amount and patch size
range from 0.36-0.44 depending on the metric of pollination/reproduction examined (See

Supplemental Information Tables C1-C3).

Climate metrics

Regional climate data were collected by the Organization for Tropical Studies
(Organization for Tropical Studies). We utilized data from 2010 to 2018. The average air
temperature was taken every 30 minutes with a precision of 0.01 °C. We averaged the
temperature for each year. The total precipitation was also recorded every 30 minutes by an 8-
inch-wide rain gauge with 0.01 mm precision. We summed precipitation over each day and took

the mean for each year.
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Our regional climate variables vary interannually, but do not reflect among-patch
variation (no downscaled data are yet available for this region). For this reason, we used
elevation as a proxy for local climate. Elevation was calculated at the patch level for the pollen
tube analysis and at the plant level for all other reproduction metrics. We determined elevation

using a 10-m digital elevation layer.

Plant-level metrics

Although we are primarily interested in the effects of climate and land-cover change on
pollination, we sought to statistically account for potential confounding effects of inter-patch
variability in plant vigor and plant communities that could affect reproduction of H. tortuosa
(‘nuisance variables’). Plant vigor tends to have a positive association with reproductive success
(Horvitz and Schemske 1995). Age of H. fortuosa individuals was unknown, but height tends to
reflect age for some tropical plants (Horvitz and Schemske 1995) so we used height as a proxy
for vigor. We measured height from the ground to the top of the tallest petiole. In addition, there
can be positive correlations between plant size and number of inflorescences, and size and
fertility (Horvitz and Schemske 1995), so we also used number of flower-producing bracts as a
second proxy for plant vigor. The height of sampled plants ranged from 0.3 m to 3.2 m and
number of bracts per individual from 2 to 13.

Within a 20 m radius of each focal plant, we measured flowering plant species richness,
H. tortuosa density, and flowering plant density. Plant richness often supports more diverse

pollinator communities (Ebeling et al. 2008), but it may lead to higher deposition of
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heterospecific pollen, while lower density of flower resources should lead to reduced pollinator
availability.

Finally, we measured distance to the nearest edge and distance to the nearest stream.
Edge distance serves as a proxy for any edge effects on H. fortuosa or its pollinators, such as
increased plant vigor due to more light or reduced pollinator availability of forest-interior
hummingbirds (Jackson et al. /n Review). Proximity to streams also affects moisture availability,
as H. tortuosa are often found at higher densities near streams. We measured the distance to the

nearest stream and nearest edge using GIS.

Statistical models

We used linear mixed models and generalized linear mixed models to test our hypotheses
concerning the additive and synergistic effects of landscape and climate on pollination and plant
reproduction. All models included crossed random effects for ‘year’ and ‘patch’ to statistically
control for spatial correlation of plants nested within patches, temporal autocorrelation for
patches measured across multiple years, and plants measured in the same location over multiple
years. In addition, all predictor variables were standardized to mean of 0 and standard deviation
of 1.

First, we used a hierarchical variable selection approach to reduce the number of nuisance
variables considered per response variable (after Hadley et al. 2014). This was necessary because
our sample size did not permit testing the full global model with 14 parameters: focal-patch
variables, climate variables, plant-level nuisance variables, and the crossed random effects for

‘year’ and ‘patch’ (See Supplemental Information Table B1). Because this many variables
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resulted in parameter estimates with poor precision, we tested the importance of each local
habitat variable in relation to the null model using bivariate mixed models (e.g., pollen tubes ~
elevation). These models were ranked using Akaike’s information criterion corrected for small
sample sizes (AICc). For each model within two AIC. of the top-ranked model, we used a
secondary criterion that 85% confidence intervals should not overlap zero and removed nuisance
variables whose confidence intervals included zero (See Supplemental Information Tables E1-
ES5).

After selecting nuisance variables, we then created models corresponding to each of our
five a priori hypotheses (Burnham and Anderson 2002). For the landscape composition,
temperature, and precipitation hypotheses, we fit models with the corresponding variables
(proportion of forest, temperature, and precipitation respectively) and included nuisance
variables when applicable. When elevation was an important variable, we tested for interactions
between elevation and precipitation, and elevation and temperature to investigate if the effects of
climate were mediated by elevation.

For the landscape fragmentation hypothesis, we fit models with patch size and proportion
of forest, and additional models that also included the interaction between these variables. This
latter model reflects the hypothesis that the effects of patch size could be mediated by forest
amount; for instance, theory predicts that small patches should be particularly problematic if they
are isolated (i.e., forest amount is low; Hadley and Betts 2012). To test for the independent
effects of configuration (patch size), we statistically controlled for forest amount in all patch-size
models.

To assess our landscape and climate synergy hypothesis, we built model sets that tested

for additive and synergistic effects between each combination of landscape and climate metrics
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(e.g., fruit set ~ precipitation + forest amount, fruit set ~ precipitation x forest amount), a model
with each landscape and climate metric, a model with just the nuisance variables, and a null
model (See Supplemental Information Table F1). We ranked models using AIC. and report
results of models within the top 4 AIC. of each model set. To make the interpretation of effects
more practical, the coefficient interpretations are determined using unstandardized coefficients.

To check the assumptions of linear models, we built separate global models for each of
our five measures of reproductive success and assessed linearity, constant variance of residuals,
and normality of residuals. We log-transformed variables, where necessary, to improve normality
in residuals. We added half of the 2" lowest value for a variable when log-transforming to avoid
minimum values of zero (Birks et al. 2012, p. 127). After log-transforming number of seeds and
logit-transforming the proportion of fruits, we determined that a Gaussian distribution could be
used for the fruit proportion, seed proportion, number of seeds, and pollen tube proportion
analyses. We used a binomial distribution to model the probability of fruit. All modeling was
conducted using R (version 4.0.4, R Core Team 2017) and “glmmTMB” (Brooks et al. 2017).
We checked the assumptions of the binomial using simulated residuals created by “DHARMa”
(Hartig 2020).

In addition, we checked for correlations between independent variables; if correlations
between independent variables were high (r>0.65) we did not include both variables in the same
model (See Supplemental Information Tables C1-C3). We also tested for spatial autocorrelation
of residuals of global models using correlograms. We established spatial lags of 1000 m intervals
and tested for statistical significance of Moran’s / values at each spatial lag using permutation
tests (1000 iterations; Betts et al. 2006a); Moran’s [ values for the proportion of pollen tubes,

proportion of fruit, proportion of seeds and number of seeds global models were <0.20 (See
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Supplemental Information Figures D1-D4) indicating very weak spatial autocorrelation.
However, one lag (0 m) for the probability was 0.3, which might slightly increase the likelihood
of type I error in these models (See Supplemental Information Figures D5-D6).

Finally, there is evidence to suggest phenological responses to climate change may
exhibit time lags (Sherry et al. 2011; Bedford et al. 2012). While we are concerned such lags in
this system, testing the full suite of models described above, but with time lags may create
extraneous models. Therefore, as an exploratory step, we tested for time lags, only for models
within the top 4 AIC. of the top models (if the null model was not within the top 4 AIC:). We did
this by using the previous year’s measures of precipitation and temperature in the updated
models. Ultimately, lagged climatic effects were not important for explaining reproduction in H.

tortuosa (See Supplemental Information Tables H1-2).

Results

Over our 9-year study, we observed at least one pollen tube in 52% + 36% (mean + SD)
of the H. tortuosa styles examined. However, only 19% + 20% of the styles examined had at
least 3 pollen tubes, which is the minimum required for a complete seed set. Across our study,
the probability that a plant produced at least one successful fruit was 82% + 38%. The average
proportion of fruit produced was 63% =+ 36%, whereas the proportion of seeds produced was
only 43% + 28%. The average number of seeds produced by each plant (from the two focal
bracts) was 12 + 11. Variation between the annual averages for pollination and reproductive

measures and climate metrics can be seen in Figure 2.
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Overall, we found that landscape structure and climate and influenced the pollination and
subsequent reproduction of H. tortuosa. Forest amount, patch size, the interaction between forest
amount and patch size, precipitation, and temperature were all associated with at least one

element of H. tortuosa reproduction over the 9-year study period.

Fruit production

We found the most evidence for the effects of forest amount, patch size, and precipitation
on the probability of H. tortuosa fruit (See Supplemental Information Table G1). For every
percent decrease in the forest amount surrounding the H. tortuosa plant, the estimated odds of
producing a fruit decreased by a factor of 0.20 (95% CI: 0.05, 0.72, Table 1, Figure 4). When
patch size doubled, the estimated odds of producing a fruit increased by a factor of 1.07 (95%
CI: 1.00, 1.16). For every millimeter increase of average daily precipitation per year, the
estimated odds of producing a fruit decreased by a factor of 0.75 (95% CI: 0.66, 0.86). The
estimated odds of producing a fruit increased by a factor of 1.001 (95% CI: 1.0001, 1.002) for
every meter increase in the elevation of the H. fortuosa plant above sea level. We also examined
the interaction between forest amount and patch size on the probability of fruit. In large patches,
there was a positive relationship between forest amount and probability of fruit. Conversely, in
small patches, there is a negative relationship between forest amount and probability of fruit
(Figure 3). We did not detect any significant predictors of the proportion of fruit produced. The
null model was within the top 4 AIC. of the model set for the proportion of fruit (See
Supplemental Information Table G2).

We only detected lagged climate effects in our model testing the synergistic effects of

patch size and lagged precipitation on probability of fruit (See Supplemental Information Tables
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H1-H2). While neither patch size or past precipitation had significant additive effects, the
interaction between patch size and past precipitation was marginally statistically significant (See
Supplemental Information Table H2). In large patches, the relationship between past
precipitation and probability of fruit was positive (i.e., wetter years yielded higher probability of
fruit). However, in small patches, the impact of past precipitation on the probability of fruit was
negative (wetter years resulted in lower probability of fruit). These trends for the probability of

fruit in different patch size classes are consistent with our other findings.

Seed set

After statistically accounting for plant height, we found strongest support for the
hypothesis that forest amount and precipitation influence the number of seeds produced by H.
tortuosa (Table 1, Figure 5). The estimated median number of seeds decreased by 27% (95% CI:
51% decrease, 9% increase) for every percent increase in the forest amount surrounding the A.
tortuosa plant. Similar to the effect on the probability of fruit, for every millimeter gained in
average daily precipitation per year, the estimated median number of seeds decreased by 8%
(95% CI: 15%, 1%). The median number of seeds increased by a factor of 1.27 (95% CI: 1.09,
1.47) for every doubling of the height of a H. tortuosa plant (Table 1).

Temperature had a weak positive impact on the proportion of H. tortuosa seeds produced,
for every degree Celsius increase in average daily temperature, the mean seeds produced per
flower increased approximately 0.05 (95% CI: -0.01, 0.12, See Supplemental Information Table
G4). The null model was within the top 4 AIC. of the proportion of seeds model set (See

Supplemental Information Table G3).
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Pollen tubes

For each meter increase in elevation, the mean pollen tube presence per style decreased
by approximately 0.0002 (95% CI: -0.0005, 0). Interestingly, elevation was the only predictor
with significant impact on the proportion of pollen tubes (See Supplemental Information Table
G6). However, the null model was within the top 4 AIC. of the model set for the proportion of
pollen tubes (See Supplemental Information Table GS5), and confidence intervals bounded zero,

so this variable did not have strong support.

Discussion

To our knowledge, this is the first study to test for combined long-term effects of
landscape structure and climate on pollination success and plant reproductive output. We found
that both landscape structure and climate influence measures of fecundity in H. fortuosa, but
these factors do not tend to act synergistically; we did not find support for the landscape and
climate synergy hypothesis. In other words, the effects of forest loss and fragmentation were not
disproportionately amplified in wetter or hotter years.

H. tortuosa plants were more likely to produce fruit at higher elevations and in larger
patches, and less likely to produce fruit when there was more forest in the surrounding
landscape. Consistent with previous work in this system, we found support for the landscape
fragmentation hypothesis, but less so for the landscape composition hypothesis. H. tortuosa
plants were also less likely to produce fruit in wetter years, which supports the precipitation
hypothesis. We could not substantiate the temperature hypothesis, perhaps due to the regional

scale of the climate data.
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Fruit probability appeared to be the most responsive to both landscape structure and
climate, but seed output also responded to these drivers. Why was the probability of fruit
variable seemingly the most sensitive to the combined effects of climate and land cover? This
response variable differed from other measures of reproductive success in that it included plants
that did not produce at least one successful fruit (i.e., those that failed entirely to reproduce). We
conservatively excluded these plants from additional measures of plant reproduction because
plants could lack fruit for several reasons in addition to low rates of pollination. In particular,
these plants may have lacked the vigor to grow fruit (perhaps due to lack of resources). On the
other hand, to be included in our analyses, proportion of fruit and seed set variables needed to
have produced at least one fruit, indicating that plants had at least some minimum level of vigor,
and pollinators occurred in the vicinity. Plant-specific data for pollen tubes would have enabled a
comparison with the probability of fruit to ascertain whether H. fortuosa plants were limited by
vigor or by hummingbird visitation, but unfortunately, we did not collect these data.

Only 52% of the styles examined had at least one pollen tube, likely indicating that visits
from specialized pollinators (P. guy and C. hemileucurus) are limiting pollen deposition. This
finding is consistent with previous work from this study system showing severe limitation in H.
tortuosa in small, fragmented patches (25% pollen tube prevalence; Kormann et al. 2016) and up
to 79% when sampling occurred across a gradient in fragmentation — including large, connected
patches (Hadley et al. 2014).

Our finding that forest amount had a negative effect on the probability of fruit is
inconsistent with our previous findings that deforestation detracts from hummingbird movement
(Hadley and Betts 2009), hummingbird community structure (Hadley et al. 2018) and plant

reproduction (Hadley et al. 2014). We found that the effect of forest amount on the probability of
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fruit was only negative when patch size was small; in contrast, when patches were large and in a
forested landscape, the effect of forest amount was positive as anticipated. We hypothesize that
this counterintuitive positive effect on pollination of small patches embedded within deforested
landscapes could be due to a ‘fence effect’.

Pollinator movement is strongly restricted by forest fragmentation in this system (Hadley
and Betts 2009; Kormann et al. 2016; Volpe et al. 2016); The higher probability of fruit in
fragmented landscapes could therefore be due to restricted pollinator movement preventing
pollinator dispersal. Movement barriers may prevent inter-patch movement by hummingbirds,
resulting in frequent visitation of the plants remaining in small patches. Although, this
hypothesized mechanism may enable reproduction in the short term, it is possible that repeated
mating among spatially proximate plants will restrict gene flow; indeed, higher rates of
inbreeding are already apparent in small patches (Torres-Vanegas et al. 2021).

The negative effect of precipitation on the probability of H. fortuosa fruit and number of
seeds may be an indirect result of reduced light received by H. fortuosa when precipitation is
high; high precipitation is accompanied with increased cloud cover. Light is often limiting for
trees in tropical forests (Graham et al. 2003) and as H. fortuosa is a tropical understory herb, the
light limitation may be particularly pronounced. Alternatively, reduced precipitation could result
in water stress, that may induce increased H. fortuosa flowering (Opler et al. 1976). Regardless
of the mechanism, if lack of water in the dry season induces H. tortuosa flowering, a continued
tendency toward wetter dry seasons could alter the phenological synchrony between H. fortuosa
and its pollinators.

In 1987, only 29% of Costa Rica was forested (Lutz et al. 1993), but as of 2013 forest

cover increased to 53% (Costa Rican Ministry of Environment and Energy 2018). The study area
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is particularly dynamic as there has been a net loss of forest since 1980, however both
deforestation and reforestation have occurred (Zahawi et al. 2015). As our measures for patch
size and forest amount were static throughout the experiment, we are unable to detect the effects
of afforestation or further deforestation. Indeed, the matrix surrounding several of the small,
isolated patches that was formerly pasture is beginning regenerate to scrub forest, thereby
reducing isolation and enhancing hummingbird movement (Jackson et al. /n Review). Such
patterns may explain the contrast between the current findings and previous findings from the
same study system, in which effects of forest loss and fragmentation on plant reproduction were
stronger (Hadley et al. 2014; Kormann et al. 2016). This is certainly a hypothesis in need of
future investigation.

The effects of habitat loss and fragmentation resulting in pollen limitation of H. tortuosa
has implications for future resources for pollinators. Habitat loss and fragmentation tend to be
associated with declines in plant sexual reproduction (Aguilar et al. 2006; Garibaldi et al. 2013).
Reduced sexual reproduction may lead to decreased floral resources, forcing pollinators to travel
further to obtain resources. When pollinators that alter their movement in response to habitat
configuration are forced to move further, the increased exertion may lead to declines in
pollinators through increased mortality or decreased reproduction. A reduction in pollinators will
likely have consequences for plant pollination and reproduction. This positive feedback loop is
one explanation for the associated decline of plants and their pollinators (Biesmeijer et al. 2006).
If landscapes continue to be fragmented, and the climate in the Neotropics becomes wetter
(Trenberth 2011), this sort of feedback loop could be a concern for H. fortuosa and the

pollinators that depend upon it.
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While we did not find evidence of synergistic effects of landscape structure and climate,
we emphasize that additive effects of these stresses did occur. Reproductive output increased in
large patches in forested landscapes and in small patches in deforested landscapes during dry
years. Reduced reproductive output is likely due to pollen limitation caused by a lack of habitat
quality in small patches surrounded by forested landscapes and a lack of connectivity in large
patches in deforested landscapes influencing hummingbird movement. The pollen limitation
expected in small patches in deforested landscapes may be obscured by a “fence effect” causing
pollinator saturation. We conclude that pollen limitation and reduced reproduction may be

exacerbated by future land-cover and climate changes.
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Tables

Table 1. Coefficients for the top AIC.-ranked models predicting the probability of fruit and the
number of seeds as a function of local-scale nuisance variables (e.g., flower richness, elevation,
height), landscape structure (forest amount and patch size), and precipitation. The probability of
fruit at the scale of individual plants decreased with increased rainfall, and as a function of the
amount of forest in the landscape. Patch size and elevation had positive influences on the
probability of fruit. After accounting for height, precipitation also has a negative impact on the
number of H. tortuosa seeds produced.

Response variable

Model Variable Estimate 95% CI P-value

Probability of fruit

Patch size +

precipitation
Forest amount -0.268 -0.482, -0.053 0.0145*
Patch size 0.206 0.001, 0.412 0.0488*
Precipitation -0.369 -0.539, -0.199 0.0000212*
Distance to edge 0.082 -0.108, 0.272 0.3980
Plant richness 0.076 -0.184, 0.335 0.5682
Flowering plant density  0.058 -0.216, 0.332 0.6763
Elevation 0.222 -0.021, 0.423 0.0306*

Probability of fruit

Patch size x

precipitation
Forest amount -0.271 -0.490, -0.052 0.0152*
Patch size 0.190 -0.021, 0.400 0.0770
Precipitation -0.368 -0.539, -0.198 0.0000234*
Patch size x 0.109 -0.081, 0.300 0.2601
precipitation
Distance to edge 0.080 -0.112, 0.272 0.4126
Plant richness 0.074 -0.187, 0.336 0.5776
Flowering plant density 0.052 -0.224, 0.328 0.7134
Elevation 0.226 0.022, 0.431 0.0302*

Logged number of

seeds

Forest amount +

precipitation
Forest amount -0.051 -0.114, 0.011 0.10600
Precipitation -0.107 -0.196 -0.018 0.01887*
Height 0.098 0.037, 0.159 0.00158*
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Figure 1. A) The study area, showing forest cover in a gray layer, forest patch location in black
dots, and 1000m radii around the patches in black outline. Patches were sampled along a gradient
in size and surrounding forest amount. Featured are two examples: B) a small patch with in a
relatively forested landscape and C) a large patch in a deforested landscape.
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Figure 2. A) The proportional and binary pollination and reproductive output of H. tortuosa over
the 9-year study period. Data was not collected for the pollen tube proportion in 2012 and 2018.

B) The mean number of seeds produce per plant per year over our 9-year study period. C) The
average daily precipitation and average daily temperature over our 9-year study period.
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Figure 3. Fitted values from a generalized linear mixed model that predicts the probability of H.
tortuosa fruit as a function of the interaction between patch size and forest amount (standardized

to mean zero). Although patch size had a strong positive effect on the probability of fruit, larger
patches appeared to be detrimental to fruit in landscapes with high forest cover.
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Figure 4. Fitted values from the top AICc-ranked model predicting the probability of H. tortuosa
fruit as a function of A) precipitation B) proportion of forest, and C) a patch size. All fitted
values statistically account for other terms in the model (probability of fruit ~ precipitation +

patch size + proportion of forest + nuisance variables). Shaded areas show bootstrapped 95%
confidence intervals.
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Figure 5. Fitted values from the top AICc-ranked model predicting the number of H. tortuosa
seeds as a function of A) precipitation B) proportion of forest. All fitted values statistically
account for other terms in the model (number of seeds ~ precipitation + proportion of forest +
nuisance variables). Shaded areas show bootstrapped 95% confidence intervals.
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Figure 1

A) The study area, showing forest cover in a gray layer, forest patch location in black dots, and 1000m
radii around the patches in black outline. Patches were sampled along a gradient in size and surrounding
forest amount. Featured are two examples: B) a small patch with in a relatively forested landscape and
C) a large patch in a deforested landscape. Note: The designations employed and the presentation of the
material on this map do not imply the expression of any opinion whatsoever on the part of Research
Square concerning the legal status of any country, territory, city or area or of its authorities, or concerning
the delimitation of its frontiers or boundaries. This map has been provided by the authors.
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Figure 2

A) The proportional and binary pollination and reproductive output of H. tortuosa over the 9-year study
period. Data was not collected for the pollen tube proportion in 2012 and 2018. B) The mean number of
seeds produce per plant per year over our 9-year study period. C) The average daily precipitation and
average daily temperature over our 9-year study period.
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Figure 3

Fitted values from a generalized linear mixed model that predicts the probability of H. tortuosa fruit as a
function of the interaction between patch size and forest amount (standardized to mean zero). Although

patch size had a strong positive effect on the probability of fruit, larger patches appeared to be
detrimental to fruit in landscapes with high forest cover.
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Figure 4

Fitted values from the top AlCc-ranked model predicting the probability of H. tortuosa fruit as a function
of A) precipitation B) proportion of forest, and C) a patch size. All fitted values statistically account for
other terms in the model (probability of fruit ~ precipitation + patch size + proportion of forest + nuisance
variables). Shaded areas show bootstrapped 95% confidence intervals.
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Figure 5

Fitted values from the top AlCc-ranked model predicting the number of H. tortuosa seeds as a function of
A) precipitation B) proportion of forest. All fitted values statistically account for other terms in the model
(number of seeds ~ precipitation + proportion of forest + nuisance variables). Shaded areas show
bootstrapped 95% confidence intervals.
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