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Abstract

More frequent and severe El Niño Southern Oscillations (ENSO) are causing episo-

dic periods of decreased rainfall. Although the effects of these ENSO‐induced
droughts on tree growth and mortality have been well studied, the impacts on other

demographic rates such as reproduction are less well known. We use a four‐year
seed rain dataset encompassing the most severe ENSO‐induced drought in more

than 30 years to assess the resilience (i.e., resistance and recovery) of the seed

composition and abundance of three forest types in a tropical dry forest. We found

that forest types showed distinct differences in the timing, duration, and intensity

of drought during the ENSO event, which likely mediated seed composition shifts

and resilience. Drought‐deciduous species were particularly sensitive to the drought

with overall poor resilience of seed production, whereby seed abundance of this

functional group failed to recover to predrought levels even two years after the

drought. Liana and wind‐dispersed species were able to maintain seed production

both during and after drought, suggesting that ENSO events promote early succes-

sional species or species with a colonization strategy. Combined, these results sug-

gest that ENSO‐induced drought mediates the establishment of functional groups

and dispersal types suited for early successional conditions with more open cano-

pies and reduced competition among plants. The effects of the ENSO‐induced
drought on seed composition and abundance were still evident two years after the

event suggesting the recovery of seed production requires multiple years that may

lead to shifts in forest composition and structure in the long term, with potential

consequences for higher trophic levels like frugivores.
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1 | INTRODUCTION

El Niño Southern Oscillations (ENSO) are episodic events that are

associated with warmer and drier conditions in tropical forests

around the globe, and many climate change scenarios project the

frequency and severity of these events to increase (Cai et al., 2014;

Dai, 2013; Huang & Xie, 2015). Although predictions of the timing

and intensity ENSO events have improved, the impacts on forest

demographic rates remain poorly understood, especially as ENSO

events simultaneously alter growth, mortality, and reproductive pro-

cesses that are mediated by multiple mechanisms including physio-

logical responses, biological interactions, and abiotic variables (Allen

et al., 2017; Bebber, Brown, & Speight, 2004; Itoh et al., 2012;

Maza‐Villalobos, Poorter, & Martínez‐Ramos, 2013; O'Brien, Leuzin-

ger, Philipson, Tay, & Hector, 2014; O'Brien, Reynolds, Ong, &
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Hector, 2017). Therefore, assessing the effects of ENSO events on

forest demography while incorporating multiple variables across spe-

cies, functional groups, and forest communities is important for

improving our understanding and in turn predictions of the effects

of ENSO‐induced drought.

Seed production is an important process in tropical forests

because it determines forest regeneration and diversity as well as

providing food sources for vertebrates and invertebrates (Granados,

Brodie, Bernard, & O'Brien, 2017; Vazquez‐Yanes & Orozco‐Segovia,
1993). Reproduction rates depend on multiple variables including the

synchronization of flowers and pollinators (Augspurger, 1981),

resource availability during the development of flowers and fruits

(Ågren, 1989; Ågren, Ehrlén, & Solbreck, 2008; Borchert, 1983) and

environmental conditions during production and dispersal of seeds

and fruits (Primack, 1987). Furthermore, tree seeds develop over

fairly long periods from weeks to months and disturbances at any

point in the development can impact seed production (Borchert,

1983; Primack, 1987). Therefore, reproduction in forests is sensitive

to shifts in climatic variables—such as changes in temperature and

precipitation associated with ENSO events—that affect the diversity,

quality, and abundance of seeds produced in a forest (Lasky, Uriarte,

& Muscarella, 2016). This sensitivity in conjunction with the diffi-

culty of tracking seed production over temporal scales relative to

tree growth and survival has led to an understudied demographic

rate in tropical forests (Mendoza, Peres, & Morellato, 2017), espe-

cially in terms of episodic climatic fluctuation such as ENSO events

(but see Detto, Wright, Calderón, & Muller‐Landau, 2018).
Multiple variables contribute to community‐level seed production

in tropical forests (Lasky et al., 2016). The composition of the forest

community can promote stability in seed production as species and

functional groups may vary in reproductive strategies (Borchert,

1983; Primack, 1987). For example, evergreen and drought‐decidu-
ous tree species in tropical dry forests have different resource allo-

cation strategies, which may be effected by different climatic

variables (Álvarez‐Yépiz et al., 2017; Reich & Borchert, 1984). In

addition, seed production between drought‐deciduous and evergreen

species may have unique temporal responses to dry conditions

because drought‐deciduous species may require additional time to

regrow leaves before seed development (Borchert, 1983; Detto

et al., 2018; Reich & Borchert, 1984). In contrast to tree species, lia-

nas may have a distinctly different vulnerability to drought than

trees and appear to be increasing in abundance in tropical forests

(DeWalt et al., 2010; Schnitzer, 2005; Schnitzer & Bongers, 2011).

These three functional groups represent different drought strategies

whereby lianas adjust osmotic potentials to maintain turgor (Maré-

chaux, Bartlett, Iribar, Sack, & Chave, 2017), evergreen trees main-

tain function through cavitation resistance (Adams et al., 2017;

Markesteijn, Poorter, Paz, Sack, & Bongers, 2011) and drought‐decid-
uous trees avoid desiccation by shedding leaves (Mcdowell et al.,

2008). These strategies might have effects on the maintenance of

seed production during drought and the temporal recovery of seed

production following drought (Wright & Calderon, 2006), and assess-

ing variation in seed production across functional groups may

provide insights into the variables that mediate responses to climatic

variability.

In addition to the mechanistic importance of functional traits and

groups for understanding plant responses, the effect of climatic fluc-

tuations on dispersal types offers insights into the cascading impacts

on other trophic levels (Curran & Leighton, 2000; Curran & Webb,

2000; Frankie, Baker, & Opler, 1974) as well as the spatial distribu-

tions of regeneration in forests recovering from climatic disturbance

(Caughlin, Ferguson, Lichstein, Bunyavejchewin, & Levey, 2014). Pre-

vious studies in seasonally dry forests have suggested that fleshy

fruited species and wind‐dispersed seeds have different fruiting phe-

nologies (Frankie et al., 1974), indicating that they might respond dif-

ferently to climatic variability and drought. If tree species dependent

on vertebrate dispersal are sensitive to ENSO events, then the

effects will cascade to frugivores that depend on those seeds (van

Schaik, Terborgh, & Wright, 1993). Alternatively, if wind‐dispersed
seeds are negatively impacted by ENSO events, then species distri-

butions within forests may become underdispersed or clumped,

which can in turn influence other processes such as competition

(Caughlin, Ferguson, Lichstein, Zuidema, et al., 2014).

For tropical dry forests, which have a seasonal dry period,

drought may negatively affect forest demographic rates through

either reducing the annual rainfall or through a drier and longer dry

season (Allen et al., 2017; Murphy & Lugo, 1986). However, these

two components reduce water availability below typical levels either

for the dry season or the wet season (Guan et al., 2015). Therefore,

assessing annual water deficit encompasses both periods, and the

response of forest demographic rates both during (resistance) and

after (recovery) drought relative to predrought levels determines the

resilience of the ecosystem process—for example seed production

(Ingrisch & Bahn, 2018; Mitchell et al., 2016). This temporal compo-

nent is important as functional groups or dispersal types could main-

tain seed production during drought (high resistance) but have slow

recovery to predrought production, or alternatively, seed production

could decrease rapidly during drought (low resistance) but recover

quickly after drought (overall resilient). Therefore, understanding the

impact of ENSO‐induced drought on seed production requires

assessing responses through time relative to predisturbance condi-

tions.

Here, we examine the composition and abundance of seeds from

a seed rain dataset across different forest types spanning four years

in a tropical dry forest in Costa Rica, which included one of the most

severe ENSO events on record (Figure 1a). The dataset included a

predrought period before the ENSO event, a drought of approxi-

mately 12 months and two years postdrought, which allowed us to

assess resistance and recovery of seed production to drought. First,

we assessed the species composition of the seed rain in three forest

types across the four years of sampling to highlight differences in

community‐level responses. We posit that the forest types, which

consist of different species and proportions of functional groups, will

differentially respond to the timing, duration, and intensity of the

ENSO event. Second, we assessed the impacts of ENSO‐induced
drought on seed abundance from two perspectives that are not
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completely orthogonal (i.e., the roles of the categorical variables are

not mutually exclusive) to test two hypotheses. (a) Functional groups

will be differentially affected by ENSO‐induced drought with

reduced seed abundance in drought‐deciduous species relative to

evergreen and liana species, and (b) seed dispersal types will show

contrasting patterns in response to ENSO‐induced drought, which

has implications for seedling regeneration and vertebrates.

2 | MATERIALS AND METHODS

2.1 | Study sites

This study was carried out Parque Nacional Palo Verde located in

the Área de Conservación Arenal‐Tempisque (10.358 N, 85.358 W)

and in Sector Santa Rosa, formerly known as Parque Nacional Santa

Rosa located in the Área de Conservación Guanacaste (10.848 N,

85.628 W) in northwestern Costa Rica. At Parque Nacional Palo

Verde, we sampled a single forest type consisting of a mixture of

drought‐deciduous and evergreen species (referred to as Palo Verde

throughout). We sampled in two distinct forest types in Sector Santa

Rosa: (a) a typical diverse tropical forest consisting of a mixture of

drought‐deciduous and evergreen species (referred to as Santa Rosa

throughout) and (b) an evergreen forest dominated by the live oak

Quercus oleoides with low abundance of co‐occurring drought‐decid-
uous and evergreen species (referred to as Santa Rosa Oak through-

out). All plots in the three different forest types consisted of

secondary forest in various stages of recovery from grazing, and

plots spanned a gradient of forest age within each forest type.

Details of forest composition and soil types can be found in Powers,

Becknell, Irving, and Perez‐Aviles (2009). The average annual rainfall

(SD) at the Palo Verde site from 2008 to 2017 was ~1,600 mm

(465), and at the Santa Rosa sites from 1981 to 2017, average rain-

fall (SD) was ~1,700 mm (700). The dry season typically lasts about

5 months between January and May, and the mean annual tempera-

ture is approximately 25°C. The ENSO event from late 2014 to

2016 was the longest and most intense drought in the area since

1983 to 1984 (Figure 1a).

2.2 | Seed sampling

Six plots of 20 × 50 m were placed within each of the three forest

types (18 plots in total) stratified by stand age. These plots are a

subsample of a larger 84 plot network and are broadly representa-

tive of the variation across the landscape (Becknell & Powers, 2014;

Powers et al., 2009). Along a center transect running the length of

the plot, four seed traps were placed every 10 m (10, 20, 30 and

40 m). The dimension of the traps was 50 × 50 cm and they were

mounted 75 cm above the ground on square rebar frames. Traps

were lined with plastic screening with ~1 mm mesh size. Seed sam-

pling was carried out monthly beginning in October of 2013 until

December of 2017. All seeds and fruits in the traps were counted,

identified to species, and assigned to a functional group (drought‐de-
ciduous, evergreen or liana) based on Powers and Tiffin (2010) and

dispersal type (vertebrate, gravity/autochory and wind) based on

F IGURE 1 Moving cumulative rainfall for previous 12 months. (a) Rainfall was summed across the previous 12 months from January 1981
until December 2017. Gray bars represent the four periods with more than two consecutive months of less than 1,000 mm moving 12‐month
cumulative rainfall. (b) The moving 12‐month cumulative rainfall for the period of seed fall sampling from January 2014 until December 2017
for the Palo Verde site (gray) and Santa Rosa sites (black). We assumed the drought began at cumulative rainfall below 1,000 mm (solid vertical
lines) and ended after more than 2 months of cumulative rainfall above 1,000 mm (dashed vertical lines). The two sites showed different
timing, duration and intensity of drought
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Hilje, Calvo‐Alvarado, Jiménez‐Rodríguez, and Sánchez‐Azofeifa
(2015). See Supporting Inforamtion Table S1 for the list of species,

their functional groups, dispersal types, and seed mass (from Vargas,

Werden, & Powers, 2015). The Poaceae spp. (grasses) were excluded

from the all analysis due to their difficulty to identify and the focus

on forest species.

2.3 | Defining drought

Instead of using a temporal definition of the ENSO event that began

at the end of 2014 and ended at the end of 2016, we defined the

drought empirically as a moving 12‐month cumulative total below

1,000 mm (Figure 1), which is approximately less than one standard

deviation below the mean rainfall. We chose a 12‐month period

because smaller increments emphasized the natural precipitation

fluctuations between the wet and dry seasons, and as drought can

effect either of these periods through decreased rainfall during the

wet season or lengthening the dry season, using 12‐month cumula-

tive rainfall encompasses both periods (Guan et al., 2015; Murphy &

Lugo, 1986). Furthermore, seed production is predominantly during

the dry season (Figure 2), and flowering and fruit development often

depends on resources of the previous year, which further empha-

sizes the importance of using 12‐month cumulative rainfall. There-

fore, the drought period was determined separately for each

conservation area based on the rainfall data collected at Santa Rosa

and Palo Verde. This method provided a quantifiable definition of

drought and allowed the two sites to vary in the timing and duration

of drought based on the moving 12‐month cumulative total.

2.4 | Statistical analysis

To assess the compositional shifts due to rainfall and time, we used

a constrained analysis of proximities on the Jaccard distance matrix

of monthly presence–absence data (pooled to the plot level) and the

constraining terms year (a factor with four levels; 2014, 2015, 2016,

and 2017) and moving 12‐month cumulative rainfall (a continuous

variable). Because forest types had distinct compositions (Powers

et al., 2009), this analysis was performed separately for each forest

type. We tested the significance of the constraining terms with a

permutation test. If the inertia in the permuted models (null model

with no constraining terms) was lower than in the constrained

model, then the association was considered statistically significant. If

the overall model was significant, then we tested the significant

effect of each constraining variable with moving 12‐month cumula-

tive rainfall tested before year. These analyses were performed with

R statistical software (version 3.3.2; https://r-project.org). The con-

strained analysis of proximities was performed with the capscale

function (Legendre & Anderson, 1999), and the permutation test was

carried out with the anova.cca function in the VEGAN package.

To assess the importance of functional groups and dispersal types

on seed abundance during drought, we first partitioned months into

predrought, drought, and postdrought periods based on the moving

12‐month cumulative rainfall, which allowed us to assess resistance

(drought period) and recovery (postdrought period). We analyzed seed

abundance as a function of rainfall period (a factor with three levels:

predrought, drought, and postdrought), forest type (a factor with

three levels: Palo Verde, Santa Rosa, and Santa Rosa Oak), functional

group (a factor with three levels: drought‐deciduous, evergreen, and
liana) and all two‐way interactions using a generalized‐linear mixed‐ef-
fects model. The same analysis was performed with dispersal type (a

factor with three levels: vertebrate, wind, and gravity/autochory)

F IGURE 2 Seed production over the 4 years of sampling. The
three panels are for (a) Palo Verde, (b) Santa Rosa, and (c) Santa
Rosa Oak. The different lines and points represent the six different
plots in each forest type and are included to just show the within
forest type variability. Most seed fall occurred during the dry season
each year (i.e., January to July)
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instead of functional group. We used a negative‐binomial distribution

with a log link function and random terms for plot nested within for-

est type (a factor with 18 levels), plot nested in forest type nested in

period (a factor with 54 levels), plot nested in forest type nested in

year (a factor with 72 levels), forest type nested in year (a factor with

12 levels), and functional group/dispersal type nested in year (a factor

with 12 levels). See Supporting Information Table S2 for the ANOVA

table of Wald statistics and variance components for functional group

and Supporting Information Table S3 for dispersal type. All general-

ized‐linear mixed‐effects models were performed with the asreml‐R
package (ASReml 3, VSN International, UK) in the R statistical soft-

ware (version 3.3.2; https://r-project.org).

3 | RESULTS

3.1 | Drought timing and intensity

Although the two conservation areas are less than 80 km apart, they

showed distinctly different drought patterns (Figure 1b). The drought

at Palo Verde started in October 2014 and went to November

2015, had a 12‐month duration, and had a minimum moving 12‐
month cumulative rainfall of 750 mm. By contrast, the drought at

the Santa Rosa and Santa Rosa Oak forest types began in April

2015 to June 2016, lasted 14 months, and reached a minimum mov-

ing 12‐month cumulative rainfall of 625 mm. Therefore, the drought

at Palo Verde had an earlier timing, shorter duration, and lower

intensity than the Santa Rosa types.

3.2 | Seed rain

Over the four‐year period, we identified ~18,000 seeds from 67 spe-

cies among the three forest types (Figure 2). The seed rain

composition of the three forest types (see Supporting Information

Table S1 for the species list) was differentially affected by moving

12‐month cumulative rainfall and year (Figure 3). Palo Verde was not

significantly affected by the constraining terms (p = 0.1 for the over-

all model) while the constraining terms significantly affected Santa

Rosa (p = 0.002 for the overall model) and Santa Rosa Oak

(p = 0.002 for the overall model). However, the effect on the Santa

Rosa composition was driven by year (p = 0.001) while the Santa

Rosa Oak composition was different across the moving 12‐month

cumulative rainfall gradient (p = 0.001).

Functional groups mediated seed abundance across rainfall periods

and forest types (Figure 4). Drought‐deciduous and evergreen species

had significantly fewer seeds at the Palo Verde type both during

drought (difference between predrought and drought = −4.3 log‐seeds,
95% CI: −6.1 to −2.6) and during postdrought (difference between pre-

drought and postdrought = −4.9 log‐seeds, 95% CI: −7.7 to −2.1) peri-

ods. The effect of drought on these two functional groups at Santa

Rosa and Santa Rosa Oak types was not significantly different from pre-

drought seed abundance. However, there was a lag effect on drought‐
deciduous species whereby seed abundance was significantly reduced

relative to predrought seed abundance after the return of rainfall in

both the Santa Rosa (difference between predrought and post-

drought = −2.4 log‐seeds, 95% CI: −4.4 to −0.4) and Santa Rosa Oak

(difference between predrought and postdrought = −2.3 log‐seeds,
95% CI: −4.2 to −0.4) types. Seed abundance of liana species was

mostly unaffected by drought, with seed abundance remaining consis-

tently similar among predrought, drought and postdrought periods for

all forest types except for significantly fewer seeds during drought rela-

tive to predrought at the Palo Verde forest type (difference between

predrought and drought = −2.1 log‐seeds, 95% CI: −4.0 to −0.1).

Seed abundance during and after drought was not significantly

different on average among dispersal types but instead varied by

F IGURE 3 Constrained PCoA of seed communities in each forest type. PCoA of Palo Verde (a), Santa Rosa (b) and Santa Rosa Oak (c)
forest types after constraining for the 4 years of sampling and the moving 12‐month cumulative rainfall (black line; Rain). The gray text
represents species with an identifier for the functional group and dispersal type (DW, drought‐deciduous and wind; LW, liana and wind; DV,
drought‐deciduous and vertebrate; EV, evergreen and vertebrate; LV, liana and vertebrate; DG, drought‐deciduous and gravity; LG, liana and
gravity)
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forest type (Figure 5). Palo Verde had significantly fewer seeds dur-

ing drought and postdrought periods for all dispersal types (Figure 5b)

while in Santa Rosa and Santa Rosa Oak forest types, wind‐dispersed
seed abundance was maintained during drought and postdrought

periods (Figure 5d,f). However, in Santa Rosa and Santa Rosa Oak

forest types, seed abundance was lower for both vertebrate and

gravity dispersed seeds during drought (Figure 5d,f). Furthermore,

there were lag effects for vertebrate‐dispersed seeds whereby seed

abundance was significantly lower during recovery for Santa Rosa

(difference between predrought and postdrought = −2.6 log‐seeds,
95% CI: −4.9 to −0.3) and Santa Rosa Oak (difference between pre-

drought and postdrought = −2.9 log‐seeds, 95% CI: −5.2 to −0.7).

The same pattern was found for gravity dispersed seeds at Santa

Rosa (difference between predrought and postdrought = −2.9 log‐
seeds, 95% CI: −5.1 to −0.6) and Santa Rosa Oak (difference

between predrought and postdrought = −3.2 log‐seeds, 95% CI:

−5.4 to −1.0).

4 | DISCUSSION

Our assessment of seed composition and abundance in three forest

types in tropical dry forests before, during, and after an ENSO‐in-
duced drought found differential responses among functional

groups and dispersal types through time. Interestingly, seed abun-

dance, but not composition, at Palo Verde was more significantly

impacted than the Santa Rosa forest types despite a shorter and

less intense drought, which indicate the unique forest composition

mediated these responses. Our findings of significant regional varia-

tion in seed production in response to drought suggest that studies

conducted at isolated field stations may not reflect overall

responses across the landscape; thus, such studies should be

extrapolated to broader spatial scales with caution. Within func-

tional groups, drought‐deciduous species had reduced seed produc-

tion during drought and continued to decline in abundance even

after the return of typical rainfall. By contrast, lianas, and to a les-

ser extent evergreen species, maintained seed abundances during

and after drought suggesting a high degree of resistance and over-

all resilience to ENSO‐induced drought for these two groups. Ver-

tebrate and gravity dispersed seeds were the most inhibited by

drought showing an overall low resilience of larger seeded species

even after nearly 2 years postdrought. Overall, these results sug-

gest that ENSO‐induced drought promoted small seeded species

(i.e., lianas and wind‐dispersed species) that would be typical of

early successional species with a colonization strategy.

4.1 | Composition shifts

Forest types showed distinct patterns in seed community composi-

tion in response to interannual cycles and rainfall quantity. The

effect of drought on forest function is often partitioned into four

variables: (a) timing, (b) intensity, (c) frequency, and (d) duration

(Mitchell et al., 2016), and the different species compositions likely

responded differently to these variables. Palo Verde seed

composition was not significantly different among years or across

rainfall quantity, which was likely due to the earlier onset (October

2014 to November 2015), shorter duration (12 months), or less

intense drought (750 mm minimum moving 12‐month cumulative

rainfall). The drought at the Santa Rosa and Santa Rosa Oak forest

types started later (at the end of the dry season; April 2015 to June

2016) was longer (14 months) and more intense (625 mm minimum

moving 12‐month cumulative rainfall). Therefore, forest type differ-

ences between Palo Verde and the Santa Rose types could be due

to either timing, duration, intensity, or some combination of the

three. These variables are likely working in conjunction with the dif-

ferent unique compositions among forest types.

However, the differences between Santa Rosa and Santa Rosa

Oak can be separated into timing and intensity effects. The commu-

nity at Santa Rosa was significantly different among years suggesting

timing was important while Santa Rosa Oak showed a pattern

whereby months with more similar moving 12‐month cumulative

rainfall had more similar seed composition (i.e., an effect of drought

intensity). These results suggest that different forest compositions

can vary in their sensitivity to temporal and intensity variables of

drought (Mitchell et al., 2016), which is likely due to the underlying

species sensitivities within these different forest communities

(O'Brien, Ong, & Reynolds, 2017). Again, this regional variation in

forest responses to drought underscores that we need phenological

datasets that are both long term (Detto et al., 2018; Pau et al.,

2013) and distributed over geographic/spatial gradients (Mendoza

et al., 2017).

4.2 | Functional groups

In addition to regional variation, we also found variation in how

functional groups responded to drought. Seed production of

drought‐deciduous species was most sensitive to the ENSO‐induced
drought followed by evergreen and lianas. Furthermore, drought‐de-
ciduous species showed prolonged negative effects even with the

return of typical rainfall conditions, which suggests lag effects on

this functional group which may be due to prioritizing leaf flushing

over reproduction after drought (Borchert, 1983).

Lianas species were on the opposite end of the spectrum with

similar seed numbers across all sampling periods at all forest types.

Liana numbers are increasing in many tropical forests around the

globe due to increasing drought and seasonality (DeWalt et al.,

2010; Schnitzer & Bongers, 2011). Our results suggest the mainte-

nance of seed production by liana individuals during drought may

contribute to the increasing liana abundance found in tropical dry

forests. Maintained seed production during drought relative to trees

may lead to more rapid germination and establishment of lianas after

drought thereby promoting liana establishment over trees, especially

in newly formed gaps created by drought‐induced mortality (Sch-

nitzer & Carson, 2010). Coupling seed numbers with seedling estab-

lishment following drought is needed to support this hypothesis, but

our results indicate that the liana seed bank is maintained during

ENSO events. As lianas repress reproductive output by trees (García
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F IGURE 4 Seed abundance as a function of functional group. Seed abundance (95% CI) as a function of rainfall period for Palo Verde (a, b),
Santa Rosa (c, d), and Santa Rosa Oak (e, f) forest types. The left panels (a, c, e) are absolute estimates (log‐scale) for predrought, drought, and
postdrought periods of drought‐deciduous (○), evergreen ( ), and liana (●) functional groups. The right panels (b, d, f) are the difference
between predrought and drought (resistance) and predrought and postdrought (recovery) abundance. If confidence intervals cross the gray line
at zero, then differences are statistically indistinguishable from predrought levels. Abundance is on the log‐scale for readability
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F IGURE 5 Seed abundance as a function of dispersal types. Seed abundance (95% CI) as a function of rainfall period for Palo Verde (a, b),
Santa Rosa (c, d), and Santa Rosa Oak (e, f) forest types. The left panels (a, c, e) are absolute estimates (log‐scale) for predrought, drought, and
postdrought periods of vertebrate (○), gravity ( ), and wind (●) dispersal types. The right panels (b, d, f) are the difference between
predrought and drought (resistance) and predrought and postdrought (recovery) abundance. If confidence intervals cross the gray line at zero,
then differences are statistically indistinguishable from predrought levels. Abundance is on the log‐scale for readability
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León, Martínez Izquierdo, Mello, Powers, & Schnitzer, 2018), increas-

ing liana abundance coupled with drought‐induced decreases in seed

production of trees could further exacerbate potential food short-

ages for frugivores, as lianas tend to have wind‐dispersed seeds.

Seed abundance in evergreen species showed a strong interac-

tive effect with forest type whereby only evergreen species in Palo

Verde had reduced seed production during the ENSO event. The dif-

ference in response between the forest types is likely due to unique

species that are present at the Santa Rosa forest types but not

found at Palo Verde (i.e., only three evergreen species were shared

among the forest types). Therefore, even though functional groups

explained large differences in responses, it appears that species‐level
differences may explain forest type‐level differences within func-

tional groups (O’Brien, Ong, et al., 2017).

4.3 | Dispersal types

Vertebrate‐dispersed seeds were the most negatively affected by

the ENSO event with reduced seed production at all forest types

after the onset of drought and continuing even with the return of

typical rainfall. This result suggests that ENSO‐induced drought will

have cascading negative effects on frugivores due to reduced food

production (Harrison, 2001; Lasky et al., 2016). Furthermore, the

gravity dispersed seeds—the second largest seed size after verte-

brate dispersed—showed significant reductions by the recovery per-

iod, which indicates an overall reduced quantity of large seeded

species that could severely impact resources for frugivores. By con-

trast, wind‐dispersed species—with significantly smaller seeds—
maintained production across all periods, again, consistent with the

fact that lianas tend to have wind‐dispersed seeds and liana seed

production was less affected by drought. This continued seed pro-

duction of small seeded species would suggest a feedback whereby

drought‐induced mortality of the overstory creates gaps that pro-

mote the establishment of small seeded species with a colonization

strategy (Dalling & Hubbell, 2002; Muller‐Landau, 2010). Therefore,
ENSO events may not only induce overstory mortality but support

the establishment of early successional species. However, the long‐
term impact on forest regeneration will be determined not only by

seed production, but overstory mortality, and comprehensive results

on long‐term forest demographic rates will need to include effects at

all stages of development.

Our results provide detailed support of long‐term data on ENSO‐
induced drought effects on seed fall (Detto et al., 2018). Both func-

tional groups and dispersal types showed lag effects on seed produc-

tion as evidenced by low seed abundance of larger seeded species

even 2 years after typical precipitation levels had returned. However,

detailed analysis at longer time‐scales is necessary to understand the

effects on species demographic rates, especially for species that do

not produce seeds on annual cycles (Chapman, Wrangham, Chap-

man, Kennard, & Zanne, 1999) or that display masting behavior (e.g.,

Quercus oleoides) which may have longer recovery times than annual

seed producers.

Our assessment of a four‐year seed rain dataset that includes a

severe ENSO‐induced drought suggests strong negative effects on

drought‐deciduous species and larger seeded species that depend on

vertebrates for dispersal. These asymmetric impacts on larger seeded

species coupled with increased canopy openness due to drought‐in-
duced mortality of canopy trees will favor the establishment of smal-

ler wind‐dispersed seeds such as lianas and tree species with a

colonization strategy, thereby promoting secondary successional pro-

cess. Furthermore, seed abundance of drought‐deciduous and verte-

brate‐dispersed seeds had yet to recover to predrought quantities

even two years after the drought suggesting these ENSO events set

these forests to earlier successional stages that have long‐term
impacts on the forest composition and structure.

ACKNOWLEDGEMENTS

MOB was supported by the Swiss National Science Foundation

through an Advanced Postdoc Mobility Fellowship

(P3P3PA_167760). The plots were set up and monitored with fund-

ing from the National Science Foundation CAREER Grant DEB‐
1053237 and US Department of Energy, Office of Science, Office of

Biological and Environmental Research, Terrestrial Ecosystem

Science (TES) Program under award number DE‐SC0014363 to JSP.

We thank Camila Pizano and two anonymous reviewers for com-

ments that improved the manuscript.

AUTHOR CONTRIBUTIONS

MOB analyzed the data and wrote the manuscript. DPA carried out

the sampling, sorted and identified seeds, and maintained the experi-

mental infrastructure. JSP setup and designed the sampling strategy

and contributed to writing and revision.

ORCID

Michael J. O'Brien http://orcid.org/0000-0003-0943-8423

Jennifer S. Powers http://orcid.org/0000-0003-3451-4803

REFERENCES

Adams, H., Zeppel, M. J. B., Anderegg, W. R. L., Hartmann, H., Landhäus-

ser, S. M., Tissue, D. T., … McDowell, N. G. (2017). A multi‐species
synthesis of physiological mechanisms in drought‐induced tree mor-

tality. Nature Ecology & Evolution, 1, 1285–1291. https://doi.org/10.
1038/s41559-017-0248-x

Ågren, J. (1989). Seed size and number in Rubus chamaemorus:

Between‐habitat variation, and effects of defoliation and supplemen-

tal pollination. Journal of Ecology, 77, 1080–1092. https://doi.org/10.
2307/2260824

Ågren, J., Ehrlén, J., & Solbreck, C. (2008). Spatio‐temporal variation in

fruit production and seed predation in a perennial herb influenced by

habitat quality and population size. Journal of Ecology, 96, 334–345.
https://doi.org/10.1111/j.1365-2745.2007.01334.x

Allen, K., Dupuy, J., Gei, M., Hulshof, C., Medvigy, D., Pizano, C., …
Powers, J. S. (2017). Will seasonally dry tropical forests be sensitive

5278 | O'BRIEN ET AL.

http://orcid.org/0000-0003-0943-8423
http://orcid.org/0000-0003-0943-8423
http://orcid.org/0000-0003-0943-8423
http://orcid.org/0000-0003-3451-4803
http://orcid.org/0000-0003-3451-4803
http://orcid.org/0000-0003-3451-4803
https://doi.org/10.1038/s41559-017-0248-x
https://doi.org/10.1038/s41559-017-0248-x
https://doi.org/10.2307/2260824
https://doi.org/10.2307/2260824
https://doi.org/10.1111/j.1365-2745.2007.01334.x


or resistant to future changes in rainfall regimes? Environmental

Research Letters, 12, 023001. https://doi.org/10.1088/1748-9326/aa

5968

Álvarez‐Yépiz, J. C., Búrquez, A., Martínez‐Yrízar, A., Teece, M., Yépez, E.

A., & Dovciak, M. (2017). Resource partitioning by evergreen and

deciduous species in a tropical dry forest. Oecologia, 183, 607–618.
https://doi.org/10.1007/s00442-016-3790-3

Augspurger, C. K. (1981). Reproductive synchrony of a tropical shrub:

Experimental studies on effects of pollinators and seed predators in

Hybanthus prunifolius (Violaceae). Ecology, 62, 775–788. https://doi.

org/10.2307/1937745

Bebber, D. P., Brown, N. D., & Speight, M. R. (2004). Dipterocarp seed-

ling population dynamics in Bornean primary lowland forest during

the 1997–8 El Nino‐Southern Oscillation. Journal of Tropical Ecology,

20, 11–19.
Becknell, J. M., & Powers, J. S. (2014). Stand age and soils as drivers of

plant functional traits and aboveground biomass in secondary tropical

dry forest. Canadian Journal of Forest Research, 44, 604–613.
https://doi.org/10.1139/cjfr-2013-0331

Borchert, R. (1983). Phenology and control of flowering in tropical trees.

Biotropica, 15, 81–89. https://doi.org/10.2307/2387949
Cai, W., Borlace, S., Lengaigne, M., van Rensch, P., Collins, M., Vecchi, G.,

… Jin, F.‐F. (2014). Increasing frequency of extreme El Niño events

due to greenhouse warming. Nature Climate Change, 5, 1–6. https://d
oi.org/10.1038/nclimate2100

Caughlin, T. T., Ferguson, J. M., Lichstein, J. W., Bunyavejchewin, S., &

Levey, D. J. (2014). The importance of long distance seed dispersal

for the demography and distribution of a canopy tree species. Ecol-

ogy, 95, 952–962.
Caughlin, T. T., Ferguson, J. M., Lichstein, J. W., Zuidema, P. A., Bunyave-

jchewin, S., & Levey, D. J. (2014). Loss of animal seed dispersal

increases extinction risk in a tropical tree species due to pervasive

negative density dependence across life stages. Proceedings of the

Royal Society B: Biological Sciences, 282, 20142095.

Chapman, A., Wrangham, R., Chapman, L., Kennard, D., & Zanne, A. E.

(1999). Fruit and flower phenology at two sites in Kibale National

Park, Uganda. Journal of Tropical Ecology, 15, 189–211. https://doi.
org/10.1017/S0266467499000759

Curran, L. M., & Leighton, M. (2000). Vertebrate responses to spatiotem-

poral variation in seed production of mast‐fruiting Dipterocarpaceae.

Ecological Monographs, 70, 101–128. https://doi.org/10.1890/0012-

9615(2000)070[0101:VRTSVI]2.0.CO;2

Curran, A. L. M., & Webb, C. O. (2000). Experimental tests of the spa-

tiotemporal scale of seed predation in mast‐fruiting Diptero-

carpaceae. Ecological Monographs, 70, 129–148. https://doi.org/10.

1890/0012-9615(2000)070[0129:ETOTSS]2.0.CO;2

Dai, A. G. (2013). Increasing drought under global warming in observa-

tions and models. Nature Climate Change, 3, 52–58. https://doi.org/
10.1038/nclimate1633

Dalling, J. W., & Hubbell, S. P. (2002). Seed size, growth rate and gap

microsite conditions as determinants of recruitment success for pio-

neer species. Journal of Ecology, 90, 557–568. https://doi.org/10.

1046/j.1365-2745.2002.00695.x

Detto, M., Wright, S. J., Calderón, O., & Muller‐Landau, H. C. (2018).

Resource acquisition and reproductive strategies of tropical forest in

response to the El Niño‐Southern Oscillation. Nature Communications,

9, 913. https://doi.org/10.1038/s41467-018-03306-9

DeWalt, S. J., Schnitzer, S. A., Chave, J., Bongers, F., Burnham, R. J., Cai,

Z., … Thomas, D. (2010). Annual rainfall and seasonality predict pan‐
tropical patterns of liana density and basal area. Biotropica, 42, 309–
317. https://doi.org/10.1111/j.1744-7429.2009.00589.x

Frankie, G. W., Baker, H. G., & Opler, P. A. (1974). Comparative pheno-

logical studies of trees in tropical wet and dry forests in the lowlands

of Costa Rica. Journal of Ecology, 62, 881–919. https://doi.org/10.

2307/2258961

García León, M. M., Martínez Izquierdo, L., Mello, F. N. A., Powers, J. S.,

& Schnitzer, S. A. (2018). Lianas reduce community‐level canopy tree

reproduction in a Panamanian forest. Journal of Ecology, 106, 737–
745. https://doi.org/10.1111/1365-2745.12807

Granados, A., Brodie, J. F., Bernard, H., & O'Brien, M. J. (2017). Defauna-

tion and habitat disturbance interact synergistically to alter seedling

recruitment. Ecological Applications, 27, 2092–2101. https://doi.org/
10.1002/eap.1592

Guan, K., Pan, M., Li, H., Wolf, A., Wu, J., Medvigy, D., … Lyapustin, A. I.

(2015). Photosynthetic seasonality of global tropical forests con-

strained by hydroclimate. Nature Geoscience, 8, 284–289. https://doi.
org/10.1038/ngeo2382

Harrison, R. D. (2001). Drought and the consequences of El Niño in Bor-

neo: A case study of figs. Population Ecology, 43, 63–75. https://doi.
org/10.1007/PL00012017

Hilje, B., Calvo‐Alvarado, J., Jiménez‐Rodríguez, C., & Sánchez‐Azofeifa,
A. (2015). Tree species composition, breeding systems, and pollina-

tion and dispersal syndromes in three forest successional stages in a

tropical dry forest in Mesoamerica. Tropical Conservation Science, 8,

76–94. https://doi.org/10.1177/194008291500800109
Huang, P., & Xie, S.‐P. (2015). Mechanisms of change in ENSO‐induced

tropical Pacific rainfall variability in a warming climate. Nature Geo-

science, 8, 922–927. https://doi.org/10.1038/ngeo2571
Ingrisch, J., & Bahn, M. (2018). Towards a comparable quantification of

resilience. Trends in Ecology and Evolution, 33, 251–259. https://doi.
org/10.1016/j.tree.2018.01.013

Itoh, A., Nanami, S., Harata, T., Ohkubo, T., Tan, S., Chong, L., … Yama-

kura, T. (2012). The effect of habitat association and edaphic condi-

tions on tree mortality during El Niño‐induced drought in a Bornean

dipterocarp forest. Biotropica, 44, 606–617. https://doi.org/10.1111/
j.1744-7429.2012.00867.x

Lasky, J. R., Uriarte, M., & Muscarella, R. (2016). Synchrony, compen-

satory dynamics, and the functional trait basis of phenological diver-

sity in a tropical dry forest tree community: Effects of rainfall

seasonality. Environmental Research Letters, 11, 115003. https://doi.

org/10.1088/1748-9326/11/11/115003

Legendre, P., & Anderson, M. J. (1999). Distance‐based redundancy anal-

ysis: Testing multispecies responses in multifactorial experiments.

Ecological Monographs, 69, 1–24.
Maréchaux, I., Bartlett, M. K., Iribar, A., Sack, L., & Chave, J. (2017) Stron-

ger seasonal adjustment in leaf turgor loss point in lianas than trees

in an Amazonian forest. Biology Letters, 13, 20160819. https://doi.

org/10.1098/rsbl.2016.0819

Markesteijn, L., Poorter, L., Paz, H., Sack, L., & Bongers, F. (2011). Ecolog-

ical differentiation in xylem cavitation resistance is associated with

stem and leaf structural traits. Plant, Cell and Environment, 34, 137–
148. https://doi.org/10.1111/j.1365-3040.2010.02231.x

Maza‐Villalobos, S., Poorter, L., & Martínez‐Ramos, M. (2013). Effects of

ENSO and temporal rainfall variation on the dynamics of successional

communities in old‐field succession of a tropical dry forest. PLoS

ONE, 8, e82040. https://doi.org/10.1371/journal.pone.0082040

Mcdowell, N., Pockman, W. T., Allen, C. D., Breshears, D. D., Cobb, N.,

Kolb, T., … Yepez, E. A. (2008). Mechanisms of plant survival and

mortality during drought: Why do some plants survive while others

succumb to drought? New Phytologist, 178, 719–739.
Mendoza, I., Peres, C. A., & Morellato, L. P. C. (2017). Continental‐scale

patterns and climatic drivers of fruiting phenology: A quantitative

Neotropical review. Global and Planetary Change, 148, 227–241.
https://doi.org/10.1016/j.gloplacha.2016.12.001

Mitchell, P. J., O’Grady, A. P., Pinkard, E. A., Brodribb, T. J., Arndt, S. K.,
Blackman, C. J., … Tissue, D. T. (2016). An ecoclimatic framework for

evaluating the resilience of vegetation to water deficit. Global Change

Biology, 22, 1677–1689. https://doi.org/10.1111/gcb.13177
Muller‐Landau, H. C. (2010). The tolerance‐fecundity trade‐off and the

maintenance of diversity in seed size. Proceedings of the National

O'BRIEN ET AL. | 5279

https://doi.org/10.1088/1748-9326/aa5968
https://doi.org/10.1088/1748-9326/aa5968
https://doi.org/10.1007/s00442-016-3790-3
https://doi.org/10.2307/1937745
https://doi.org/10.2307/1937745
https://doi.org/10.1139/cjfr-2013-0331
https://doi.org/10.2307/2387949
https://doi.org/10.1038/nclimate2100
https://doi.org/10.1038/nclimate2100
https://doi.org/10.1017/S0266467499000759
https://doi.org/10.1017/S0266467499000759
https://doi.org/10.1890/0012-9615(2000)070[0101:VRTSVI]2.0.CO;2
https://doi.org/10.1890/0012-9615(2000)070[0101:VRTSVI]2.0.CO;2
https://doi.org/10.1890/0012-9615(2000)070[0129:ETOTSS]2.0.CO;2
https://doi.org/10.1890/0012-9615(2000)070[0129:ETOTSS]2.0.CO;2
https://doi.org/10.1038/nclimate1633
https://doi.org/10.1038/nclimate1633
https://doi.org/10.1046/j.1365-2745.2002.00695.x
https://doi.org/10.1046/j.1365-2745.2002.00695.x
https://doi.org/10.1038/s41467-018-03306-9
https://doi.org/10.1111/j.1744-7429.2009.00589.x
https://doi.org/10.2307/2258961
https://doi.org/10.2307/2258961
https://doi.org/10.1111/1365-2745.12807
https://doi.org/10.1002/eap.1592
https://doi.org/10.1002/eap.1592
https://doi.org/10.1038/ngeo2382
https://doi.org/10.1038/ngeo2382
https://doi.org/10.1007/PL00012017
https://doi.org/10.1007/PL00012017
https://doi.org/10.1177/194008291500800109
https://doi.org/10.1038/ngeo2571
https://doi.org/10.1016/j.tree.2018.01.013
https://doi.org/10.1016/j.tree.2018.01.013
https://doi.org/10.1111/j.1744-7429.2012.00867.x
https://doi.org/10.1111/j.1744-7429.2012.00867.x
https://doi.org/10.1088/1748-9326/11/11/115003
https://doi.org/10.1088/1748-9326/11/11/115003
https://doi.org/10.1098/rsbl.2016.0819
https://doi.org/10.1098/rsbl.2016.0819
https://doi.org/10.1111/j.1365-3040.2010.02231.x
https://doi.org/10.1371/journal.pone.0082040
https://doi.org/10.1016/j.gloplacha.2016.12.001
https://doi.org/10.1111/gcb.13177


Academy of Sciences of the United States of America, 107, 4242–4247.
https://doi.org/10.1073/pnas.0911637107

Murphy, P. G., & Lugo, A. (1986) Ecology of tropical dry forest. Annual

Review of Ecology & Systematics, 17, 67–88.
O’Brien, M. J., Ong, R., & Reynolds, G. (2017). Intra‐annual plasticity of

growth mediates drought resilience over multiple years in tropical

seedling communities. Global Change Biology, 23, 4235–4244.
https://doi.org/10.1111/gcb.13658

O’Brien, M. J., Reynolds, G., Ong, R., & Hector, A. (2017). Resistance of

tropical seedlings to drought is mediated by neighbourhood diversity.

Nature Ecology & Evolution, 1, 1643–1648. https://doi.org/10.1038/
s41559-017-0326-0

O'Brien, M. J., Leuzinger, S., Philipson, C. D., Tay, J., & Hector, A. (2014).

Drought survival of tropical tree seedlings enhanced by non‐struc-
tural carbohydrate levels. Nature Climate Change, 4, 710–714.
https://doi.org/10.1038/nclimate2281

Pau, S., Wolkovich, E. M., Cook, B. I., Nytch, C. J., Regetz, J., Zimmerman,

J. K., & Joseph Wright, S. (2013). Clouds and temperature drive

dynamic changes in tropical flower production. Nature Climate

Change, 3, 838–842. https://doi.org/10.1038/nclimate1934

Powers, J. S., Becknell, J. M., Irving, J., & Perez‐Aviles, D. (2009). Diver-

sity and structure of regenerating tropical dry forests in Costa Rica:

Geographic patterns and environmental drivers. Forest Ecology and

Management, 258, 959–970. https://doi.org/10.1016/j.foreco.2008.

10.036

Powers, J. S., & Tiffin, P. (2010). Plant functional type classifications in

tropical dry forests in Costa Rica: Leaf habit versus taxonomic

approaches. Functional Ecology, 24, 927–936. https://doi.org/10.

1111/j.1365-2435.2010.01701.x

Primack, R. B. (1987). Relationships among flowers, fruits, and seeds.

Annual Review of Ecology and Systematics, 18, 409–430. https://doi.
org/10.1146/annurev.es.18.110187.002205

Reich, P. B., & Borchert, R. (1984). Water stress and tree phenology in a

tropical dry forest in the lowlands of Costa Rica. Journal of Ecology,

72, 61–74. https://doi.org/10.2307/2260006
Schnitzer, S. A. (2005). A mechanistic explanation for global patterns of

liana abundance and distribution. The American Naturalist, 166, 262–
276. https://doi.org/10.1086/431250

Schnitzer, S. A., & Bongers, F. (2011). Increasing liana abundance and bio-

mass in tropical forests: Emerging patterns and putative mechanisms.

Ecology Letters, 14, 397–406. https://doi.org/10.1111/j.1461-0248.

2011.01590.x

Schnitzer, S. A., & Carson, W. P. (2010). Lianas suppress tree regenera-

tion and diversity in treefall gaps. Ecology Letters, 13, 849–857.
https://doi.org/10.1111/j.1461-0248.2010.01480.x

van Schaik, C. P., Terborgh, J. W., & Wright, S. J. (1993). The phenology

of tropical forests: Adaptive significance and consequences for pri-

mary consumers. Annual Review of Ecology and Systematics, 24, 353–
377. https://doi.org/10.1146/annurev.es.24.110193.002033

Vargas, G. G., Werden, L. K., & Powers, J. S. (2015). Explaining legume

success in tropical dry forests based on seed germination niches: A

new hypothesis. Biotropica, 47, 277–280.
Vazquez‐Yanes, C., & Orozco‐Segovia, A. (1993). Patterns of seed longev-

ity and germination in the tropical rainforest. Annual Review of Ecol-

ogy and Systematics, 24, 69–87. https://doi.org/10.1146/annurev.es.
24.110193.000441

Wright, S. J., & Calderon, O. (2006). Seasonal, El Nino and longer term

changes in flower and seed production in a moist tropical forest.

Ecology Letters, 9, 35–44.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: O'Brien MJ, Peréz‐Aviles D, Powers

JS. Resilience of seed production to a severe El Niño‐induced
drought across functional groups and dispersal types. Glob

Change Biol. 2018;24:5270–5280. https://doi.org/10.1111/
gcb.14416

5280 | O'BRIEN ET AL.

https://doi.org/10.1073/pnas.0911637107
https://doi.org/10.1111/gcb.13658
https://doi.org/10.1038/s41559-017-0326-0
https://doi.org/10.1038/s41559-017-0326-0
https://doi.org/10.1038/nclimate2281
https://doi.org/10.1038/nclimate1934
https://doi.org/10.1016/j.foreco.2008.10.036
https://doi.org/10.1016/j.foreco.2008.10.036
https://doi.org/10.1111/j.1365-2435.2010.01701.x
https://doi.org/10.1111/j.1365-2435.2010.01701.x
https://doi.org/10.1146/annurev.es.18.110187.002205
https://doi.org/10.1146/annurev.es.18.110187.002205
https://doi.org/10.2307/2260006
https://doi.org/10.1086/431250
https://doi.org/10.1111/j.1461-0248.2011.01590.x
https://doi.org/10.1111/j.1461-0248.2011.01590.x
https://doi.org/10.1111/j.1461-0248.2010.01480.x
https://doi.org/10.1146/annurev.es.24.110193.002033
https://doi.org/10.1146/annurev.es.24.110193.000441
https://doi.org/10.1146/annurev.es.24.110193.000441
https://doi.org/10.1111/gcb.14416
https://doi.org/10.1111/gcb.14416

