
fevo-09-556821 March 1, 2021 Time: 16:11 # 1

ORIGINAL RESEARCH
published: 05 March 2021

doi: 10.3389/fevo.2021.556821

Edited by:
Roksana Majewska,

North-West University, South Africa

Reviewed by:
Claire Kremen,

University of British Columbia,
Canada

Colleen Lynda Seymour,
South African National Botanical

Institute, South Africa

*Correspondence:
Irma Cabrera-Asencio

irma.cabreraasencio@upr.edu

Specialty section:
This article was submitted to

Biogeography and Macroecology,
a section of the journal

Frontiers in Ecology and Evolution

Received: 28 April 2020
Accepted: 25 January 2021
Published: 05 March 2021

Citation:
Cabrera-Asencio I and

Meléndez-Ackerman EJ (2021)
Community and Species-Level

Changes of Insect Species Visiting
Mangifera indica Flowers Following

Hurricane María: “The Devil Is
in the Details”.

Front. Ecol. Evol. 9:556821.
doi: 10.3389/fevo.2021.556821

Community and Species-Level
Changes of Insect Species Visiting
Mangifera indica Flowers Following
Hurricane María: “The Devil Is in the
Details”
Irma Cabrera-Asencio1* and Elvia J. Meléndez-Ackerman2

1 Department of Agroenvironmental Sciences, University of Puerto Rico, Mayagüez, Puerto Rico, 2 Department
of Environmental Sciences, University of Puerto Rico, San Juan, Puerto Rico

Mangifera indica is a widespread economically important tropical fruit. An ongoing study
at the Juana Diaz Experimental Station in Puerto Rico aims to understand the factors
that influence local pollination success and fruit yields in four fields each hosting a
different mango cultivar (Keitt, Kent, Tommy Atkins, and Julie) at different temporal
scales. Here we describe the results of insect collection campaigns that evaluated
flower visitor communities of these fields (from January to April) in the seasons of
2017 (before Hurricane Maria), 2018 (after Hurricane Maria) and 2019 (2 years after
Hurricane Maria). We expected a reduction in diversity, abundance and yields and
even changes in composition following the hurricane events of 2017. Over the 3 years,
plants were visited by a combined total of 50 insect species, mostly Diptera (also the
most abundant), Hymenoptera, Coleoptera, and Lepidoptera. The relative abundances
of insect communities changed but overall species richness of insect communities
appeared to be recovering by 2019. A clear decline in overall crop yields for two of
the four fields (hosting Kent and Tommy Atkins) was seen in 2018 but then recovered
in one and surpassed pre-hurricane levels in another in 2019. Mango trees experienced
an increase in the abundance for all insect groups in 2019 following the 2018 decline
and only one field (hosting Kent) experienced significant species richness declines in
2018. Two of the most dominant insects, Palpada vinetorum (Diptera) and Apis mellifera
(Hymenoptera), showed a “reduction-recovery” pattern for the period of 2018–2019 but
not so for Cochliomyia minina which was very abundant in 2018 in three out of four
cultivars but then returned to pre-hurricane levels in 2019. In 2017, the trees exposed
to higher richness and abundance of species experienced higher yields regardless
of cultivars but these relationships when present were often weaker in 2018 (post-
hurricane) and 2019 and not all cultivars were equally successful at attracting the same
levels of diversity and abundance of insects. Our results do support the importance of
pollinator diversity and abundance to improve agricultural yields. They also emphasize
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that within the context of future extreme atmospheric events, that there needs to be
an understanding of not only how these pollinator communities may recover from these
events but also of how individual pollinators (vs. other factors) may influence plant yields
to develop informed management strategies following such events.

Keywords: Caribbean, pollinator, disturbance, insect diversity, resilience, Diptera, Apis

INTRODUCTION

Observed declining trends in the diversity and abundance of
pollinators, may threaten global economies and our capacity
to meet increasing global food demands (Potts et al., 2010a,b;
Cameron et al., 2011; Bartomeus et al., 2013; Jevanandam et al.,
2013; Aizen et al., 2019). A significant portion of the world’s
crop production (35%) depends on animal pollination (Klein
and Bernard, 2007) and many of those are dependent on insect
pollinator (Rader et al., 2013). In the United States alone, the
value of this “pollination service” to the agriculture has been
estimated at $43B (Losey and Vaughan, 2006). While managed
pollinators like honey bees are main contributors of worldwide
agricultural production (Potts et al., 2010b), studies suggest
that wild pollinators are also important as they can increase
agricultural yield and quality of fruit crops (e.g., Garibaldi
et al., 2013; Garratt et al., 2014; Rader et al., 2016). Given
the importance that pollination services represent to food and
economic security, calls for strategies to conserve, manage and
monitor pollinator abundance and biodiversity have been on
the rise to reduce potential risks (Intergovernmental Science-
Policy Platform on Biodiversity and Ecosystem Services [IPBES],
2016). A core element of the International Pollinator Initiative’s
2013–2018 action plan led by the Food Agriculture Organization
(FAO) and the Convention for Biological Diversity (CBD)
centers around activities related to monitoring research and
assessment on the status and trends of pollinators and pollination
(Convention on Biological Diversity, 2018). Information on the
diversity and abundance of pollinator species is an important
step toward understanding the stability and resilience of crop
pollination services (Rader et al., 2013; Rogers et al., 2013).
Developing monitoring strategies will be critical when evaluating
pollinator management strategies especially in the face of climate
variability and the prospect of increases in extreme atmospheric
events world-wide.

Predicting the effects of extreme atmospheric events such as
hurricanes on the abundance and diversity of insect pollinators
is complex. Indeed the literature offers no agreement about the
effects of hurricanes on insect communities with some species
increasing while others decreased in abundances following these
events (Torres, 1992; McGinley and Willig, 1999; Schowalter and
Ganio, 1999; Koptur et al., 2002; Gandhi et al., 2007; Spiller et al.,
2016). Some responses are modulated by spatial differences in
microhabitat (e.g., Schowalter et al., 2017) and others by species
interactions within and between trophic levels (e.g., Schowalter,
2012; Novais et al., 2018). From the perspective of diversity
changes, it has been argued that while extreme weather events
(hurricanes and frosts) often result in immediate reductions of
alpha diversity, insect assemblages tend to be fairly resilient

returning to pre-disturbance levels within 1–5 years (Marquis
et al., 2019; Chen et al., 2020). It should be noted that most studies
evaluating the effects of these events on insect communities do
not often include pollinators.

Studies addressing the dynamics of insect pollinators
following hurricane events have a narrow geographic scope
and most are focused on non-agricultural systems. One study
explicitly evaluated changes in insect pollinator assemblages in
Florida (United States) after hurricanes Frances and Jeanne and
showed a decline in species diversity accompanied by a reduction
in the reproductive success of Laguncularia racemosa (Landry,
2013). In a second study, the insect pollinator community
visiting Ardisia escallonioides following Hurricane Andrew in
1998, changed little in composition and abundance of their
generalist pollinators (Pascarella, 1998). A third study, also in
Florida, showed that after hurricane Andrew populations of
Pegoscapus jimenizeii (fig wasps), a specialized pollinator of
Ficus aurea, dropped but were able to recover in only 5 months
(Bronstein and Hossaert-McKey, 1995). On the other hand,
hurricanes across Yucatan, México, are one of several factors
contributing to the decline of feral and managed colonies of
stingless bees with generalist species persisting even when some
of their food species disappear (Villanueva-Gutierrez et al., 2005;
Roubik and Villanueva-Gutierrez, 2009). Clearly more studies are
needed to evaluate the potential role of these events on pollinator
communities and how these may affect plant reproduction. This
would be particularly important for agricultural systems when
their production is dependent on animal pollination.

Mangifera indica (mango), is native to Asia but has been
widely dispersed in tropical and subtropical areas around the
world (Jiron and Hedström, 1985; Galán, 2009). It is an
economically important crop worldwide with over 1,000 cultivars
(Galán, 2009). The Asian continent is the principal producer
(75%) for this crop plant followed by Latin America and the
Caribbean region (14%) and Africa (10%) (FAOSTAT, 2000).
The scientific literature suggests that flower visitors of M. indica
are quite diverse taxonomically and that there is considerable
variation among geographic regions. For example, studies in
Taiwan and Australia reported that Hymenoptera were the only
flower visitors and potential pollinators of M. indica (Anderson
et al., 1982; Hsin Sung et al., 2006) whereas in India, Diptera
were named as dominant flower visitors (Singh, 1988; Ramírez
and Davenport, 2016). Meanwhile, studies in Israel and Africa,
showed that the main visitors of mango plants were a mixture of
both Hymenoptera and Diptera species (Dag and Gazit, 2000) or
Hymenoptera, Diptera, and Coleoptera (Carvalheiro et al., 2010,
2012) while in some areas, Apis bees were important pollinators
(Wongsiri and Chen, 1995). The combined data suggest that
M. indica flowers can attract a large diversity of floral visitors
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and therefore has a pollination system that may be generalized
(Anderson et al., 1982; De Siqueira et al., 2008; Fajardo et al.,
2008; Corredor and García, 2011; Kumar et al., 2012). While
generalized pollination systems may offer resilience capacity
within the context of environmental change (Waser et al., 1996;
González-Varo et al., 2013), this may not always be the case
(Memmott et al., 2007) or may not occur at a speed that is
necessary in economically important species.

In the Caribbean region, the island of Puerto Rico is among
the principal producers of M. indica (Central America Data,
2016) and Puerto Rico’s climate is changing. Since 1950, air
temperatures have increased by 2◦C as well as the frequency and
intensity of extreme climatic events (e.g., heat waves, droughts,
and tropical storms) (Gould et al., 2015). Indeed, tropical storms
and hurricanes have become more common and more intense
during the past two decades (Environmental Protection Agency
[EPA], 2016) and this trend is expected to continue according
to most climate models (see reviews by Gould et al., 2015;
Fain et al., 2018). Following hurricane events, flower resources
available to pollinators may be reduced through the direct impact
to plants (e.g., via mortality or defoliation; Rathcke, 2000) for
pollinating insects. Hurricane-driven ecosystem modification
may also reduce the availability of suitable habitat (e.g., flooding
of ground nesting sites for insects, Savage et al., 2018) and
result in declines in pollinating fauna (Landry, 2013). Therefore,
both mango trees and their pollinator communities can be
affected by the current trends in atmospheric events and these
could affect local yields in Puerto Rico. Detecting declines in
pollinator abundances and reproductive success of M. indica
as a result of these events has yet to be documented in
hurricane prone areas. On the other hand, predictions about
the effects of hurricanes effects on plant-pollinator interactions
are not necessarily straightforward as the impacts on pollinator
abundances by these phenomena have not been documented
frequently and only for a limited number of taxa.

In 2017, hurricanes Irma (Category 1 on land) and Maria
(Category 4 on land) hit the island of Puerto Rico leading to
considerable changes in the island’s green landscape and changes
in ambient temperature. It was estimated that when Hurricane
Maria hit Puerto Rico on 20 September 2017, 23–31 million trees
island-wide were severely damaged or killed (Feng et al., 2018)
with some areas in Puerto Rico reporting ambient temperature
increases of up to 4◦C for a full year (U.S. Forest Service, 2018).
Such stresses could reduce the ability of plants to produce fruits
through a reduction of photosynthetic resources available to
produce flowers and fruits and through a reduction of their
pollinator communities (Rathcke, 2000). Following the 2017
hurricane season, we took advantage of an ongoing monitoring
study of the flower visitors of four cultivars of M. indica on
the island of Puerto Rico to address the potential influence of
these hurricane events on the flower visitor communities of
M. indica cultivars and how hurricane-influenced changes in
these communities related to plant reproductive success. We
specifically asked if insect communities visiting mango flowers
varied significantly across years and how these changes related
to plant reproductive success. One hypothesis is that when
they occur, hurricanes could lead to a reduced diversity and

abundance of local M. indica pollinators and result in reduced
yields. At the same time, a current paradigm is that pollinator
diversity and not just abundance may help increase pollinator
services and plant reproductive success (Gómez et al., 2007;
Albrecht et al., 2012). Thus, a minor goal was to evaluate the
functional relationships between reproduction and pollinator
diversity and abundance. We also sought to determine how these
relationships may change following hurricane events and whether
they differed among four fields each of which hosted a different
mango cultivar. Lastly, we examined the relative importance of
Apis mellifera to mango reproduction. Apis mellifera is often seen
as a replacement for local species but managed A. mellifera failed
to improve yields for M. indica in Africa (Carvalheiro et al., 2010).
Furthermore, we know little on how A. mellifera responds to
climatic events in the Caribbean Region. Results of this study
provide insights into the dynamics of insect communities visiting
flowers of M. indicia within the context of extreme weather events
(i.e., hurricanes). From a management perspective, our results
may help inform proposed strategies for managed pollination
following such events.

MATERIALS AND METHODS

Study Site
We conducted our study at the Juana Díaz Agricultural
Experiment Station (JDAES) in the island of Puerto Rico (18◦
01′N, 66◦ 31′W) (Figure 1). The Station covers 111.23 ha and was
established in 1950 by the University of Puerto Rico, Mayagüez
Campus. It is located in the Southern side of the island which
lies within a subtropical dry forest life zone (Ewel and Whitmore,
1973). The site has an average monthly temperature that ranges
from 22 to 33◦C and an annual rainfall of 977.1 mm (Harmsen
et al., 2014). According to the USDA Survey, JDAES soils are
classified as "Prime" with irrigation systems that are primarily
driven by extracting groundwater (Beinroth et al., 2003). Since
1968, the Station has maintained a mango germplasm which
today has 84 cultivars that occupy approximately 14.16 ha
(Figure 1). Data was collected in four fields within the germplasm
area and each field hosted a different cultivar (see below). For
simplicity, each field is named after the cultivar it hosted.

Study System
Mangifera indica L. (Anacardiaceae) is a perennial tree that
produces highly branched inflorescences (Coetzer et al., 1995;
Goguey, 1997) with flowers that range from 5 to 10 mm
in diameter that carry five green sepals and five petals with
yellow nectary discs and colors ranging from white to yellow,
pink or red (Galán, 2009; Figure 1). Inflorescences carry both
hermaphroditic and male flowers. In hermaphroditic flowers the
ovary is globose with a single stigma (Ramirez and Davenport,
2010). The Keitt cultivar evaluated in this study is derived from
the Mulgoba cultivar, which has a moderate to tall tree height
(9.1–40 m), an open canopy, and fruit sizes ranging from 13 to
15 cm (Campbell, 1992). This is the most planted cultivar on
the southside of the island. The Kent cultivar evaluated here was
derived from the Brooks cultivar and can reach heights of 40 m,
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FIGURE 1 | (A) Layout of the Juana Díaz Agricultural Experimental Station indicating the location of the mango germplasm and the four fields [Julie (J), Keitt (Ki),
Kent (Ke), Tommy Atkins (T)] used in this study. (B) Palpada vinetorum visiting inflorescences of the Julie fields. (C) Location of the Agricultural Experiment Station
Juana Díaz, PR. Basemap was obtained from Google Earth Pro, (November 27, 2020) Juana Diaz, Puerto Rico. 18◦01’37 73”N, 66◦ 31’ 23 56” W Maxar
Technologies, https://earth.google.com (February 2, 2021).

has a foliage that looks more compact, and produces fruit sizes
ranging from 11 to 13 cm that are a favorite in Latin America
(Campbell, 1992). The Tommy Atkins cultivar was derived from
the Haden cultivar and produces a dense, rounded top tree
with a fruit that can measure between 12 and 14.5 cm and is
often preferred for its fruit color (skin orange-yellow, crimson,
or dark red blush color) for export (Campbell, 1992). Julie is
the smallest of the four cultivars studied. It grows only up to
3.3 m tall and produces smaller fruits relative to the remaining
three cultivars. This is the main mango exported from the West
Indies to Europe, believed to have been imported from Jamaica
to other countries in the Caribbean and a favorite throughout
the Caribbean region (Morton, 1987). For any of these cultivars,
flowering has historically occurred within the course of 5–6 weeks
during the dry months, which in Puerto Rico occurs between the
months of January and April although some variation of the onset
of flowering may occur depending on the year.

Data Collection
We collected insects visiting the flowers of 10 plants of each
of the four M. indica fields (N = 40 plants) three days a week
during their annual flowering cycles. In the 2017, and 2018

seasons, flowering occurred from January to April whereas for
the 2019 season, flowering started early and ran from the last
week of December and continued until April. Trees in the general
mango germplasm were planted in rows with a 7 m minimum
distance from one planted tree to another and a total area
surveyed per cultivar of 0.70 ha. Likewise, cultivars varied in
their distance from each other: 64.7 m between the Keitt and
Kent cultivars, 477.0 m between Keitt and Tommy Atkins and
150.4 m between Kent and Julie (Figure 1). For each tree in a
cultivar, we selected five inflorescences to be the focus of the
insect collections (50 inflorescences/cultivar). Inflorescences on
a tree were observed for insect visitors that were seen performing
legitimate visitations (i.e., when the corolla was open and the
visitor was collecting resources (nectar or pollen from it). Once
detected, insects were collected by sweeping an entomological
net over the inflorescence. Observations and collections were
done three days every week: Monday, Wednesday and Friday.
Each day, collection was carried out between 09:00 h and 14:00 h
following a systematic scheme. The day was divided into 1-
h periods with four 15-min intervals each assigned to a given
cultivar. Within each 15-min interval, inflorescences for all trees
were observed (1.5 min/tree) and insects visiting flowers in

Frontiers in Ecology and Evolution | www.frontiersin.org 4 March 2021 | Volume 9 | Article 556821

https://earth.google.com
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-09-556821 March 1, 2021 Time: 16:11 # 5

Cabrera-Asencio and Meléndez-Ackerman Insect Species Visiting Mangifera indica Flowers

legitimate ways were collected in separate bags recording the time
and the tree ID on each bag. At each hour period, the order
of cultivars was rotated, and the order of trees within a cultivar
as well to make sure that cultivars and their respective trees
were observed at different daytime periods within the flowering
season. All collected insects were taken to the Laboratory to
be mounted or preserved in 75% alcohol. All specimens were
identified to species except for one which was identified to
genus. For each observed tree we also recorded the number of
inflorescences per tree during the flowering peak and collected
and weighed fruits to generate a value for the number of fruits
per tree and fruit yield (kg).

Data Analyses
For each field (Julie, Keitt, Kent, Tommy Atkins), an insect data
matrix was constructed with the variables year, field, collection
week (1, 2, 3, etc.), pooled insect abundance for each M. indica
field. This abundance matrix was then analyzed with non-metric
multidimensional scaling (NMDS) analysis and time vector
overlays (using year as the time variable) (Clarke, 1993; McCune
and Grace, 2002) to evaluate potential differences in flower visitor
communities among fields and across time periods. This analysis
was carried out in PC-ORD version 5.0 (McCune and Mefford,
2006) using the Bray–Curtis similarity index and performing 250
iterations with randomized data to select a dimensionality, and
then performing one iteration with the chosen dimensionality to
find a stable solution with minimal stress (McCune and Grace,
2002). To explore which species best explained the variance
among insect communities in multivariate space, we used Kendall
correlation analyses that specifically tested associations between
species abundance and the first and second NMDS axes (McCune
and Grace, 2002). For these analyses we considered species
abundances with a Kendall correlation coefficients of (r) ≥ 0.4 to
be significantly correlated with the NMDS multivariate axes and
later used the three most dominant ones (and the most consistent
in activity across cultivars) to evaluate their association with plant
reproductive success (see below). For the purpose of this work,
we provide results on total insect species diversity (hereafter
richness) and abundance as well as abundances for the three most
dominant species as these were the most consistent visitors for
all four fields.

Our intent was to evaluate differences in total insect
abundance, species richness as well as the abundance of dominant
species between years and fields and how these variables related
to mango reproduction. We first tested for the presence of
systematic spatial variation of variables which could influence
statistical results when using ordinary least square methods
(Dormann et al., 2007). To that effect, we did exploratory
analyses of Moran’s I values for all numeric variables in GeoDa
(Anselin et al., 2006) first pooling data from all cultivars to
check for spatial autocorrelation issues at a landscape level.
We then used values for each individual cultivar to test
for autocorrelation at a local scale. Moran’s I analyses did
reflect spatial autocorrelation issues at the landscape scale but
not at local scale (i.e., within a cultivar). Therefore, first we
performed “permutational multivariate analysis of variance”
(PERMAVOVA) using the Bray-Curtis dissimilarity index to

test for multivariate dissimilarities integrating variables related
to pollinator species richness and abundance (insect species
richness, abundance, and individual abundances of dominant
insect species) with year, field and their interaction as main
effects. Unlike a regular MANOVA, PERMANOVA is not
dependent on the correlation structure among groups (Anderson,
2014). To visualize relationships based on dissimilarity, we
generated a dendrogram from a cluster analysis based on the
unweighted pair group method with arithmetic mean (UPGMA)
and the Bray Curtis dissimilarity index using MSVP v3.22
(Kovach, 2007). We followed PERMANOVA with a series of
complementary analyses to evaluate changes in insect community
variables and plant reproduction and the relationship among
these at the field scale to circumvent spatial autocorrelation issues
and using ln transformed variable values to meet the requirement
of parametric tests. To evaluate the influence of insect abundance
and diversity and the number of inflorescences per tree on the
number of fruits/tree and total yield (kg/tree) of each mango field
each year, we used generalized linear models to evaluate how
the data fitted the models under different distributions (poisson,
normal, exponential and negative binomial) and using the lowest
AICc value (an adjusted AIC to account for small sample sizes,
Cavanaugh, 1997) as our selection criteria for the best model and
using a 2 unit minimum criterion for model selection (Burnham
and Anderson, 2002). For models under a normal distribution
(all but two), ordinary least square models were also run to
generate R2 estimates. For each field, we ran repeated measures
ANOVAs to test for univariate differences across years in total
insect species richness and abundance, fruit yield and the number
of inflorescences as well as pairwise Pearson correlation analyses
to test for associations between fruit yield with the number of
fruits and also between the number inflorescences with fruit yield.
We also ran multiple correlation analyses to test for associations
between the abundance of each of the three dominant insect
species observed for each tree and fruits yield per tree for each
field and each year. To account for a potential increase in type II
errors from multiple analyses (N = 28 correlations), p-values were
corrected using Bonferroni corrections (Hammer et al., 2001).
GLM Analyses were run in JMP v. 13.1 (SAS Cary Institute Inc,
2019) while PERMANOVA, Repeated measures ANOVAs and
correlations were run in in InfoStat (Di Rienzo et al., 2018).

RESULTS

Insect Community Composition
A grand total of 3,795 individuals distributed across 50 insect
species were collected in four mango cultivars (distributed across
four fields) across the 3 years of the study (2017: N = 920;
2018: N = 1,318; 2019: N = 1,557). NMS analyses showed
that 94.3% of the temporal variation in the insect community
composition was explained by a two-dimensional solution with
most of the variation (70.4%) explained by Axis 1 (Figure 2).
The NMS analysis showed that observations for different the
different fields (Julie, Keitt, Kent and Tommy) based on species
similarity tended to form clusters around time periods and
not around the fields themselves. That is, within a given year
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FIGURE 2 | Non-parametric multidimensional scaling analysis (NMS) based on Bray-Curtis similarity index evaluating differences in insect species composition
among years and fields (Julie, Keitt, Kent, Tommy Atkins). (A) Observation groupings based on within year similarities. (B) Correlations lines showing the strongest
associations between insect species and multivariate axes based on insect species abundance. See Table 2 for insect acronyms.

observations for the species composition of flower visitors for
the different fields were more similar to each other than what
the observations for a given field were across the different
years (Figure 2A). Also, insect communities in 2017 (before the
hurricane events) and 2019 (2 years later) were more similar
to each other than what they were to insect communities
for all four fields in 2018, 4–6 months after Hurricane
Maria hit the island. Kendall correlation analyses showed that
the species that most related to the observed variation in
the community composition of flower visitors were Palpada
albifrons (Diptera: Syrphidae), Palpada vinetorum (Diptera:
Syrphidae), Apis mellifera (Hymenoptera: Apidae), Cochliomyia
minima (Diptera: Calliphoridae), Psedodorus clavatus (Diptera:
Syrphidae), Gonia crassicornis (Diptera: Tachinidae), and Peckia
sp. (Diptera: Tachinidae) (Figure 2B and Table 1). Of those, the
three most abundant were Palpada vinetorum, Apis mellifera,

and Cochliomyia minima (mean observations/field ≥ 7.4
individuals/field/tree). Overall, the abundances for P. vinetorum
and A. mellifera were considerably lower in 2018 but that was
not the case for Cochliomyia minima which became the dominant
species with observed abundances that were six times higher than
those observed in 2017 (Figure 3). In 2019, abundance values
for Cochliomyia minima had reduced to pre-hurricane levels but
those of A. mellifera were significantly lower than abundance
values in 2017 (Figure 3). In contrast, following the decline in
2018, P. vinetorum experienced an overall increase in abundance
in 2019 and became, once again, the most dominant species
by that year. When considering the abundance of dominant
species within individual fields, P. vinetorum and A. mellifera
exhibited significant declines in 2018 in all fields but returned
to pre-hurricane levels in all fields with the exception of Kent
field (Figure 3 and Table 2). In that field, the abundance for
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TABLE 1 | Kendall correlation coefficients (r) with ordination axes resulting from
Non-metric Multidimensional Scaling (NMDS) analyses for seven species of the
communities on four mango fields each containing a different cultivar (Julie, Keitt,
Kent, Tommy Atkins).

Species r (axes 1) r2 r (axes 2) r2

Palpada vinetorum (Palvin) −0.495 0.245 −0.874 0.765

Palpada albifrons (Palalb) −0.652 0.425 −0.517 0.267

Cochliomyia minima (Chomin) 0.94 0.884 0.421 0.177

Psedodorus clavatus (Psecalv) −0.67 0.449 0.213 0.045

Api mellifera (Apimel) −0.853 0.727 −0.579 0.335

Gonia crassicornis (Gon) 0.843 0.711 0.301 0.091

Peckia sp. (DipUnk) 0.711 0.506 0.205 0.042

For each species, r2 values represent the percentage of variance explained by each
axis.

P. vinetorum increased in 2019 but went above pre-hurricane
levels and the abundance for A. mellifera did not recover in
2019 (Figure 3 and Table 2). In contrast, the abundance of
C. minima increased for Keitt, Kent and Tommy Atkins fields in
2018 returning to pre-hurricane levels in 2019 with the Julie field
experiencing a decline-recovery pattern between 2018 and 2019
(Figure 3 and Table 2).

Species Richness and Abundance
PERMANOVA detected significant multivariate dissimilarities
defined by the total insect diversity and abundance and the
abundance of P. vinetorum, A. mellifera, and C. minima
explained by differences across years, fields, and their interaction.
Fluctuations in species richness and abundance were not
consistent across fields. A dendrogram following a cluster
analysis using the same variables as in PERMANOVA showed
fields within a year indeed clustered together but that
relationships among fields within a year were not consistent based
on their similarity in species richness, total insect abundance
and the abundance of dominant species (Figure 4). Repeated
measures ANOVA results showed significant differences across
years in insect species diversity (i.e., richness) and abundance
in only two out of four fields (Kent and Tommy Atkins) but
the direction of changes was different for each (Figures 5A,B
and Table 3). On average, values for species richness were
lower in 2018 for the Kent area and these returned to pre-
hurricane levels by 2019 while in the Tommy Atkin area, trees
experienced annual incremental increases in species richness and
an increase in insect abundance in 2018 that remained in 2019.
The Julie and Keitt fields did not experience significant changes
in neither richness nor abundance across years (Figures 5A,B
and Table 3). The variance in species richness also seemed to
increase for all fields in 2018 and also remained elevated in
2019 for the Julie, Keitt, and Tommy fields but not for the Kent
(Figure 5B).

Fruit Production and Crop Yields
With the exception of the Julie field in 2018, crop yield was
strongly and positively correlated with fruit yields for all fields
and all years (Pearson correlations for fruit production (the
number of fruits produced per tree) vs. crop yield; Julie 2018:

r = 0.39, P = 0.26; all other fields: r = 0.83–0.99, p << 0.01).
Results involving crop yield and the number of fruits were always
similar in magnitude and direction, thus for the sake of simplicity,
we only present results for correlates of plant reproductive output
as they relate to crop yield. All fields exhibited declines in the
number of inflorescences per tree in 2018 that were followed
by significant recoveries in 2019 (Figure 4C and Table 4).
Nevertheless, at the field level, the number of inflorescences
per tree during peak flowering was never a good predictor of
plant reproductive output (Table 4). Instead, plant reproductive
output (i.e., crop yield) was positively associated with insect
species richness and abundance (Figure 6) but the significance
and magnitude of these relationships were also influenced by
field and sampling year (Table 4). In 2017, positive relationships
between yield, species richness and insect abundance were strong
for all fields (Figure 6 and Table 4). In 2018, following the
hurricane events, these associations disappeared for the Julie
and Tommy Atkins fields and were only present for the Keitt
(only for abundance) and Kent (both for species richness and
abundance) although they were weaker than they were in 2017
(Table 4). In 2019, relationships between crop yield and species
richness and abundance returned for the Julie field and were
present in the Keitt field but were absent in the areas with
Kent and Tommy Atkins trees. While the Julie and Kent fields
had consistent fruit yield values across years, the Kent and
Tommy Atkins both experienced an overall reduction in crop
yield in 2018 but then recovered to pre-hurricane values in the
Kent field and went above pre-hurricane levels in the Tommy
Atkins’ field in 2019 (Figure 5D and Table 3). In the Kent field,
individuals showed the highest crop yield values of all fields (ave.
407 ± 58.13 kg), followed by the Keitt (ave: 183.25 ± 31.19
kg), Julie (ave: 60.77 ± 7.95 kg), and Tommy Atkins (ave:
77.55± 10.63 kg) fields (Figure 4D). The abundance of two of the
dominant insect species (P. vinetorum and C. minima) showed
positive correlation with reproductive output (crop yields) of
mango trees but these relationships were not consistent for
all years or fields, nor they were consistent within a single
season using conservative alpha values (Table 5). With more
relaxed alpha values, significant associations between insect
abundances and crop yield were encountered in three instances
for P. vinetorum, two for C. minima and none for A. mellifera.
Using less conservative alpha values, the number of significant
correlations increases to eight for P. vinetorum (distributed across
all years), six for C. minima (in 2018 and 2019), and only two for
A. mellifera (in 2017 and 2019 only in Julie) (Table 5).

DISCUSSION

Hurricanes are large-scale weather events with the potential
to change insect communities and influence their subsequent
dynamics (e.g., Schowalter and Ganio, 1999; McGinley and
Willig, 1999; Schowalter et al., 2017). It has been argued
that these events may disrupt plant-pollinator interactions
with important consequences to food crops (National Research
Council et al., 2007; Natalia Escobedo-Kenefic, 2018). While
insects carry out most of the pollination function in plants,
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FIGURE 3 | Boxplots illustrating differences in insect abundances per field (Julie, Keitt, Kent, Tommy Atkins) per year for the three most dominant flower visitors.
(A) Palpada vinetorum, (B) Apis mellifera, (C) Cochliomyia minima. Repeated Measures analyses performed for each year on each field detected significant
differences across years all insect species (Table 2). Different letters within a field indicate significant differences among years.

most of what we know about insect responses to hurricane
events comes from other functional insect groups (herbivores,
predators, omnivores, detritivores; e.g., Torres, 1992; McGinley
and Willig, 1999; Schowalter and Ganio, 1999; Koptur et al., 2002;
Spiller et al., 2016; Schowalter et al., 2017; Novais et al., 2018).
Indeed, studies evaluating the response of insect pollinators to
hurricane events have been few and limited in geographic and
taxonomic scope which impairs making generalizations on the
short- and long-term effects of these interactions (Bronstein and
Hossaert-McKey, 1995; Pascarella, 1998; Roubik and Villanueva-
Gutierrez, 2009; Landry, 2013). Here we discuss our results
on hurricane-induced changes of pollinator communities of

M. indica on the island of Puerto Rico following the passage
of Hurricane Maria to: (1) build knowledge of post-hurricane
community dynamics of insect pollinators, and contribute to
the extensive literature available for hurricane responses of
insect communities; (2) understand the role of diversity and
abundance of insect communities vs. the role of individual
insect species on the reproduction of a worldwide economically
important species, and how these relationships may be influenced
by extreme weather events; (3) discuss how this information
may inform pollinator management in crop systems in areas
where catastrophic weather events such as hurricanes are
frequent events.
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TABLE 2 | Repeated measures ANOVA analyses testing for annual differences in
the average abundance (number of insects observed/tree/day) of dominant insect
species for each four fields of M. indica each containing a different cultivar.

Species Field Year Mean ± SE F P

Palpada vinetorum Julie 2017 19.60 ± 2.90 16.7 0.0001

2018 3.00 ± 1.83

2019 25.10 ± 2.9

Keitt 2017 5.70 ± 1.36 27.1 0.0001

2018 2.90 ± 1.36

2019 15.00 ± 1.36

Kent 2017 3.70 ± 1.31 44.5 0.0001

2018 0.80 ± 1.31

2019 14.90 ± 1.31

Tommy Atkins 2017 5.50 ± 1.23 8.64 0.0023

2018 0.40 ± 1.23

2019 7.40 ± 1.23

Apis mellifera Julie 2017 6.50 ± 0.9 13.4 0.0003

2018 0.40 ± 0.9

2019 4.50 ± 0.9

Keitt 2017 6.10 ± 0.80 12.5 0.0004

2018 0.90 ± 0.80

2019 4.60 ± 0.80

Kent 2017 5.20 ± 0.77 11.96 0.0005

2018 0.40 ± 0.77

2019 2.70 ± 0.77

Tommy Atkins 2017 4.60 ± 0.63 26.75 0.0001

2018 0.40 ± 0.63

2019 6.10 ± 0.63

Cochliomyia minima Julie 2017 1.3 ± 1.7 38.4 0.0001

2018 18.6 ± 1.7

2019 4.1 ± 1.7

Keitt 2017 27.60 ± 2.29 43.57 0.0001

2018 1.90 ± 2.29

2019 1.10 ± 2.29

Kent 2017 1.70 ± 0.55 54.17 0.0001

2018 7.70 ± 0.55

2019 0.20 ± 0.55

Tommy Atkins 2017 2.00 ± 2.77 35.65 0.0001

2018 33.90 ± 2.77

2019 10.20 ± 2.77

Significant P-values (<0.05) are indicated in bold.

The literature related to post-hurricane dynamics in
arthropod communities suggests that while arthropod
populations can take different pathways (increase, decrease,
or else exhibit complex responses (e.g., Gandhi et al., 2007),
under some circumstances these assemblages can be highly
resilient and return to pre-hurricane levels in a short period
of time (Chen et al., 2020). However, this does not always
occur because species responses to hurricanes can depend on
the taxon, guild and the environmental context (biotic and
abiotic) in which they occur (Schowalter et al., 2017; Novais
et al., 2018; Savage et al., 2018). In our system, insect pollinator
communities did change after the hurricanes of 2017 but as
a whole they were on their way to pre-hurricane levels based
on how similar they appeared in multivariate space by 2019.

TABLE 3 | Repeated Measures one-way ANOVAs on reproductive traits and
insect community traits recorded annually in four fields of M. indica
between 2017 and 2019.

Trait Cultivar F p

Number of Inflorescences Julie 21.89 0.0001

Keitt 36.67 0.0001

Kent 74.17 0.0001

Tommy 21.89 0.0001

Yield Julie 2.53 0.11

Keitt 0.67 0.53

Kent 14.80 0.0002

Tommy 17.21 0.0001

Total insect abundance Julie 0.88 0.43

Keitt 1.07 0.37

Kent 14.14 0.0002

Tommy 15.12 0.0001

Insect species richness Julie 2.55 0.11

Keitt 6.52 0.007

Kent 5.57 0.003

Tommy 13.61 0.0003

All variables were ln transformed and significant p-values are indicated in bold.

Post-hurricane dynamics of the individual insect pollinator
species suggest that these temporal changes in community
similarities across years were at least in part driven by changes
in their relative abundance and not through the substitution
of dominant insect species. At the individual species level,
hurricanes clearly reduced the populations of P. vinetorum
and A. mellifera (the two most-dominant species before the
hurricanes) but A. mellifera abundances was on its way to
pre-hurricane levels by 2019 (although not completely) while
populations of P. vinetorum increased in numbers that year.
In contrast, C. minima abundances spiked dramatically after
the hurricane but decreased to pre-hurricane levels by 2019.
A probable explanation for the observed differences in species’
post-hurricane abundance dynamics is that hurricane-driven
changes in the biotic or abiotic environment influenced the
life cycle of different taxa in different ways. For example, many
syrphid flies such as P. vinetorum have aquatic larvae that are
saprophagous and feed on organic matter and microorganisms
(Pérez-Bañon et al., 2003; Sánchez-Galván et al., 2017). We know
that the 2017 hurricane season resulted in a large accumulation
of debris across the island of which 60% was organic (Lugo,
2018). In managed spaces, disposal of this debris was slow
and that material might have created ideal habitats for the
growth of syrphid larvae during the wet season. Meanwhile,
larvae of Cochliomyia minima (Calliphoridae) most likely feed
on dead carcasses (Yusseff-Vanegas, 2014), which were likely
abundant after the hurricane events. Following Hurricane Maria
and as a result of canopy cover loss, the island of Puerto Rico
exhibited increases in temperatures of up to 4◦C in some areas
(Lugo, 2018).

Differential taxon responses to hurricane-induced abiotic
changes may also explain the observed post-hurricane changes
in the dominant taxa. It has been shown that exposure to higher
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FIGURE 4 | Dendogram depicting multivariate clusters using Bray Curtis dissimilarity index based on total insect species richness, total abundance, and
abundances of each of the three dominant insect pollinators of M. indica (Palpada vinetorum, Apis mellifera, Cochliomyia minima) recorded for four fields (Julie, Keitt,
Kent, Tommy Atkins) in 2017, 2018, and 2019 at the Juana Diaz Experimental Station in Puerto Rico.

than optimal temperatures in Apis mellifera bees may lead to
reduced reproductive health in colonies through impaired drone
development and reproductive quality, especially if changes are
sudden (Rangel and Fisher, 2018 and references therein). High
temperature exposures in Apis mellifera may also reduce survival
and increase oxidative stress in bees (Li et al., 2019). On the
other hand, higher temperatures shorten developmental time in
Calliphoridae (Bansode et al., 2016), and some species (including
some Cochliomyia) have high thermal tolerances (42C-53C;
Richards et al., 2009). If local Cochliomyia have these traits,
then it may explain their numerical increases following the
hurricanes. Syrphid species, on the other hand, have variable
responses (negative and positive) to changes in their abiotic
environment but most of this work has come from temperate
regions (Radenković et al., 2017; Milić et al., 2019). Clearly
more research is needed on the direct and indirect influences
of post-hurricane environmental changes to understand the
mechanism driving changes of the dominant pollinators of
M. indica.

Various studies have emphasized the need to ensure
diversity and abundance of wild pollinators and the importance
of protecting non-bees as a way to enhance pollination
services (Blüthgen and Klein, 2011; Albrecht et al., 2012;
Thomson, 2019) and crop production (Rader et al., 2013). The
protection of the associated crop biodiversity is seen as an
important element to ensure food security and sustainability
of agricultural systems (FAO, 2018). Our results do show a
clear association between pollinator diversity and abundance
with fruit production in M. indica. However, an important
result of this study is that fruit yields were highly reduced
in one of the fields evaluated even when pollinator diversity
(as expressed by species richness) and abundance increased
locally. Therefore, the combined results not only suggest that
the relationship between pollinator diversity, abundance and
production in this crop is complex, but they also suggest that
mechanisms other than changes in pollinators’ richness and
total abundance themselves will also influence fruit production
after hurricanes.

Here we provide several mechanistic hypotheses to explain our
results for M. indica, some of which may or may not relate to
observed changes in pollinator communities. One possibility is
that not all M. indica pollinators are equally effective and that
localized declines in the relative abundances of less abundant
pollinators other than the dominant pollinator species studied
here led to declines in yields after the hurricane for the Kent and
Tommy Atkins fields. Even when all fields experienced declines
in P. vinetorum and A. mellifera (the dominant pollinators)
not all fields experienced declines in fruit yields. Moreover,
unexpected significant increases in C. minima abundance in
2018 for three fields (Keitt, Kent, and Tommy Atkins) did not
necessarily translate into concomitant increases in fruit yields
for those fields in 2018. Several authors have discussed and
tested potential mechanisms in which diversity could stabilize
pollination services over time (e.g., Winfree and Kremen, 2009;
Mukherjee et al., 2019). These include “density compensation”
(i.e., the abundance of one pollinating species increases as
a result of reductions in the abundance of another species),
“response diversity” (i.e., some pollinating species are increase
and others decrease by the same environmental change) and
“cross-scale resilience” (i.e., different species are responding to
the same environmental stressor at different spatial and temporal
scales). While our study cannot be used to discriminate the
applicability of these mechanisms, results presented here can
be used to evaluate some of the premises of these mechanisms
as to what extent these may or may not apply. Our data
suggest that the hurricane event indeed influenced dominant
species differently (P. vinetorum and A. mellifera decreased, while
C. minima increased) and that these effects were not observed
at the same spatial scales (i.e., abundances of P. vinetorum
and A mellifera were reduced for all fields in 2018 but not
those of C. minima which instead increased for three of the
four fields). Also, fruit yield was reduced for Kent and Tommy
even when those fields experienced increases in C. minima
abundance. Those fruit yield patterns do not completely align
with a hypothesis of “density compensation” effects by C. minima
for Kent and Tommy Atkins as their fruit yields decreased
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FIGURE 5 | Boxplots illustrating differences in variables related to the state of pollinator communities experienced by trees (insect richness and abundance) and
variables related to tree reproductive effort (number of inflorescences and fruit yield) in M. indica in 2017, 2018, and 2019. (A) Richness, (B) Abundance, (C) Yield
(kg), (D) Number of Inflorescences/tree. Different letters within a field indicate significant differences among years following Repeated measures ANOVAs
analyses (Table 3).

even when abundances for this pollinating species increased for
these fields. The fact that even with increases in species richness
and abundances in 2018, fruit yields declined in the Tommy
Atkins field also suggests that this flower visitor may not be as
effective at compensating for losses or reduction in pollination
services from other species that may have experienced local
reductions in abundance The fact that the Julie field experienced

a reduction in all dominant pollinators but not a reduction in
fruit yields also suggests the possibility that other less frequent
pollinators relative to the ones studied here may be acting as
stabilizing influences of fruit yields and in a localized fashion.
A long-term study with the generalist non-agricultural species
Scrophularia californica showed that the relationship between the
abundances of the most effective pollinators and reproductive
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FIGURE 6 | Regressions of fruit yield as a function of global species richness and global insect abundance for four fields (Julie, Keitt, Kent, Tommy Atkins) across the
3 years of the study. For each field GLM analyses detected significant relationships between yield and insect richness and abundance in some years but not others
(Table 4). Lines represent the line of best fit from significant regressions at p < 0.05.

success was non-linear and influenced by variation in spatial
and temporal differences in pollinator diversity and abundance
(Thomson, 2019). These complex relationships also apply to
agricultural systems such as M. indica, whose management for
pollinator services and diversity, especially following extreme

atmospheric events, would therefore require an understanding
of plant-pollinator relationships using both community and
species-level approaches.

One important result was that correlations between plant
yields and the abundances of individual pollinator species were
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TABLE 4 | Results for simple regression coefficients from general linear model (GLM) analyses evaluating the variation in reproductive success (plant yield) as a function
of insect species richness, insect abundance and the number of inflorescences/trees in four field of M. indica in 3 separate years.

Year Field Coefficients Estimate ± SE Model:AIC F R2 p

2017 Julie Richness 1.13 ± 0.15*** 13.05 41.9 0.84 0.0002

Julie Abundance 1.26 ± 0.17*** 12.58 44.3 0.85 0.0002

Julie Inflorescences 0.46 ± 0.24 26.20 1.34 0.28 0.32

(Inflorescences)2 0.43 ± 0.35

Keitt Richness 3.57 ± 0.52*** 35.50 36.64 0.82 0.0003

Keitt Abundance 3.20 ± 0.40*** 32.54 44.3 0.85 0.0002

Keitt Inflorescences 0.01 ± 0.003** 29.40 3.13 0.47 0.11

Kent Richness 3.86 ± 0.47*** 22.23 54.3 0.87 0.0001

Kent Abundance 2.42 ± 0.27*** 20.70 64.2 0.89 0.0001

Kent Inflorescences 0.0008 ± 0.0.0004 39.52 3.05 0.28 0.12

Tommy Atkins Richness 0.97 ± 0.21 17.71 17.65 0.69 0.003

Tommy Atkins Abundance 1.53 ± 0.23*** 12.18 36.6 0.82 0.0003

Tommy Atkins Inflorescences 0.004 ± 0.003 26.17 1.26 0.15 0.27

2018 Julie Richness 0.45 ± 0.33 21.73 1.49 0.16 0.28

Julie Abundance 0.32 ± 0.23 21.59 1.63 0.17 0.24

Julie Inflorescences 0.06 ± 0.17 23.31 2.8 0.26 0.13

Keitt Richness 2.13 ± 0.87* 32.50 4.63 0.37 0.06

Keitt Abundance 1.77 ± 0.42** 26.89 14.15 0.64 0.006

Keitt Inflorescences 0.71 ± 0.38 34.07 2.8 0.26 0.13

Kent Richness 1.47 ± 0.51 26.17 3.6 0.45 0.03

Kent Abundance 1.45 ± 0.28 19.21 21.31 0.73 0.002

Kent Inflorescences 0.06 ± 0.17 23.31 1.19 0.27 0.61

Tommy Atkins Richness 0.57 ± 0.56 28.55 2.31 0.12 0.26

Tommy Atkins Abundance 0.57 ± 0.35 27.50 2.8 0.27 0.13

Tommy Atkins Inflorescences 0.09 ± 0.42 29.83 0.04 0.004 0.85

2019 Julie Richness 1.02 ± 0.31** 17.7 8.89 0.52 0.02

Julie Abundance 0.91 ± 0.16*** 10.26 27.5 0.77 0.008

Julie Inflorescences 0.70 ± 0.39 23.32 1.62 0.17 0.16

Keitt Richness 1.44 ± 0.49* 31.7 6.76 0.46 0.03

Keitt Abundance 2.53 ± 0.32*** 21.4 32.28 0.8 0.005

Keitt Inflorescences 2.07 ± 1.09 34.77 2.86 0.26 0.13

Kent Richness 0.69 ± 0.61 22.58 1.01 0.11 0.34

Kent Abundance 0.85 ± 0.53 21.54 2.11 0.21 0.28

Kent Inflorescences −0.70 ± 0.49 23.32 0.02 0.002 0.90

Tommy Atkins Richness 0.25 ± 0.32 13.45 0.48 0.06 0.51

Tommy Atkins Abundance 0.34 ± 0.18 10.80 3.05 0.28 0.12

Tommy Atkins Inflorescences 0.51 ± 0.26 10.80 3.06 0.28 0.12

Starred values indicate P-values for estimates of regression coefficients: *0.05, **0.01, ***0.001. Models with significant P-values (<0.05) are indicated in bold.

not consistent across years or fields and that overall A. mellifera
showed the least number of significant correlations with yield
compared to P. vinetorum and C. minima. Indeed, prior studies
have commented on the low attractiveness of mango flowers
to honey bees (Free and Williams, 1976) and at least one
experimental study that added managed honeybees found no
significant increases in fruit production (Carvalheiro et al.,
2010). Our results with honeybees are therefore not surprising
considering those studies and raises questions about how effective
the addition of managed honeybees is as a strategy to improve
local pollinator services following hurricane events for crop
species like M. indica. Indeed, the study by Carvalheiro et al.
(2012) suggest that introducing areas of native vegetation to
support pollinator services and improve crop production may

be a better management strategy worth pursuing for M. indica
management. On the other hand, the relationships between
diversity and abundance of insect pollinators with plant yield
were not equally strong for all fields and that post-hurricane
changes in these relationships were not expressed equally among
fields (Figure 6). Each field hosted a different cultivar. Thus, one
possibility is that floral characteristics and rewards may differ
among cultivars. Mango flowers are minute, and superficially
similar among cultivars but could differ in some characteristics
which may lead to differential pollinator attraction (Popenoe,
1917). In at least one study, the Keitt cultivar was reported
to have low attractiveness relative to Kent and Tommy Atkins
(Carvalheiro et al., 2012). We are in the process of analyzing
data on floral traits and nectar rewards to address the possibility
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TABLE 5 | Pearson correlation coefficients for the number of fruits per tree and the
abundance of dominant insect species per year per field.

Insect species Year Field r p

Palpada vinetorum 2017 Julie 0.9707 0.0001

Keitt 0.9599 0.0001

Kent 0.3989 0.2534

Tommy Atkins 0.8236 0.0033

2018 Julie 0.7684 0.0094

Keitt 0.337 0.3409

Kent N N

Tommy Atkins −0.2129 0.4098

2019 Julie 0.80547 0.0049

Keitt 0.9377 0.0001

Kent 0.6623 0.0519

Tommy Atkins 0.8585 0.0014

Apis mellifera 2017 Julie 0.6939 0.0259

Keitt −0.1113 0.7595

Kent −0.1125 0.7568

Tommy Atkins 0.5287 0.1161

2018 Julie −0.0381 0.9166

Keitt 0.4296 0.2152

Kent N N

Tommy Atkins −0.3389 0.338

2019 Julie 0.8174 0.0038

Keitt 0.6112 0.0604

Kent −0.4153 0.2662

Tommy Atkins N N

Cochliomyia minima 2017 Julie 0.0219 0.9520

Keitt 0.198 0.5834

Kent N N

Tommy Atkins 0.9138 0.0002

2018 Julie 0.6802 0.0304

Keitt 0.5535 0.0969

Kent 0.8618 0.0013

Tommy Atkins 0.7495 0.0126

2019 Julie 0.6158 0.0579

Keitt 0.0808 0.8242

Kent −0.2806 0.4644

Tommy Atkins 0.8265 0.0031

Values in bold indicate significant values with a corrected alpha value equal to
0.0002 when corrected for multiple comparisons.

of differences in floral attractiveness or floral resources among
cultivars. Likewise, we have ongoing experiments to evaluate
potential differences in pollination effectiveness of dominant
pollinators of M. indica to different cultivars to better understand
the role of individual pollinator species and fruit production
in this system. A last possibility, and equally likely, is that
mango cultivars are in different spatial locations across the station
and that landscape differences in insect requirements unknown
to us may operate to influence the visitation to individual
cultivars. Studies with M. mangifera in South Africa have shown
that existing flowering resources available within and outside
cultivated areas (i.e., natural vegetation) have the potential to
influence mango floral visitation by contributing floral resources
of shared visitors even outside the mango flowering season

(Carvalheiro et al., 2010, 2012; Simba et al., 2018). Carvalheiro
et al. (2010), indeed showed that the diversity levels experienced
by M. indica trees and their fruit yields were dependent on
the distance of trees from natural vegetation patches with more
diversity and higher yields exhibited by trees that were closer to
natural vegetation. There are patches of natural vegetation about
1 km away from the Juana Diaz Experimental Station and visually
the matrix of cultivated trees surrounding the fields with the Julie
and Keitt cultivars seems to have a more abundant tree cover than
trees from the fields with Kent and Tommy Atkins (Figure 1).

A second non-mutually exclusive alternative for the
unexpected declines in fruit production even when pollinator
abundances increased following the hurricane may be related
to direct hurricane effects on M. indica plants. Hurricane
disturbances can damage plants to the point of reducing the
resources available to produce flowers and fruits (Rathcke,
2000). A rapid assessment of mango trees at the Juana Diaz
Experimental Station following Hurricane Maria, indicated that
trees lost between 20 and 90% of their foliage as a result of
this event with no tree mortality observed (Cabrera-Asencio,
unpublished data). Thus, resource allocation decisions related
to the production of leaves vs. fruits may also explain some
of the crop yield dynamics but cannot account for all the
variation in fruit production. Even when foliage recovery was
slow and branch death was still observed in 2019, observed fruit
production increased above pre-hurricane levels in 2019 (this
study). The lack of tree mortality following hurricane Maria at
our site contrasted with a study on mango tree damage in Florida
following Hurricane Andrew in 1992 (Department of Health
and Human Services, and Department of Agriculture, 1995;
Crane and Balerdi, 1996). The Florida mango trees exhibited
considerable damage with 58.4% of the trees showing massive
damage or mortality which resulted in a 75% reduction in mango
production even after 4 years. Furthermore, most mortality
occurred in areas where trees were tall and not managed for size.
By contrast, trees at the Juana Diaz Experimental Station were
managed for size control which may explain different results.

Within season variation in the number of inflorescences did
not relate to crop yields and that post hurricane reductions
in inflorescence production in mango, while noticeable for all
fields, did not necessarily translate into crop yield reductions.
Inflorescences of M. indica produce numerous and minute
unisexual flowers that reach up thousands of flowers like it has
been reported for Tommy Atkins (2,238 flowers/inflorescence,
Abourayya et al., 2011). It is also widely known that M. indica
in cultivation produces many more flowers than its sets fruits
(fruit sets ∼ 10%; Shu, 2009). Thus, one unexplored possibility is
that even with the reductions of inflorescences and pollinators,
following the hurricanes, the resulting flower:pollinator
ratios still allowed to maximize fruit production in some
cultivars. Also, the ratio of hermaphroditic to male flowers
in andromonoecious plant systems like M. indica can vary in
response to environmental stressors (Geetha et al., 2016) in
ways that may reflect an optimal use of available resources
to reproduction. Thus, another unexplored and not mutually
exclusive possibility is that some cultivars of M. indica are also
able to adjust floral resources in such a way that resources are
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used more efficiently toward producing fruits. These ideas would
need to be explored thoroughly to understand how hurricane
changes in floral resources and pollinators may ultimately
influence reproduction in M. indica.

Fruit yields in this economically important species can bounce
back (under some conditions) in less than 2 years. In the
case of M. indica and assuming low mortality, two conditions
may potentiate this recovery. The majority of insects visiting
the M. indica cultivars are native to the Caribbean region and
probably have, through their evolutionary history, developed
adaptations that could make them highly resilient to these
systems regardless of taxa. Second, the effects of hurricane-related
changes in pollinator faunas on plant reproduction (regardless
of the plant system) may depend whether or not pollination
systems are generalized or specialized (Dalsgaard et al., 2009)
or whether or not plant species have alternative mechanisms of
plant reproductive assurance (Jones et al., 2001; Rivera-Marchand
and Ackerman, 2006; Pérez et al., 2018). While most cultivars of
M. indica depend on animal pollination to set fruit (Anderson
et al., 1982; De Siqueira et al., 2008; Fajardo et al., 2008; Corredor
and García, 2011; Kumar et al., 2012), it is apparent that globally
mangos have a highly generalized pollination system, a condition
that is likely favorable where extreme weather events are common
such as in the Caribbean. Plant reproductive ecology theory
states that the capacity to be pollinated by a large diversity
of insects may allow for functional redundancy through shifts
in dominant pollinator species, allowing for reproduction to
occur in highly variable environments (Waser et al., 1996).
A generalist pollination system may explain, at least in part,
the naturalization and success of this crop in many areas of
Latin America and the Caribbean. Whether such success may
continue in the face of climatic change and expected increases
in extreme weather events depends on long-term monitoring
schemes. The use of information on pollinator diversity and

abundance in this system for successful agriculture would
certainly require more in-depth information on the role of
global insect diversity and abundance vs. the role of individual
species themselves.
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