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A B S T R A C T

Tropical dry forests (TDFs) on the Pacific Coast of Mexico experience seasonal droughts and very infrequent
direct hurricane disturbance. Over a 4-year period, two hurricanes made landfall in the Chamela-Cuixmala
Biosphere Reserve, Hurricane Jova (category 2) in October 2011 and Hurricane Patricia (category 4) in October
2015. Our permanent long-term watershed-scale research program in the reserve provided a unique opportunity
to analyze the ecosystem response to these hydrometeorological extreme events. Since 1982, we have been
collecting monthly litterfall samples in 120 litter traps across five small contiguous watersheds. A direct in-
stantaneous effect of both hurricanes was a massive deposition of green and senescent leaves, and fine woody
debris to the forest floor. Hurricane-month litterfall flux largely exceeded the amount produced in any month of
the pre-disturbance period (1982–2010), suggesting low resistance to hurricanes. Post-Jova recovery was fast, a
response likely explained by a combination of the unusually high dry-season precipitation and higher than
average total annual precipitation, coupled to a large flux of P-enriched litter and the re-sprouting response of
many TDF species. Annual litterfall the year following Patricia decreased to half of that during the hurricane
year, concomitant with a decrease in annual rainfall 20% below average. Ecosystem resilience seems strongly
linked to post-disturbance water availability. Therefore, drought after a hurricane may limit the capacity of
tropical dry forests to rapidly recover. The implications of these climate-related disturbances for forest recovery
and management are discussed.

1. Introduction

Hurricanes are infrequent and discrete hydrometeorological events
that can cause intense and broad-scale tree mortality and destruction of
plant biomass in tropical and subtropical coastal ecosystems worldwide
(Boose et al., 1994; Shiels et al., 2014). One of the main immediate
visible effects of hurricane disturbance in forest ecosystems is the
opening of the canopy by defoliation as well as snapped and wind-
thrown trees, causing a massive non-seasonal transfer of plant debris to
the forest floor (Lodge and McDowell, 1991; Xu et al., 2004; Lugo,
2008; Islebe et al., 2009). The related input of higher than normal
amounts of N, P and labile C to the soil is likely to alter decomposition
rates and nutrient cycling in the short-term (Scatena et al., 1996).

Therefore, the study of forest responses to hurricane physical damage in
the short- and long-term is crucial for understanding the capacity of the
forests to maintain ecosystem resilience under natural disturbance re-
gimes (Whigham et al., 1991; Seidl et al., 2014).

Forest response trajectories following hurricanes have been studied
in the coastal tropical forests along the path of North Atlantic Ocean
hurricanes (Shiels and González, 2014; Holm et al., 2017). For example,
research in the Luquillo Experimental Forest in Puerto Rico has focused
on analyzing two key factors (canopy openness and massive debris
deposition) that most influence forest recovery from hurricanes (Shiels
et al., 2014). The Guánica forest has been intensively studied to assess
the link between hurricane-induced tree sprouting, high stem density
and the reduced stature of this TDF (Van Bloem et al., 2005, 2007). The
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above studies suggest that similarly to seasonal droughts, disturbance
by summer storms have likely shaped the evolutionary history of spe-
cies and possibly entire Atlantic tropical dry forest ecosystems. How-
ever, the role of Northeastern Pacific hurricane disturbance in shaping
ecosystem functioning in the TDFs has not yet been evaluated.

Hurricane landings in western Mexico where most TDF occurs in the
country were infrequent before 2011. Blake et al. (2009) report that
between 1949 and 2006 there were only nine category 2–5 (Saffir-
Simpson scale) hurricanes striking the Pacific coastal states of southern
Mexico. More recently and over a four-year period, Hurricane Jova
(category 2) and Hurricane Patricia (category 4) made landfall in 2011
and 2015, respectively, on the coast of Jalisco, specifically on the
Chamela TDF, causing severe damage to settlements, and the loss of
native vegetation and crops (see other papers in this issue). Both hur-
ricanes produced not only intense and extensive winds, but also aty-
pical amounts of rain for that season (Maass et al., this issue; Parker
et al., this issue). Long-term observations of ecosystems processes over
the past decades in the Chamela TDF indicate that this ecosystem has
been historically exposed to high intra- and inter-annual rainfall
variability (Maass et al., this issue). These variations lead to fluctua-
tions in leaf area index (Maass et al., 1995), nutrient resorption
(Rentería and Jaramillo, 2011), P cycling (Campo et al., 1998), litter
decomposition (Anaya et al., 2012) and litterfall patterns (Martínez-
Yrízar and Sarukhán, 1990); processes that are tightly linked to water
availability. Also, uncommon late-season precipitation modifies the
patterns of vegetation growth and phenology by triggering, in nu-
merous species, a second flush of leaves (Bullock and Solis Magallanes,
1990) and increasing litterfall up to 23% (Martínez-Yrízar, un-
published).

Annual litterfall is a good predictor of net primary productivity in
tropical forests (Malhi et al., 2011) and litterfall seasonality seems a
good indicator of forest phenology in response to environmental cues
and natural and anthropogenic disturbances (Zalamea and González,
2008; Shiels and González, 2014). As disturbance regimes have been
altered worldwide, and extreme climatic and weather events are be-
coming more frequent or intense, understanding ecosystem responses to
disturbance in terms of resistance, recovery and resilience is crucial for
ecosystem management (IPCC, 2012; Herrero and Zamora, 2014; Seidl
et al., 2014). Resistance is defined as the ability to minimize changes in
structure or function in response to disturbance or as a measure of
change during the event relative to pre-disturbance conditions. Re-
covery is described as the ability to restore structure or function relative
to the change experienced during disturbance and resilience as the
capacity to return to pre-disturbance conditions (Lloret et al., 2011).

The overall aim of this study was to document the effect of two
hurricanes of different intensity on litter production by analyzing the
short-term ecosystem response (resistance, recovery and resilience) of
the Chamela TDF. We hypothesize that ecosystem response will be
linked to water availability due to plant re-growth supported by late-
season increased precipitation.

2. Materials and methods

2.1. Study area

This study is part of a long-term ecosystem research project started
in 1982 at the Estación de Biología Chamela (EBCh) part of the
Chamela-Cuixmala Biosphere Reserve, located about 2 km inland from
the Pacific coast of Jalisco in western Mexico (19°23–19°30′ N,
104°56–105°04′ W, 10–584m elevation range; Fig. 1). The landscape is
dominated by low hills (< 300m elevation) with steep slopes (> 20°).
Soils are young, shallow (0.5–1m depth), predominantly sandy loams,
classified as Typic Ustorthents (USDA system; Murray-Tortarolo et al.,
unpublished).

The climate is warm with a mean annual temperature of 25.6 °C
(1980–2015) with little fluctuation from year to year. Mean annual

rainfall is 800.4 mm (1983–2015) with an annual range from 340 to
1329mm (Maass et al., this issue). The rainfall pattern is markedly
seasonal with 87% of the total annual precipitation distributed from
June to October. The main vegetation type is a highly diverse (83–92
woody species/1000m2; ≥2.5 cm DBH) and dense (394–506 ind./
1000m2) TDF, 4–15m height. A taller (15–30m) semi-deciduous
forest, distinct in structure and phenology distributes along the arroyos,
covering about14% of the total area. Fabaceae, Euphorbiaceae, Ru-
biaceae and Bignoniaceae are the most important woody plant families
(Lott et al., 1987). On a broader regional scale, vegetation is a complex
patchwork of croplands, pastures, secondary and mature TDF commu-
nities. The most conspicuous feature of the forest is its markedly sea-
sonal pattern of leaf area index [LAI, range:< 1m2m−2 in May to
4.5 m2m−2 in September (Maass et al., 1995)]. This LAI pattern can be
easily distinguished by satellite reflectance indices (NDVI and EVI) and
is closely related to the seasonal rainfall pattern (Parker et al., this
issue).

The hydroclimatic variability in the study region increased sig-
nificantly in the last six years, due to the incidence of Hurricane Jova
category 2 in October 12, 2011 and Hurricane Patricia category 4 in
October 23, 2015 (for detailed characteristics of the hurricanes, see
Parker et al., this issue), both affecting considerably the structure of the
TDF (Fig. 2).

2.2. Study sites and litterfall sampling

Five small contiguous watersheds (12–28 ha each) with ephemeral
streams were selected ∼35 years ago (before any major hurricane dis-
turbance) as study units for long-term ecosystem research (Maass et al.,
2010). In the middle portion of each watershed, one 80 x 30m plot,
subdivided into 24 10×10m quadrats, was established for the mon-
itoring of productivity and nutrient cycling (Fig. 1). Major soil and
structural characteristics in each plot are shown in Table 1 in
Supplementary Material.

Litterfall has been collected monthly (biweekly during the wet
season) since 1982. In each watershed, 24 conical fiberglass mesh litter
traps (50 cm diameter, 50 cm depth; one trap per 10×10m quadrat)
were suspended 1m from the forest floor. Litterfall consisted of all fine
plant material (leaves, reproductive, and fine woody litter ≤2 cm in
diameter) accumulated in the traps. All litter samples were individually
packed in paper bags, dried at 65 °C during 48 h and weighed. Based on
the phenology of the forest, annual litter production was defined as the
accumulated litterfall from the beginning of the rainy season in July of
a given year to the end of the dry season in June of the following year
(hereafter referred as “phenological year”). The litterfall accumulated
in all traps for a given month in each watershed was used to calculate
the monthly mean dry mass. Mean annual values were calculated as the
mean of the accumulated litterfall in each trap across the 12 collection
months of each year. Data from accidental loss of litter traps (< 0.01%
of global samples) were estimated by their corresponding monthly long-
term mean value.

The amount of litterfall components (leaves, fine woody debris,
other -reproductive and miscellaneous) from the hurricane month
(October 2011 and 2015) and from two post-hurricane years (October
2014 and 2016) was determined by sorting the litter from a random
subsample of six litter traps per site and year, oven-dried and weighted.
These amounts were compared with a non-hurricane average value
(1983–1985) when October litterfall from each year was also sorted
into components. Annual rainfall range during this reference period was
366 to 830mm. Changes in litterfall components throughout the post-
Patricia year (July 2016 to June 2017) were also analyzed by sorting
monthly subsamples.

2.3. Analysis of the data

Differences among years in total litterfall and litterfall components
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