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Abstract Mexico harbors more than 10% of the planet’s endemic species. However, the
integrity and biodiversity of many ecosystems is experiencing rapid transformation under
the influence of a wide array of human and natural disturbances. In order to disentangle the
effects of human and natural disturbance regimes at different spatial and temporal scales,
we selected six terrestrial (temperate montane forests, montane cloud forests, tropical rain
forests, tropical semi-deciduous forests, tropical dry forests, and deserts) and four aquatic
(coral reefs, mangrove forests, kelp forests and saline lakes) ecosystems. We used semi-
quantitative statistical methods to assess (1) the most important agents of disturbance
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affecting the ecosystems, (2) the vulnerability of each ecosystem to anthropogenic and
natural disturbance, and (3) the differences in ecosystem disturbance regimes and their
resilience. Our analysis indicates a significant variation in ecological responses, recovery
capacity, and resilience among ecosystems. The constant and widespread presence of
human impacts on both terrestrial and aquatic ecosystems is reflected either in reduced area
coverage for most systems, or reduced productivity and biodiversity, particularly in the
case of fragile ecosystems (e.g., rain forests, coral reefs). In all cases, the interaction
between historical human impacts and episodic high intensity natural disturbance (e.g.,
hurricanes, fires) has triggered a reduction in species diversity and induced significant
changes in habitat distribution or species dominance. The lack of monitoring programs
assessing before/after effects of major disturbances in Mexico is one of the major limi-
tations to quantifying the commonalities and differences of disturbance effects on eco-
system properties.

Keywords Disturbance index - Anthropogenic disturbance - Hurricanes -
Long-term ecological research
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SLE Saline lake ecosystems

TDF Tropical dry forests

TMF Temperate montane forests

TRF Tropical rain forest

TSDF  Tropical semi-deciduous forests of the Yucatan Peninsula

Introduction

Disturbance is a major ecological force affecting the structure, dynamics, productivity, and
biodiversity of ecosystems (Paine et al. 1998; Turner et al. 1998; Nystrom et al. 2000).
Human activities cause widespread disturbance and it is of paramount importance to
understand how, at what rate, and to what extent such disturbances affect ecosystem
integrity and their ability to provide key services to society (Wu 1995). It is also critical to
evaluate the environmental and socio-economic legacies of human disturbance and the
capacity of ecosystems to recover (i.e., resilience) thereafter.

Mexico is a megadiverse country, with a large variety of terrestrial and aquatic eco-
system housing more than 10% of the planet’s endemic species (Groombridge and Jenkins
2002; Ceballos and Brown 1995; Mittermeier and Goetsch 1997; Ceballos and Oliva
2005). The wide range of climates, complex geomorphology, and biogeographic history
has enabled the development of highly productive and biodiverse ecosystems (Fa and
Morales 1993; Alcocer et al. 1996). However, ecosystem integrity and biodiversity are
experiencing a rapid change due to the influence of a wide array of human disturbance. It is
not clear how human and natural disturbance regimes (spatial and temporal) interact to
regulate ecosystem integrity or capacity to deliver goods and services (Calderon-Aguilera
et al. 2008).

Disturbance is commonly defined as “any relatively discrete and sudden event in time
that disrupts the structure of ecosystems, communities, and populations, changing
resources pools, substrate availability, or the physical environment” (Pickett and White
1985). Disturbance regimes encompass a wide range of temporal and spatial scales, and are
characterized by their extent, spatial arrangement, frequency, predictability, and magnitude
(intensity or severity). Examples of large, gross-grained, disturbances are deforestation,
hurricanes, extreme floods, volcanic eruptions, and large fires (Turner et al. 1997; Turner
and Dale 1998) whereas an example of small, fine-grained, disturbances would be branch
and tree falls in a forest (Martinez-Ramos et al. 1988). Generally, regeneration and suc-
cession operate at short time scales, but the legacy of natural disturbance can vary from
year to decades (Denslow 1987; Turner and Dale 1998).

Understanding the ecological significance of disturbance on particular ecosystems and
assessing an ecosystem’s capacity to recover, particularly in response to human distur-
bance, requires integrative studies conducted through long-term research programs
(Foster et al. 1998). Long-term studies can provide baseline information to identify
ecosystem response and recovery trajectories after both small and large-scale distur-
bances (Turner et al. 2003). This baseline information is currently lacking for most
Mexican ecosystems, particularly for large-scale human disturbances, such as defores-
tation, land use change, and water and air pollution. This information gap inhibits the
development and implementation of national conservation and ecosystem management
strategies at a variety of spatial and temporal scales (Dale et al. 1998). In this paper we
analyze published information and expert opinions to characterize major natural and/or
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human disturbances affecting eleven critical terrestrial and aquatic ecosystems in Mexico.
We explore the resistance and recovery (resilience) of these ecosystems to disturbance by
assessing structural and functional changes after disturbance. The specific questions
addressed herein are: (1) What are the most important agents of disturbance that affect
the selected ecosystems in Mexico? (2) Which of these ecosystems are most susceptible
to anthropogenic and natural disturbances? and (3) How do their disturbance regimes and
their capacity to recover differ?

Methods
Selected ecosystems and disturbance regimes

We selected eleven sites where research is currently conducted in the context of the Mexican
Long-Term Ecological Research Network (REDMEX LTER; http://www.mexlter.org.
mx/). These sites represent some of the major ecosystem types in Mexico (Fig. 1). Six
ecosystems are terrestrial and encompass most of the arid, temperate, and tropical ecosystems
(mountain, lowland dry and lowland humid); Temperate Montane Forests (TMF), Montane
Cloud Forests (MCF), Tropical Rain Forest (TRF), Tropical Semi-deciduous Forests of the
Yucatan Peninsula (TSDF), Tropical Dry Forests along the Pacific Coast of Mexico (TDF),
and the Chihuahuan Desert (CHD). Five are aquatic and include: coral reefs located in both
the Pacific Ocean (CRP) and the Caribbean Sea (CRC), Mangrove Forests in the Yucatan
Peninsula (MFYP), Kelp Forests (KF), and Saline Lake Ecosystems (SLE). Ecosystem
properties including spatial cover, altitude range (or depth in the case of marine systems),

Gulf of Mexico

[
™ w

Pacific ocean

Fig. 1 Schematic map of the primary vegetation of Mexico and location of aquatic ecosystems. Modified
from Carta de Vegetacion Primara (INEGI 2005; available at www.inegi.gob.mx)
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climate, biomass, diversity, and dominant life form for each ecosystem are listed in Tables 1
and 2.

Major disturbance categories were identified for each ecosystem, and classified as
natural or anthropogenic in origin. We also identified large and specific agents of distur-
bance. Natural disturbances included those produced by physical agents such as meteo-
rological forces (storms, hurricanes, frosts, droughts and tornadoes), landslides, and fire, as
well as biological agents such as bio-erosion, plagues and disease (Aronson and Precht
2001). Anthropogenic disturbances include land use (e.g., shifting cultivation, monoculture
crops, and cattle rearing), harvesting activities (e.g., logging, non-timber forest products,
fishing and poaching), and introduction of exotic species. Data were collected from the
scientific literature, expert opinions and unpublished information in the form of theses,
local journals, and technical reports.

Disturbance index

In order to characterize and compare disturbance regimes among ecosystems, we coded
data regarding the extension, frequency, duration, patch type, and recovery rate, of dis-
turbances as ordinal variables. Since ecosystems and their agents of disturbance are quite
different, all assessments were scaled to that particular ecosystem or agent. For instance, a
patch of 10 ha is negligible in the Chihuahuan desert, but would be a whole coral reef in
the Pacific; therefore, each variable was given a score on a three level scale. When a
disturbance effect was unknown for a particular ecosystem, we assigned the highest score.
The variables we assessed were:

e Severity (S), as the relative loss in ecosystem biomass: (1) small (<25%), (2) medium
(>25 < 50%), (3) large (>50%).

e FExtension (E), as the area affected by a given disturbance: (1) small (<20% of area), (2)
medium (>20 < 50% of area), (3) large (>50% of area).

e Frequency (F), as the occurrence of disturbance event in a given time period: (1) low
(occurring at intervals longer than 10 years), (2) medium (once every 2—10 years) and
(3) high (once every year or seasonal).

e Duration (D), indicating the length in time of the disturbance event: (1) <1 year, (2)
<3 years, (3) >3 years.

e Patch type (PT), describes the type of habitat patch created by the disturbance, with
two categories: (1) embedded (disturbed patches within a continuous undisturbed
ecosystem) and (2) isolated (disturbed patches isolated from an undisturbed ecosys-
tem). Patch distinction has important implications for the mode and rate of patch
colonization and for regional population dynamics (Sousa 2001). A score of 3 was
given to PT, if the characteristic was unknown.

After assigning scores for each disturbance agent in all ecosystems, we comprised a
“disturbance index” (DI) of increasing magnitude by multiplying the assigned five scores
describing the disturbance variables:

DI =S X EXF xDxPT

A low number indicates a low impact of a given disturbance agent for a particular
ecosystem, whereas a high number indicates a large impact. For example, if severity of
hurricanes on the Tropical Rain Forest is medium (2), affecting a large area (3), with low
frequency (1), and short duration (1), and the disturbed patch is isolated (2), the effect of
hurricanes on TRF ecosystemis 2 x 3 x 1 x 1 x 2 = 12.
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Fig. 2 Icon plots of anthropogenic (a), biological (b) and physical (¢) disturbance on Mexican ecosystems. p
Clockwise: severity, extension, frequency, duration, type of disturbed patch and recovery rate. TMF
temperate montane forest, MCF montane cloud forest, TRF tropical rain forest, TSDF tropical semi-
deciduos forest of the Yucatan peninsula, TDF tropical dry forests along the Pacific Coast of Mexico, CHD
chihuahuan desert, CRP coral reefs, Pacific, CRC coral reefs, Caribbean, MF mangrove forest, KF' kelp
forest, SLE saline lake ecosystems

This disturbance index was used to compare disturbance regimes within and among
ecosystems. In addition we computed an ecosystem Recovery Rate index (RR) and used
the rate of biomass gain or primary productivity as a simple, but widely used, variable to
assess ecosystem response and recovery from disturbances, even if different agents caused
such disturbances. We considered RR as an indicator of the time elapsed to reach 50% of
total ecosystem pre-disturbance productivity or biomass. Thus, we selected three recovery
rate categories: 1, fast (<1 year); 2, medium (>1 < 10 years); 3, slow (>10 years).

To explore specific clusters of both simple relations and interactions between variables,
we prepared icon plots (StatSoft 2005) for each major agent of disturbance (i.e., anthro-
pogenic, biological, and physical). Icon plots represent individual units of observation as
particular graphical objects where values for each variable are assigned to specific features
or dimensions of the objects (in this case each ecosystem = one object). The variables
were standardized by scaling to unit standard deviations in order to prevent variables with
larger values from dominating those with smaller ranges and, hence, eliminating over
representation of some variables merely on the basis of size. Each value assignment
changes the overall appearance of the object as a function of the specific value configu-
ration, i.e., each axis (6 in total) represents one variable (i.e., severity, extension, fre-
quency, duration, patch type and recovery rate) characterizing the disturbance.

Results and discussion

The anthropogenic disturbances icon plots show that TDF is severely affected (large square
shape) by all categories while CRC, SLE and TSDF are mainly affected by the extension of
this type of disturbance (Fig. 2a). In contrast, CHD is hardly affected and impacts on KF
are almost negligible (small dot at center of axis intersection; Fig. 2a). The TMF, TRF and
the CRC ecosystems are affected by most of the biological disturbance variables (Fig. 2b);
KF is largely impacted mainly by sea urchin grazing and the fact that disturbed patches are
often isolated from the undisturbed ecosystem. Similarly to KF, the TRF disturbance
regime is significantly driven by biological processes (Fig. 2b). Physical disturbances
influence CHD, mainly by long drought, and TSDF by storm and hurricanes. The extension
of the physical disturbance is considerable for CRC, SLE and KF, while the recovery rate
is slow for MCF and TDF (Fig. 2c¢).

We present the specific effects and magnitude of different disturbance agents in sup-
plementary summary (Tables S1-S11) and proceed to discuss results for each ecosystem.

Terrestrial ecosystems
Temperate montane forests (TMF)

TMF are the dominant vegetation in Mexico’s mountainous regions and cover nearly 21%
of the terrestrial area. Ten different disturbance agents were identified to affect this
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ecosystem (Table S1). These forests are characterized by slower rates of recovery where
land use conversion to agriculture and forestry are considered the major anthropogenic
disturbance (Galicia and Garcia-Romero 2007). Infrastructure development near this
ecosystem can influence greater areas. Forestry and agroforestry are disturbance agents
affecting extensions >10 ha, which can last for several years (i.e., up to 10 years Chal-
lenger 1998). Forest fragmentation is another consequence of widespread land use change
(Diaz-Nuiiez et al. 2006; Herrerias-Diego and Benitez-Malvido 2004).

Meteorological phenomena are also considered a critical disturbance agent in the
TMF, because of their frequency although there is a lack of quantitative studies (Gra-
nados-Sanchez and Loépez-Rios 2001). For example, storms and tornadoes often cause
branches and trees to fall, creating large forest gaps. Although these events may occur
annually during the rainy season, events generally affect only isolated patches (Oliver
and Larson 1996). Landslides result from strong rains and seismic activity in moun-
tainous regions where there are steep slopes (Restrepo and Alvarez 2006). Events such as
droughts and frosts have been linked to the emergence of pests and diseases in forests
dominated by pines (Pinus spp) and oaks (Quercus spp) (Vazquez Silva et al. 2004;
Alvarado-Rosales et al. 2007), as a result of stress and physiological weakening (Fettig
et al. 2007).

Fire in Mexico affects thousands of hectares annually, particularly in mixed pine-oak
and oak-pine forests in TMF areas. Commonly, low intensity fires take place every 4 or
5 years, while high intensity fires occur every 6-9 years (Fulé and Covington 1997).
Extensions affected by wildfires can be small or intermediate, and in several areas they can
occur annually. For example, in the Sierra of Manantlan, in the State of Jalisco, between
1995 and 2002, an average area of 8,000 ha was burned annually, mostly pine-oak mixed
forests (Jardel et al. 2009). These fires are mostly superficial and do not affect the arboreal
vegetation significantly.

Biological agents such as pests and diseases are also important in TMF. Although
there are many insects that cause tree damage (Cibrian et al. 1995), most research has
focused on bark beetles of the genera Dendroctonus (Coleoptera: Scolytidae). These
insects constitute one of the major agents causing mortality in coniferous forests (Fettig
et al. 2007). During 1994-1998, about 17,734 ha were affected by bark beetles
throughout Mexico. Other pathogens are responsible for declines of TMF: a recent oak
decline has been associated with the appearance of the root pathogen Phytophthora
cinnamomi Rands (Alvarado-Rosales et al. 2007). Other observed pathogens such as
Armillaria spp. and Hypoxylon atropunctata (Schw. Ex Fr.) affect mainly oaks, although
a decline in forest area is better explained by a combination of biotic and abiotic factors
(Vazquez Silva et al. 2004). Other parasitic organisms affecting plant health are mainly
mistletoes of the genera Psittacanthus and Phoradendron, which extensively impact a
large number of coniferous species.

Montane cloud forests (MCF)

The MCEF is a unique, fragile and threatened ecosystem with an aerial spatial distribution
highly fragmented and restricted to less than 1% of the Mexican territory (Challenger
1998). The ecosystem is located in mountainous ranges between 600 and 3,200 m in
elevation, mostly in the southern half of the country, and restricted to humid temperate
climates. Rainfall regimes vary from 10,00 to 5,800 mm/year (Challenger 1998; Luna et al.
2001). The MCF ecosystem has the highest species richness in Mexico per unit area and
harbor nearly 12% (ca. 3,000 taxa) of Mexico’s flora (Rzedowski 1996). A recently
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analysis of the prioritization of MCF in 44 sub regions allowed the identification of 15
sub regions of extreme priority, 17 of high priority, and 10 of medium priority; three
more were not analyzed due to lack of data. The analysis shows that the major threats
facing MCF are climate change, illegal logging, and conversion to pasture land for cattle
and to a lesser extent, but also causing severe impact, conversion to agricultural crops
and urban expansion (CONABIO 2010). These human activities have produced a mosaic
of forest fragments embedded in matrices of secondary vegetation and cultivated fields
and implied a significant economic loss to society in terms of ecosystem services (Luna
et al. 2001; Williams-Linera 2007, Martinez et al. 2009). As habitat fragmentation
increases, many small patches of regenerating secondary forest and isolated trees remain
in the landscape.

Most of the disturbances affecting the MCF promote changes with levels of severity
ranging from medium to high. These changes vary in extension, frequency and duration,
and reflect variable recovery times (Table S2). Agroforestry, for instance, is a distur-
bance agent with potential positive influence for some animal groups since habitat
conversion creates refuges in areas for orchids and promotes an increase of bats and/or
beetles densities. However, agroforestry affects the biodiversity of the forest understory
and soil biogeochemistry (Arellano et al. 2005; Pineda et al. 2005; Solis-Montero et al.
2005; Tejeda-Cruz and Williams 2004; Negrete-Yankelevich et al. 2007; Bautista-Cruz
and Del Castillo 2005). Tree diversity in the MCF is presently more threatened by the
effects of within-fragment disturbance than by habitat fragmentation, particularly for late
successional tree species (Ramirez-Marcial et al. 2001; Cayuela et al. 2006). Forest
fragments with intermediate and high levels of disturbance store large seed banks
dominated by shade-intolerant tree species. Similarly, fragments where human activity
has declined showed the highest proportion of dormant seeds (Alvarez-Aquino et al.
2005). Studies show that activities of small mammals on acorn removal were affected by
the interaction of edge type and distance from the edge; in addition, rodent communities
varied in population density, relative abundance, and seasonal presence (Lopez-Barrera
et al. 2005). Extraction of firewood and non-timber forest products (NTFP) through
harvesting, even at low intensities, can trigger changes in community structure and
species composition (Challenger 1998; Luna et al. 2001; Williams-Linera 2007). Fur-
thermore, selective logging of old-growth can cause a reduction in forest complexity
(Williams-Linera 2007) as pines become the dominant species (Ramirez-Marcial et al.
2001).

Studies evaluating physical disturbances (e.g., fires, landslides, hurricanes, storms,
wind-throw) in the MCF, are scarce. Fires occurring for the first time in relatively
undisturbed MCF can cause dramatic changes in above- and below-ground live biomass
(Asbjornsen et al. 2005). Landslides can also qualitatively and quantitatively affect
vegetation and soil properties (Restrepo and Alvarez 2006), although their extension is
substantially smaller when compared to the effects of land use change. Wind, storms,
landslides, and lightning are associated to gap formation in the forest canopy. Gap size
and type of tree mortality have a significant effect on regeneration and a differential
response to the severity of each disturbance agent (Arriaga 2000a, b). Small gaps (i.e.,
45-250 m?), or gaps created by tree-falls, are more common and show higher species
diversity and density compared to larger gaps (>1,000 m?). In small patches with no
disturbance, the recovery time to the original forest physiognomy was estimated to take
more than 90 years. Furthermore, in areas with larger gaps affected by superficial fires or
cattle grazing, the recovery time may increase up to 150 years (Jardel et al. 2009;
Arriaga 2000a).
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Tropical rain forest (TRF)

This ecosystem once covered up 9% of the terrestrial extension of Mexico (Rzedowski
1978) and houses one of the highest biodiversities in the country (Challenger 1998).
Presently, relatively large TRF areas are found in Veracruz, Oaxaca, Chiapas, Campeche
and Quintana Roo. Twelve major disturbance agents were identified for this ecosystrem,
six caused by human activities (Table S3). As in the case of the MCF, the principal natural
disturbance occurred in the form of tree and branch falls that create gaps in the forest
canopy, and which are driven by the influence of storms (e.g., Martinez-Ramos et al.
1988). These disturbances generally affect less than 20% of the forest, and biomass lost is
lower than 25% (Martinez-Ramos 1985). Disturbed patches are imbedded and gaps close
by lateral growth of neighboring tree crowns, and the vertical growth of vigorous regen-
eration (seedling, saplings, and resprouts; Table S3). Forest regeneration is fast, and after
one or a few decades, the largest openings are completely filled with short and long-lived
fast growing tree and liana species, as well as with abundant saplings of long-lived, slow-
growing tree species (e.g., Martinez-Ramos and Alvarez-Buylla 1986; Pérez-Salicrup
2004). Some TRF areas have high resilience to natural disturbances as indicated by the
higher disturbance index (DI) (i.e., hurricanes, natural fires; Table S3).

Land use change due to the expansion of agriculture and livestock is the major
anthropogenic disturbance affecting TRF causing a ~70% reduction of the historic aerial
distribution of this ecosystem in Mexico (Masera et al. 1995). Today, only 31,600 and
63,100 km? of primary and secondary tropical rainforests respectively remain in Mexico,
covering about 4.8% of its terrestrial surface (CONABIO 2008). Shifting cultivation,
monoculture crops, agroforestry, tree plantations, and extensive pastures for rearing cattle
are the main agents of land use change. Other anthropogenic disturbances include fire,
logging, and the harvesting of NTFP. Disturbance regimes vary widely. NTFP, crop
rotation, agroforestry, and selective logging, reduce DI values (Table S3) and ecosystem
recovery from such disturbances is fast. Hunting of key top predators or removal of
primary producers might have important negative effects on the structure, composition and
ecosystem dynamics (Dirzo and Miranda 1991). Livestock and monoculture crops have the
highest DI and ecosystem recovery from these disturbances is considerably slow. Thus,
TRF seems to be more susceptible to human disturbances as indicated by slow recovery
rates, particularly when large-scale forest clearing occurs (>103 ha per year). Yet,
apparently human induced activities that do not involve vegetation clearing or temporary
conversion of small areas (<10 ha) do not necessarily represent a threat to this ecosystem.

Tropical semi-deciduous forests of the Yucatan Peninsula (TSDF)

The TSDF forms extensive patches of successional stands in the Central and Southern
regions of the Yucatan Peninsula (Fig. 1; Table 1). These forests are the result of natural
and human-induced disturbances that intermix with agricultural plots and, to a lesser
degree, with other vegetation such as savannas or marshes near permanent or semi-per-
manent bodies of water (Flores and Espejel 1994). The climate is characterized by a
distinct dry season lasting 4-6 months (December—April). Mean annual temperature ranges
from 24 to 26°C, and mean annual rainfall ranges from 1,000 to 1,500 mm, with a sig-
nificant inter-annual variation (Porter-Bolland et al. 2007).

Natural and human-induced disturbances are critical in structuring the spatial distri-
bution and internal configuration in these forests (Table S4). Historically, human distur-
bance has been a major driver of change in this region. Forests recovered after a period in
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which intensive activity (i.e., during the Classic Mayan Period, approximately 250-850
AD) supported a larger population density than today. There is evidence that the currently
observed floristic composition is the result of forest recovery after abandonment, but
greatly influenced by repeated cycles of low intensity crop rotation for many centuries
(Binford et al. 1987). Vegetation recovers relatively rapidly (25-30 years) after traditional
slash and burn agriculture. However, it is estimated that total above ground biomass
recovery requires 50 or 90 years (Turner et al. 2001; Pérez-Salicrup 2004). This recovery
may be limited when there is an interaction with invasive species (e.g., Pteridium sp.),
which are favored by shorter fallow periods that cause soil degradation (Turner et al. 2001;
Lawrence et al. 2004; Schneider 2006). The effects of intensified commercial agriculture
(often using agrochemicals or machinery to prepare soils) and its expansion when intro-
ducing pastures for rearing cattle are significantly greater, and as a result recovery is slower
(Keys 2004). Agriculture can also lead to fragmentation, which may encourage hunting
activities (Lawrence et al. 2004). Indeed, hunting is common, and its effect on wild
populations depends on hunting intensity, as well as other interacting factors, such as
habitat destruction and meteorological events (hurricanes and droughts). Selective logging
occurs throughout the region, depending on remaining forest species composition.
Recovery for some species may be low or absent as observed in some areas for Spanish
cedar (Cedrela odorata L.) and mahogany (Swietenia macrophylla King) (Snook 1998;
Keys 2004).

Storms and hurricanes are recurrent disturbances in the area (Snook 1998; Flores and
Espejel 1994; Boose et al. 2003). This type of disturbance may cause extensive forest
clearings or the inundation of extensive areas. These events may also cause defoliation that
leads to subsequent fires, which may in turn slow ecosystem recovery (Whigham et al.
2003; Lawrence et al. 2004). Long term effects of hurricanes on TSDFs located in the state
of Quintana Roo, which is a region where most hurricanes hit the Yucatan Peninsula, show
a decrease in basal area, which takes decades to recover; yet recovery of ecological
processes (e.g., soil nutrient availability) is relatively fast and changes in species com-
position minimal (Boose et al. 2003). Large clearings resulting from these meteorological
events may favor regeneration of some species, such as mahogany (Snook 1996). Drought
events can be extreme for the Yucatan Peninsula (Giddings and Soto 2003), but it is not
clear what the long-term ecological effect and significance in structuring ecosystem
communities is. For example, anecdotal reports from local people indicate that drought
periods have a negative effect on wildlife populations and have caused the relocation of
human settlements in the past (Porter-Bolland et al. 2007).

Tropical dry forests along the Pacific Coast of Mexico (TDF)

The tropical dry forests of the Mexico Pacific Coast are distributed along the western
foothills of the Sierra Madre Occidental and the Sierra Madre del Sur. Forest distribution
ranges from east central Sonora and western Chihuahua to Chiapas and from sea level to an
altitude of about 1,400 m. TDF are also found in the Rio Balsas Basin, southern Tama-
ulipas, southeastern San Luis Potosi and northwestern Yucatan, as well as in isolated
pockets in the mountain ranges of Baja California Sur (Rzedowski 1978). TDF thrive in
seasonal A-type climates with 500—1,200 mm mean annual precipitation, mainly from June
to October (Table 1). Established in the most arid extreme of the precipitation continuum,
TDF gradually changes into thorn-scrub vegetation (Burquez and Martinez-Yrizar 2010).
In areas with higher precipitation or on deeper soils along drainages with higher soil water
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availability than on slopes, a less diffuse mixed boundary develops and TDF gives way to
semi-deciduous forests (Lott and Atkinson 2006).

TDF is considered the most threatened tropical forest ecosystem because of the high
rates of deforestation and the lack of protected areas (Martinez-Yrizar et al. 2000). TDF
area loss in Mexico has been historically related to catastrophic anthropogenic distur-
bances, mainly forest conversion to agriculture and pastures (Table S5; Burgos and Maass
2004; Burquez and Martinez-Yrizar 2006; Kauffman et al. 2003). Fueled by demographic
pressures, better roads, and a dominant cattle ranching market economy, the traditional
slash-and-burn subsistence agriculture has been replaced by massive clearings of land
where exotic grasses are extensively grown (Burgos and Maass 2004). Although factors
leading to the reduction of the TDF extension have increased during the last four decades,
there are several cases where the loss of soil fertility and the encroachment of thorny, non-
palatable plant species (Burgos and Maass 2004), has led to the abandonment of these
agriculture crops and pasture fields. This change in land-use allows the development of
secondary forests, which are usually dominated by fast-growing leguminous tree species
(Alvarez-Yépiz et al. 2008). This condition can persist for decades, but slowly primary
forest species become established (Lebrija-Trejos et al. 2008; Romero-Duque et al. 2007).
When human disturbance is released, plant re-growth can be fast, but the rate and trajectory
of recovery may vary depending on the type of disturbance and factors such as the
availability of soil water and nutrients, size of soil seed bank, and stump sprouting rate
(Burgos and Maass 2004; Romero-Duque et al. 2007). Recent studies show that rates of
recovery vary among forest attributes. For example, canopy height, tree density, and crown
cover could stabilize in <15 years after abandonment, but an increase in species diversity
requires more time (Lebrija-Trejos et al. 2008). Furthermore, at the northernmost boundary
of TDF distribution where plant diversity and vegetation structure highly differ between
secondary forests and old-growth TDF, large differences still persist >30 years after forest
succession was triggered by a cessation of human disturbance (Alvarez-Yépiz et al. 2008).

Other anthropogenic disturbances in old-growth TDF ecosystems include cattle grazing,
continuous extraction of small quantities of medicinal plants, fruits, seeds, stakes and other
NTFP (Rend6n-Carmona et al. 2009; Alvarez-Yépiz et al. 2008; Burgos and Maass 2004).
Illegal hunting and capture of live specimens for trade have caused high population losses of
many TDF animal species (Miranda 2002). However, there is little quantitative information
regarding the consequences of “chronic disturbance” on forest structure and function, par-
ticularly those caused by grazing on primary forests, extraction of NTPF, and animal hunting
and wildlife trade on the population dynamics of most species (Miranda 2002).

There is a lack of studies evaluating the effects of natural disturbances such as fires,
tropical hurricanes, and extreme storms and floods, in TDF ecosystems. In the case of the
effect of fire, there is anecdotal evidence showing that forest fires are uncommon in the Pacific
TDF of Mexico. However, fire is a commonly used tool for pasture management, which has
impacts on the edge of TDF fragments (Kauffman et al. 2003). Major hurricanes are frequent
along the Pacific Coast of Mexico (Garcia-Oliva et al. 1995) and the effects of increased
precipitation, flooding, wind throw, and wind snap have been only qualitatively described
despite their regulatory control in soil processes and TDF dynamics (Maass et al. 2002).

Chihuahuan desert (CHD)
The CHD represents 13% of the Mexican territory and is located between two of the largest

mountain ranges in Mexico, the Sierra Madre Oriental and Sierra Madre Occidental. The
CHD is influenced by severe natural and anthropogenic disturbances (Table S6). Livestock
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practices have replaced significant portions of the native vegetation and cattle ranching
have damaged the area with several cycles of sheepherding, which exerts major stress on
physiologically sensitive bushes and pasturelands (Jackson et al. 2003). The loss of river
streams and increase in flooding due to dam construction has impacted wildlife dynamics
and reduced suitable habitat. Also, illegal extraction of endemic species for trade results in
the elimination of cacti and other species (Robbins 2003). Droughts are especially severe
when preceded by other disturbance such as fire or intense snowfalls (Drewa and Havstad
2001), and when persistent, can have major impacts on primary productivity and abun-
dance of mammal species.

The disturbance index shown in Fig. 2 was estimated for the Mapimi Biosphere Reserve
region located at the center of the CHD. Recently (March 2009), national policies on bio-
diversity and conservation have resulted in declaration of dunes, grasslands, shrubs and
aquatic ecosystems as protected areas in the CHD. However, these efforts might not be
enough in the vast plains of the CHD because native species (shrublands and grasslands) show
low resilience to fire, frost and extreme drought (Brooks and Chambers 2011) and therefore a
decreased chance for recovery. Moreover, fast-growing invasive species associated to land
use changes defer recovery rates to decades (Vital Rumebe and Griinberger 2005).

Given the rain patterns (yearly average of 278 mm with an evaporation above
2,000 mm) and lack of organic matter (<2% in the root horizon), the main anthropogenic
activities that have been developed in the area are extensive stockbreeding (Barral 1988;
Kaus 1993), and the extraction of salt from the Palomas aquifer (Liot and Griinberger
2005). Other less damaging disturbances include the extraction of native plants and
endemic species (Montafia and Breimer 1987), as well as seasonal agriculture and local
irrigation (Vital Rumebe and Griinberger 2005). In the Mapimi Biosphere Reserve, the
coverage of pasturelands is kept above 13% with rainfalls above 270 mm but it is reduced
to 8% during years with yearly rainfall close to 180 mm and even as low as 4% when a
drought lasts for more than 2 years, such as during the period from 1998 to 2002, when it
only rained between 130 and 250 mm per year (historic average 278 mm).

Studies assessing the Standardized Precipitation Index in the area show that CHD
ecosystems, as in other similar regions (e.g., Yool 1998), are more resilient to natural
disturbances such as wildfires than to long-term events such as droughts. CHD landscape
covered by grazing lands and bushes can take thirty or more years to recover native fauna
and flora when a field has been abandoned and presents no subsequent anthropogenic
pressures (Vital Rumebe and Griinberger 2005). Since water facilitates seed germination of
plants included in the diet of the rodent species, rainfall variability can have an effect on
the structure of a grassland’s rodent communities (Hernandez et al. 2005). Indeed, soil
type, plant distribution patterns (the mogotes or dense arc-shaped patches; (Montafia and
Breimer 1987), precipitation, and land runoff affects water availability in CHD soils.

Aquatic ecosystems
Coral reef ecosystems (CR)

Although coral reefs are found along both Mexican coastal regions, reefs in the Pacific
Ocean are distinct from those in the Caribbean Sea. Compared to water conditions in the
Caribbean (Table S7), waters along the Pacific coast of Mexico are colder and more turbid,
have lower alkalinity and are richer in nutrients, as a result of deep-water upwelling along
the coast. Consequently coral reef development is more favorable in the former than in the
latter. Therefore, the Pacific Ocean coral reefs are smaller in size, spatially scattered, and
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have lower species diversity than those in the Caribbean (Reyes Bonilla et al. 2005;
CONABIO 2008), Table S8).

The major natural disturbances impacting coral reefs in the Caribbean are diseases and
hurricanes. The spread of disease, both in reef coral builders and on key functional
components of reef ecosystems, regulates the system’s capacity to recover. Beginning in
the mid 1970s, white band disease severely affected the Acropora species (Aronson and
Precht 2001), followed by the loss of 90% of Diadema antillarum, a key herbivore
component (Lessios 1988). These changes in community structure have caused an
extensive shift from a hard coral dominated community to a community dominated by
macrophytes (Mumby 2006; Quan Young and Espinoza-Avalos 2006).

Hurricanes cause damage to coral reefs through strong currents and waves, by fracture,
tearing, dislodgement, sand scour, abrasion, and burial (Woodley et al. 1981). Hurricane
frequency in the Yucatan Peninsula (YP) over the last 20 years has increased from 1 event
every 10 years to 1 event in every 5 years; hurricane intensity has also shifted from
category 2 to category 4 (http://maps.csc.noaa.gov/hurricanes/ 24 March 2009; (Jauregui
2003). Currently, there are no long-term data to evaluate the recovery time of reef eco-
systems along the YP.

Hurricanes also significantly affect reef areas in the Mexican Pacific Ocean, although
impacts are often compounded by El Nifio (ENSO) events (e.g., hurricanes Olaf, Pauline
and Rick in Oaxaca, 1997; hurricanes Juliette, 1995 and Isis, 1998 in the Gulf of Cali-
fornia; and hurricane Kenna in Bahia Banderas, 2002), which result in an increase in
temperature and eventual coral bleaching. For example, the moderate ENSO event in 1987
triggered the mortality of Pocillopora colonies on Cabo Pulmo reefs, located near the tip of
the Baja California Peninsula (Reyes Bonilla 2001). Similarly local recruitment of another
important coral species, Porites panamensis, was reduced at the same site during 1988
(Reyes Bonilla 2003; Reyes Bonilla and Calderén-Aguilera 1994). Furthermore, the strong
1997-1998 El Nifio event prompted extensive and severe coral mortality in the Mexican
western littoral, particularly in Bahia Banderas, where over 90% of live colonies suffered
bleaching with 70% mortality (Reyes Bonilla et al. 2002; Carriquiry et al. 2001). Three to
six years (2001-2004) after the 1997-1998 ENSO event, live coral assemblages only
covered 20% of the original reef area observed prior to 1997 (Table S8).

Although both coastal regions share anthropogenic activities as their major disturbance
agent, the degree of intensity differs between the Caribbean Sea and the Pacific Ocean.
Coastal development in the northeastern region of the YP has increased exponentially
during the last 20 years (Almada-Villela et al. 2002). For example, 160 km of YP coastline
out of the 600 km facing the Caribbean Sea shows permanent changes during the last
30 years associated with coastal development, including growing infrastructure for urban
services and tourism resorts, increasing pollution, and a higher demand for coral reef
resources such as fisheries for food (Dulin et al. 2000; Almada-Villela et al. 2002; Murray
2007). Although coral reefs along the Pacific coast (Table S8) are not as dramatically
impacted as those in the Caribbean region (Table S7), reefs close to large tourism resorts
such as Los Cabos, Puerto Vallarta, Ixtapa and Huatulco are seriously threatened.

Coastal development is an anthropogenic disturbance that hinders reef ecosystem
resilience to natural disturbance, as shown by the impact of hurricane Wilma on the YP in
November 2005. In addition to direct severe damage to coral reef ecosystems as result of
wind and current velocities by hurricanes, large extensions of sand beaches were removed
as sand was deposited on top of reef structures due to physical erosion in northern Quintana
Roo (Alvarez-Filip and Gil 2006). Empirical evidence shows that the capacity of the
system to return to its previous state is seriously threatened by the interaction between
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human and natural disturbances (Salazar-Vallejo 2002; Ruiz-Zarate et al. 2003; Nuiiez-
Lara et al. 2005).

Surprisingly, no major species extinctions, as result of these disturbances, have been
registered in coral reef systems in Mexico, in contrast to major species decline in the
Central American and Galapagos coral reef systems (Reyes Bonilla et al. 2005). Although
populations of species inhabiting shallower waters (e.g., Pocillopora and Psammocora)
have declined, the mean abundance of typical taxa found on the bases and slopes of reefs
(e.g., Pavona and Porites) remains relatively stable. However, recurrent patterns of natural
disturbance along with human induced disturbance are directly affecting the capacity of
coastal regions to return to previous states and resulting in new trajectories not seen before
(Aronson et al. 2002; Mumby 2006).

Mangrove forests from the Yucatan Peninsula (MFYP)

The coastal region of the Yucatan Peninsula (YP) is characterized by abundant mangrove
ecosystems (Mutchler et al. 2007; Perry et al. 2003; Herrera-Silveira and Morales-Ojeda
2009). Given the geomorphology and location of the YP, this region is strongly affected by
a large number of natural and anthropogenic disturbances, particularly hurricanes (see
above) (Whigham et al. 2003). Although there is limited quantitative information on
changes in structural and productivity patterns (spatial and temporal) as a result of dis-
turbance, there is strong evidence, through short-term direct and indirect measures, of
significant modifications to primary productivity and structural properties, diversity, and
organism abundance (Zaldivar Jiménez et al. 2004).

Natural physical disturbances have a major impact on the structure and function of
coastal ecosystems in the YP. Tropical storms and hurricanes influence forest structure and
regulate primary productivity, due to their capacity to defoliate large extensions and to
induce natural regeneration (Zhang et al. 2008). Mangrove tree height is generally lower
(<12 m) in areas of strong hurricanes, than those observed in regions (>20 m) with
minimum hurricane impact. This reduction in tree height minimizes canopy damage and
increases survival and recovery. Hurricanes and tropical storms also affect hydroperiod as
a result of changes in microtopography due to sediment input and redistribution after storm
surges, which regulate forest productivity, water availability, and groundwater recharge at
large spatial scales (Young et al. 2008). There is a lack of information on the effect of
invasive species and diseases on mangrove forests. Although field observations indicate
that these biological disturbances have a major impact on mangrove productivity in other
tropical and subtropical latitudes, further studies are needed to evaluate their extension,
frequency, and duration in the YP.

The most frequent disturbance agent identified for mangroves in the Yucatan Peninsula
was anthropogenic (Table S9). Urban development and tourism were the most intense
disturbance and were characterized by large spatial impacts and frequency (Graniel et al.
1999; Chowdhury 2006). Given the nature of these impacts, it is difficult to promote
recovery through restoration or rehabilitation programs. Moreover, development of urban
and tourism infrastructure are two of the most common economic activities in the region
because of their social and economic priority in current coastal management plans.
However, there are practical limitations to reduce their location, extension and intensity.
For example, mangrove forests are more vulnerable to those impacts since clear-cutting
and extensive alterations of the local hydrological regime (as result of road construction for
example) leads to soil hypersalinity conditions and limited natural regeneration ((Rivera-
Monroy et al. 2004, 2006).
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Wood extraction and pollution agents are less extensive when compared to urban
development (Herrera-Silveira and Morales-Ojeda 2009). As a result of their origin, there
are possibilities to restore or rehabilitate ecosystems affected by those agents (Alongi
2002; Bosire et al. 2008). Currently, pollution is mainly caused by solid waste, which
affects local hydrology and water quality. Illegal wood extraction from mangrove forests
and other types of forests is mainly used for carbon production for local consumption and
construction of rustic houses and fisheries gear. Implementation of good forestry practices
and environmental education programs can potentially reduce those impacts (Zaldivar
Jiménez et al. 2004).

Current estimates in mangrove total area in the region shows that most of the loss in
extension is strongly correlated to the synergistic interaction between natural and
anthropogenic agents (Zaldivar Jiménez et al. 2004). The total extension of these forested
wetlands in the YP is 4,237 km® representing 54% of total mangrove area in Mexico
(7,700 km2) (CONABIO 2009). Most of the mangrove area is found in the state of
Campeche (22%) followed by Quintana Roo (16.9%) and Yucatan (12.9%). Restoration
and rehabilitation programs are badly needed to recuperate this productive ecosystem not
only in the Yucatan Peninsula but also in other coastal regions in Mexico.

Kelp forest ecosystems (KF)

Kelp beds or forests are highly evolved, successfully dominant ecosystems in temperate
waters. The giant kelp, Macrocystis pyrifera, can reach 50 m in length and is the largest
marine alga with the greatest biomass in Mexico forming extensive underwater forests.
These kelp beds are often used as a representative of the health of temperate ecosystems
and as an indicator species in many marine reserves. Other smaller understory kelps, which
exist in the intertidal and shallow subtidal, such as the feather boa kelp, Egregia, or the
southern sea palm, Eisenia, also support important ecosystems. All of these kelps provide
primary production, as well as food, refuge and habitat for many organisms, many of which
are commercially harvested along with the kelp itself for alginates. Kelp forest resilience to
small or medium scale disturbances results in considerable stability on a time scale of years
(Ladah et al. 1999).

In Mexico, kelp forests are restricted to the Pacific Ocean off of the Baja California
peninsula, and represent the southern limit of these seaweeds in the Northern Hemisphere
(Dawson 1951); Table S10), which may make them particularly sensitive to disturbance
(Ladah et al. 1999). Anthropogenic disturbance in kelp forests include effects of sedi-
mentation or removal due to coastal development, sewage spills, kelp harvesting, and
overfishing (Steneck et al. 2002; Tegner and Dayton 2000). Many of these disturbances
have not been analyzed directly in Mexico, but information is available from neighboring
studies in California. Recent coastal development projects have caused direct destruction
of some kelp populations where harbors or piers have been built, particularly in Northern
Baja California near Ensenada. Many more populations are currently threatened in the
development plan for the State. Sewage spills have been shown to be short lived in
California, causing increased sedimentation and reduced density and growth of micro-
scopic stages of Macrocysits for days to weeks (Tegner et al. 1995), with no existing data
for Mexico. Kelp canopy harvesting has taken place since 1956 in Mexico and regulations
for harvesting involve canopy removal down to 1.2 m deep, with an average harvest of
25,900 tons per year for Baja California (Valdez et al. 2003). Harvesting can have a variety
of effects, and if well managed, generally shows little damage as algae grow back quickly
and canopy removal permits light to enter the forest allowing younger individuals that have
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not reached the surface to grow (Tegner and Dayton 2000). In contrast, overfishing (pri-
marily of urchin predators such as crabs, sheepshead, and lobsters) can cause drastic top-
down trophic effects in kelp populations resulting in long term population loss in many
areas (Steneck et al. 2002), due to elimination of herbivore predators and therefore an
increase in herbivore abundance and grazing pressure. There are no protected or non-fished
kelp forests in Mexico.

Physical disturbances that are well studied in Mexican kelp forests include ENSO
events, which can cause extirpation of almost the entire biomass in the country (Ladah
et al. 1999). During El Nifio events, high temperatures and low nutrient concentrations
commonly result in widespread mortality of kelp forests (Dayton 1985; Tegner et al. 1987;
Tegner and Dayton 1991). Various studies have shown the damaging effects of El Nifio to
kelp forests, as well as resilience and recovery, in Baja California Sur (Hernandez-Car-
mona et al. 1991; Ladah et al. 1999). In Northern Baja California, giant kelp survival in
deep water (<30 m) during El Nifio has been documented and suggests a potential refuge
from oligotrophic waters in deep growing populations (Ladah and Zertuche 2004).

Examples of the effects of storms and wave exposure on kelp forests are available from
California (Seymour et al. 1989), again with few studies in Mexico. Salinity and sedi-
mentation changes, associated with river runoff, are generally not implicated in the arid
regions of Baja California. However, recently large river runoffs in Baja California Sur
associated with Hurricane John during the 2006 Pacific hurricane season caused major
damage to subtidal kelp forests (Eisenia), principally by burial rather than through wave
action or salinity changes. Extreme wave forces, often linked to storms, can cause struc-
tural failure or damage to kelps, and this damage can be amplified by the condition of the
population prior to wave disturbance (Ebeling et al. 1985). Storm damage also varies with
the degree of exposure and the frequency and intensity of incident storms (Seymour et al.
1989). All species of kelp have been shown to be damaged greatly by storms (Ebeling et al.
1985; Seymour et al. 1989), yet all show rapid recovery. The number of broken fronds
increases dramatically during the winter storm season in a Northern Baja California
intertidal kelp bed (Egregia), yet recovers in spring (Ladah pers com). While the kelp
forests in Southern Baja California are certainly affected by wave exposure due to hurri-
canes and southern hemisphere swells, no data is currently available.

Biological disturbances in kelp forests include aggressive herbivore grazing (mainly sea
urchins), which has been well documented worldwide (Steneck et al. 2002). Most of the
disturbance caused by aggressive grazing can be linked either to the anthropogenic effect
of overfishing of herbivore predators (see above), or to natural El Nifio events that cause
reduced food availability of algae for urchins and a switch in urchin grazing behavior from
passive to aggressive (Tegner and Dayton 2000). Other biological interactions, such as
shading/competition for light and nutrients, have not been directly studied in Mexico, but
have been reviewed for the neighboring California kelp forests (Dayton 1985).

Due to the sensitivity of this ecosystem to both natural/climatic and anthropogenic
impacts, and due to the fact that the marginal populations in Mexico are at their southern limit
of their range, this temperate ecosystem may be particularly threatened by climate change.

Saline lake ecosystems (SLE)
The abundance of saline lake ecosystems is inversely correlated to precipitation, with
higher densities in the north-northwest regions of Mexico. The association of endorheic

basins and a semi-dry climate over more than half of the Mexican territory (north and
central Mexico) favors this ecosystem (Alcocer and Hammer 1998). Mexico represents one
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of the most climatically sensitive regions of the world (Endfield and O’Hara 1997) where
the size and salinity regime of saline lakes respond drastically to even small changes in
hydrology.

Saline lake ecosystems are more susceptible than freshwater lakes to natural and
anthropogenic impacts because most saline lakes are classified as termini, with very long
water residence time. Environmental impacts to the natural properties of saline lakes
include almost all human activities that threaten or have already had adverse effects on
freshwater lakes. However, saline lakes are also threatened or impacted by other human
activities that are less important for freshwater lakes, such as diversions of surface inflows,
salinization, and mining (Williams 1993). Currently, there is no available information on
the effects of disturbances on Mexican saline lakes and their resilience trajectories. The
magnitude and persistence of stress factors, both natural and human, on saline lakes has
apparently lead to the loss of lake resilience in many cases (e.g., Tecuitlapa and El Carmen,
Alcocer et al. 1996; Table S11) or extreme alterations in other cases (e.g., La Alberca and
Rincén de Parangueo Alcocer et al. 2000).

A major natural threat to saline lakes is climate change. While the overall effect of
climate change is to increase evaporation/precipitation ratios, it is the combined effect of
increased evaporation due to higher temperatures and the predicted large-scale regional
changes in runoff and precipitation that would have profound effects on the hydrological
functioning of saline lakes (Jellison et al. 2008). The general trend in the central and
northern regions of Mexico is an increase in aridity and reduction in precipitation (O’Hara
et al. 1994), exemplified by the desiccation of the Valle de Santiago lakes (Alcocer et al.
2000).

However, the most serious impact to permanent saline lakes will likely be from the
anthropogenic impact from increased diversions for irrigated agriculture. Such diversions
alter the hydrological budget, and saline lakes respond quickly to such alterations with a
rapid decrease in lake volume and an effect on many physical and chemical features
contingent upon volume, such as salinity (Williams 1993). Palaeolimnological studies
(Metcalfe et al. 1989, 2000; O’Hara et al. 1994), show a close relationship between
climate, human occupation and land degradation in central and northern Mexico. Alone or
in combination with surface diversions, groundwater pumping for agricultural purposes
threatens many shallow saline lakes that are essentially surface ‘windows’ of shallow
water-tables (Williams 1993). Currently, most of the shallow, permanent and temporary
saline lakes in central Mexico have disappeared because of over-pumping of underground
water for irrigation while deeper lakes have rapidly decreased in size (Alcocer and Escobar
1990; Alcocer et al. 1998, 2000). For example, the desiccation of the deep Lake Alchichica
threatens the survival of endemic biota (e.g., the isopod C. williamsi Alcocer and Escobar-
Briones 2007), and the fish Poblana alchichica (Alcocer et al. 1996).

Anthropogenic activities that physically disturb saline lake beds include the construc-
tion of canals and other structures designed to drain saline lakes, and the use of beds as
racetracks. Levees, causeways and canals will clearly impede the free surface movement of
water across the lake bed as observed in lakes Cuitzeo (Martinez-Pantoja et al. 2002),
Totolcingo, or El Carmen (Alcocer et al. 1999). Direct physical disturbances such as
mining drainage leads to total loss of the system, as occurred in Lake Texcoco (Alcocer
and Williams 1996). Other anthropogenic effects such as soil erosion, increased sediment
loads and changes in run-off patterns are the result of harvesting activities, including
overgrazing by cattle and sheep and excessive clearance of natural vegetation (Williams
1993). After rain events, downstream discharges occur over shorter periods of time than
under natural conditions. (Street-Perrott et al. 1989) found evidence of anthropogenic soil

@ Springer



Biodivers Conserv (2012) 21:589-617 609

erosion in Western Mexico dating as far back as 1,550 BP. In a few cases, urban devel-
opment of catchments poses a threat to saline lakes, such as occurred in Lake Texcoco due
to the expansion of Mexico City (Alcocer and Williams 1996).

Major pollutants in saline lakes come from agricultural (and cattle-raising) wastewater
(often saline), pesticides in run-off and a variety of organic and inorganic wastes from
domestic and industrial sources. Of particular interest is the pollution of Lake Cuitzeo and
its impact on the aquatic biota (e.g., Dominguez-Dominguez et al. 2007; Soto-Galera et al.
1999). Bird excrement may induce “natural” eutrophication on saline lakes (e.g., Lake
Isabela Alcocer et al. 1998). Because saline lakes are usually regarded as water bodies of
little value, they are often used as sites for dumping solid wastes. The effects of pollutants
in saline lakes may not be confined to the aquatic biota sensu stricto. For example,
selenium salts, which accumulated in evaporation ponds in the western USA, were
detected in water birds that used the ponds (Schroeder et al. 2002).

The biota of many saline lakes has been disturbed by the introduction of exotic species,
which then become extinct following an increase in salinity. Lakes characterized by
temporary or permanent high salinity are unsuitable habitats for fish and introduced
invertebrates. However, the widespread and largely ad hoc importation of species of the
brine shrimp Artemia (particularly A. franciscana in Mexico Castro et al. 2000) into coastal
and inland saline lakes poses a serious threat to the native biota of nearby natural saline
lakes (Geddes and Williams 1987). Overall, the effects of introduced exotic species on the
biota of saline lakes are unknown. Nevertheless, there is some evidence that introduced
species, which become acclimatized, can compete with native species, potentially
replacing them. In general, saline lake ecosystems are undervalued systems in Mexico and
are under a growing threat from a combination of natural and anthropogenic disturbances.

Conclusions

Our analysis of the effects of critical agents of disturbance (natural and anthropogenic) on
eleven Mexican ecosystems shows a significant variation in ecological responses, recovery
capacity, and resilience. The constant and widespread presence of human impacts in both
terrestrial and aquatic ecosystems is reflected either in a reduction in area for most systems, or
a reduction in productivity and biodiversity, particularly in the case of fragile ecosystems
(e.g., rain forests, coral reefs). The creation and expansion of Natural Protected Areas and
Biosphere Reserves in the past 20 years apparently has decreased the rate of land use change
and maintained the cover of natural ecosystems in these areas (e.g., Figueroa and Sanchez-
Cordero 2008). Unfortunately, in other regions beyond the boundaries of protected areas, or in
areas adjacent to Biosphere Reserves, changes in land use, might negatively affect ecosystem
structure and productivity. In all cases analyzed, it is the interaction between historical human
impacts (e.g., land use, fishing) and episodic high intensity natural disturbances (e.g., hur-
ricanes, fires) that have triggered a reduction in species diversity and induced significant
changes in habitat distribution or species dominance, as indicated by the establishment of
invasive species in most terrestrial ecosystems (Castillo-Flores and Calvo-Irabién 2003;
Cayuela et al. 2006; Martinez et al. 2009; Newton et al. 2009).

Human activities such as agriculture and urban development are profoundly changing
entire landscapes due to Mexico’s current economic priorities (e.g., industrial facilities
expansion, oil exploration in pristine areas), a distinct regional population increase (in both
inland and coastal states), and inadequate interpretation and application of land property
laws/rights that hinder the implementation of sustainable natural resource management,

@ Springer



610 Biodivers Conserv (2012) 21:589-617

particularly when the goal is to simultaneously promote conservation and sustainable
development (Corbera et al. 2007; McAfee and Shapiro 2010). These changes have a
legacy associated with them, for example, the loss of large forested areas, particularly
temperate and rain forests and the increasing desertification of previously productive
regions. Although entire ecosystems are closely interconnected at different temporal and
spatial scales along hydrological and elevation gradients in Mexico, there is a consistent
lack of understanding of this connectivity as shown, for example, by the excessive sedi-
ment transport to estuarine ecosystems (due to erosion of deforested areas in upper
watersheds) or the increasing eutrophication of coastal regions due to unregulated indus-
trial and domestic water pollution along small and large watersheds. One of the distinct
examples of the negative effects of major hydrological changes in inland regions is the
reduction in size and number of saline lakes, which serve as long-term water reservoirs for
water use (to both human population and ecosystems downstream) and provide habitat for
endemic species. Moreover, excess in harvest (e.g., logging, hunting) and overfishing of
top predators appear to synergistically amplify the negative effects of natural disturbances
(e.g., fires, droughts, hurricanes, El Nifio events) thus extending the time for ecosystem
recovery.

Our work was limited by the lack of ecological quantitative information to assign
numerical values to identify disturbance regimes (i.e., extension, frequency, duration,
patch type, and recovery rate). However, our applied semi-quantitative approach helped to
identify and underline pressing research needs in the context of long-term ecological
studies. The lack of monitoring programs assessing before/after effects of major distur-
bances in Mexico is one of the major limitations to quantify the commonalities and
differences of disturbance effects on ecosystem properties. Although a number of eco-
systems (i.e., temperate montane and tropical rain forests) have been studied since the
1970s, most of the study sites lack long-term information, especially in the north central
(semi-arid), south central, and eastern regions (tropical rain forest, dry forests). Despite the
great extension of the Mexican coastline (11,592.76 km) we have major information gaps,
not only in long-term trends in water discharge from rivers and as a sheet-flow, but also in
water quality status. Hurricanes are a major driver of change in this coastal environment,
yet there is a lack of comparative studies evaluating their impact (both ecological and
economic) for both the Pacific and Gulf of Mexico-Caribbean coasts. As global change
influences sea level rise and the frequency and duration of major disturbance (particularly
hurricanes) regimes are altered, it is paramount to design sampling networks at the local
and continental scale. As mentioned above, due to a wide range of climates and complex
geomorphology, Mexico is a megadiverse country, with a large variety of terrestrial and
aquatic ecosystems, housing more than 10% of the world’s endemic species. Yet, to
conserve and protect such biological productivity and species richness, there is a pressing
need to develop and implement science-based management based on long term studies of
disturbances. Indeed, national policies and regional management plans need to explicitly
identify how the availability of ecological goods and services will be altered in the context
of global change, and how such change will influence both long-term economic and social
priorities associated to natural resource demands in the next 25 years.
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