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Preface

Mexico and Central America is a very special, interesting, and important region
from faunistic, floristic, and ecological viewpoints. Mesoamerica (starting from
the southern states of Mexico) differs from Central America, which is a more
general geopolitical name. The expression “Middle America” is in use as well, which
involves all areas south from the border of the United States including the islands of
the Caribbean.

In the maintenance and conservation of our planet's biodiversity, knowledge of
current biogeographical patterns, Earth-historical changes, speciation, or invasion
processes, flora, fauna, natural history, and ecology have outstanding importance.
Many areas of biodiversity are still completely undiscovered. The ecological impacts
of global climate change, urbanization, overpopulation, environmental pollution,
deforestation, land cover, and land-use changes also have a significant impact on
biodiversity, flora, and fauna through biogeographical patterns.

This book presents interesting information about a wide spectrum of topics includ-
ing the biodiversity and ecology of plant communities, tropical subterranean and
marine ecosystems, endangered and rediscovered species, and applied or human
ecological topics, fishing, urbanization, and sustainable diet.

Natural History and Ecology of Mexico and Central America gives a very interesting
report about the frontiers of this geographical area. I am sure that this book will
be very useful for everybody who would like to get some insight into the recent
problems of biodiversity research and ecology of this region.

Levente Hufnagel

Research Institute of Multidisciplinary Ecotheology,
John Wesley Theological College,

Budapest, Hungary
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Chapter1

Introductory Chapter: Biodiversity
of Mexico

Levente Hufnagel and Ferenc Mics

1. Introduction
1.1 Flora, fauna and vegetation

Mesoamerica (starting from the southern states of Mexico) differs from Central
America, which is a geopolitical name. The expression “Middle America” is in use as
well, which involves all areas south from the border of the US including the Islands
of the Caribbean [1]. In this chapter the biodiversity of Mexico is presented and the
literature on its protection is analyzed.

Mexico being the largest country in the region is very rich in species in itself
(Tables 1-4). Lot of species occur even in the dry northern areas. In the Chihuahuan
Desert 826 plant species are noted by Villarreal-Quintanilla et al. [7], out of which
560 are endemic, 165 are quasi-endemic and és 176 are microendemic. 116 taxa can
be originated from a non-arid habitat. The most species-rich are Cactaceae with 141,
Asteraceae with 106, Boraginaceae with 34 and Brassicaceae with 31 species. On the
California Peninsula 723 endemic species are noted by Riemann and Exequiel [8],
claiming that the great number of endemic species is due to the heterogenity of the
environment. The flora and fauna are very interesting because the area of Mexico
involves the border of Neotropis and Nearctis (Mexican Transition Zone), which
is not exactly a border but rather a wide transition zone, its accurate definition is
yet to be created. The determinaion is based on the distribution of the endemic
genera characteristic to one or the other area. The several results obtained regard-
ing this vary hugely. The determination of the location and width of the transition
zone is different among authors without a consensus, which requires further
floristic examinations [9]. Vegetatio varies depending on the topography that has
a great role in the fromation of the great number of endemic species as well [10].

Group Number Number Worldwide/Mexico Number of Endemic
of species of species % endemic species %
worldwide in Mexico species

Vascular 248 428 18000- 7-12 10000- 33-50

plants 30000 15000

Amphibians 4222 284 7 169 60

Reptiles 6458 717 1 368 51

Birds 9040 1050 12 125 12

Mammals 4629 450 10 140 31

Table 1.

Biodiversity of Mexico according to Mittermeier et al. [2].
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Vegetation % area Number of species Endemisms %
Cloud forest 0.7 3000 30
Rainforest 44 5000 5
Pine and oak 12.9 7000 70
Xerophyl and steppe 34.8 6000 60
Wetlands 143 1000 15
Tropical deciduous 79 6000 40
Agricultural and ruderal ND 2000 20
Table 2.
Flora of Mexico according to vegetation types based on Floves-Villela and Gerez [3].
Biom/ecoregions Area (km?) Estimated Remaining intact
number of vegetation %
species
Tropical and Subtropical Moist Broadleaf Forests
Chiapas moist forests 5759 3000-4500 67
Chimalpas montane forests 2076 2000-3000 49
Pantanos de Centla 17152 1500-3000 11
Petén-Veracruz moist forests 148604 5000-8000 31
Sierra de los Tuxtlas 3890 2400-3500 1
Sierra Madre de Chiapas moist forests 11218 3500-4700 34
Veracruz moist forests 68949 4500-7000 20
Veracruz montane forests 4942 2200-3500 55
Yucatdn moist forests 69485 1300-1900 64
Tropical and Subtropical Dry Broadleaf Forests
Bajio dry forests 37282 2900-5000 0,64
Balsas dry forests 62249 2500-5100 2
Central American dry forests 67777 2800-400 12
Chiapas Depression dry forests 13974 1500-3500 7
Jalisco dry forests 26051 1000-2500 26
Revillagigedo Islands dry forests 210 ND ND
Sierra de la Laguna dry forests 3975 500-1000 0,008
Sinaloan dry forests 77364 1700-2500 13
Sonoran-Sinaloan transition subtropical 50326 ND ND
dry forest
Southern Pacific dry forests 42283 2500-5100 15
Veracruz dry forests 6616 900-2000 5
Tropical and Subtropical Coniferous Forests
Central American pine-oak forests 110948 4000-6000 42
Sierra de la Laguna pine-oak forests 1061 700-1200 4
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Biom/ecoregions Area (km?) Estimated Remaining intact

number of vegetation %
species

Sierra Judrez and San Pedro Mdrtir 4000 ND ND

pine-oak forests

Sierra Madre de Oaxaca pine-oak forests 14299 2500-3700 55

Sierra Madre del Sur pine-oak forests 60976 3600-5000 43

Sierra Madre Occidental pine-oak forests 222700 ND ND

Sierra Madre Oriental pine-oak forests 65600 ND ND

Trans-Mexican volcanic belt pine-oak 91800 4000-6000 26

forests

Tropical and Subtropical Grasslands, Savannas, and Shrublands

Western Gulf coastal grasslands 77425 2150-2250 3

Deserts and Xeric Shrublands

Baja California desert 45940 1500-2200 8
Central Mexican matorral 59195 2500-4500 0,011
Chihuahuan desert 501896 3300-3600 50
Gulf of California xeric shrub 22573 900-1900 29
Meseta Central matorral 124975 3000-4500 4
San Lucan xeric scrub 3685 ND 12
Sonoran desert 260000 2600-3000 37
Tamaulipan matorral 16300 1500-2500 9
Tamaulipan mezquital 141500 1700-2500 23
Tehuacan Valley matorral 9842 0

Flooded Grasslands and Savannas

Central Mexican wetlands 259 100-600 ND

Montane Grasslands and Shrublands

Zacatonal 306 150-500 ND
Mangroves

Alvarado mangroves 4534 20-400 1,12
Marismas Nacionales-San Blas mangroves 2034 20-400

Mayan Corridor mangroves 4079 20-400

Mexican South Pacific Coast mangroves 1168 20-400

Petenes mangroves 1971 20-400

Ria Lagartos mangroves 3457 20-400

Tehuantepec-El Manchon mangroves 2685 20-400

Usumacinta mangroves 3118 20-400

Mediterranean Forests, Woodlands, and Scrub

California chaparral and woodlands 121000 1550-1750 1

Table 3.
Bioms and ecoregions of Mexico according to Kier et al. [4] and Dinerstein et al. [5].
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State Birds Mammals
Veracruz 664 101
Chiapas 628 90
Oaxaca 687 116
Jalisco 481 107
Guerrero 476 72
Puebla 367 76
San Luis Potosi 469 93
Michoacin 460 79
Chihuahua 329 95
Edo. México 281 55
Tamaulipas 444 90
Sonora 456 100
Durango 308 81
Nayarit 407 72
Nuevo Leén 252 63
Hidalgo 236 59
Morelos 274 46
Sinaloa 460 69
Coahuila 275 80
Tabasco 370 47
Baja California 292 95
Quintana Roo 340 51
Distrito Federal 222 44
Yucatdn 343 58
Baja California Sur 258 77
Colima 318 51
Zacatecas 154 75
Guanajuato 256 45
Campeche 281 50
Querétaro 181 36
Aguascalientes 89 33
Tlaxcala 89 21
Table 4.

Bird and mammalian fauna of Mexico according to CONABIO [6] (National Commission for knowledge and
use of biodiversity) by states. In coastal states marine mammals are included.

The climate formed by the emerging mountains (Sierra Madre Oriental, Sierra
Madre Occidental, Trans-Mexico Volcanic Belt) also affects evolutionary processes
resulting in the development of new species [11, 12]. The richness of species and the
species composition of the community depends on the heterogenity and diversity of
the environment [10]. As Moonlight et al. [13] presents on the example of Begonia
genus regarding the DNA sequence data of the plastis diversification is fast and new
species develop in the hetrogeneous environment. According to their results there
were two indipendent colonization events from Africa towards the Neotropis. Two
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different clads were reconstructed, which diversified around the middle of miocene
in South America and radiation occurred once towards Central America and Mexico.
Today tropical deciduous forest is typical on the western side but it is fragmented
due to human activity and only 3% is protected. Agriculutal areas are concentrated
in areas where the climate is seasonal that is why the reduction is faster than in the
case of rainforests [14]. 10% and 19.7% of tropical forest and shrubland, respecively
are protected. On the east side 28% of the rainforests are protected (Estado [15]).
Examinations of flora and fauna are still not complete, our knowledge on the wildlife of
the area is deficient [16, 17]. New species are still identified in Mexico such as Tryonia
(Caenogastropoda: Cochliopidae) species discovered by Hershler et al. [18] in the
creeks of the Chihuahuan Desert (Durango State). Some of these probably have become
extinct since they were failed to be found again. The cause of their extinction is the
destruction and disappearance of their habitat. According to forcasts the average annual
temperature will rise by 3,7-3,8°C to 2090 in Mexico, the amount of precipitation will
reduce by 18,2% and AAI (Annual Aridity Index) will rise by 26% [19]. These will result
in a25% decrease in the value of ENS (effective number of species), if the forcasts
prove to be accurate [20]. Characteristic plants of Mexico the cacti (Cactaceae) can also
become rare by then due to land transforming activity of man, 31% of the species are
already endangered. Climate change may cause other species to become endangered.
Cacti are drought tolerant but because of climate change species may become endan-
gered due to the reduction or extinction of pollinators and animals dispersing seeds. In
the case of cacti often ants carry the seeds (Myrmecochory) only to limited distances.
Many species have a small area of distribution (75-100 km?) as well, making them par-
ticularly vulnerable [21]. A remarkable example of the destruction of human activity
to habitat is the wall that is being built on the border of the US and Mexico, which parts
that have already been set up initiated the reduction of size, quality and connections of
habitat in the otherwise diverse area [22]. Migration of many amphibian, reptile and
mammal species are hindered by the barrier and human activity. This becomes relevant
when certain species look for new habitat due to climate change. Obstructing their
movement endanger species or certain popoulations. The genetic diversity of species
reduce with the extinction of populations endangering the entire species [23].

2. Environmental protection and biodiversity conservation

Since the nineties Mexico have been involved in the work of international
environmental organizations with increasing activity and now have signed 44
international agreements. It is an active stakeholder of organizations such as the
CBD (Convention on Biological Diversity) and CITES (Convention on International
Trade in Endangered Species of Wild Fauna and Flora), CEC (Commission for
Environmental Cooperation), Trilateral Committee, The Ramsar Convention
on Wetlands, EMSA (Mesoamerican Biological Corridor and the Mesoamerican
Strategy of Environmental Sustainability). The NDP (National Development Plan)
can be considered as a legal framework within the country providing basic regula-
tions for the federal government by giving guidance for the work of the government
with the development of clear strategies, setting regional aims and measures to be
implemented, coordinating institutional and regional programs involving several
areas [24].

The program, in which Mexico also participates, aiming to preserve biodiversity
is the Payments for Ecosystem Services (PES) that is an economic framework to
plan and introduce payment schemes that provide market remuneration for eco-
system services [25]. This tool seems to be eligible for the protection of rainforests
in the developing countries. 2.6 million hectares are involved in the program in
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Mexico, which in terms of money means 450 million USD and this is one of the big-
gest among such programs in the world [26]. With these territories approximately
25% of the biodiversity that needs protection is now included in the program [27].
According to Honey-Rosés et al. [28] 3-16% more forest were managed to be pre-
served along with those habitats that these forests include. Deforestation in those
areas that are involved in the program is carried out at a slower rate, than in those
that are not invovled. This can be beneficial to the population and to the owners of
the forests as well since it can lead to other income sources, such as with the devel-
opment of ecotourism. In the protected areas it is also important to invovle local
residents and educate them on the importance of wildlife protection since mostly
they only experience difficulties in accessing their resources [29, 30].

In order to preserve at least some part of biodiversity a system of protected areas
is required. Determination of the most valuable protected areas can be carried out
by ecological modeling. Torres-Miranda et al. [31] used red oaks and their distribu-
tion area to estimate (section Lobatae; 75 species) those area that worth the most
concerning protection.These species representing ecosystems prove to be useful
indicators for conservation professionalsThese species occur in various habitats
often as dominant species and have an important part in preserving diversity. Based
on a computer simulation (Complementarity analyses) 12 current areas under
protection should be enlarged and 26 new should be established with a total of 512
500 ha area to ensure adequate protection for habitats. Certain species, especially
arthropods bond to certain plant communities. With the protection of fast reducing
oak forests species bonded to them can also be preserved [32].

An experiment in the Tehuacadn Valley showed that biodiversity is preserved
with greater succes in areas under forest management than in areas that are not
involved. Although, preserving rare species is limited even in this system. In average
59% of plant species and 94% of the genetic variety of dominant species (Polaskia
chichipe, Escontria chiotilla, Myrtillocactus schenckii) was managed to be preserved
in the examined area. In areas that are not involved the remaining natural flora
decrease fast due to the increasing intensity of agriculture [33]. The number of
species that can be preserved depends on whether the areas in question are private
or community properties, also on the availability of natural resources, ecosystem
services to people, as well as on the culture of certain communities. Ornamental or
herbal species and those that are used for human or animal nutrition tend to be pre-
served even if the area gets involved in agriculture. Lanes dividing plots and islands
within the agricultural area promote later regeneration [34]. Traditional methods
of agriculture have less harmful effects on biodiversity than the current intensive
mechanized agriculture. In the state of Oaxaca indigenous people have been carry-
ing out agricultural production for centuries, which lead to a mosaic landscape with
patches of forest and agricultural land. Nowadays due to urbanization more and
more people give up farming and move to cities. On lands left behind a secondary
forest forms, which surprisingly lead to the decrease of biodiversity.

3. Agricultural aspects

Traditional agriculture plays a part in sustaining biodiversity, since the landscape
renews regularly. Traditional farming also has to be considered in the decision making
process related to protected area [35]. Larios et al. [36] also claim that traditional farm-
ing has a great role in the preservation of biodiversity. According to a survey carried
out in the area of the Tehuacan Valley 281vascular plants were identified even in the
gardens out of which 34% were endemic. Though abundance of cultivated plants was
the largest. The highest value (199) was found in gardens lying near the cloud forests
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in the mountains. The lowest valule (141) was found in those that are located near
deciduous forests. This can be explained by the tendency that owners cultivate plants
in their own land to compensate the rarity of useful species in the nearby forests.

An agricultural effort to protect the diversity of the species is the production
of shade-grown coffee [37]. With the production of shade-grown coffee most of
biodiversity can be preserved since a proportion of the original vegetation survives.
Coffee produced with this method has a high price, which can encourage more
and more people to choose this cultivation method. Cultivation area is increasing
unfortunately to the detriment of the primary forest, thus in its current form this
is not the appropriate method to preserve biodiversity [38]. For the protection of
marine ecosystems aquaculture is spreading in Mexico as well regarding both fishes
and marine invertebrates. The development of the technology means income for the
economy and wildlife can also be protected since the importance of illegal fishing
decreases. Aquacultural production can mean a legal income source for the local
people, while overfishing and the decrease of biodiversity can be avoided [39].

Phytoremediation plays and important part in the region as well in the nutrali-
sation of industrial pollutants, therefore the research of those organizations are
important, which can be used for this purpose [40]. An abandoned mine in the state
of Hidalgo was recultivated and the area was reforested. 56 species representing 29
families were managed to be planted. Samples of AMF (Arbuscular Mycorrhizal
Fungi) from tree roots Glomus (Glomeraceae: Glomerales) and Acaulospora
(Acaulosporaceae: Diversisporales) species were the most common. These have a
great role in phytoremediation due to incereasing the trees tolerance against heavy
metals in the extreme environment, as well as decreasing the distribution of toxic
subsatnces in the environment [41]. Harmful effects of industrial pollutants can
be reduced by phytoremediation, therefore it serves the protection of wildlife.
Regarding the big biodiversity of the area it is likely that new species will be found
to be suitable for this purpose. There is another example of a microbial scale biodi-
versity research with direct economic benefits. Diversity of bacteria and fungi living
around cultivated Agave tequilana roots in the soil, rizosphere and phyllosphere, in
the endosphere of the root and the leaf was compared by Coleman-Derr et al. [42]
with similar microbes of wild Agave salmiana and Agave deserti populations. Agave
tequilana can be cultivated in areas where no other crop can survive and can be used
for bioethanol production. Symbiotic microorganisms influence plant health and
accomodation to stress due to this the rate of growth as well [43]. Manipulation of
microbiom may increase the rate of growth and therefore, the amount of ethanol that
can be produced [44]. The composition of the microorganism community based on
the analysis of the traceable DNA changes depending on the compartment, which
was obtained by the amplification of ITS2 and16S regions. Geographical distributa-
tion also affected composition. In the case of cultivated plants alpha diversity was
low, which can be explained with agricultural practices.The community is domi-
nated by the genera of Enterobacteriaceae family (Pantoea, Leclercia, Trabusiella),
therefore soft rot disease became often, which cost millions. Genetic diversity of
plants is also low due to vegetative reproduction. That is why the bacteria Pantoea
agglomerans could develop avoiding strategies during the evolution against the plants
defense mechanisms [42]. Apart from agave, oil pressed from the seed of Jatropha
(Euphorbiaceae) species, especially from the seed of J. curcas, is also appropriate
for the production of biodiesel [45]. 50 of the 186 species occur in Mexico as well,
most of which are endemic. They are distributed from the rainforests to the deserts
everywhere. Their distribution is limited by the frost in the mountains. Other species
may be eligible for agricultural use, which require further research [46].

Area, estimated number of species and percentage of remaining intact vegeta-
tion. The boundaries of ecoregions are not the same as national borders.
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Chapter 2

Ecology of Plant Communities
in Central Mexico

Joaquin Sosa-Ramirez, Vicente Diaz-Niiez
and Diego R. Pérez-Salicrup

Abstract

In Central Mexico converge three biogeographic provinces: Altiplano sur, Sierra
Madre Occidental and Costa del Pacifico. Each one of them is composed by differ-
ent plant communities: Thorn Forest, Temperate Mountain Forest and Dry Tropical
Forest respectively. Our objective is to show, through phytoecological analysis, the
species richness, diversity and the structure of the plant communities from the
Temperate Mountain Forest and from the Tropical Dry Forest. In the Temperate
Mountain Forest, 50 forest species were recorded, with a Shannon Wiener diversity
index H” = 1.63 on altitudes from 2400 to 2600 m. The Whittaker § index is
By, = 7.22. In the tropical dry forest, we identified 79 plants species with a mean
diversity index H” = 3.49 on altitudes from 1951 to 2100 m. In this ecosystem the B,,
index is 8.12. This study offers important information for the establishment of
management practices, considering the protection status from the areas in which
this vegetation type is distributed.

Keywords: Aguascalientes, Sierra Fria, Temperate Mountain Forest,
Tropical Dry Forest, biogeographic provinces

1. Introduction

Mexico is one of the five countries with the greatest biological diversity in the
world, due, in part to the confluence of the Neartic (North America) and Neotrop-
ical biogeographic zones (Mexico, Central and south America). As well as, the
species evolutionary processes in its territory [1]. The Mexican territory represent
only 1% of the earth’s surface; nevertheless, Mexico belongs to the select group of
the five countries considered megadiverse, along with Brazil, Colombia, China and
Indonesia [2, 3]. Due to its geographic locations and its multiple landscapes, a large
number and diversity of ecosystems converge in the national territory. For that
reason, Mexico is ranked 12th in terms of global forest area [4]. Even though,
multiple efforts have been made for the forest conservation during the last decade
of the XXI century, on a global scale, forest have been transformed to other uses at a
rate of 1.3x10° million ha/yr. or they have been affected by natural disturbances
that have partially or totally changed their structure. This amount represents a 19%
decrease in comparison to the exchange rate registered in the last decade of the 20th
century (1.6X10° million ha/yr) [5]. Temperate forests in Mexico are found mostly,
although not exclusively, in the mountainous areas along the Sierra Madre Occi-
dental (the area with the highest concentration of forest ecosystems in the country),
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the mountains of Sierra Madre Oriental, the Sierra Norte de Oaxaca and the Altos de
Chiapas, as well as in different mountain ranges and isolated mountains in the
Altiplano and intermingled in the tropical plains [6]. The conifer and oak forest in
Mexico represent the most extensive vegetation cover in terms of vegetation types
dominated by woody species, this species covers 16.4% of the total surface of the
country, being only surpassed by the xeric shrubland which is the vegetation type
which has the largest extension [5]. These ecosystems are important both econom-
ically and ecologically, since they support productive activities, harbor great bio-
logical diversity and serves as a refuge for wildlife. Likewise, forest provide
essential environmental goods and services for the human society subsistence [7, 8].
The State of Aguascalientes has a total extension of 555, 867.4 hectares, of which
291,792.4 hectares equivalent to 52.5% present some forest type [9]. According to
the classifications issued by different sources [10, 11], the State of Aguascalientes is
made up by three large ecoregions (biogeographic regions), the Temperate Moun-
tain Forest, the Tropical Dry Forest (also known as lowland deciduous forest) and
the thorn forest (including crasicaule shrubland and xeric shrubland). The first
ecosystem type is mainly distributed in la Sierra Fria, Sierra del Laurel, Sierra de
Tepezald and Cerro de Juan el Grande in El Llano municipality (Figure 1). The
largest area covered by Temperate Mountain Forest vegetation in Aguascalientes is
located in an area locally known as Sierra Fria, this site is a Protected Natural Area
by state and federal decree which covers close to 107,000 ha [12]. In the Temperate
Mountain Forest, the plant communities the most common vegetation types are oak
forests (Quercus spp.), pine trees (Pinus spp.), oak-pine, pine-oak, juniper
(Juniperus spp.), manzanita shrubland (Arcostaphyllos pungens) and different asso-
ciations of these genera. The vegetation that has mainly colonized the sites that had
been disturbed are Juniperus deppeana and A. pungens, although there has also been
an increase in conifer populations [13]. The second largest formation where this
ecosystem is found is located in la Sierra del Laurel in the Southwest corner of the
State occupying close to 17,000 ha. This area presents similar plant communities

.,'_._; - “:B

Figure 1.

Distribution areas of the Temperate Mountain Forest in Aguascalientes state. (1) sierva Fria protected natural
area (San José de Gracia, Pabellon de Arteaga, Rincon de Romos and Calvillo municipalities); (2) Mountain
Hill of Tepezald, and (3) Juan el Grande Mountain (El llano municipality).
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but with a greater dominance of oak populations (Quercus spp.) and lower density
of manzanita (A. pungens).

The largest area occupied by the tropical dry forest is mainly located in the
Calvillo municipality, although, there are relics of vegetation indicative of this
ecosystem in the Jesus Maria, San Jose de Gracia and Aguascalientes municipalities,
which suggests a larger presence of this vegetation type in the past. In the tropical
dry forest, forest structures made up of shrubs and trees between 2 and 8 m high
and some relics of medium tropical forest. In Aguascalientes, this is one of the
ecosystems with the highest species richness [14]. The most representative vegeta-
tion in this ecoregion corresponds mainly to the Lysiloma, Bursera, Ipomoea, Acacia,
Eysenhardthia, Opuntia, Mimosa and Agave genera.

Our objective was to provide an overview of some ecological aspects (species
richness, diversity and distribution) of woody species natural communities in
the most representative ecosystems of the State of Aguascalientes, assuming
that there would be a high similarity degree with the vegetation of neighboring
sites, considering both the environmental and physiographic characteristics from
this State.

2. Materials and methods

Three studies were conducted individually. During 2008-2015, the natural
communities of the temperate mountain forest in the area commonly known as
Sierra Fria, in the northwest of the State of Aguascalientes, as well as the main
disturbances that have affected them in the past and present were analyzed [10, 13].
Likewise, during the period 2011-2015 a study was carried out to determine the
diversity, dynamics and functioning of the tropical dry forest in the Calvillo
municipality [14, 15].

2.1 Temperate Mountain Forests
2.1.1 Study avea and sampling design

This study was carried out in to the Sierra Fria Protected Natural Area (SF-PNA)
which is 106,114.6 hectares in size and is located in the northwest of the Aguasca-
lientes State. This area has an altitude ranging between 2,100 and 3,050 masl. The
study area comprised 25 thousand hectares, in a polygon located between the
coordinates 102°31'31” to 102°37'44” west longitude and 22°05'47” at 22°14’03"
north latitude, assuming that the conditions both geographic, ecological and
climatic are representative of the entire ANP (See Figure 2).

A stratified sampling strategy was developed [16]. The sampling strata were
delimited based on the altitude, solar exposure, and geoform of the site (flat,
concave and convex terrain). The first stratum was defined using a Digital Elevation
Model (DEM) of the ANP SF, elaborating a spatial grid according to five altitudinal
categories: i) 2,000-2,200, ii) 2,200-2,400, iii) 2,400-2,600, iv) 2,600-2,800, and
v) >2 800 masl.

To stablish the altitudinal strata, the level curves from study site were defined
using the DEM. The solar exposure was approached using an exposure map made
with a SPOT 2010® imagine on which the DEM of the site was superimposed.
Subsequently, a mesh map was prepared using the ArcGis 10.2. The geoform was
obtained based on the slope, where flat terrain = sites with a slope < 10%, concave
t. = slope > 10 and < 25% and convex t. = slope > 25%.
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102°37'30"W 102°35'0"W 102°32'30"W

22°12'30"N

0 1 2 4

Kiometros

Figure 2.
Location of the protected natural area sierra Fria, the study avea of the Temperate Mountain Forest.

2.1.2 Identification, distribution and abundance of forest species

To identify the tree and shrub diversity in the study area, we conducted 60
phytoecological inventories in 60 different sites distributed randomly using the
sampling scheme already described (Table 1).

The field samplings were performed in rectangular plots of 600 m?, with a
central line 100 m in length and two lateral lines with three m of separation. In each
inventory, the frequency of the tree and shrub species present were determined, as
well as the site environmental variables. Individuals with DBH > 5 cm and
height > 1.50 m were considered as trees. Individuals below these categories were

Altitude levels Topographic position
Concave Convexe Flat Total

N S E w N S E w
2000-2200 0 0 0 0 1 1 0 0 1 3
2200-2400 0 1 0 0 3 2 0 0 0 6
2400-2600 8 4 1 1 8 3 0 0 3 28
2600-2800 2 0 0 1 4 3 0 0 11 21
> 2800 2 0 0 0 0 0 0 0 0 2
Total 12 5 1 2 16 9 0 0 15 60
Total inventories 60

The intersections between lines and columns whose value is zero, indicate areas with little representativeness in the
landscape and consequently an absence of samplings.

Table 1.
Number of samplings performed at different altitudinal levels, topographic positions and solar exposures,
derived from the sampling system.
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considered as juveniles and shrubs. The variables recorded in the site were: altitude,
slope (in %), solar exposure (N, S, E, W), physiography (flat land, hillock, plateau,
middle slope, high slope, ravine bottom, creek), coverage (c1 = <10%; c2 = 11-30%;
c3 = 31-50%; c4 = 51-70% y c5 = >70%) and geoform. Management variables
related to land use (no use, forest exploitation, wildlife management, grazing,
agriculture and conservation) were considered as well as intensity of use (null,
moderate, over-exploited and not determinable). Each one of the sampling points
were geographically located by Transverse Mercator Units (UTM).

In order to identify the oak and conifer species in the field, keys generated by De
la Cerda [17] and Siqueiros [18], respectively, were used. The unknown species
were collected in botanical presses and identified at the Autonomous University of
Aguascalientes herbarium (HUAA). To leave evidence of the new species records in
the ANP SF, specimens were deposited in the HUAA.

2.1.3 Distribution and abundance of species

To estimate the distribution of tree and shrub forest species, the presence of
each of the species found in each of the 60 sampling sites was quantified. In the case
of species considered as restricted distribution (eg. Quercus cocolobifolia, Pinus
chihuahuana, and P. duranguensis var. quinquefoliata), samples were taken at spe-
cific sites (n = 4), according to the information provided by De la Cerda [17] and
Siquéiros [18]. Species with a wide distribution were those that occurred in the
greatest number of sites.

The frequency of the species found was determined on 100 m transect at ground
level, observing 100 separate points every meter. The species found at each point
were recorded (when there was more than one vegetation layer), counting the
number of times that each species appeared (absolute frequency) [16] over the
whole transect. Relative frequency was calculated using the Equation [19]:

. Species frequency
= 1
Relative frequency (Z Frequency values of all species W
Where:
Frequency of the species x = absolute frequency obtained from each site
sampling.
Subsequently, an abundance index was calculated using the equation:
Sppal _ Zrelative frequencies (2)

Number of sampled sites

Where:

Spp.ai = Identified Species abundance index.

With this data, distribution and abundance graphs of the main arboreal-shrub
forest species were created. The phytoecological analysis was used to calculate the
species richness and the Shannon index diversity (H") and the beta Whittaker’s
(8w) index respectively, the first were calculated as a function of the altitudinal
level, the second also incorporating the geoform using the Species Diversity and
Richness® (Pisces Conservation LTD) software. Pear calculate the indexes we used
the equation:

S
H' == p;log.p; 3)

i=1

19



Natural History and Ecology of Mexico and Central America

Where
S = species richness; Pi = proportion of the individuals of species i with respect to
the total number of individuals; ni = number of individuals of species i

S

Where:
S = Species richness and S = mean richness of the site.

2.2 Dry Tropical Forest (DTF)
2.2.1 Study area

Although there are some studies that suggest the existence of relics of Dry
Tropical Forest (DTF) vegetation in some municipalities of the Aguascalientes State
[15, 20], this ecosystem has a greater representation both in surface area and in its
conservation status in Calvillo municipality. The study was conducted in 26 sites
with DTF vegetation cover in Terrero de la Labor ejido, located within the Sierra
Fria Protected Natural Area, in the Municipality of Calvillo, State of Aguascalientes,
in Central Mexico. The ejido polygon comprises an area of 5,861 ha. [21], of which,
the DTF occupies 45% of its total area (Figure 3). It is located within the extreme
coordinates: 102°43'58.88“ West Longitude and 22°6°4.78” North Latitude and at
the Southeast end 102°41'24.95“ West Longitude and 21°44°27.61” North Latitude.

2.2.2 Selection of the study sites and sampling design

We used a stratified sampling design system [16]. Sampling strata were
delimited based on geoforms, slope, exposure and altitude. To characterize
geoforms, three criteria were used: concave, convex and flat terrain. A concave
geoform was defined when the slope ranged between 10 and 25%, which usually
corresponded to ravines and small depressions. When the sites had a slope between
25 and 60% they were characterized as convex sites. Flat terrains had slopes <10%.

Figure 3.
Location of the study area. (A) Mexico, (B) state of Aguascalientes, (C) municipality of Calvillo and (D)
Terrero de la labor Ejido.
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Solar exposure was defined using an exposure map made with a Geographic Infor-
mation System from a 2008 Spot® satellite image and a digital elevation model
(MDE). Only the main cardinal points (North, South, East and West) were consid-
ered. To locate the altitudinal strata, the contours of the zone defined from the MDE
were used. Subsequently, a grid map was developed for the identification of the
sampling areas (See Figure 4).

2.2.3 Selection and characterization of sites to quantify of the composition and abundance
of woody species

We established 26 sites to quantify phytoecological inventories, distributed in
the landscape according to the above mentioned sampling system. At each point,
the projected coordinates of the site were taken with GPS Garmin 48 XL line in
UTM format, zone 13 North and with reference Datum WGS84 and with accuracies
of 5 to 12 m with differential kinematic adjustment (WAAS). Subsequently, the
points were placed on a SPOT 2010 satellite image (Figure 5). Site variables con-
sidered were the slope (%), solar exposure, physiography of the terrain, intensity
and type of use and canopy coverage.

Slope at each sampling site was obtained by direct field measurement with a
Bruntton clinometer with a precision of +/— 2° of variation for each 100 meters of
length. This data in turn was contrasted with the data obtained from the digital
elevation model with precision of 1 to 2 meters in the Z value. Five classes were used
to define the slope: 1) <10%, ii) 11-30, iii) 31-50, iv) 51-70 and v) > 70. Exposure to
solar radiation was estimated considering the cardinal points North (N), South (S),
East (E) and West (O), as well as their combinations.

The altitude of each site was obtained directly in the field with the support of a
GPS with barometric adjustment to reduce the effect of mathematical variation of
the Geoid model and with precision of 1 to 3 meters. This was compared with the
data obtained from the prospecting of points against elevation level curves obtained

Figure 4.
Geographic representation of dry tropical Forest and the sampling points in Terrero de la labor Ejido, in the
municipality of Calvillo, Aguascalientes.
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Figure 5.
Ipsographic model of Ejido Terrero de la labor Ejido polygon, and distribution of the sampling points in the
DTF.

from the digital elevation model to reduce the potential errors of direct
measurements.

The physiography of the terrain was characterized considering flat terrain
(slope < 10%), steep (without slope), medium slope (10-25%) and high slope
(>60%). The exposure of the sites was quantified with a compass and the magnetic
north was taken as reference for its definition in the previously defined ranges.
Exposure for each stand of the sampling site was also analyzed along with the digital
model of exposures generated from the digital elevation model. The Table 2 shown
the sample points distributed in the landscape of the Dry Tropical Forest.

Other characteristics considered in the description of the sites were the degree of
modification (i.e. transformation of geographical space, introduction of species), its
intensity (light, medium and overexploited), as well as the type of use by local
inhabitants (hunting, grazing, gathering, etc.).

2.2.4 Species richness

To describe species composition, we used a sampling design based on nested
plots in an area of 1024 m? in each inventory, using the criteria of the minimum area
[16]. We started with a plot of 1 x 1 m in a direction perpendicular to the slope in
which all present species were recorded, and subsequently, the plot. Subsequently,
the plot was increased in size to 2 X 1,2 X 2, 2 X 4, 4 X 4 m etc. registering the new
species for each increment in the area of the squares until reaching the maximum
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Meters above sea level Topographic position Total
(masl)

Concave coverage (%) Convex coverage (%)

<10 11-30 31-50 51-70 >71 <10 11-30 31-50 51-70 >71

1800-1900 0 0 0 0 1 0 1 0 3 0 5
1901-2000 0 0 0 0 0 1 1 3 5 1 1
2001-2100 0 0 0 0 0 1 1 2 2 0 6
>2100 0 0 0 0 0 1 1 0 4 0 4
Total inventories 0 0 0 0 1 0 0 5 14 1 26

Table 2.
Distribution of samplings sites according to the proposed design.

extension (i.e.: 32 x 32 m = 1024 m2), to obtain an area/species curve. We then
identified the area in which the present species stabilized. This sampling method
increased the probability of finding rare species as the area increased, an effect
known as Rarefaction [22].

Identification of species was estimated in the field by morphological characters
described in previous studies. Specimens that could not be identified in the field
were collected and later identified in the Herbarium of the Autonomous University
of Aguascalientes (HUAA).

We used the linear intercept survey method (Canfield line). A 100 m long line
was perpendicular to the slope, starting at the GPS coordinates of the sampling site,
then intersection lines were defined were individuals of DTF species were counted
at constant intervals of 1 meter. Shrub and tree individuals were categorized into
five heights classes 0-1 m, 1.1-2 m, 2.1-4 m, 4-8 m, 8-15 m and > 16 m. For each
class we measured canopy cover of each species by measuring the perpendicular
projection of the crown and the frequency of species. To estimate crown, cover the
following formula was used:

Cover (C) = Z length of individuals of species i/total length of intersections X 100.

To estimate frequencies, we used the formula:

Frequency (F) = X of number of times that individuals of the species
intercepted by the line/X total species intercepted X 100.

2.2.5 Data analysis

Species composition was estimated through the identification of the species
found in each of the sampling plots. To find a limit on the number of samples and to
reduce the possibility of under- or over-sampling, we conducted a rarefaction
analysis. The Shannon-Wienner alpha diversity (H') was calculated for each of the
sites and for each altitudinal level using the Richness and diversity species® soft-
ware, considering that there could be variation in diversity according to the change
in environmental conditions in temperature and precipitation as mentioned in the
Standard Atmospheric Index (decrease of 0.6°C/100 m altitude).

The formula of the Shannon index is:

S

H = -3 p;log,p, ®)

i=1
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where:
* S- Total number of species (species richness)

* p,— Proportion of individuals of species i in respect to total of individuals (i.e.:
relative abundance of species i): §

* n;— number of individuals of species i

¢ N- Total number of individuals of all species

The index considers the number of species present in the study area (species
richness), and the relative number of individuals of each of those species
(abundance).

To estimate replacement rates of species Whitakker’s p diversity was computed,
using the diversity found for each altitudinal level analyzed as reference.

p= (6)

Where: p = Whitakker’s p diversity.
S = Total number of species in samples.
o = Mean number of species in samples.

3. Results
3.1 Temperate Mountain Forest
3.1.1 Richness and diversity species

In the 60 sites, 50 species were recorded, corresponding to 20 families and 27
genera (Table 3), of which, due to their structure, 47% (n = 24) were considered
trees (height > 3.5 m) and 53% (n = 27) shrubs and juveniles. The best represented
families were Fagaceae (11 species), Pinaceae (8 species) and Ericaceae (5 species).
The species Q. obtusata Bonpl., ]. duranguensis Martinez and Crataegus sp. are new
reports in the Sierra Fria.

On average, the highest H” diversity index is found in sites whose altitude ranges
between 2400 and 2600 and 2600-2800 mamsl (H” = 1.48 y 1.63, respectively), the
former associated with ravines and difficult access places; the second index corre-
sponds to places with higher moisture content and without use. The lowest indexes
(H = 1.22 y 1.36) were found in altitudinal ranges of 2200-2400 and 2000-2200 m,
respectively, located on flat lands with intensive management and high resource use
rates. According to the geoform, the diversity Wittaker’s [ was greater on the
convex sites (fw = 5.80), followed by the concave sites (fw = 4.27) and flat lands
(fw = 4.04). According to the altitudinal level, the highest diversity was found in
the sites whose altitude ranges between 2,400 and 2,600 m (ffw = 7.22), mainly in
ravines and places hard to access. In contrast, the lowest indexes were found on site
with an altitude lower than 2, 400 m (fw = 4.52), located on flat lands, under
intensive management and easy access.

In the Figure 6, we shown an example of dominant vegetation in Temperate
Mountain Forest (in conifers, Pinus leiophylla and P. teocote in order) in the Sierra
Fria Protected Natural Area.
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Species Key Common Family Forest Use* Report™*
name* classification™*
Acacia farnesiana Acafar  Huizache Leguminosae ~ Tr Nu Y
Asclepias linearis Aline Romerillo Apocynaceae  Sh Nu Y
Arbutus arizonica Aariz Madrofio Ericaceae Sh Fe Y
Arbutus xalapensis Axala  Madrofio rojo Ericaceae Sh Fe Y
Arbutus glandulosa Aglan Madrofio Ericaceae Sh Fe Y
blanco
Arctostaphylos pungens — Apun Manzanita Ericaceae Sh Fe Y
Budleia scordioides Bsco Varablanca  Compositae Sh Fr Y
Budleia cordata Bcor Tepozan Compositae Tr Fr Y
Bursera fagaroides Burfaga  Venadilla Burseraceae Sh Nu Y
Comerostaphyllis spp. Comesp  Pacuato Ericaceae Sh Med Y
Dalea bicolor Dabic Engordacabra Fabaceae Sh Fr Y
Dasylirion acotriche Dasaco  Sotol Agavaceae Sh Nu Y
Dodonaea viscosa Dovisc  Jarilla Sapindaceae Sh Med Y
Eucaliptus Eucamal Eucalipto Myrtaceae Tr Nu Y
camaldulensis
Fraxinus uhdei Frauhd  Fresno Oleaceae Tr Nu Y
Garria ovata Garova  planta peluda Garryaceae Sh Nu Y
Pinus chihuahuana Pinchi ~ Pino Prieto  Pinaceae Tr Nu Y
Pinus duranguensis PiduM  Pino verde Pinaceae Tr Ew Y
Mart.
Pinus duranguensis f. PiduQ  Pino verde Pinaceae Tr Nu Y
quinquefoliata
Pinus leiophylla Pile Pino Prieto Pinaceae Tr Nu Y
Pinus lumholtzii Pilum Pino llorén Pinaceae Tr Nu Y
Pinus michoacana Pimich ~ Pino barbén  Pinaceae Tr Nu Y
Pinus cembroides Picem Pino Pinaceae Tr Nu Y
chaparro
Prosopis laevigata Prolae  Mesquite Pinaceae Sh Nu Y
Pinus teocote Pinteo Pino Pinaceae Tr Ew
Jatropha dioica Jadio Sangre de Euphorbiaceae  Sh Nu
grado
Juniperus flacida Jufla Olmo triste ~ Cupresaceae Sh Nu
Juniperus deppeana Judep Téscate Cupresaceae Tr Fe-
Tu
Juniperus duranguensis  Judur Cedro chino  Cupresaceae Sh Nu New
Opuntia leucotricha Opulew  Nopal Cactaceae Sh Nu Y
duraznillo
Opuntia streptacantha  Opust Nopal cardén  Cactaceae Sh Nu
Prunus serotina Pruser ~ Cerezo negro Rosaceae Sh Ft
Quercus cocolobifolia Queco Palo Fagaceae Tr Fe
manzano
Quercus chihuahuensis ~ Quechih ~ Palo blanco  Fagaceae Tr Fe Y

25



Natural History and Ecology of Mexico and Central America

Species Key Common Family Forest Use* Report™*

name* classification™*
Quercus laeta Quela Palo blanco  Fagaceae Tr Fe Y
Quercus grisea Quegri  Palo chino Fagaceae Tr Fe Y
Quercus potosina Quepo Palo chaparro Fagaceae Tr Fe Y
Quercus microphylla Quemic  Chaparrito Fagaceae Sh Nu Y
Quercus resinosa Queres  Encino Fagaceae Tr Le Y

hojudo
Quercus rugosa Querug  Paloblanco  Fagaceae Tr To Y
Quercus sideroxyla Quersid  Palo rojo Fagaceae Tr Fe-

le
Quercus eduardii Queredu  Palo rojo Fagaceae Tr Fe- Y
le

Quercus sp. Encino 1 Encino Fagaceae Sh Fe Y
Quercus obtusata Querobt  Encino Fagaceae Sh Fe New
Yucca filifera Yufi Palma Agavaceae Sh Nu
Odontotrichum amplum Adoamp Vaquerilla Asteraceae Sh Nu
Phytecellobium Phylep  Gatufio dela  Leguminosae ~ Sh Nu
leptophyllum sierra
Eisenhardtia Eipol Varaduz Fabaceae Sh Nu Y
polystachya
Crataegus spp. Crasp Tejocote Rosaceae Tr Nu New
Quercus sp-2 Encino 2 Encino Fagaceae Sh Nu Y
Ipomoea stans Ipost Galuza Convolvulaceae Sh Nu Y

*The common names were provided by the habitants of “La Congoja” community and do not necessarily correspond to
the common name in other localities where these species could be found.

“Within the forest classification, Tr = Tree and Sh = Shrub.

“"The reports correspond to the flova identified previously, the new reports correspond to the individuals identified in
this study.

¥The use of the forest species recorded, depends on the forest managers experience, in this way, Nu = no use;

Fe = firewood extraction; Fr = use as forage plant; Med = Medicinal use; Pt = Timber use; for extraction as fence pole;
Ew = extraction as wood stripe from P. teocote; le = leave extraction for ornamentals; To = tools.

Table 3.
Forest species identified in an arvea of the SF-natuval protected avea, Aguascalientes.

3.1.2 Distribution and abundance of species

The most widely distributed species belong to the genus Juniperus (locally
known as cedros or tdscates), Quercus (oaks) and Arbutus (locally known as
madrone). J. deppeana is the most widely distributed species followed by Quercus
potosina and by Arctostaphyllos pungens. The madrones (Arbutus xalapensis and
A. glandulosa) appear in fourth and fifth place, respectively (Figure 7).

Out of 50 recorded species, 6 are the ones with the highest abundance indexes.
Q. potosina, the species best represented in the landscape. This species presents the
highest abundance index (ia = 0.1585), followed by J. deppeana (ia =0.1102) which
also presents the widest distribution. Inside the genus Pinus, P. leiophylla is the most
abundant, even above manzanita (Arctostaphyllos pungens) and red oaks
(Q. sideroxyla y Q. eduardii; Figure 8).

There are species such as Pinus chihuahuana, Pinus lumholtzii and Pinus
duranguensis that present restricted distribution, but are abundant in very specific
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Figure 6.

Typical vegetation of the Temperate Mountain Forest. (a) Landscape dominates by conifers in the sierra Fria, in
this case, by Pinus leiophylla; (b) wild ash twig (Fraxinus uhdei); (c) Manzanita (Arctostaphyllos pungens)
specimen in a plateau of the sierra Fria; (d) oak specimen locally known as Palo chino (Quercus grisea).

Juniperus deppeana |10
Quercus potosing [+ ]
]
B artostapviospurgens [Tt )
)
Arbutus glandulosa :::‘::‘::‘::‘::‘::.::::::::::::::::I
Arbutus xalapensis |0
- . T . :
0 10 20 30 40 50
0 Number of appearances
Figure 7.

Forest species with wide distribution in the study area inside the SF-natural protected area.

sites. The distribution analysis based on the altitudinal gradients and geoform sug-
gests that the altitudinal stratum between 2 000 and 2 200 m is the one with the
lowest tree and shrub species richness. The best represented species in this range
belong to the xeric shrubland being three of them such as Dodonaea viscosa,
Phytecellobium leptophyllum, and Odontotrichum amplum, considered as overgrazing
indicator species [22]. From the second stratum (2 200 to 2 400 mamsl) Pinus and
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Quercus potasing [

Juniperus deppeana  [iiiiiiiniinniniiin _;I

Pinus leiophylia

Species

Arctostaphyilos
pungens

Quercus sideroxyla

Quercus eduardii

0.0000 0.0500 0.1000 0.1500 0.2000

O Abundance index

Figure 8.

Abundancy indexes from the species best vepresented in the SF-natural protected area, the most representative
ecosystem of Temperate Mountain Forest in Ags. The X axis represents the abundancy index which ranges
between 0.0670 (Quercus eduardii) and 0.1585 (Q. potosina). The maximum value of the abundancy index
could be 1.

Quercus species begin to appear, although isolated Quercus resinosa individuals can
be found at higher altitudes (Table 4).

Out of the dominant conifer species at the SF-Natural Protected Area, Pinus
leiophylla and P. teocote are distributed at altitudes ranging from 2 400 to 2 600
masl. Between 2 600 and 2 800 mamsl these two species are more dispersed and
located mainly in ravines. P. leiophylla is also located on plateaus at 2 700 m (e.g.
Mesa del Aguila and Mesa del Aserradero). Red oaks (Q. eduardii and Q. sideroxyla)
are distributed at altitudes from 2 400 to 2 600 m, mainly along the ravines
(Table 3).

In Figure 9 we shown some species of Pinus genera dominants in the interme-
diate altitudinal strata of SF-Protected Natural Area.

3.2 Dry Tropical Forest
3.2.1 Richness and diversity woody species

We identified 79 species of trees and shrubs, within 45 genera and 14 families
(see Table 5). The best represented families were Fabaceae (13 genera), Asteraceae
(11 genera) and Cactaceae (9 genera). The genera better represented were Opuntia
(n = 4 spp.), Acacia (n = 4 spp.) and Bursera (n = 3 spp.). The genero Salvia is also
important.

The H' diversity found in the DTF of the ejido Terrero de la Labor ejido is
constant. The highest diversity index found was 3.49 in two of the 26 analyzed sites,
which apparently are well conserved sites. On the contrary, three sites had the
lowest H' diversity index with 2.77 (Table 6). Although there are apparently no
differences, the highest diversity indexes are located mainly in ravines and north
facing exposures, and in locations with difficult access (see Table 7).

3.2.2 Distribution and abundance of woody species in the DTF

Of the 79 species identified, eight are distributed in more than 70% of the plots
of Terrero de la Labor ejido. The species with the greater distribution are the
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ALTITUDE (MASL)*

Species Al A2 A3 A4 A5

2 21 219 22 23 239 24 25 259 26 27 279 28 29 3

Arctostaphylos pungens

Dodonaea viscosa

Juniperus deppeana

Quercus potosina

Bursera fagaroides

Eisenhardtia polystachya

Juniperus flacida

Acacia farnesiana

Prosopis laevigata

|

Arbutus glandulosa

Quercus resinosa

Yucca filifera

Phytecellobium leptophyllum

Asclepias linearis

Quercus eduardii

Odontotrichum amplum

Pinus leiophylla

Pinus teocote

Quercus rugosa

Quercus chihuahuensis

Quercus sideroxyla

Arbutus xalapensis

Pinus lumholtzii

Juniperus duranguensis

Quercus cocolobifolia

Quevcus gVi.Wﬂ -

Quercus lacta

¥The species distribution in different altitudinal gradients was as a function of the 10 dominant species (obtained from
the frequency/site) at each altitudinal stratum.

*Altitudes (A1-A5) ave calculated in m* 1000.

*The bars with gray shades indicates that this species is abundant at the altitudinal gradient where it was found. In
contrast, the black shades indicate that although this species is not abundant, it was found in.

Table 4.
Dominant species distribution by altitudinal strata.

Mpyrtillocactus geometrizans (garambullo), Ipomoea murucoides (palo bobo),
Eysenhardtia polystachya (varaduz), Bursera fagaroides (venadilla), and Forestiera
phillyreoides (palo blanco) (Figure 10), which were located in 96, 92, 90, 88 and
86% of the plots respectively, assuming that the sampling sites are representative of
the entire landscape.

On the other extreme, the rarest species were Plumeria rubra, Ficus petiolaris and
Fraxinus purpurea. The first species was only located in one site, while the last two
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Figure 9.
Populations of Pinus (Pinus spp) at the SF-natural protected area. The photograph on the left side shows a
Pinus leiophylla population at the Barranca de Piletas. The pothogragh in the right side shows an image of
Pinus duranguensis. Photographs as courtesy of Clemente Villalobos llamas and Vicente Diaz Niifiez.

Species Family Common name
Acacia berlandieri Benth. Fabaceae Carbonera
Acacia farnesiana (L.) Willd. Fabaceae Tepame

Acacia pennatula (Schltdl. & Cham.) Benth. Fabaceae Huizache o Cascalote
Agave angustifolia Haw. Asparagaceae Lechuguilla
Albizia plurijuga (Standl.) Britton & Rose Fabaceae Tepeguaje blanco
Alnus acuminata Kunth Betulaceae Aile

Amelanchier denticulata (Kunth) K. Koch Rosaceae Duraznillo
Amphipterygium molle (Hemsl.) Hemsl. & Rose Anacardiaceae  Cuachalalate
Asclepias linaria Cav. Apocynaceae Algodoncillo
Ayenia mexicana Turcz. Sterculioideae

Baccharis heterophylla Kunth Asteraceae Escobilla
Bouvardia multiflora (Cav.) Schult. & Schult. f. Rubiaceae Clavelito
Brickellia veronicifolia (Kunth) A. Gray Asteraceae Orégano de monte
Buddleja cordata Kunth Buddlejaceae Tepozan blanco
Buddleja sessiliflora Kunth Buddlejaceae Tepozan verde
Bursera bipinnata Donn. Sm. Burseraceae Lantrisco

Bursera fagaroides (Kunth) Engl. Burseraceae Venadilla

Bursera penicillata (DC.) Engl. Burseraceae Arbol de chicle
Calliandyra eriophylla Benth. Fabaceae Calandria
Castilleja tenuifolia M. Martens & Galeotti Scrophulariaceae Hierba del cancer
Cedrela dugesii S. Watson Meliaceae Cedro
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Species Family Common name
Ceiba aesculifolia (Kunth) Britten & Baker f. Malvaceae Pochote

Celtis caudata Planch. Ulmaceae Capulincillo

Celtis pallida Torr. Ulmaceae Vara en cruz
Chusquea sp Poaceae Camalote

Colubrina triflora Brongn. Ex G. Don Rhamnaceae Algodoncillo

Cordia sonorae Rose Boraginaceae Amapa o Vara prieta
Croton ciliatoglandulifer Ortega Euphorbiaceae  Algodoncillo
Dasylirion acrotrichum (Schiede) Zucc. Asparagaceae Sotol

Dodonaea viscosa Jacq. Sapindaceae Jarilla

Erythrina flabelliformis Kearney Fabaceae Colorin

Eupatorium sp Asteraceae Copalillo
Eysenhardtia polystachya (Ortega) Sarg. Fabaceae Palo azulo o Varaduz
Eysenhavrdtia punctata Pennell Fabaceae Palo cuate

Ferocactus histrix Lindsay Cactaceae Biznaga costillona
Ficus petiolaris Kunth Moraceae Ficus silvestre
Forestiera phillyreoides (Benth.) Torr. Oleaceae Palo blanco

Fraxinus purpusii Brandegee Oleaceae Saucillo
Gymnosperma glutinosum (Spreng.) Less. Asteraceae Cola de zorra
Heliocarpus tevebinthinaceus (DC.) Hochr. Meliaceae Cicuito o Cuero de indio
Ipomoea murucoides Roem. & Schult. Convolvulaceae  Palo bobo

Iresine sp. Amaranthaceae  Cola de zorra
Jatropha dioica Sessé Euphorbiaceae  Sangregrado
Koanophyllon solidaginifolium (A. Gray) R. M. King Asteraceae Cabeallito

& H. Rob.

Karwinskia humboldtiana (Schult.) Zucc. Rhamnaceae Coyotillo

Leucaena esculenta (Moc. & Sessé ex DC.) Benth. Fabaceae Guaje rojo

Lippia inopinata Moldenke Verbenaceae Palo oloroso

Lysiloma acapulcense (Kunth) Benth. Fabaceae Ebano o Palo fierro Tepeguaje
Lysiloma microphyllum Benth. Fabaceae Tepeguaje
Mammillaria bombycina Quehl Cactaceae Biznaga de seda
Mammillaria sp. Cactaceae Biznaga

Manihot caudata Greenm. Euphorbiaceae  Pata de gallo

Mimosa monancistra Benth. Fabaceae Gatuifio o Ufia de gato
Mimosa sp. Fabaceae Huizache
Myrtillocactus geometrizans (Mart. ex Pfeiff.) Cactaceae Garambullo

Console

Montanoa leucantha (Lag.) S.F. Blake Asteraceae Talacao o Vara blanca
Opuntia leucotricha DC. Cactaceae Nopal chavefio o duraznillo
Opuntia robusta ].C. Wendl. Cactaceae Tuna tapona

Opuntia sp. Cactaceae Nopal

Opuntia streptacantha Lem. Cactaceae Nopal cardén
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Species Family Common name
Perymenium mendezii DC. Asteraceae

Pistacia mexicana Kunth Anacardiaceae Lantrisco
Pittocaulon filare (McVaugh) H. Rob. & Brettell Asteraceae Palo loco
Plumbago pulchella Boiss Plumbaginaceae Chilillo medicinal
Plumeria rubra L. Apocynaceae Flor de mayo
Prosopis laevigata (Humb. & Bonpl. ex Willd.) M.C. Fabaceae Mezquite
Johnst.

Ptelea trifoliata L. Rutaceae Naranjo agrio o Zorrillo
Quercus laeta Liebm. Fagaceae Roble blanco
Salvia mexicana L. Labiatae Tlacote

Salvia sp. Labiatae Salvias

Stachys coccinea Ortega Labiatae Mirto
Stenocereus queretaroensis (F. A. C. Weber) Buxb. Cactaceae Pitahaya
Tecoma stans (L.) Juss. ex Kunth Bignoniaceae Tronadora
Trixis angustifolia DC. Asteraceae Vara verde
Verbesina serrata Cav. Asteraceae Vara blanca
Viguiera quinqueradiata (Cav.) A. Gray ex S. Asteraceae Vara amarilla
Watson

Wimmeria confusa Hemsl. Celastraceae Algodoncillo
Yucca filifera Chabaud Asparagaceae Palma
Zanthoxylum fagara (L.) Sarg. Rutaceae Rabo lagarto

Table 5.
List of species identified in the dry tropical Forest of Terrero de la labor Ejido, Calvillo, Ags.

Altitud level (masl) Sampled sites H

1851-1900 7 3.08

101-1950 5 2.57

1951-2000 7 3.60

2001-2100 5 3.14

>2100 2 3.25
Table 6.

Average H' diversity indices associated to diffevent altitudinal vanges in the DTF of Terrero de la labor Ejido.

were only found in two and three sampling sites, respectively. Their low frequency
could be associated to their presence in mid statured forests. The most abundant
species are those that, even though they are not those with a wide distribution in the
landscape, in the places where they are located their frequency is higher than the
rest of the identified species. In the DTF of the Terrero de la Labor, the most
abundant species belonged to five different genera, of which the most important
are Lysiloma microphylla (tepeguaje), Ipomoea murucoides (palo bobo), and

Bursera fagaroides (locally known as venadilla) (Figure 7). In the case of Ipomoea
murucoides, it occupies the second place in both distribution and abundance (see
Figure 11).
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Slope range (%) Sampled sites H’
0-9 6 2.94
9-25 3 2.88
26-37 5 2.92
37-49 4 3.26
49-64 5 3.34
>65 3 3.39
Table 7.

Diversity indexes associated to different slopes of the sites.
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Figure 10.
Species best represented in the DTF Terrero de la labor Ejido.
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Figure 11.
List of species with the highest abundance in Terrero de la labor Ejido.

The Figure 12 shown some species of the dominant vegetation in tropical dry

forest, in this case, of the Terrero de la labor and las Moras ejidos in the Municipality
of Calvillo, Aguascalientes State.
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4, Discussion

The loss of biodiversity is one of the environmental problems that has managed
to arouse broad global interest in the last two decades [4, 23]. Some of the main

Figure 12.

Diversity of forest species in the tropical dry Forest. (a) Landscape of the tropical dry Forest in the Terrero de la
labor and las Moras Ejido; (b) an example of Manihot caudata, locally known as jaboncillo; (c) specimen of
Bursera fagaroides (locally known as venadilla or papelillo). Photographs courtesy of Vicente Diaz Niifiez,
Joaquin Sosa-Ramirez and Jesiis Argumedo-Espinoza.
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causes are related to human activities, either directly (overexploitation) or
indirectly (habitat alteration), although there is generally an interaction

between them. The communication systems have impacted in such a way that both
the government and the private sector, as well as society in general, consider a
priority to direct greater efforts towards conservation programs. The basis for an
objective analysis of biodiversity and its change lies in its correct evaluation and
monitoring.

In the Temperate Mountain Forest, the 50 woody species identified show a high
species richness in comparison with other mountain regions. The best represented
genera correspond to oak trees (Quercus spp.) and pines (Pinus spp.). The studied
area harbors a small portion (6.8%) of the oak species that inhabit Mexico (161
species) [24]; although, this percentage is lower than those reported in areas with a
greater territorial surface and higher rainfall, such as the case of San Luis Potosi and
Jalisco States, which has identified 45 and 51 oak species respectively, that represent
27.95 and 36.9% of the total oak species registered in Mexico [25], the SF-NPA
represent less 5% of the territorial surface in the mentioned states. In relation to
pines, the studied area has about 17% of the species identified in Mexico [26]. This
proportion is similar to that reported by Mdrquez-Linares et al., [27] in an area of
pine-oak forest, in Durango, Mexico, where they recorded 8 pine species. In relation
to “Las Joyas” scientific station, in the Sierra de Manantldn Biosphere Reserve, the
Quercus diversity (16 spp.) is similar to the one in the Sierra Fria, although the area
of las Joyas is smaller (Ca. 3600 ha.).

In the Sierra Fria, the most widely distributed and abundant species are the
potosine oak (Q. potosina) and alligator juniper (J. deppeana). In the case of Q.
potosina, its distribution and abundance may be related to the dominant physiography
in this area, as well as to the mean annual precipitation (650 mm). The appearance of
J. deppeana is possibly related to the disturbances that occurred in the Sierra Fria
during the period between 1920 and 1940 [28]. This species has probably been a
pioneer in the recovery of the vegetation cover, although the presence of manzanita
(A. pungens) has also been documented colonizing sites where disturbances occurred,
either natural, as in the case of fires or, anthropogenic, such as forest clearance and
harvesting. Pines population is restricted to the Sierra Fria and the Sierra del Laurel.
In the Sierra Fria, Pinus teocote (locally known as pino ocote) and Pinus leiophylla
(locally known as pino prieto) are the two most abundant pine species. Its population
is abundant in humid places and altitudes higher than 2,500 masl. P. leiophylla
isolated specimens have been found on flat lands, which suggests that in the past this
species had a greater distribution. In the Sierra del Laurel only two pine species have
been identified, the pino triste (Pinus lumholtzii) and the pino pifionero (Pinus
cembroides var. cembroides) in isolated populations, which suggests that in the past
they were more abundant; however, the existing information is incipient.

The H’diversity indexes for each altitudinal stratum suggest that, between 2,400
and 2,600 mamsl, the plant richness of the SF-Natural Protected Area is similar to
temperate forests, similar to what the p Whitakker index showed.

The distribution of species such as J. deppeana and Q. potosina, the most abun-
dant and widely distributed, are influenced by flat sites and canopy covers that vary
between 30 and 50%. One explanation is that Q. potosina tolerates high drought
rates and J. deppeana is a pioneer species in disturbed sites, as suggested by Minnich
et al. (1994) [28]. On the other hand, the presence or absence of the species may
also be dictated due to their dispersal capacity or to the presence or absence of
dispersers [19]. The results obtained contribute to describe the habitat of the spe-
cies, which is an essential factor in programs aiming the restoration and manage-
ment of temperate climate forests [8, 29], actions that, at least in the case of Mexico,
have shown few results.

35



Natural History and Ecology of Mexico and Central America

The species richness in BTS is generally lower than in humid tropical forests
[30], although higher than in Temperate Mountain Forests [25]. The BTS is domi-
nated by relatively short trees, most of which lose all their foliage during the dry
season. In this community, herbaceous life form, thin woody species, and vines are
common, but epiphytes and thick lianas are less abundant and diverse than in
humid forests [31]. Diversity is generally higher without a clear dominance of any
species, to the point that many of them are rare [32]. In this type of ecosystem, it is
common to identify some genera such as Bursera, Lonchocarpus, Lysiloma and
Jatropha, as well as emerging columnar cacti [33].

The species richness found at the Terrero de la labor Ejido BTS (N = 79) is similar
to that reported by Trejo (2005) [33], where he points out that on average the
tropical dry forest in Mexico harbors around 74 species with a DBH > 1 cm in 0.1 ha.
However, in the study site, some species considered “rare” which are indicators of
medium forest (e.g Amphipterygium molle) were found in ravines and better pre-
served sites, suggesting that at some point this ecosystem had a greater presence in
the landscape.

The analysis of the diversity, distribution and abundance associated with the
Tropical Dry Forest in Aguascalientes has been little addressed, so the study
conducted in the BTS of the Municipality of Calvillo represents one of the first
efforts to understand this ecosystem natural heritage [14]. Previously, partial flo-
ristic studies had been carried out, studies which mainly referred to the dominant
vegetation types and some important species, however on these studies there were
gaps in relation to the ecology of the plant communities [20]. On the other hand,
other studies mention some factors related to the mortality of these natural com-
munities [15], but there is no information on vegetation diversity which reflects the
real tropical dry forest importance.

This work contributes directly to the management of the ecosystems analyzed.
Knowledge about species richness and their distribution provides an overview of
the territory’s conservation state, considering that both the Temperate Mountain
Forest and the Tropical Dry Forest studied are part of the Sierra Fria Protected
Natural Area, which is the protected area with the biggest extension in the State. On
the other hand, the bases are established for the restoration of degraded ecosystems,
either through active restoration or through mechanisms of ecological succession
(passive restoration) [29].
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Abstract

The subterranean ecosystems in tropical areas of Mexico, North of Guatemala &
Belize are very abundant because the karstic soil that allow these formations are the
main composition in the Yucatan Peninsula and several mountains systems in these
countries; also, they have a strong relationship with tropical forest adjacent where
the main energy into the caves have an alloctonous origin. In these three countries
there are three different cave conditions: a) freshwater semi-dry caves, b) flooded
freshwater systems and c) anchialine systems. Mainly crustaceans and freshwater
fishes are the major representative group in the aquatic diversity in these systems
because the anchialine members are restricted to Yucatan Peninsula and Islands
adjacent. Around 5000 entries to subterranean world there are among these coun-
tries, where the Yucatan Peninsula is the area with major caves or cenotes in
comparison with southern of Mexico, North of Guatemala and Belize. Into these
systems are possible found crustaceans and fishes from different families. The
objective of this paper is present a review of these systems according with each
karstic areas and show the current map including the location of each systems; as
well their subterranean aquatic biodiversity and, finally discuss the relationships
among these different areas using their biological aquatic richness in consideration
with ecological subterranean conditions.

Keywords: Mesoamerica, Subterranean Biodiversity, Cave environments

1. Introduction

The biodiversity in the tropical area among Mexico, Guatemala and Belize are
good represented in several taxa since the tropical forest are the most representative
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biomass in this area, where there are a high species richness. The climatic conditions
produce a great opportunity to maintain this diversity [1].

The geological history of Central America shows that this area is recently in
comparison with the Mexican North portion, however the Peninsula Block has
moved into the sea 165 Ma during the Jurassic Period, and emerge on Pleistocene;
during these last period the opportunity of the migration species to colonised the
mountain chains in Guatemala y Belize had origin from north to south [2].

This geological history include the karstic regions in the three countries, but the
Yucatan Peninsula is the most recently portion in emerge from the sea in México
[3], but the volcanic activities and emerged areas in the north of Guatemala and
even Belize central portion involved the mountain formation and limestone soil,
and of course the colonised caves and grootes from terrestrial and aquatic animals
from surface involved species that in another times previously had occupied these
epigeal environments [4, 5]. The geological conditions produce a different oppor-
tunities to be occupied for these animals mainly crustaceans and fishes [6, 7].

Has been reported the existence of different aquatic habitats in the cave envi-
ronments: a) freshwater semi-dry caves, b) flooded freshwater systems and c)
anchialine systems, only Guatemala have not the anchialine systems reported, but
the three conditions are present in Mexico & Belize [8-16], to date is possible
identify four main karstic areas: Chiapas Mountains, Yucatan Peninsula (Mexico),
Alta VeraPaz karstic area, Peten Area (Guatemala), and Chiquibul area (Belize).
Where fishes and crustaceans has been reported with several species. The aim of
present chapter is show a review of the aquatic subterranean biodiversity in
these two major taxa and their relationship with their ecological conditions that
there are in each habitat type, to discuss the interrelationships that these five
karstic areas.

2. Study area

The study area includes the karstic regions from Tehuantepec Isthmus, Yucatdn
Peninsula and Islands adjacent and Guatemala & Belize. In this area exist five
karstic regions 1) Chiapas karstic Mountains, 2) Yucatan Peninsula, 3) Alta
Verapaz, 4) Petén Area, and 5) Chiquibul area as is possible see in the Figure 1.

In each area has been recorded several entrance to subterranean environments in
the all them the dissolution caves are the principal formation due the limestone soil.
The Chiapas karstic mountains had diverse caves record mainly dry and semi-dry
conditions but in there are the most origins of superficial springs that flow to Gulf
of Mexico basin [8, 9, 17]. In the Yucatdn Peninsula is where there are more
entrance recorded due the special efforts that involve the anchihaline systems but
also there are an important number of dry cave or semi-dry caves in there in special
on the Riviera Maya Coast. Also show a sub-region called Cenotes Ring where the
freshwater flooded caves is very well represented [18]. Also in the Island and coast
as Cozumel Island there are anchialine caves with species fauna [12-14]. Alta
Verapaz region had an important Mountain Chain that produce conditions to dis-
solution of limestone that is the main characteristic of soil to produce different cave
types from Springs as Hunalye and semi-dry caves Lanquin area where some fresh-
water prawns, crabs, and fishes living [19]. The highlands have an estimation of
150 Ma of age. The Petén region is the Peninsula base where the limestone starts to
be the main soil type and the cave formations are frequently from Quaternary times
with marine sediments [5]. Finally the Chiquibul area in the Mountain Central part
of Belize but as a continuum of these soil, show a unexplored area even to discover,
however in the area at less there are some caves records with important fauna [11].
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Figure 1.
Mesoamerican karstic vegion. Include the five study arveas: a) isthmus and Chiapas Mountain systems,
b) Yucatan peninsula, c) Alta Verapaz, d) Peten ¢ ¢) Chiquibul and karst Main Mountain.

3. Material & methods

Several explored trips where conducted on the last fifteen years around the study
area, exploring caves and cenotes in each karstic region; according with the site was
measured the abiotic data from the water (temperature, conductivity, salinity, pH,
depth, dissolved oxygen and light) using the Hydrolab Data Sonde 5, applying
SCUBA techniques; or the oximeter Oakton: dissolved oxygen (+0.01 mg/1), pH
(£001 pH), salinity (+0.01%), and temperature of the water (£0.01°C). The alti-
tude and the GPS values were recorded with a Garmin GPS [20-24]. With help to
several speleological groups were record the GPS data from each entrance, and the
photographic record of fauna has been registered. More than 100 caves were visited
as representative from all regions were recorded fishes and crustaceans and pre-
served in alcohol to taxonomic identification, and compared with previous reports.
The maps of entrance distribution to each region were done and the fauna richness
relationship analysis was made according with the procedure reported for some
subterranean systems [25], that “due the possibility to have a samples incomplete,
some estimators have been derived to predict the true number of species based on
rare species in a sample. This was calculate according with Chao [26],

S1 = Sops + (L?/2M) (1)

where Sops is equal to the number of species observed in a sample, L is the
number of observed species represented by a single individual (i.e., singletons), and
M is the number of observed species represented by two individuals in the sample
(i.e., doubletons).

Also the same authors recommend the application of Burnham and Overton’s [27]
jackknife estimators in order to reduce estimation bias in estimating species richness.
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S2 = Sops + [ (L(2n = 3)/n)-(M(n — 2)°/n(n — 1)) @)

where n is the number of samples. No direct formula for the calculation of the
variance is available”.

4, Results

4.1 Karstic areas and their aquatic diversity

d.

Figure

Chiapas Mountains (Figure 2)

The Chiapas Karstic area involve the Mountain Chain from Tehuantepec
Isthmus to Guatemala border, in there these mountains have a karstic soil and
the dissolution of limestone produce several caves. The altitude range is from
1700 to 100 meters above sea level (masl) and in these regions there are
almost 150 caves reported. The drainage from aquifer that flow to Gulf of
Mexico produce one connection with surface and many cave crustaceans had
their origins from epigeal populations. The main fishes in this region are from
Rhamdia genus with or without adaptation to cave life. In the crustaceans
decapods species there are freshwater prawns Macrobrachium sbordonii,
Macrobrachium acherontium, Cryphiops sbordonii and Cryphiops luscus;
crayfishes Procambarus mirandai, Procambarus sp. (From La Lucha system)

100 Km

2.

Caves location from isthmus and Chiapas vegion. The red points represent each entrance to subterranean

systems.
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crabs Rodriguezia adani, Avotrichodactylus bidens, and Rodriguezia spp. (From
the Ocosingo Area) (Table 1). In this region only the freshwater crabs was
recorder from literature the remain was confirmed with our fieldtrip work.

Crustaceans Fishes
Procambarus mirandai Rhamdia guatemalensis -Cosmopolitan species
Procambarus sp. (Itshmus) Rhamdia sbordonii

Macrobrachium acherontium

Macrobrachium sbordonii

Macrobrachium sp. (Isthmus)

Cryphiops sbordonii

Cryphiops luscus

Rodriguezia adani

Avotrichodactylus bidens

Typhlopseudothelphusa mocinoi

Typhlopseudothelphusa hyba

Rodriguezia villalobosi

Rodriguezia mensabak

Odontothelphusa monodontis

Table 1.
Checklist of subterranean fauna taxa of the Tehuantepec isthmus and Chiapas vegion all from freshwater
semi-dry caves.

Figure 3.
Caves and cenotes from Yucatan peninsula. The ved points represent each entrance to subterranean systems.
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b. Yucatan Peninsula (Figure 3)

This area involve three Mexican states, is the longest area in the Southern of
Mexico with a major caves formations involve the semi-dry, dry and flooded
caves, in those closed to coast with sea water and freshwater subterranean
interactions are called anchihaline systems, and their fauna is complete
different to those with all freshwater. In the Yucatan Peninsula the maximum
elevation is in Ticul Mountains, with 300 masl, However according with the
different geological times that this Peninsula emerge there are at less five sub-
regional areas, where the tropical forest are the most source of energy to
maintenance the live in underground. The fishes more representative in the
region are catfishes, Rhamdia guatemalensis, Opisternon infernale and Ogilbia
pearsei, all them in freshwater, in the same conditions the crustaceans more

abundant are Creaseriella anops (isopod), Creaseria morleyi and Typhlatya
mitchelli and Typhlatya pearsei. Whilst, in anchialine systems there are
Barbouria cubensis, Agostocaris bozanici, Agostocaris zabaletai, Anchialocaris
paulini, Procaris mexicana, Parhippolyte steveri, Yagerocaris cozumel,

Xibalbanus tulumensis, Xibalbanus cozumelensis and Xibalbanus fuchscockborni,

Freshwater habitats

Crustaceans Fishes

Creaseriella anops (Isopod) Cosmopolitan species Rhamdia guatemalensis ~Cosmopolitan species
Creaseria morleyi ~Cosmopolitan species Opisternon infernale

Typhlatya mitchelli -Cosmopolitan species Ogilbia pearsei

Typhlatya campechae

Procambarus sp.

Anchialine habitats

Barbouria cubensis

Anchialocaris paulini

Agostocaris bozanici

Agostocaris zabaletai

Yagerocaris cogumel

Triacanthoneus akumalensis

Parhippolyte sterreri

Janicea antiguensis

Calliasmata nohochi

Procaris mexicana

Typhlatya dzilamensis

Typhlatya pearsei

Xibalbanus cozumelensis

Xibalbanus tulumensis

Xibalbanus fuchscockborni

Metacirolana mayana

Table 2.
Checklist of subterranean fauna taxa of the Yucatan peninsula region.
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Metacirolana mayana, Mayaweckelia cernua (Table 2). In this case all
crustaceans was confirmed with our fieldtrip work.

c. Alta VeraPaz Region (Figure 4)

This area comprised the Mountains Chains that slope drainage to Gulf of
Mexico, there are a continuum of Mountains from Chiapas, and they are
formed mainly by karstic soil, and the elevations go to 2000 m from

Rio Salinas and Rio Xcan, that drainage to Usumacinta river in Mexico and to
Cahabon river that go to Izabal Lake. In they are the main cave formations are
in the Lanquin Area, and the springs from different rivers such the Hunalye,
Cahabon, Xcan and others. The species reported in there are: freshwater
prawns Macrobrachium vicconi in the entrance of spring of Hunalye without
cave adaptations, Macrobrachium spp. (in description process), blind crabs,
from Pseudothelphusidae family, and catfishes from Rhamdia genus. The
tropical forest is the most common adjacent ecosystems and the bat activity to
carried energy inside the caves is the principal source to maintenance the
ecological function from these underground ecosystems. In this case all
species was collected by authors.
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d. Petén Region (Figure 4)

This area is part of the Yucatan Peninsula base, where the elevations are less
evident, from 350 to 50 masl, and the drainage to underground by karstic soil
of water is more representative, here the caves are on floor level, and local
people as water source use them. In this area the principal species are
freshwater prawns Macrobrachium and crabs from Pseudothelphusidae
family. They are not showed cave life adaptations. In this region all animals
was confirmed by fieldwork from authors.

e. Chiquibul Region (Figure 5)

In Belize, there are several areas with karstic composition in the soil but only
around of Mountains Systems has been recorded caves with long formations.
Is important mentioned that close to Mexican border the soils is too similar to
rest of Yucatan Peninsula and the potential to found caves or even cenotes is
high. However, the caves recorded in Belize are mainly in Chiquibul region
among 150 to 800 msal and in Islands and Cays where has been recorded
anchialine systems. In there some crustaceans could be found as
Macrobrachium catonium, Typhopseudothelphusa acanthochela and fishes from
Rhamdia laticauda, however there are in description two new species of
Macrobrachium species and one crab from the same family. In the anchialine
systems has been reported Xibalbanus cockei. Jill Yager author that described
it confirmed only this last species.

4.2 Ecological conditions to freshwater and anchialine habitats

The geological history of this region has two main sections in first instance the
Mountain Systems Development in the different geological times was producing a
new subterranean habitats to some freshwater groups invaded these sites with a
consequently a new opportunity to speciation but they could be seen as a biological
subterranean corridor, because these species have the same selection pressures and
the changes among them are so closed. However, as has been reported each cave is a
new chance to produce some changes in the adaptation as outcome of isolation
procedure that considering this the different species of freshwater prawns, crayfish,
or crabs, in these places in average the oxygen are lower between 2 to 3 mg/l with a
saturation of 60%; at same time the pH is around the neutral values with some peaks
to alkalinity, normally all with freshwater conditions and values of temperature
around the 18 to 22°C, in all these places the measures were taken with low depth.

However, the Yucatan Peninsula have a different origin and the different ways
to colonised this subterranean habitats, our results show that in the enormous plate
the species are cosmopolitan but exclusively in they are as Creaseria morleyi,
Typhlatya mitchelli. Another big faunistic group is from anchialine group that their
marine habitats conditions there are species so very primitive as Remipedia with at
less three species around the coastal caves, or different decapod species that has
been reported with different origins, as Procaris mexicana, Anchialocaris paulini,
Agostocaris bozanici, A. zabaletai, Typhlatya dzilamensis, Barbouria cubensis, or even
Calliasmata nohochi and Yagerocaris cozumel. In this places where the anchialine
habitats are present the salinity is closed to marine conditions 36 ups, with pH
values clearly to alkalinity between 8 and 9, the oxygen dissolved are close to
hypoxic conditions 0.15 to 0.3 mg/l, with 5 or 10% of saturation. The temperature is
around the 24°C [28] an example of these behaviour is showed in the Figure 6 to
Cenote Chempita.
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4.3 Interrelationships among the karstic areas (richness analysis and biological
subterranean corridor)

The five karstic areas involved, show a differences in the species composition
and their numbers, in some places only one specimens are located, whilst another
there are hundred or even miles (Table 3). However, in the first view or richness
the Yucatan Peninsula is more diversity in the crustaceans but have two different
habitats and in the freshwater the Creaseria morleyi and Creaseriella anops are too
cosmopolitan; whilst in the coastal areas the anchialine habitats allow that species
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with more relationships with another Caribbean Islands species live, and normally
these species have a microdistribution and marine origin recent. Is evident that this
region the species that inhabiting, not share with another region.

In contrast in the Isthmus and Chiapas region the crustaceans have a freshwater
origin and their microdistribution are mainly in the locality type for several
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Karstic Regions Species Cave Specimens Richness Chao’s  Burham &
number number recorded (Cave/sp) S, Overton S,
Tehuantepec 16 150 60-90 9.3 16 18.336
Isthmus & Chiapas
Yucatan Peninsula 24 4500 >5000 180 24 25.193
Alta Verapaz 4 18 >1000 4.5 4.5 4.5
Peten 2 5 >500 2.5 2 2
Chiquibul 6 16 >500 2.6 6 6.3
Table 3.

Comparison of richness among karstic regions.

freshwater shrimp and crabs. However according with the geological development
from all these regions and this report of species distribution the subterranean
corridor existed in this case among Tehuantepec Itsthmus and Chiapas, Alta
Verapaz and Chiquibul region for Macrobrachium genus, because the all these
regions this genus inhabiting the different cave options producing several species
that have phylogenetics relationships, at the same situations occurs with
Pseudothelphusidae crab family, and of course fishes species. Currently this corri-
dor is not working to gene flow because the caves working like a barrier among
populations and the distance are very significative which not happened in the
Yucatan Peninsula where the existence of subterranean rivers has been reported.

5. Discussion

The tropical subterranean aquatic biodiversity in Central America
(Mexico, Guatemala & Belize) is higher in comparison with those temperate zones
in Mexico even, because how has been described previously there are more taxa
(Figures 7 and 8) [10, 21, 22, 29]. Although as well had been described, in other
continents are described with more detail the taxa numbers by example Europe
where the main factor to produce these numbers are the efforts occupied in explor-
ing and registered these taxa [30]. Therefore, the diversity comparison among these
regions are too difficult, because depends in first instance of the correct reports and
the effort to exploring the areas, all these data are an approximately about that the
current status of biodiversity [31], showed the status among this subterranean
diversity in the tropics using some cave as examples but is not determinant but in
the aquatic habitats the crustaceans are reported as main taxa. However, is evident
that the freshwater groups colonised in first instance those habitats close the
mountains in this biological subterranean corridor, there are another group that
cluster the Yucatan Peninsula Region and due the different origin from the
Mountain Systems allow that these species are cosmopolitan distribution [6].
Finally the anchialine species group are totally different and their relationships
are more closely with Antilles fauna [32-35]. Even among the regions there are
important differences in the diversity not only in the composition of genus or
families, too in the number of species and in the specimens registered, by example
due that the regions are big land extension is few possible that only one or two
specimens were registered, is we check the numbers of index as Chao’s or Burman
& Overton the diversity estimated increase few because the taxa included in the
analysis had a good representation in the area, someone are cosmopolitans in the
same region.
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Figure 7.

Representative cave crustaceans species in the Mesoamerican region. a) Procambarus sp.;

b) Typhlopseudothelphusa acanthochela; ¢) Macrobrachium catonium; d) Creaseria morleyi (courtesy by
Erick Sosa); e) Procaris mexicana; f) Anchialocaris paulini; g) Typhlatya sp.; ) Agostocaris zabaletai;

i) Calliasmata nohochi; j) Barbouria cubensis.

By another aspect is the subterranean environments that in first instance was
classified in dry, semi-dry, freshwater flooded, and anchialine caves as has been
reported in several opportunities [36], but in recently studies has been reported that
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Figure 8.

Representative cave fish species in the Mesoamerican region a) Opisternon infernale; b) Ogilbia pearsei
(photo courtesy of Juan Carmona; c) Rhamdia laticauda; d) fish from Bithynidae family in anchialine
ecosystems.

even in the tropical dry caves there are some different according with the temper-
ature and humidity that produce a major heterogeneity because these features are
changing in relation with outside [37, 38], and in semi-dry caves these features have
a relation with the oxygen inputs in the subterranean aquatic habitats. In the
Anchialine caves the size of freshwater lenses are the main changes to energy
entrance and the environmental stability [28]. Their ecological relation in these
subterranean systems all in tropical conditions depends of course of their energy
support and in this region there are two main ways, the alloctonous way using the
biological and hydrological process [36] and for autochthonous way producing by
chemolitotrophic procedures the energy using the chemosynthetic bacteria and
support by use of methane and dissolved organic carbon [39-41]. In the first option
the biological process involve bats that carry several seeds or insect debris, even
they self when died; some trogloxene animals that sometimes entrance to these
environments and died; but also by there are an important energy sources in cave
entrance by the sun effects, where several plants growth and some cave insects go to
entrance to feed and back to dark zones. In the second option the chemolitotrophic
organisms has been reported on the walls or ceiling as Cueva de Villa Luz in Tabasco
and even in some symbiosis with another animals using the electrons from sulphur
origin or chemoorganotrophic as the methane decomposition to produce energy as
been reported for some crustaceans [42, 43]. This energy source still are working in
the different research groups to understand in first instance how is support the life,
and the organic matter available could be the main evolutionary forces to different
process how as been reported by [15, 21, 44, 45].
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6. Conclusions

a. The subterranean diversity in fish and crustaceans species is high in relation
with the tropical surrounded environments.

b. The cave decapods is the taxa with major diversity in subterranean
Mesoamerican ecosystems

c. The energy to support this diversity had a main source from outside through
the carry of organic matter by bats or hydrological r egimens.

d. These ecosystems are strong relationship with outside tropical environments.
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Abstract

For at least several centuries, sargasso has inhabited the Atlantic Ocean, and
there are historical records of these algae reaching the Mexican Veracruz State in the
Gulf of Mexico. Blooming of sargasso in the southern tropical Atlantic is a currenta
global problem from Africa to the Greater Caribbean. Since 2015, exceptionally large
quantities of sargasso have been arriving intermittently on the Mexican Caribbean
coast, affecting coastal ecosystems and tourist beaches. Sargasso includes two holo-
pelagic species, Sargassum natans and S. fluitans, with several varieties. There are no
records of sexual reproduction in these species, and the algae are thought to spread
exclusively by clonal reproduction by fragmentation. Although sargasso seaweeds
have grown in the Sargasso Sea for centuries; they have not been well studied. This
chapter deals with historical aspects of these algae, their taxonomic and morphologi-
cal characteristics, distribution, ecology, and practical uses. Sargasso blooms in the
central Atlantic started in 2011. In later years, the bloom developed to extend from
West Africa, Brazil, and the Great Caribbean, including West-Indies, Mexico, and the
Gulf of Mexico. The pelagic sargasso is a global phenomenon that must be understood
by integrating natural history, modern biology, social and economic aspects.

Keywords: pelagic Sargassum, bloom, Sargasso Sea, Great Atlantic Sargasso Belt,
uses, historical background, algal biology

1. Introduction

The Mexican beaches of the western Atlantic Sea, particularly those of the Mexican
Caribbean in the state of Quintana Roo, are among the most visited by national and
international tourists due to their beautiful turquoise waters and white calcareous
sand. These beaches have recently been infested by huge drifting rafts of macroalgae
the genus Sargassum (Phaeophyceae); i.e. Sargassum fluitans and S. natans. In the open
ocean these rafts are refuge, substrate or nursery for many marine flora and fauna.
However, the quantities reaching the Mexican beaches intermittingly in recent year
have been massive, covering vast coastal areas, causing severe problems to marine
ecosystems and tourism [1-4]. The massive influxes and beaching of these seaweeds
have become a persistent phenomenon, which hasled to a series of investigations in
Mexico and other parts of the world, that aim to understand this phenomenon and to
develop adaptation strategies to mitigate its damage to the ecosystems and economy.
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This problem has prompted us to ask ourselves various questions of a natural
history nature: How long have these seaweed rafts been around? Have similar
bloom events occurred in the past? What is the origin of the recent blooms? These
are essential questions to understand the recent infestation and their answers may
aid to further research into mitigation of its effects in the short, medium, and long
term. We will do so from an historical and biological perspective, starting with the
algal names, which today seems trivial but has a fascinating history beginning in
the 15th century. We also recognize that it is crucial to know their correct scientific
name as the first step to study their biology. Many herbarium specimens have been
collected in the past and are awaiting to be investigated in terms of their macro-
scopic morphology, internal anatomy, molecular biology, reproduction, ecology,
and geographical distribution. We will also provide information on past and present
uses of sargasso.

1.1 Fossil and historical records of sargasso

The fossil record of sargasso species assemblages goes possibly back to the
Tethys Sea. Jerzmanska and Kotlarczyk [5] described numerous brown algae
(Phaeophyceae), together with fish skeletons from the Oligocene (33.9-23.03 mya)
in the Polish Carpathians [5]. These authors pointed out that in this fossil record
some algae were observed with air bladders inserted on branches, but without
holdfasts or attachment structures, similar to modern “pelagic forms of the genus
Sargassum” [5]. The authors hypothesize that the fish genera in this thanatocoenosis
fossil assemblage, belonging to the upper part of the upper bathypelagic horizon
(seabed at 1000 to 4000 m deep), might be formed at the bottom of a sargasso
sea, with the presence of pelagic sargasso, bathypelagic and pelagic fishes com-
parable to those of recent marine biocenoses of the Sargasso Sea. They called this
Oligocene assemblage “quasi-Sargasso”. Since there are no fossil records from the
North Atlantic, the hypothesis presented in this work is that the “quasi-Sargasso”
assemblage had its origin in the Tethys Sea and subsequently migrated towards the
Atlantic Ocean before its original habitat was destroyed by alpine folding at the
end of the Miocene [5]. Despite early fossil records of sargasso-like algae, extensive
phylogenetic analysis indicates that the diversification of the genus Sargassum was
likely relatively recent, not before the late Pliocene (5.3-2.6 mya), with its origin in
the central Indo-Pacific, and diversification into the Atlantic 0.2 to 0.4 million years
ago [6]. Following this hypothesis, the fossils found in the Oligocene Carpathians’
beds corroborate the existence of an ancestor of the genus Sargassum 36 million years
ago, with diversification in the late Pliocene. From this, we can tentatively conclude
that the pelagic species were probably present in the Atlantic long before the diversi-
fication of benthic species, which will need verification with further future studies.
Borgesen [7] mentioned that the pelagic Sargassum species were of benthic origin,
but Parr [8] pointed out that the lack of benthic species with comparable morphol-
ogy to that of the pelagic ones in the western Atlantic, casts doubt on Bgrgesen’s
hypothesis. The oldest written observation on sargasso are from Columbus; thus,
there is a great time gap between fossil records and actual sightings.

Pérez-Rubin Feigl [9] cited sightings of sargasso by inhabitants of the American
continent before Christopher Columbus’ voyage in 1492 and up to 1792 in his
detailed study on “Las algas y los antiguos navegantes espafioles (1492-1792)”
[“Algae and ancient Spanish navigators (1492-1792)”]. In Mexico, there is a record
of sargasso by the ancient Mayans. They call sargasso “U tail kaknab”, which means
“is thrown by the lady of the sea”. Possibly, this is the reason for a present-day
confusion in the Yucatan Peninsula about the term “sargazo” which is the local
name for all types of plant material found on the beach and not only sargasso or
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other Sargassum spp. [10]. But, it is very certain that they had seen sargasso among
the other beach-cast specimen. Christobal Columbus, in his “Relaciones y Cartas,”
from his first trip, mentioned the following: “en amaneciendo hallaron tanta yerba
que parecia ser la mar cuajada de ella, y venia del Oeste” (Viernes 21 septiembre
1492) [“at dawn, they found so much grass that it seemed to be the sea curdled with
it, and it came from the West” (Friday, September 21, 1492)] [11].

Sargasso is a brown pelagic alga kept afloat by their small air-filled bladders
(pneumatophores), that can form large entangled assemblages. The Portuguese
ships were often entrapped in the algal masses due to the lack of wind, giving crews
plenty of time to explore it. As these men came from a country where vines abound,
the air bladder assemblages of the seaweeds seemed bunches of grapes to them, of a
variety called “salgazo”. “Sargacinha” means grape, which comes from “sarga” (vari-
ety of grape) [12], and finally, it was derived in “sargago” or “sargagao” [13]. This
may be how this alga acquired its name. In another letter dated October 3, 1492,
Columbus commented on these algae and mentioned: “Aparecieron parcelas, yerba
mucha, alguna muy vieja y otra muy fresca, y trafa como fruta;” [“Plots appeared, a
lot of herbs, some very old and some very fresh, and they brought like fruit,” [11]. It
is probable that at this time, the Sargasso Sea was named.

The name sargasso may have yet another origin than the one described above. It
is known that in Portugal, from the Middle Ages to the 20th century, the harvesting
of algae was an economically and socially significant activity. In a letter dated March
9,1308, D. Dinis orders that the “argaco” that came from the sea, belonged to the
residents of the place, which they prepared and dried to fertilize the fields [14, 15].
Thus, the sailors on Columbus ships may have called them”argago” or “salgazo”. In this
case, the evolutionary line of the word alga> algago> argago and sargaco, is thought to
derive from argaco under the influence of another word, probably salt [16, 17].

Between 1526 and 1590, Gonzalo Ferndndez de Oviedo (1478-1557) and José de
Acosta (1540-1600) disseminated the natural sciences of America, and their texts
had a worldwide distribution at that time. After the Columbian period, authors such
as Juan Lépez de Velasco (1530-1598), Bartolomé de Las Casas (1474 or 1484-1566),
Gonzalo Ferndndez de Oviedo (1478-1557), José de Acosta (1540-1600), Pedro
Martir de Angleria (1457-1526) in their Decades (1515) and Alexander von Humboldt
(1769-1859) mentioned the “mar de hierbas” [sea of herbs] or Mare Herbidum [9].

The description by Ferndndez de Oviedo in 1535 [18] stands out because he men-
tioned “the great grassland” and named the algae on the surface of the sea “salgazos”.
Acosta [19] wrote the following: “En la muy profunday larga mar de la muy nombrada,
y no menos temida Vuelta del Sargazo (que asi se llama de los navegantes de las Indias
de diez y ocho hasta treinta y cuatro grados de la linea equinoccial de la parte del Norte)
aparece la mar llena de esta yerba, llamada sargazo. Es de un palmo: los ramillos delga-
dos y sin raiz: véase toda el agua cubierta de esta yerba en montones pegada y liada una
con otra y especulando bien le ve venir del profundo de la mar tan liada, y envuelta,
que parece cada montén una grande mata.” [“In the very deep and long sea of the much
named, and no less feared Vuelta del Sargazo (which is the name of the navigators of
the Indies from eighteen to thirty-four degrees of the equinoctial line of the northern
hemisphere) appears the sea full of this herb, called sargasso. It is of a hand span (20
cm): the thin and detached branchlets: see all the water covered with this herb in heaps
stuck together and bundled with each other and, speculating well, you see it coming
from the deep sea so bundled, and messy, that each heap seems one big clump.”’].

Alexander von Humboldt (1769-1859) was the first scientist to study the
Sargasso Sea in more detail, situating it in the eastern and American region, the
latter with the highest concentration, placing it between Bermuda and the Bahamas.
The area was well known to sailors: “An ancient tradition, which has been preserved
among the pilots of Galicia, says that this large bank of “fucus“ marks the middle
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of the route they take through the “Golfo de las Yeguas” [“Gulf of Herbs“] the ships
return to Spain from Cartagena de Indias, Veracruz or Havana, which are favored by
the current of the Gulf Stream” [20]. Humboldt interpreted this Sargasso Sea as a
community association, constituted by the algal species and an animal community
[9, 20]. Hipdlito Ruiz Lépez (1754-1816), a Spanish botanist, published his study
on sargasso and pointed out the distribution in the Atlantic Ocean between 22° to
38°N. In this study, he illustrated Fucus natans and confused its epibionts (hydro-
zoid) with anthers and pistils from vascular plants and the pneumatocysts with
seeds (Figure 1) [21]. Sargasso was mentioned in 1799 by José de Viera y Clavijo

. ! ) 5 6
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| # -
Fr. Salves det.

' FUCUS rwrmerng vernacale SARGAZO.

Figure 1.
Fucus natans L. plate taken from the taxonomic description of Hipdlito Ruiz (1798) [21]. Digital library of the
Royal Botanical Garden (Madrid, Spain).
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(1731-1813), who presented morphological descriptions and characteristics of its
habitat. Viera and Clavijo’s works were published in the 19th century [22, 23].

In the 18th century, Martin de Sessé and José Mariano Mocifio, members of the
Royal Botanical Expedition of New Spain, recognized algae and particularly sar-
gasso. In the “Catalogo de los animales y plantas que han reconocido y determinado
segun el sistema de Linneo los facultativos de mi expedicién D. José Mocifio y D.
José Maldonado” [24]. This document was found in the Archivo General y Biblioteca
del Ministerio de Asuntos Exteriores from Madrid as a manuscript: “Viaje ala

Herb, hort. bot. Haun,
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Figure 2.

Sargassum bacciferum (Turner) C. Agardh (S. natans) collected by F.M. Liebamann (1841-1843) from
Campeche Bank [C-A-99772] [25].
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costa Noroeste de la América Septentrional, por don Juan Francisco de la Bodega 'y
Quadra ..” from 1792. In this list we found Fucus natans, currently Sargassum natans,
it is clear that it is sargasso, very possibly collected in the Gulf of Mexico, perhaps
to drift; unfortunately, the exsiccata is not found in the Herbarium of the Royal
Botanical Garden of Madrid.

The first published records we have in Mexico are from Veracruz and the
Campeche Bank collected by F. Liebmann in the period 1841-1843 (Figure 2).
Liebmann was a Danish naturalist and his collections were studied by the Swedish
Phycologist C. Agardh [25]. Sargasso sightings have been reported from very
ancient times to the present day. The data obtained from natural history collections
in Mexico begin in 1841 and last until 2019. These records that are found in institu-
tional herbaria and that have also been published are presented in Table 1. Records
were located in the 5 coastal states of Mexico (Tamaulipas, Veracruz, Campeche,
Yucatdn and Quintana Roo), both coastal sargasso and the oceanic zone. The first
record we have is from Veracruz and the Campeche Bank collected by F. Liebmann
in the period 1841-1843 (Figure 2). Liebmann was a Danish naturalist and his
collections were studied by the Swedish Phycologist C. Agardh. In the 50’s and up
to the 80’ (20th century), collections of Sargassum spp. by Laura Huerta and Maria
Ana Garza Barrientos. In the 90s, the studies of K. Dreckmann, Ligia Collado and
A. Senties stand out. Studies continue in the 21st century, but mainly due to the
massive arrivals that began in 2011 until 2019.

2. Biology of sargasso
2.1 Methodology of the study of herbarium specimen

The material deposited in the National Herbarium (MEXU) of the Institute
of Biology, National Autonomous University of Mexico (UNAM) (Table 1) was
reviewed. Herbarium samples were hydrated for 24 h with seawater and a liquid
soap solution (5%). Once hydrated, they were fixed in a 4% formalin solution
neutralized in seawater. For morpho-anatomical observations, 15 pm-thick sections
were made with a microtome (Reichart Jung 820) and a Mectron cryostat with
disposable blades. Sections were mounted in a 70:30 Karo® corn syrup/water solu-
tion with a trace of phenol to prevent fungal growth [51]. A Zeiss light microscope,
model 1206 S09432, equipped with a Canon PowerShot G6 digital camera, was
used to determine the alga’s morphological characteristics. For cell measurements
AxioVision software (SE64, Rel. 4.9.1 Carl Zeiss) was used. The species descriptions
below are based on this material.

2.2 Classification and species descriptions

The study of the genus Sargassum began with the work of C. Agardh in 1820
[52]. However, this name was born from the Fucus of Linnaeus [53]. The basionym
Fucus natans was mainly applied to sargasso from the Atlantic Ocean or “Common
Gulfweed,” while S. fluitans was named “Broad-toothed Gulfweed.”

The taxonomic and nomenclatural history of S. fluitans and S. natans is explained
extensively by Silva et al. [54]. The genus Sargassum from the order Fucales is a
diversified genus with almost 361 species [55]. Identification of the species may
be problematic due to their polymorphic character and phenotypic plasticity [56].
Traditionally, classification was based on the blade morphology, the margins of the
blades, blade midrib, the pneumatophores (air bladders), the branching, degree of
branching, and morphology of the receptacles (reproductive organs) [57].
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The genus Sargassum has received increasing attention since 1985 [57]. At
first, four subgenera were recognized: Sargassum, Arthrophycus, Bactrophycus, and
Phyllotrichia. The subgenus Sargassum is the most diverse one, and it is divided into
three sections: Zygocarpicae, Malacocarpicae, and Acanthocarpicae [57]. Recently,
the traditional classification has been put to the test using nuclear, chloroplast,
and mitochondrial markers. One of the resulting outcomes was polyphyly of the
section Acantocarpicae, which was subsequently considered as a synonym of
the section Sargassum. Also, based on molecular analysis, S. natans was placed in
section Sargassum, because its receptacle morphology cannot be verified [57] since
until date only its vegetative form is known. At present, the genus has only two
recognized subgenera: i.e., Sargassum and Bactrophycus, with nine sections found in
temperate and tropical latitudes [58].

In Mexico, both pelagic species, S. fluitans and S. natans have been recorded [50, 59].
According to Parr [8], there are three morphotypes or ecotypes for the Mexican region.

Figure 3.

Sargassum fluitans type III. A: Stems of the branches with three spines (arrows), spineless pneumatophores
with many more or less wide blades (NI-MEXU 2459); scale 2 cm. B: Cross section of the leaf shows the midrib
and a cell layer in the cortex. C: Cross section of the stem. D: Cross section of the pneumatophore formed from a
thick layer of cells. Scale bars: 200 pm.
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It is essential to point out that Parr [8] did not follow the International Code of Botanical
Nomenclature [60] while designating its types, so his designations are considered an
artificial classification. However, due to the massive sargasso invasions on the western
Atlantic Ocean, Parr’ classification of the morphotypes is useful.

Classification: Phylum Ochrophyta; Class Phaeophyceae; Subclass
Fucophycidae; Order Fucales; Family Sargassaceae; Genus Sargassum; Subgenus
Sargassum; Section Sargassum.

Descriptions from Mexican material:

Sargassum fluitans (Bergesen) Borgesen, 1914b: 66, footnote. Type locality:
Sargasso Sea [7]. Figures 3 and 4.

Homotypic synonym:

Sargassum hystrix ]. Agardh var. fluitans Borgesen, 1914a: 11 [61].

Figure 4.
Sargassum fluitans type III (Puerto Movelos). Scale bar: 1 cm.
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Pelagic specimens (up to 1 m; usually 20-30 cm long) of yellowish-brown color
are forming rafts of variable sizes. Cylindrical axis 0.4-1.8 mm thick, smooth or
with few spines near the apex, with a well-formed midrib in the center surrounded
by rounded cells and a single layer cortex of cells (Figure 3A,C). Blades with short
pedicels of 1-5 cm long by 1-4 mm wide, 423 pm thick in the distinctive midrib;
blades firm, lanceolate in shape and pointed apices, serrate margins with broadly
flattened teeth at the base; in cross-section, a well-formed midrib is observed in
the center surrounded by polygonal medullary cells protected with a cortex of a
layer of quadrangular cells (Figure 3 A,B). Cryptostomatas (sterile cavities with
hairs) absent. Pneumatophores at the base of the blades 2-5 mm in diameter, with
a pedicel of 3-4 mm without wings; in cross section with two cell layers, the outer
cortex with smaller cells (Figure 3 A, D). Unknown receptacles.

Figure 5.

Sargassum natans type 1. A: Smooth branches with distal spine on pneumatophores (arrow) and narrow blades
(NI-MEXU 2603). B: Cross section of the blade shows the midrib and a cell layer in the cortex. C: Cross section
of the pneumatophore formed by a thick layer of cells. D: Cross section of the stem. Scale bays: 200 um.
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Sargassum fluitans Type III [8]. Figures 3 and 4.

Upon close examination, the main axis can be differentiated from the secondary
ones with few branches with spines in distal areas. Pneumatophores (1.4-2.9 mm
diam.) are more abundant than the oblong blades, without a spine. Always sterile,
without receptacles.

Distribution in Eastern Americas [55, 62]: North America: Bermuda, Florida,
Louisiana, Massachusetts, Mexico (Gulf of Mexico and Mexican Caribbean), North
Carolina, Texas, Virginia. Central America: Belize, El Salvador, Panamad. Caribbean
Islands: Bahamas, Barbados, Caribbean, Cuba, Hispaniola, Jamaica, Lesser Antilles,
Martinique, St. Eustatius, Virgin Islands. South America: Colombia.

Sargassum natans (Linnaeus) Gaillon, 1828: 355 [63]. Figures 5-8.

Homotypic synonym:

Fucus natans Linnaeus, 1753: 1160 [53] (lectotype locality: “Indica”, probably
Jamaica fide [54, 64].

Heterotypic synonym:

Fucus baccifer Turner, 1802: 55-60 (“bacciferus”) [65].

Figure 6.
Sargassum natans type I (Puerto Morelos). Scale bar: 1 cm.
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Figure 7.

Sa%gmsum natans type VIII. A: Smooth branches with epibions, spineless pneumatophores and wider

blades (NI-MEXU 3604). B: Cross section of the blade the midrib is not observed. C: Cross section of the
pneumatophore formed by a very thick layer of cells. D: Cross section of the stem with a very reduced midrib.
Scale bars: 200 um.

Pelagic species branching in several directions, of variable size up to up to
60 cm; usually 20-30 cm wide. Main axis absent, 0.5-2 mm thick, without spines,
and with a wiry appearance; in cross-section, in the center, a midrib is observed,
surrounded by subspherical cells and a cortex of a layer of quadrangular cells
(Figures 5A, 6, 7A,B). Blades firm, linear, or lanceolate with the apices pointed,
1-4 cm long by 1-5 mm wide, serrated margin with elongated and acute teeth;
in cross-section, a conspicuous midrib (329 pm thick) is observed in the center
surrounded by few rounded cells and with a cortex of a layer of quadrangular cells
(Figures 5A,B, 7A,B); cryptostomatas absent. Blades relatively sparse; generally,
a gradual reduction in the secondary branches’ size is presented. Pneumatophores
abundant, spherical in shape, 2-6 mm in diameter with a 2-5 mm pedicel, with or
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Figure 8.
Sargassum natans type VIII (Puerto Morelos). Scale bar: 1 cm.

without spine (Figures 5A, 6, 7A, 8) with branching alternate, or at the base and
a small leaf-shaped projection; in cross-section, a thick layer of round cells with a
hollow center and a cortex of a single layer of cells is observed (Figures 5C, 7C).
Fertile specimens never found.

Sargassum natans Type I [8]. Figures 5 and 6.

The relative ratio of blades/pneumatophores is 2: 1, pneumatophores 2.1-3.6 mm
diameter with frequently a distal spine. Blades linear to narrowly lanceolate,
1-40 mm long, and 1-3 mm wide.

Sargassum natans Type VIII [8]. Figures 7 and 8.

Pneumatophores numerous, 2-5 mm in diameter and larger than Type I, with
a pedicel (1-4 mm), spine absent and central axis evident. Lanceolate blades are
wider than Type I.
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Distribution in Eastern Americas [55, 62]: North America: Florida, Louisiana,
Maritime Provinces, Massachusetts, Mexico (Gulf of Mexico and Mexican Caribbean),
Newfoundland, North Carolina, Texas, Virginia. Central America: Belize. Caribbean
Islands: Bahamas, Barbados, Caicos Islands, Caribbean, Cuba, Hispaniola, Jamaica,
Lesser Antilles, St. Eustatius. South America: Brazil, Colombia.

The features to identify Sargassum fluitans (including Type III) specimens cor-
respond to a branched thallus, with lanceolate or linear blades, with an irregularly
toothed margin, slightly oblong pneumatophores and an axis with mainly apical
spines; this corresponds to Parr’s [8] description. There is an incongruity with
Borgesen’s original description of material from the Sargasso Sea [7] with large
and clearly visible cryptostomatas. Taylor [50] described, however, the absence
or presence of only a few cryptostomatas and pneumatophores without a distal
spine. Littler and Littler [59] also indicated few or no cryptostomatas. We did not
observe cryptostomatas in Mexican material, as was also found in other studies of
Caribbean material [66, 67]. Another characteristic that coincides with [50, 59]
is the prominent midrib of the blades of the specimen in the MEXU herbarium
(Figures 3A-C).

In the Mexican material, S. natans differ from S. fluitans by the absence of spines
on the axis. The blades are linear or lanceolate, and the margin is serrated with
elongated teeth, cryptostomatas absent, spherical pneumatophores with a pedicel,
and often a thorn present depending on type I. Although Taylor [50] and Littler and
Littler [59] agreed with almost all the characteristics of S. natans, they mentioned
that the midrib is not prominent and the pneumatophores have a long spine, coin-
ciding with the material of MEXU corresponding to S. natans type I together with
the linear blades. S. natans type VIII has a thallus also free of spines on the axis and
the pneumatophores. It has broader blades with a lanceolate shape, and it is consis-
tent with Taylor [50], without a prominent midrib (Figures 7B, 8). In the MEXU
material, the pneumatophores wall is slightly thinner in S. fluitans (231-318 pm,
Figure 3D) than in S. natans (362-392 yum, Figures 5C, 7C). In both species, the
receptacles are unknown.

2.3 Molecular biology

The identification of Sargassum species often requires both extensive mor-
phological studies of specimens and molecular analyses. For molecular identi-
fication of Sargassum species, the use of genetic DNA markers such as nuclear
ITS-2, a portion of the partial RubisCO operon or rbcL chloroplast, the variable
intergenic mitochondrial spacer mtsp, and the universal mitochondrial markers
COI and COX3, have been proposed. However, these barcode markers are less
efficient when intraspecific variability and interspecific divergence overlap, as
is often the case for Sargassum spp. [68]. So far, nuclear ITS-2 and partial plastid
RubisCO have been ineffective to identify morphologically different species, but
mitochondrial markers (mtsp, COI, and cox3) may have more potential for this
purpose [69].

In the Mexican coasts of the Atlantic Ocean, 16 species of Sargassum [70]
have been reported, and 24 species have been identified for the region from
North Carolina to Brazil [62]. However, according to recent molecular stud-
ies on species diversity in Mexico, the number of species is lower than initially
thought [70]. Sargassum species diversity is likely to be overestimated [56].

A recent phylogenetic analyses using three independent molecular markers
(COI-5P, ITS-2, and rbcL) for Mexican species found that ten previously reported
species (S. bermudense, S. buxifolium, S. cymosum, S. filipendula, S. furcatum,

S. hystrix, S. polyceratium, and S. vulgare) were grouped into a single polytomy,
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with low genetic diversity [29]. Surprisingly, the two pelagic species, S. fluitans
and S. natans, were also included in this polytomy. However, further studies

on authentic Sargassum materials (types), using higher resolution markers, are
needed to validate such a taxonomic proposal. Species diversity has not yet been
assessed using a multigene molecular approach, where a higher resolution would
be expected using concatenated sequences [71]. Integrative investigations of
morphology, life-cycle, and molecular analyses are essential to better understand
the taxonomy of Sargassum.

2.4 Reproduction

As all species in the genus Sargassum, sargasso has a diploid thallus, and clonal
reproduction is the only mechanism of propagation known for the sargasso spe-
cies until today. Neither S. fluitans or S. natans have been seen to multiply sexually.
Vegetative reproduction occurs by fragmentation of old thalli sections (with epibi-
onts) that disintegrate breaking apart, and the newly formed fragments grow again
[68]. Generally, no clearly obvious main axes are observed as is the case in benthic
species attached to a substrate.

Moreira and Sudrez [72] found beach-cast specimens of Sargassum spp. in
Cuba having fertile receptacles with male or female sexual structures; however,
they did not present photographs, and from the illustrations it may be deduced
that the thalli were partly decayed, making difficult the identification of these
specimens to species level or their habits (pelagic or benthic); however, it is
worthwhile to follow up this observation and confirm the identidy of the fertile
specimes. Only S. fluitans presents occasional cryptostomatas; as Simons [73]
indicated, cryptostomatas, although sterile, are homologous to conceptacles
(reproductive structures).

In benthic sargasso species, female oogonia are exposed outside the conceptacle
through the ostiole, remaining attached to the receptacle, which is a modified
terminal structure of the thallus that contains the conceptacles, whose function
is to produce reproductive cells. The conceptacle is a cavity (crypt) immersed in
the surface of the thallus with an ostiole (opening) to the outside that contains the
reproductive structures or gametangia retained by a mucilaginous stalk. Once the
sperm is chemically attracted to the oogonium and fertilization occurs, the zygote is
released from the receptacle driven by light and temperature cues [74]. The young
thalli of benthic Sargassum species come into contact with a solid substrate, on
which they will produce rhizoids and growing axes. Until now the absence of sexual
reproduction in pelagic Sargassum species remains an enigma, but the drifting thalli
are perfectly capable of growing vegetatively through fragmentation when they are
transported by the marine currents and winds [75].

2.5 Distribution, ecology, and origin

The genus Sargassum is distributed in all the world’s oceans, except for
Antarctica [68]. The highest concentration of sargasso (pelagic Sargassum species)
used to be in the Sargasso Sea, in the subtropical clockwise circulating gyre in
the North Atlantic, delimited by the Gulf Stream on the western edge, the North
Atlantic Current in the north, the Canary Current in the east and the North Atlantic
Equatorial Current in the south. Satellite images have allowed for easier and more
comprehensive ways to track the sargasso distribution (e.g. [76, 77]). The accumu-
lations of the sargasso in the Sargasso Sea can be massive (hundreds square meters),
completely segregated, distributed in small patches (several to tenths of square
meters), or along lines due to the Langmuir circulation [78]. Small or occasionally
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larger quantities of sargasso from the Sargasso Sea have always been arriving inter-
mittingly to the coasts of the Mexican Caribbean and the Gulf of Mexico when, due
to high-pressure anomalies, the algae from this sea were transported southwards,
and subsequently introduced into the Caribbean through the Windward, Mona
and Anegada Passages, caught up by the Yucatan Current and then re-entering the
Sargasso Sea directly through Florida Straits or after passing through a loop in the
Gulf of Mexico (The Sargasso Loop System) [79]. Sargasso moves through this
large area from spring and early summer, heading towards the Sargasso Sea during
autumn and early winter just north of the Bahamas [80]. In certain years, massive
quantities of sargasso have beached in the northern Gulf of Mexico, especially in
Texas, during the summers [80]. But, in 2011, a new area of concentration was
found in the southern tropical Atlantic near the Equator, i.e. Northern Equatorial
Recirculation Region (NERR) [81]. Since then, sargasso has been introduced
intermittingly into the southern Caribbean, to be transported northwards by the
Caribbean and Yucatan currents. This new area of concentration of sargasso in the
NERR, from the eastern coast of Africa to Brazil, throughout the Caribbean, and
into the Gulf of Mexico has been named the Great Atlantic Sargasso (Sargassum)
Belt (GASB) by Wang and collaborators [77]. In the peak month of June 2018, the
GASB covered 6000 km” with an estimated 20 million tons of algal mass, mak-
ing this the largest macro-algal bloom ever recorded [77]. The algal masses in the
GASB show large interannual variability, which to date has been difficult to predict
[77]. The influx of sargasso into the Caribbean shows a seasonal pattern, as the
North Equatorial Counter Current breaks down from January until May; thus, the
generated westward surface flow transports sargasso into the Southern Caribbean
Sea [77, 82]. Once released from the NERR and transported into the Caribbean,
sargasso flows through the Caribbean and (possibly) the Gulf of Mexico to end
its journey in the Sargasso Sea [83]. The pelagic masses of sargasso arrive on the
Mexican coasts approximately 2-3 months after their introduction into the southern
Caribbean. Southeastern trade winds transport the sargasso masses accumulated in
the Yucatan current towards the Mexican coast inundating the beaches with algae at
seasonal intervals from March/April until August/September (Figure 9) [37, 84].
Sargasso exhibits higher growth rates at higher temperatures (until 30°C) [85] and
cannot survive in waters below 18°C [8, 86]. Sargasso in the Sargasso Sea usually has
low productivity and a bright yellow color [8], typical of nutrient-depleted popula-
tions. Neritic populations (closer to the coast) have greater availability of nutrients
(mainly N and P) and develop a deeper brown color, attaining higher photosynthetic
capacity (Pmax) and productivity; alkaline phosphatase activity is lower in these
nutrient-enriched algae compared to those from the Sargasso Sea, and their tissue
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Figure 9.

Biomass of beached fresh sargasso on a beach at Puerto Morvelos in the north of the Mexican Caribbean
between the summers of 2016 and 2020. The horigontal gray line indicates the minimal biomass when
Sargasso-brown-tides (Sbt) are observed (modified from [37]).
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concentrations of N and P are higher [87]. Sargasso in the Sargasso Loop System
(from the Sargasso Sea to northern Caribbean, and back to th Sargasso Sea directly or
through the Gulf of Mexico, see above) acquires nutrients when it passes through the
nutrient-rich Gulf of Mexico; thus, there appears to be a neritic-oceanic coupling in
this loop system that could have facilitated the adaptation of sargasso to large dif-
ferences in nutrient availability, maintaining population in oligotrophic waters but
rapidly responding to increasing nutrients when available. This capacity to rapidly
respond to increasing nutrients may have contributed to the bloom of these algae once
introduced into the more eutrophic NERR (than the Sargasso Sea) in 2010/2011.

The different conditions in the Sargasso Sea and NERR may also partially
explain differences in specific composition of the sargasso masses in these regions.
Studies from the 1990s to 2015 [73], found that S. natans I was the most important
species in the Sargasso Sea (87%). However, sargasso in the Atlantic Ocean east of
the Antilles and the Caribbean in 2014 and 2015 had different specific composition:
S. natans VIII dominated the western tropical Atlantic (87.3% wet weight), the east-
ern Caribbean (95.3% wet weight), and the Antilles Current (92.0% wet weight)
[88]. Sargassum fluitans 111 generally predominated with more than 60% of the total
wet biomass; S. natans VIII decreased gradually from 2016 to 2019 but increased
again in the beginning of 2020. S. natans I almost absent in 2015-2017, appeared in
2018 when it comprised on average 23% of the total sargasso in 2018, increasing in
relative abundance from then onwards 2020 [37]. Garcia-Sanchez et al. [37] pro-
posed that differences in abundance of species and their morphological forms could
be explained multiple origins of the sargasso transported onshore, or may reflect
variable environmental conditions in the seas where they passed through, since
sargasso species have different thermal tolerances and growth rates.

In the open ocean, pelagic sargasso represents a diverse community, and it is
a critical habitat recruitment area for macrofauna at various development stages,
with a complex trophic network of energy flows among herbivores, predators,
and detritivores [89]. Sargasso rafts providing breeding and development area
for various fish of ecological and commercial interest [90]. For example, the
larval fish of the European eel (Anguila anguila) and the American eel (Anguilla
rostrata) hatch and grow in the Sargasso Sea to travel to respectively the European
and American continent as juveniles, to return to the Sargasso Sea later in life as
sexually mature adults to spawn [91]. Sea turtles are transported by ocean cur-
rents and eventually reach sargasso mats providing them with shelter and food
[92]. The Sargasso Sea has at least ten species of invertebrates and two vertebrates
that are endemic to the Sargasso Sea, including the sargasso fish (Histrio histrio),
and the sargasso nudibranch (Scyllaea pelagica) [90, 93]. Floating masses of
sargasso in the Gulf of Mexico are home to of 33 species of macrofauna, including
Callinectes sapidus, Latreutes fucorum, Portunus sayi, Portunus spinicarpus, Mugil
sp. and Balistes capriscus, and they are considered of importance for the fisheries
in the Gulf region [94]. On the other hand, there is evidence that certain deep-sea
fish and invertebrates consume the remains of sargasso and associated epibionts
exported to the bottom; thereby contributing to the maintenance of deep-sea
communities [95]. The superficial influence of the wind causing the Langmuir
circulation leads to the formation of algal rafts in the form of rows. Langmuir
circulation can sink the algae until a depth (up to 8-10 m), where the sargasso may
maintain neutral buoyancy; as the algae age or accumulate epibionts these sub-
surface masses may sink following the benefits of sargasso, until reaching a depth
with higher pressure that causes the implosion of the pneumatophores, resulting
in total sinking to the deep-sea floor [95]. The sunken sargasso contains large
amounts of carbon, and may thus be an important sink of organic carbon, helping
to mitigate global climate change [96].
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Beach-cast sargasso, in small quantities, provides food for various coastal spe-
cies such as amphipods which in turn they are food for birds; it enhances stability
to dunes, and it prevents beach erosion [89]. Massive obnoxious quantities of
beach cast sargasso have been recorded intermittingly in Texas since the 1890s [97].
Although the recent accumulation of sargasso in the Great Atlantic Sargasso Belt,
since 2011, is a new phenomenon, these algae have been previously mentioned (since
1929) [98] in the floristic list from Brasil, the Caribbean islands, and mainland
Caribbean [99]. Beach-cast macroalgae, including red, brown, and green algae, with
species of the genus Sargassum often being the most frequent and abundant, have
been frequently observed in the coastal areas of the Mexican Caribbean [100]; thus,
beaching of sargasso are not of recent occurrence in this region (Table 1). However,
the quantities of beach cast sargasso in the Caribbean used to be small or moderate;
whereas since 2011 (and since 2015 in Mexico), they can be massive at times.

3. Golden and Sargasso Brown tides

Floating sargasso in the open ocean is considered a valuable habitat (see above),
and has also been named “the golden floating rainforest of the Atlantic Ocean”
by Lafolley and collaborators [101]. Smetacek and Zingone [96] used the name
“Golden Tide” for sargasso; which reflects this value and the yellow brown color of
the floating sargasso masses in the oligotrophic open ocean. As indicated above, the
“golden forest” in the Sargasso Sea has likely existed for very long time; long enough
for endemic species to evolve and species such as the European and American eels
to adapt their life cycle to its persistence through time. Although large masses of
sargasso from the Sargasso Sea has been arriving at intervals to the US coast of the
Gulf of Mexio, in the 1990s, agricultural fertilizers and other pollutants in the USA
were linked to unusual accumulations of sargasso biomass at the Mississippi River’s
mouth between Florida and Texas [87].

The large accumulation of sargasso in the Great Atlantic Sargasso Belt, first
reported in 2011, is only a decade old [96]. Sargasso is not new for the southern tropi-
cal Atlantic as indicated by the above-mentioned historical reports, but its sudden
increase or bloom is a new phenomenon. It is thought that this may have been caused
by a combination of various events, all related to human interference with the plant’s
biogeochemical cycles. It has been attributed to climatological changes related to the
sea surface temperature (SST) and an anomaly in North Atlantic Oscillation (NAO)
during 2009-2010, which may have introduced large “seed populations” of sargasso
into the African side of the NERR [89]. The NERR naturally has more nutrients and
is warmer than the Sargasso Sea, providing a more favorable environment for algal
growth. Similar to the blooms of other algal species occurring in other parts of the
world [102], the current reasoning is that these blooms are associated with an increase
in nutrients input into the sea. Upwellig patterns along the African coast have been
changing, bringing more nutrients into this oceanic region [77]. Also, increasing
Sahara dust storms may have increased nutrients in the NERR [103], as well as increas-
ing nutrient load from river discharges, such as the Congo in Africa or the Amazon in
Brazil [77]. Sargasso has higher productivity in neritic waters, rich in nutrients, than,
in oceanic waters, deficient in nutrients [88]; in neritic waters, sargasso doubled its
biomass in 11 days in contrast to the 50 days in oceanic waters [104]. In addition, sar-
gasso has no physical barriers for expansion, no competitors, and no large herbivores.

Mexico started to receive unusual quantities of sargasso late 2014, and the first
massive beachings were reported in 2015 [4]. A general overview of the massive
influx of sargasso into Mexico has been presented recently by Chavez and col-
laborators [84]. The first significant influx of sargasso was in the summer of 2015,
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when on average 319 m’ of sargasso were removed per km of beach per day in the
northern part of the Mexican Caribbean [4]. Satellite images of sargasso in front of
the Mexican coast revealed large interannual fluctuations in abundance, reaching a
maximum cover of 22,900 ha in September 2018 [84]. Generally, large abundance
in the ocean corresponded with larger quantities on the beaches, although not all
coasts were equally impacted. During the peak years of 2018 and 2019, on aver-

age 3.2 x 10’ and 1.7 x 10° m® were collected per month, per km of beach in the
Northern Mexican Caribbean, respectively [84].

The excessive amount of sargasso on the beaches generates problems for produc-
tive sectors such as tourism. Decaying sargasso covers the beaches with a brown
mud; its decomposition emits an unpleasant smell that attracts insects and can cause
serious health problems. The business sector and the local, state, and federal govern-
ments are concerned about the consequences of the damage the emblematic image
of these pristine turquoise beaches would bring to the tourist activity in the region
[2]. Economic parameters such as the billing rate, jobs, and the hotel activity in this
region, did not detect a discernible impact on the state’s economies during 2018 and
2019 [2]. However, hotel occupancy has declined and some hotels have invested
major efforts in maintaining their beach fronts free from sargasso [84].

Massive beaching of sargasso are creating havoc to Caribbean coastal ecosys-
tems as leachates and particulate organic matter from the stranded decaying algal
masses deplete oxygen, reduce light and deteriorate water quality, which leads to
the mortality of nearshore seagrasses and fauna, interference with seaward journeys
of juvenile turtles, enhance beach erosion, and changes in trophic dynamics of
benthic organisms. Excessive nutrient concentrations caused by sargasso leachates
have been measured until the reefs, and release of heavy metals sequestered by
sargasso (such as arsenic) are also of concern (summarized in [84]). This is why van
Tussenbroek and collaborators [99] suggested the term Sargasso (Sargassum) Brown
Tide instead of Golden Tide; to refer to the decaying algal masses washed ashore,
coloring the near-shore waters with a dark, murky brown color.

4. Uses of sargasso and perspectives

The oldest known record of the use of sargasso was that of the Portuguese
physician and naturalist Cristébal de Acosta (1515-1594). Acosta, in his “Treatise
on drugs and medicine of the East Indies” of 1578, described the sargasso located
between 18 and 30° N, that is, in the eastern part of America. He noted that this
hearty herb was pickled and flavored with fennel. He claims that he fed it raw and
cooked to a sailor with “bad urine” [urinary tract infections] and claimed that
he did it well and the sailor took it to his house when they disembarked [19]. In
1750, Georg Eberhard Rumphius (1627-1702), a Dutch naturalist famous for his
“Herbarium amboinense”, described sargasso with narrow and long leaves, without
roots, which are boiled and drunk with great success against the water accumulated
in the kidneys. [105]. In his “Dictionnaire raisonné universal d’histoire naturelle”,
Jacques Christophe Valmont de Bomare (1731-1807) described sargasso from the
west coast of Africa in 1764 and identified it as Fucus natans, which is eaten in sal-
ads, he also uses it to facilitate delivery, it is used against urine retention and against
scurvy [106]. In 1771, Dr. Vicente de Lardizabal Dubois (1746-1814) in his treatise
on sargasso “The consolation of the navigators”, called it sea lentil or watercress
that served as food for birds and cattle on boats and as beneficial medicine against
scurvy [107]. Years later, Dr. Antonio Corbella published a dissertation where he did
not recommend sargasso for scurvy, which could be better cured with a traditional
vegetarian diet and lemon juice [14]. Sargasso was mentioned in 1799 by José de
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Viera y Clavijo (1731-1813), who presented morphological descriptions and charac-
teristics of its habitat; he cited the uses published by Lardizabal. The works of Viera
and Clavijo were published in the 19th century [22, 23].

In the 20th century and the beginning of the 21st, many research efforts and
technological developments of sargasso have been developed. Sargasso can provide
sustainable alternative routes based on renewable raw materials that can provide
biofuels (biofuels, biomethane, nanocarbon), obtaining chemicals such as sugars,
proteins, and alginates and fucoidans. Also purchase pharmaceutical products
(antiproliferative, antiprotozoal, antioxidant, hepaprotective, antileishmanial),
fertilizers, cosmetics (for hair treatments), bioplastics, biopolymers, cellulose, and
other products such as materials to make shoes, bricks, varnishes, paper, cardboard,
as well as services on environmental impacts (leachates) and on bioremediation.

Table 2 summarizes the uses that have been implemented in contemporary
Mexico. Sargasso is not feasible for the production of biodiesel due to low concen-
trations of lipids and fatty acids, so other biofuels have been explored through the
fermentation and anaerobic digestion of sargasso biomass to obtain liquid fuels such
as ethanol or biogas such as biomethane [109]. The Renewable Energy Unit, Centro
de Investigaciones Cientificas de Yucatan AC (CICY), investigates sargasso with a
fungal pretreatment that produced a 20% increase in methane yield [112].

Alginates are phycocolloids present in all brown algae, including sargasso. S. flui-
tans from the Caribbean, particularly in Cuba and Puerto Rico, with alginate yields
of 16-19% [122, 123]. Sargasso yields are lower than those of other brown algae such
as Macrocystis pyrifera, yielding 26.5 to 35.9% [124]. In Mexico, the Alquimar indus-
try has two patents on alginate extraction technologies from sargasso (Table 2).

Some bioactive molecules to combat diseases caused by protozoa or substances
that have a hepaprotective or antioxidant nature are under investigation, but with
good results for the near future [119-121].

The Salgax company, among other companies, already has sargasso based
fertilizers for sale with a sale price of $ 24 US for a 5-liter jug, in addition to other
cosmetic products [111]. Other companies manufacture footwear and bricks with a
majority percentage of sargasso [109, 115], among other products (Table 2).

Some research centers focus on bioremediation and leachate control processes
such as the Center for Applied Physics and Advanced Technology (CFATA) and
Autonomous National University of Mexico (UNAM) [109] or, in the case of biopoly-
mer development, the Open and Distance University of Mexico of Quintana Roo [114].

However, despite the effort that has been achieved in the region of Mexico there
are still some characteristics of sargasso that can hinder or interfere with some uses.
Algae are known to be excellent at absorbing heavy metals and other pollutants,
particularly arsenic [38]. Sargasso from the Mexican Caribbean has high arsenic
concentrations (24-172 ppm), depending on the region. Sargassum natans VIII
showed the highest concentration (123 ppm) and in the lowest concentration S.

fluitans 111 (59 ppm) and S. natans I (55 ppm); however, in all morphotypes, arsenic
exceeded the allowed limits (40 ppm DW). Arsenic concentrations are a concern
both for environmental and aquifer contamination and for its use as food or biofer-
tilizer [38]. Further studies are required to find out which arsenic speciation is more
toxic (inorganic or organic arsenic such as arsenate and arsenite) and to investigate
which parts of sargasso are more likely to absorb arsenic (stems, pneumatophores)
[125]. Apart from arsenic, sargasso is high in salt and ash. Salt removal is expensive
as it requires the use of large amounts of fresh water.

Sargasso is free, but it is expensive to collect and often requires specialized
machinery depending on whether it is harvested from the ocean or from the beach.
It is also necessary to take into account its storage due to the toxic gases it gives
off, such as hydrogen sulfide and ammonia, together with the leachate generated,
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Use End product/ Name of company / Ref.
Research Research institution
Agricultural Fertilizers and Alquimar [108]
fucoidan extract
Substrate for growing Yucatan Scientific [109]
mushrooms Research Center
(CICY), Postgraduate
College, Puebla
Campus & Popular
Autonomous
University of the State
of Puebla (UPAEP)
Organic fertilizer and Grupo MD [110]
cellulose
Fertilizers Salgax Biotecnologia [111]
Marina Aplicada S. de
R.LdeCV
Animal feed Non-traditional National Institute of [109]
ingredients Medical Sciences and
Nutrition Salvador
Zubirdn (INCMNSZ)
Biofuels Biopellets & bioplastic Energryn / Solesyto [109]
Cellulose Grupo MD [110]
Biomethane Renewable Energy [112]
Unit, Scientific
Research Center of
Yucatdn AC (CICY)
Biomass National Technology [109]
(Sargassum + organic of Mexico / IT of
waste), nanocarbons Cancun
and extracts
Bioplastics Bioplastics Abaplas [109, 113]
Biopolymer Open and Distance [114]
University of Mexico
of Quintana Roo
Bioremediation & Removing Center for Applied [109]
purification contaminants such as Physics and Advanced
metals, sulphates and Technology (CFATA),
pigments (phenolic Autonomous National
compounds) from University of Mexico
water (UNAM)
Activated carbon Transporte Maritima [109]
Mexicana (TMM)
Footwear Shoes Renovare [115]
Construction material Bricks “Sargablock” Blue Green (Casa [109]
Angelita)
Cosmetics Capillary treatment Salgax Biotecnologia [111]
Marina Aplicada S. de
R.LdeCV
Environmental impact Eco-toxological impact Institute of Marine [109]

of sargasso leachates

Sciences and
Limnology, UNAM
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Use End product/ Name of company / Ref.
Research Research institution
Paints Wood varnish Salgax Biotecnologia [111]
Marina Aplicada S. de
R.LdeCV
Paper and cardboard Paper products & Dianco México [109, 116]
products fertilizer
Paper, notebooks Salgax Biotecnologia [111]
Marina Aplicada S. de
R.LdeCV
Sarganico Productos [117]
sustentables
Pharmaceuticals & Fucoidans Alquimar [108]
biomedical
Cytotoxic, Department of Marine [118]
antiproliferative, and Resources, Unidad
antiprotozoal Mérida, Yucatan
(CINVESTAV)
Fucoidans: Protective Hospital de [119]
effect against oxidative Especialidades, 1.
stress Garcia Téllez, National
Medical Center,
Mexican Institute of
Social Security (IMSS)
Hepatoprotective Hospital de [120]
effect of a fucoidan Especialidades, I.
extract Garcia Téllez, National
Medical Center (IMSS)
Antileishmanial CINVESTAV [121]
Phycocolloids Alginate, fucoidans & Alquimar [108]
fertilizer
Table 2.

Current uses of pelagic sargasso of Mexico (Sargassum spp.)

which can contaminate groundwater. As we can see, there are still enormous chal-
lenges to overcome. However, developing an ecological pretreatment method by
incorporating the use of low-cost ionic resins to remove contaminants and promote
cell fracture by solubilizing the polymers contained in sargasso would be methods
that could be explored in the future and also the biorefineries concept; based on
sargasso in Mexico, which would produce a feasible techno-economic model for the
region (Paula Sinchez. Com. per.).

Creating a political or governance framework to manage the influx of sargasso
and standards for the comprehensive management of sargasso and the availability
of funds will be challenged to achieve in the future. It is our duty to encour-
age entrepreneurship, incorporating the newest scientific and technological
advancements..

5. Conclusions
* Historical records of sargasso go back to centuries XV to XXI, not only in the
Sargasso Sea but also throughout the Caribbean. Although there is also a pre-

Hispanic record
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* The taxonomy of the genus Sargassum and the position of the pelagic Sargassum
species (sargasso) still require further research.

* The absence of sexual reproduction is an enigma; further life-cycle studies and
population genetic studies may shed further light on it.

* In the past sargasso has been used to treat urinary tract problems, to facilitate
delivery, and also as food; it may be worthwhile to follow this up with further
research.

* Sargasso in the open ocean is a Golden Tide, sustaining and providing energy
for a diverse community, and serving as a nursery or refuge for commercially
important or iconic species.

* Sargasso may be an important sink of organic carbon, helping to mitigate
global climate change.

* The sargasso blooms in the NERR (North Equatorial Recirculation Region)
since 2011, creating the Great Atlantic Sargasso Belt, are likely the new normal
condition for the region.

* Likely causes of this bloom are thought to be (a combination of ) changes in
prevailing winds and currents due to Climate Change and increasing nutrient
into the NERR from changes in upwelling and land-runoff.

* Sargasso, although capable to persist in the oligotrophic Sargasso Sea, also has
the capacity to rapidly respond to increasing nutrients that may have contrib-
uted to the bloom of these algae in the NERR

* Massive quantities of beached sargasso create the Sargasso Brown Tides caus-
ing major havoc to ecosystems and local economies.

* Better understanding of the species, the movements of the rafts in the ocean,
and new research into valorization, are necessary to create novel strategies of
adaptation to the recent blooms of sargasso.

* Mexico has been working on the following mitigation actions: strengthening
of monitoring programs, removal of oceanic and coastal sargasso, regulation
plan for the deposit of sargasso, creation of a monetary fund, and increasing
integration of national knowledge and capacities.
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The Endangered Species Dioon
edule in the Sierra Madre Oriental
in San Luis Potosi: Demography
and Genetic Diversity

Gabriel Rubio-Méndez, Alberto Prado, Jacqueline C. Bede,
José Arturo De-Nova, Joel Floves, Juan Antonio Reyes-Agiiero
and Lauva Ydiiez-Espinosa

Abstract

The distribution of the endangered species Dioon edule is in populations scattered
throughout the Sierra Madre Oriental in San Luis Potosi, Mexico. Its habitat is
tropical dry forests at lower elevations and oak forests at higher elevations, mainly
disturbed by anthropic activities. We determined and analyzed nine populations’
demographic structure and explored the genetic diversity of five using SSR markers.
The population density averaged 2050 individuals ha™ and have an aggregated distri-
bution pattern. Differences in the plants’ size among localities are due to site quality,
based on their adaptation capacity and response to climate and soil traits. Most
populations have the highest mortality in the early stages of life, with a low mortality
rate for those who survive this bottleneck. Two populations have a relatively constant
mortality rate, attributed to disturbance of the habitat. The populations show low
genetic diversity and an excess of homozygotes. Their similarity is probably related
to the formation of natural corridors favoring connectivity between populations. The
deterioration and fragmentation of the habitat have severe effects on the populations’
viability, like reducing gene flow, which hasled to inbreeding and genetic drift.

Keywords: Zamiaceae, cycads, gymnosperms, ecotone, dioecious,
habitat disturbance, inbreeding, Mexico, population, gene flow

1. Introduction

The relevance of the species Dioon edule (Zamiaceae) is evolutive because it
belongs to a group of plants whose origin can be traced back to 250 million years
ago, allowing us to understand the adaptations developed to survive the present day.
It is also ecologically relevant as it is scattered in a wide range of ecosystems, from
coastal dunes in the Gulf of Mexico’s coastal plain to pine forest in the Sierra Madre
Oriental, and its interactions with symbiotic micro-organisms, pollinating insects,
and predator-dispersing wild and domestic fauna. The region’s cultural relevance is
defined by the Xi’juy ethnic group in San Luis Potosi, collecting the seeds for food
and the leaves for ceremonies [1].
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This species is distributed in the Sierra Madre Oriental (SMO), within the geo-
graphic-cultural region known as La Huasteca, including the south of Tamaulipas,
east of San Luis Potosi, Hidalgo, Queretaro, and Veracruz. The elevation goes from
sea level to 1525 meters above sea level (m.a.s.l.) [2, 3]. It has stems up to 6 m high in
some occasions semi-prostrated, presenting reproductive events with an interval of
10 to 52 years in female individuals and 2.8 to 8.8 in male individuals [4]. Its strobi-
lus is pollinated only by specialist insects (beetles) associated with them [5].

The species is currently classified as near threatened (NT) by International Union
for Conservation of Nature and endangered by the NOM-059-SEMARNAT-2010
in Mexico. This category is mainly because of land-use change to agriculture and
livestock, causing habitat fragmentation that adversely affects population dynamics
and a possible reduction in gene flow among populations [4, 6].

It is necessary to integrate information from different areas, mainly demography
and population genetics, to develop and implement effective conservation strate-
gies [6] to build general conclusions from the observations derived from each of
these areas.

Demographic studies provide the basis for knowledge of populations and allow
us to assess populations’ viability, identify factors that reduce the population,
and predict the persistence of small, isolated populations and evaluate alternative
conservation scenarios [7]. Population genetics allows us to describe the genetic
composition of natural populations and predict their changes in response to various
evolutionary forces operating on them, allowing us to identify some risks of a
genetic nature that affect the persistence of species such as habitat fragmentation
and loss of adaptive potential associated with the decline of genetic diversity and
inbreeding [8, 9]. Diverse studies related to population genetics and genomics
of cycads have been published based on molecular markers such as Aloenzymes,
RADseq, chloroplast markers, ISSR [4, 10-15].

The objective of this research was to study the demographic and genetic status of
Dioon edule Lindl. (Zamiaceae) in representative natural populations of the Sierra
Madre Oriental in the state of San Luis Potosi, analyzing their population structure
concerning their density, age structure, sex ratio, as well as genetic diversity.

2. Materials and methods
2.1Study area

The Sierra Madre Oriental is fundamentally a group of minor mountain ranges
formed by marine sedimentary rocks, mainly limestone, sandstone, and shales.
The maximum elevations are up to 3180 m.a.s.l., with small intermontane valleys
limited by high mountain ranges with steep slopes (Figure 1). In this region, there
are soils of alluvial origin formed in the great plains with sediments mostly coming
from limestone and lutites and residual and colluvial origin in the high and lower
parts of the mountain ranges constituted by the same type of rock. In general, the
soil is medium texture, shallow, and rich in organic matter and nutrients depending
on the climate and vegetation [16]. The area’s climate is semi-warm, characterized
by average annual temperatures above 18 °C and 600 mm of rainfall, mostly during
the summer [16].

In the state of San Luis Potosi, three important vegetation regions for cycads
stand out [16]: Tamasopo with tropical rain forest and oak forest (Quercus spp.);
Aquismén with tropical rain forest; and, Rayén and Santa Catarina with oak forest,
and piedmont scrub.
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Figure 1.
Study area in the Sierra Madre oriental of San Luis Potosi, Mexico.

2.2 Demography

The study of demography was conducted in nine populations of Dioon edule
distributed in the sub-province of Carso Huasteco (Figure 1) that covers 15.52%
of the total surface of San Luis Potosi. It is formed almost exclusively by mountain
ranges with soils of residual origin, shallow (less than 10 cm), with abundant rocky
outcrops and Lithic phase. We do not provide detailed information on populations’
locations to avoid possible looting, so each one has a key with two letters.

The sampling consists of modifying the line interception method [17] and
used by [18] in transects of 30 m long and 10 m wide. Rectangular units provide
the advantage of evaluating variables by walking in a straight line without moving
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sideways, starting at one end of the line, and considering only those plants within
the plot [19]. Due to the harsh characteristics of the area with rocky slopes of up to
70°, we traced two linear transects 100 m long by 2 m wide, parallel to the slope,
locating them where the most significant number of individuals were concentrated,
considering that D. edule populations present an aggregate distribution [18]. Each
transect was divided into four 25 m long subunits to carry out the plants’ counts and
measurements.

The different stages of the cycads’ life cycle were defined according to the
number of leaves, the number of leaflets and stem height [7] because it has not yet
been possible to define the age of the cycads due to their growth characteristics [18].
Therefore, individuals were classified as follows: seedlings, individuals that pres-
ent one or more leaves without these forming a crown; juveniles, individuals that
present one or more crowns, but with a non-visible stem; adults, individuals that
present one or more crowns and have a visible stem. Adults were classified as male,
female, or non-reproductive according to the presence of reproductive structures.

Once the cycads’ life cycle stages were defined, each stage’s survival probabilities
calculation as the proportion of individuals that survived to enter the next category,
relative to the initial number of seeds (I, = ny/ny) [20]. A survival curve describes
the survival pattern of individuals in a population over time, plotting the Ix on the
y-axis, in logarithmic scale, with life cycle stages on the x-axis There are three basic
survival curves, the survival curve type I represents a population in which most of
the organisms die in the older age categories. The type II curve represents a popula-
tion in which the mortality rate is almost constant, and type III represents a popula-
tion in which most individuals die during the first stages of the life cycle, and very
few reach the intermediate and late age categories [20].

The stem’s diameter and the plant’s total height were measured, the total number
of leaves was counted, and the length of those on the last crown was measured.

Considering that the species D. edule is dioecious and produce only one cone per
reproductive event, we evaluated the number of plants with male and female cones
present as a measure of the potential reproductive capacity of the population per
reproductive event [21].

The data on population density and potential reproductive capacity was ana-
lyzed using a one-way Analysis of Variance (ANOVA) to determine the statistical
difference among the nine populations studied (localities) with two transects in
each (n = 18).

Data on plant size and number of leaves of individuals in reproductive and non-
reproductive states were analyzed through a nested ANOVA (random-effects model
IT) to determine the statistical difference among localities and categories of plants’
reproductive states in all localities and each location. When statistically significant
differences between means occurred, a Tukey multiple comparison test was applied
(p < 0.05). All analyzes were performed with XLSTAT software (Addinsoft Inc.,
Paris, France).

2.3 Genetic diversity

The genetic diversity was studied in five populations (Figure 1), covering an
altitudinal gradient from 388 to 1050 m.a.s.l. In each population, leaf tissue was col-
lected from 21 individuals (seven from each age category). The DNA extraction was
done with the DNeasy Plant minikit® Kit (Quiagen, Valencia, California, USA), fol-
lowing the kit’s protocol and using approximately 100 mg of leaf tissue from which
the cuticle was previously detached. A total of seven microsatellite markers designed
by [22] (Table1) labeled M-13 (—21pb) to obtain fluorescent products [23, 24], and
PCR products were separated and genotyped with the LI-COR 4300 DNA analyzer
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Locus Primer sequences (5'-3') Repeat N Size

ED3 F: GCATGAGGAGCTTGTTCCGT (CT)19 2 123-127
R: CTGTGAACTCCTGAAAGCATC

ED5 F: AGGCATAAATGGCTAAGCATAC (AG)16 5 136-148
R: GCATTTCTAGTGGACAAACCAG

ED6 F: ATGCAGATGAAACACACCC (TGG)8 2 239-242
R: TCCTAACCATCCATCACTACC

ED9 F: CCTTGTGTTACTTTGAGCACC (CAT)9int 5 244-268

R: CAACAATGTAAGTGATGATGCC

CAP5 F: CACTACCACCCCTATACCAC (CT)23 3 225-241
R: GACTTGAGCTTGTCTTTGTTG

TOMS5 F: CGTTTCCATTGGAGAGACAAG (TC)10 2 224-226
R: CCATCCAAGTGAGTGATACAAG

1660 F: GGTGCTGAAGAGGAAGAAGAA (GAA)16 4 194-230

Table 1.
SSR primers used. N, number of alleles; size, allele size range (bp).

(LI-COR Biosciences, Lincoln, Nebraska, USA) in a 6.5% polyacrylamide gel
(LI-COR Biosciences, Lincoln, Nebraska, USA), at a wavelength of 700 nm.

It was calculated the average number of alleles per locus, percentage of poly-
morphic locus, the expected and observed heterozygosity, the fixation index and it
was estimated the deviation of the Hardy-Weinberg Equilibrium using the GenAlex
software [17], for all the samples and grouping the individuals according to their
life stage. An Analysis of Molecular Variance (AMOVA) was performed on genetic
distances. Wright’s F statistics (Fis, Fst, Fit) was calculated for the whole set of
populations and each age category with the GenAlex software [25], and also the
degree of genetic differentiation between pairs of populations (Fst) was estimated
for all the samples and grouped by life stage.

3. Results
3.1 Demography

The density of the nine locations averaged 2050 individuals ha™ + 293.36.
Density ranges from 3775 individuals ha™ in SA to 775 individuals ha™ in MO. The
populations with the highest density of individuals are the localities of SA and GA,
and the lowest density is MO, although there are no differences between localities
in the number of individuals ha™ of the populations (ANOVA, df = 8; F = 2.287;
P> 0.05).

The stages of the life cycle (Table 2) showed that seedlings were the most
abundant, with an average of 49.27% + 5.00, varying from the lowest in RN to the
highest in SA. The proportion of young plants averaged 23.05% + 2.62, with CH
standing out with the lowest proportion and RN with the highest. The proportion
of non-reproductive adults was 11.39% + 3.12, being absent in SA and RN localities,
unlike CH, where they represent a third of the population. Reproductive adults
represented 16.29% =+ 4.48, being scarce in SA and RN, but in the last, they are
almost half of the population.
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Location Seedling Juvenile
(%) (%)
Non- reproductive Reproductive

(%) (%)
SA 70.20 26.49 0.00 331
GA 57.89 19.55 10.53 12.03
AN 50.93 28.70 16.67 370
CH 5349 6.98 30.23 .30
PO 43.37 2892 14.46 13.25
AB 46.55 25.86 8.62 18.97
EJ 35.56 2222 15.56 26.67
RN 20.93 32.56 0.00 46.51
MO 64.52 1613 6.45 12.90
Average 49.27 23.05 11.39 16.29

Table 2.

Frequency of plants per stage of their life cycle in the locations.
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Figure 2.

Survival curves according to the life cycle stages of the nine populations of Dioon edule. (A) SA, (B) GA, (C)
AN, (D) CH, (E) PO, (F) AB, (G) EJ, (H) RN, (I) MO.
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The survival curve based on the states of the life cycle of the populations is an
inverted “J” (type III), well defined in most locations (Figure 2F, G, H, I), and
scarcely defined in other localities (Figure 2D, E). The localities of SA (Figure 2A),
GA (Figure 2B) and AN (Figure 2C) showed a curve like type II in the populations.

The population’s potential reproductive capacity was 250 ha™' + 45.26 individuals
in the localities with reproductive structures, of which 158 ha™" + 35.36 were male and
92 ha™' + 1718 female. The highest number of male individuals with the reproductive
structure were GA and RN, and with the lowest number was SA (Figure 3A).

Likewise, the localities with the highest number of female individuals were RN
and CH, and those with the lowest number were MO and AN (Figure 3A). The
average sex ratio for the locations was 2: 1 (male: female), with the highest ratio
of 4:1in GA and the lowest of 0.5: 1in CH (Figure 3B). The ANOVA showed that
there are no differences between mean localities in the number of female individu-
alsha™ (n = 18; df = 8; F = 1.234; P > 0.05) and male individuals ha™ (n = 18; df = 8;
F =1.006; P > 0.05) of the populations.

An average of 35.70% +2.79 of individuals was found in the transect up to
25 m, mainly seedlings and juveniles in the localities. From 25 to 50 m was found
on average 34.39% + 5.60, in the 50 to 75 m 19.89% + 3.41 and in the 75 to 100 m,
10.02% + 2.44. The 70% of the individuals were concentrated in the first 50 m from
the transect’s starting point and particularly in RN 100%. At sites with a steeper
slope, there were plants widely dispersed, while at sites with flatter slope (less than
20%, e.g. SA), there were large groups of individuals aggregated around adult plants
or in the shade of oaks (Quercus lacta) and palms (Brahea dulcis).

Considering the plants’ size and the number of leaves as parameters associated
with the cycads’ age, the longest and largest plants are in the communities of PO,
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Figure 3.
Ratio of (A) the density of male (solid) and female (hollow) Dioon edule plants (+ SE) and (B) the sex ratio
in each location. Different letters mean significant differences (Tukey <0.05).
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CH, GA, AN, and SA. If it was impossible to measure the adult plants’ height and
diameter because they had a subterranean stem, only the number of leaves was
considered, obtaining similar results.

The average height for non-reproductive individuals was 23.4 cm * 3.4, with a
maximum average height of 52.2 cm and the lowest of 14.5 cm. For reproductive
plants, the maximum recorded height was 56.3 cm, and the lowest was 9.5 cm, with
an average of 28.8 cm + 8.3. However, the ANOVA showed that there are differences
among means in plant height between localities (df = 8; F = 5.428; P < 0.001) and
between categories of reproductive status in localities (df = 8; F = 4.992; P < 0.05),
but not between categories of reproductive status in each locality (df = 1; F = 2.633;
P > 0.05) (Figure 4).

The average stem diameter was 12.2 cm + 2.5 in non-breeding individuals, with
awidth of 23.6 cm to 15.0 cm (Figure 4A), and in reproductive individuals, the
average was 16.5 cm + 4.4 with a maximum of 31.2 cm and a minimum of 5.5 cm.
The ANOVA showed that there are no differences in the mean diameter between
localities (df = 8; F = 1627; P > 0.05) or between categories of reproductive status
in each locality (df = 1; F = 2848; P > 0.05), but there are differences between the
categories of reproductive status of individuals in the localities (df = 8; F = 4034;

P < 0.05) (Figure 4).
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Size of Dioon edule plants (+ SE) in each location. (A) Non reproductive and, (B) reproductive. Different
letters mean significant differences (Tukey <0.05).

102



The Endangered Species Dioon edule in the Sierva Madre Oriental in San Luis Potos...
DOI: http://dx.doi.org/10.5772/intechopen.96372

The average number of leaves was 17.69 + 2.18 in all individuals. The average
number of leaves was 17.69 + 2.18 in all individuals. In nonreproductive adults it
was 14.3 with a maximum of 21 and a minimum of 3.5 (Figure 4A), for reproduc-
tive adults it was 15 with a maximum of 22.5 leaves. The ANOVA showed that there
are differences in the mean number of leaves between localities (df = 8; F = 3.166;
P < 0.05) and between categories of reproductive status in each locality (df = 1;

F = 7.312; P < 0.05) but not between the categories of reproductive status of indi-

viduals in the localities (df = 8; F = 1.381; P > 0.05) (Figure 4).

3.2 Genetic diversity

Only three of the first seven proposed were amplified, ED9, TOM5, and CAPS5.
All the loci were polymorphic, but the population AN have the lowest proportion
of polymorphic loci (33.33%) in the seedlings (Table 3). The average number
of alleles per locus was 3.66; in the seedling stage, the lowest value corresponds
to Los AN (1.33) (Table 3). There were no unique alleles within the adult stage.
However, in the juvenile and seedling, four and three unique alleles were found,
respectively, and ED9 was the locus that presented the highest number of unique

alleles.
Location Life cycle N Na Polymorphic Ho He F
stage Loci (%)
SA Seedling 6.33 267 100 0.111 0.464 0.795
Juvenile 633 3 66.67 0.167 0.355 0.695
Adult 6 267 100 0.133 0.489 0.810
Total 18.67 3.67 100 0.137 0.496 0.817
AN Seedling 3 133 33.33 0.000 0.163 1.000
Juvenile 5 333 100 0.333 0.634 0.556
Adult 6.67 3 100 0.143 0.511 0.791
Total 14.67 4 100 0.194 0.583 0.741
CH Seedling 6.67 333 100 0.167 0.613 0.786
Juvenile 6.33 333 100 0.222 0.543 0.636
Adult 7 267 100 0.048 0.541 0.934
Total 20 4 100 0.139 0.600 0.811
PO Seedling 7 3 66.67 0.333 0.429 0.239
Juvenile 7 2.33 100 0.238 0.446 0.605
Adult 7 267 100 0.238 0.418 0.605
Total 21 3.33 100 0.270 0.446 0.572
RN Seedling 6.67 267 100 0.325 0.334 0.197
Juvenile 6.67 267 66.67 0.278 0.445 0.423
Adult 7 233 66.67 0.286 0.303 0.354
Total 20.33 333 100 0.297 0.394 0.260
Table 3.

Genetic diversity index for five Dioon edule populations in San Luis Potosi, Mexico.
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The average heterozygosity (Ho) was 0.207. The highest value was in the seed-
lings in PO with 0.333, and the lowest in the seedlings in PO (Ho = 0.0), and the
adult stage in CH (0.048) (Table 3). For the expected Heterozygosity, the average
was 0.504 and the highest value was 0.634 in the juvenile category for the PO
locality.

In the populations, only two loci resulted in Hardy—Weinberg equilibrium
(H-W), ED9 in the populations of RN, PO, and AN, and TOMS5 in the population
of RN (Table 4). In the seedlings, the ED9 locus resulted in H-W balance in the
populations of CH, PO, and SA and TOMS resulted in balance in RN. The loci CAP5
in PO and SA populations and ED9 in SA, were monomorphic, and CAP5 in PO and
SA populations and ED9 in SA. In the juveniles, ED9 resulted in H-W equilibrium in
all populations. However, in adults, this same locus resulted in equilibrium in most
populations except CH (Table 4).

The AMOVA showed that the categories’ differences are explained by the
genetic variation between individuals for all populations and each age category
(Seedlings = 50%; juveniles: 59%; adults: 62%: Total: 58%) (Table 4). The inbreed-
ing coefficient (FIS) generally shows a deficiency of heterozygotes in all popula-
tions and age categories (Fis ~ 0.666-0.708) (Table5).

The fixation index (Fst) indicates a moderate differentiation in all popula-
tions, as well as in the age categories (Fst & 0.11-0.115). The populations that share
more alleles are CH and PO located in the south of the study area (Fst = 0.057;

p = 0.006); those that share fewer alleles are PO and SA also in the south

(Fst = 0.265; p = 0.001) (Table 5). The seedlings have a high genetic differentia-
tion between pairs of populations (Fst > 0.26; p < 0.05), while in the juveniles, the
differentiation is moderate (Fst > 0.110; p < 0.05), and in adults from moderate to
high (Fst > 1.15; p < 0.05).

Life cycle stage Source df SS MS VAR %
Seedling BP 4 20.63 5.16 0.27 26%
BI 30 39.21 131 0.52 50%
WI 35 9.00 0.26 0.26 24%
Total 69 68.84 1.06 100%
Juvenile BP 4 12.30 3.08 011 11%
BI 30 44.93 150 0.60 59%
WI 35 10.50 0.30 0.30 30%
Total 69 67.73 1.01 100%
Adult BP 4 11.53 2.88 0.10 11%
BI 30 41.86 140 0.57 62%
WI 35 8.50 0.24 0.24 26%
Total 69 61.89 0.93 100%
Total BP 4 31.21 7.80 0.15 15%
BI 100 142.33 142 0.58 58%
WI 105 28.00 0.27 0.27 27%
Total 209 201.54 1 100%
Table 5.

Analysis of molecular variance (AMOVA) based on three microsatellite loci for five Dioon edule populations
in San Luis Potosi, Mexico. BP = between populations; BI = between individuals; WI = within individuals.
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4. Discussion

In the study area the average density was 2103 plants ha™, lower than the
3200-4633 plants ha™" of Dioon edule in the center of Veracruz [4, 18], but higher
than the 37 plants ha™ of D. purpusii [26], 116 to 167 plants ha™ of D. merolae [27]
and 589 plants ha™ of D. holmgrenii [28].

The absence of statistically significant differences between locations is mainly
due to the parameters’ wide variation observed. However, the populations with
lower density coincide with other studies [27, 28], where the habitat’s quality has
decreased. The low quality of the habitat is due to the recurrent disturbance caused
by agriculture, mainly the establishment of sugar cane fields in RN, pastures for
livestock in EJ and MO, and the extraction of complete plants or their parts, like
seeds and leaf harvest for tamale production [1, 29, 30]. In general, plant density
and size are population attributes that indicate habitat quality [7].

Most populations presented the survival inverted “J” curve (type III) typical of
shade-tolerant species [20] and most populations of D. edule [18], D. purpusii [26],
and D. angustifolium [31]. These populations have a higher density of seedlings and
juveniles with high mortality and few very long-lived adults with reduced mortality.
Fewer populations have a relatively constant mortality rate throughout their life
cycle, different from most Dioon populations. This modification could be attributed
to the reduction of populations caused by habitat disturbing [32] since the natural
forest was replaced with cattle pastures.

The plant’s reproductive capacity is of great interest in conservation since it
significantly impacts management and recovery strategies [33]. It is remarkable the
high number of female plants present compared with other studies. The imbalance
of females is probably related to climatic factors, soil quality, or the occurrence
of fires, which in the study area is very common due to agricultural activities
[18, 26, 34-38]. The plants’ sex ratio average was 2: 1 (male: female) in all locations.
However, the ideal ratio for Dioon species is 3:1 to ensure an abundant amount of
pollen during female strobili receptivity [13]. There are five populations of concern
that could present pollen adequacy problems during fertilization, mainly the CH
locality that presented a ratio of 1:2.

The Dioon edule populations’ distribution pattern is aggregated, which has
long been attributed to the strobilus remaining attached to the plant’s stem during
dispersal, causing many seeds to remain close and around. Seed dispersal agents are
currently being studied to identify them in the study area, including reptiles, birds,
and mammals. It is relevant the evidence of asexual multiplication, which means
that sprouts could be an effective strategy when sexual reproduction is difficult or
in response to some stress. Like the cycad Cycas armstrongii, which produces sprouts
after fires around the charred stems [36], facilitating rapid propagation and ensur-
ing populations’ maintenance [39].

The differences in height between reproductive and non-reproductive individu-
als have been attributed to the lowest growth rate of reproductive individuals due
to the compression of stem tissues by the increase in weight of stored water and the
production of heavy strobili [18, 40]. However, in this study, no significant differ-
ences were observed in any location, indicating that this difference does not always
apply to all cycad populations.

Considering that there were significant plants’ height differences among
populations, it would be an indicator of the site quality. The sites of CH, GA and
AB that presented the tallest plants would have the best quality since they present
the lowest proportion of organic matter and smooth slopes. Diference in height and
diameter of Ceratozamia matudae [41], Dioon purpusii [26] and D. holmgrenii [28]
is attributed to disturbance conditions.

106



The Endangered Species Dioon edule in the Sierva Madre Oriental in San Luis Potos...
DOI: http://dx.doi.org/10.5772/intechopen.96372

The plants’ diameter did not present significant differences between localities. It
has already been observed in Cycas micronesica [40] between reproductive and non-
reproductive individuals, which can be attributed to the manoxylic wood type with
a lot of succulent tissue [42]. In the same way, the difference in the number of leaves
present in reproductive and non-reproductive individuals at each location and
the difference between locations can be attributed that during the adult stage, the
incidence of solar radiation correlates with leaf production, but the production of
strobili in female individuals stops the production of new leaves, due to the greater
allocation of resources for the development of the strabo [43]. The number of leaves
in reproductive adults was lower than in Dioon holmgrenii, but much higher in non-
reproductive ones [28].

As highlighted in this study, another determining factor in the development
of Dioon edule populations is the deterioration of forests caused by agricultural
activities [44]. These activities cause a lower rate of reproduction, capacity to adapt
to changes, and less ability to establish themselves during the passage from one
phenological stage to another, altering the age structure of the population [7].

The genetic diversity analysis tried to clear the picture of the medium and
long-term repercussions of adverse factors identified when analyzing the species’
population demography. However, we consider that the number of populations
and molecular markers should be increased since Dioon edule is ditributed in vari-
ous habitats with different microenvironmental conditions, causing phenotypical
differences that should be analyzed [3, 31].

The populations analyzed show low genetic diversity and an excess of homo-
zygotes in the seedlings, juveniles, and adults. Contrary to that expected for adult
plants, which were believed to have become established before the disturbances.
Similar behavior was present in a study conducted in Veracruz, mentioning that
populations outside the Pleistocene flora and fauna refuges located in Veracruz and
Oaxaca probably suffered a bottleneck due to exposure to adverse environmental
conditions generating a significant decrease in population size reflected in the low
levels of observed heterozygosity detected [10].

Previous studies suggest that life history issues, such as geographic distribution
area, reproduction systems, and pollen and seed dispersal systems, have essential
consequences on genetic structure and genetic variability levels in natural popula-
tions [4, 6, 10, 45, 46]. These factors are especially relevant in cycads because of
their distribution in particular areas. They also present vegetative reproduction
forming inside the populations [47].

In addition to the patches of clonal sprouts, the seedling banks that form around
adult plants of Dioon edule and trees of Quercus laeta and Bursera simaruba, act as an
extensive reservoir of genetic variation. However, this eventually is lost due to the
high mortality rates that this species presents in the establishment’s early stages. The
mortality occurs naturally in populations because seedlings and juveniles slowly
develop features that allow them to tolerate adverse conditions, such as prolonged
drought or insolation [48]. These conditions can be aggravated by habitat fragmen-
tation [6, 7, 44], causing gene drift in the population and making natural selection
less effective by expressing deleterious or poorly tolerant genotypes to current
environmental conditions [49].

Deviations in H-W were at most of the loci assessed, all tending towards a deficit
of heterozygotes. The deviations may be due to the lag in the reproductive season,
which can vary from four to 52 years in female plants [4]. This produces a time bar-
rier that prevents individuals’ panmictic crossing, causing groups to form that can
function as independent populations.

Five unique alleles were identified with low frequencies in the ED9 and TOM5
locus in seedlings and juveniles. These alleles’ appearance could be attributed to
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recurrent mutations or gene flow by pollen dispersal at great distances [50]. These
alleles may benefit from genetic drift promoted by population size reduction.
AMOVA indicates a high differentiation in seedlings (FST = 0.26), probably
due to the reduction in gene flow, which has led to inbreeding within the popula-
tions. Simultaneously, in adults and juveniles, the values are very similar and may
be maintained by self-incompatibility that creates a dependence on pollinators to
facilitate reproduction [46].
Some populations share some alleles, suggesting that they were connected
by natural corridors some time ago, mainly in the vicinity of the Sierra Gorda in
the northern of Querétaro and south of San Luis Potosi. However, in the current
generations of seedlings, the Fst values indicate that the populations analyzed are
becoming isolated. The isolation is probably caused by physical barriers associated
with anthropic activities increasing in the area. This situation diminishes the habitat
conditions and leads to higher mortality, affecting pollinators and favoring inbreed-
ing and gene drift [6].

5. Conclusions

Some Dioon edule populations have declined substantially due to land-use
change, primarily for sugar cane fields and cattle pastures, but the overall decline
is relatively low. Populations genetic diversity suggests that at some time, they were
connected by natural corridors. However, when combining the own high mortality
of the species in the seedling and juvenile stages, the reduction and fragmentation
of its habitat, and the decrease of pollinators, it favors endogamy and genetic drift,
whose effects are more pronounced in small populations.
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Abstract

Sea turtles are reptiles that have inhabited the earth for 100 million years. These
are divided into 2 families (Cheloniidae and Dermochelyidae) and 7 species of
sea turtles in the world: the leatherback turtle (Dermochelys coriacea); hawksbill
turtle (Evetmochelys imbricata); Kemp’s ridley (Lepidochelys kempii); olive ridley (L.
olivacea); Loggerhead turtle (Caretta caretta); flatback sea turtle (Natator depressus)
and green turtle (Chelonia mydas). In particular, Kemp’s ridley is included in the red
list of IUCN categorized as “critically endangered” The most important site around
the Word is in Rancho Nuevo, Tamaulipas, Mexico. Where 80-95% of the world’s
nesting is concentrated. Other nesting areas are Tepeguajes and Barra del Tordo,
in Tamaulipas, and with less intensity in Veracruz (Lechuguillas and El Raudal
beaches) and South Padre Island, Texas, USA. They deposit an average of about 90
eggs and hatching takes 40 to 60 days. Therefore, they are vulnerable to different
anthropogenic activities and sources of pollution, such as heavy metals, which can
cause toxic effects that are harmful to the turtles, damage their physiology and
health. To understand the real situation about health and genetic parameters it is
necessary to analyze biochemical and molecular factors in this species.

Keywords: Kemp’s ridley, molecular analysis, nesting beaches, pollution

1. Introduction

For decades, the Kemp’s ridley (Lepidochelys kempii) was one of the most elu-
sive sea turtles, and its nesting sites were unknown. Study, ingenuity and a home
movie shed light on what for many was a riddle. The first references occurred when
fishers off the coast of Florida, USA reported that they caught “demonic turtles”.
The turtle’s morphology was described as flat and grey with a large head and that
they were very active when they were caught in fishing nets which resulted in
broken nets. The encounters were reported to researchers, and Samuel Garman, a
prominent herpetologist and ichthyologist at the Harvard Museum of Comparative
Zoology, was the first person to describe the turtle characteristics and, it is thanks
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to him that the Kemps ridley sea turtle received its name. In 1880, Garman named
the species after Richard Kemp who had a fascination for natural history and sent
specimens of the turtles to Garman for study. It was Kemp who first thought the
turtles were hybrids from a mating between green (Chelonia mydas) and loggerhead
(Caretta caretta) turtles, hence their nickname of bastard turtles [1].

Another authority in the kemps ridley story was Archie Carr, who wrote several
publications on the species. Despite this, he was unable to locate the turtles nesting
sites. However, one of his disciples and collaborators, Peter Pritchard, continued
this work and established the species morphometric measurements and other
key information, such as foraging sites, but the search for the nesting sites of the
mysterious Kemp’s ridley was unsuccessful.

1.1 Discovery

It took two further researchers and several years to start to unravel the mystery.
One crucial player in the discovery was Ing. Andrés Herrera, a rancher and lover of
the outdoors who lived in Tamaulipas, Mexico. Ing. Herrera listened to locals talk
of beaches where sea turtles nested along the coasts of Tamaulipas. Luckily Andres
was also a light aircraft pilot, armed with information that turtles nested on specific
beaches in Tamaulipas during the spring, and he decided to start flying his aero-
plane at that time to try and observe them. According to Ing. Herrera, on 18th June
1947, one of these flights was successful when he encountered a mass nesting event,
or “arribada”, which occurred on the beaches of the town of Rancho Nuevo near
Barra Calabazas, Tamaulipas. He landed the aeroplane and made the famous film,
“the film of Ing. Herrera”. This footage not only documented Kemp’s ridley nesting
but also that this was a mass nesting event or “arribada” which was happening in
broad daylight which was different to other sea turtles such as the green turtles
which nest at night [2].

Another key to solving the kemps ridley riddle was the biologist Henry
Hildebrand from the University of Corpus Christi who had heard and read about the
stories of the arribada and the place where said nesting had taken place, as well as
the writings of Archie Carr. At the beginning of the 1960s, Hildebrand learned foot-
age made by Ing. Herrera and travelled to Tamaulipas to ask for permission to present
it at the 1961 meeting of the American Society of Ichthyologists and Herpetologists
at the University of Texas. After several decades of uncertainty, Hildebrand in 1963
presented the mystery of where this elusive turtle nested to the scientific commu-
nity. Later, Carr and Hildebrand’s reports estimated that the film’s famous arribada
accounted for around 40,000 Kemp’s ridley nesters in a single day [3, 4].

1.2 Population

The Kemp’s ridley turtle population baselines is an estimated 40,000 nesting
females in a single day of an arribada. However, in 1966, the largest arribada was
reported to include just 1,317 turtles [5] and the number of nests laid continued to
decrease until the 1970s, when records show that in 1978, the number of nests fell
below 1,000 [6].

Later, in the mid-1980s, only 702 nests were recorded at Rancho Nuevo,
Tamaulipas. However, from 1985 to 1990, nesting stabilised, with nest numbers
ranging from 702 to 839. Finally, the USA and Mexico introduced legislation to
reduce bycatch, protect major nesting sites, and establish a binational agreement.
These crucial changes contributed to the increase and later recovery in the numbers
of nesting turtles, which increased from approximately 1,000 nests in the mid-
1990s to over 21,000 nests on the beaches of Tamaulipas in 2009 [7-9].
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Figure 1.

Number of protected Kemp’ ridley (Lepidochelys kempii) nests in Mexico from 2007 to 2020 [10].

By the 2011-2012 nesting season, the kemps ridley turtle population had sta-
bilised at 21,000 nests. However, in 2013 numbers of nesting turtles fell rapidly to
around 16,000, and the downward trend continued with just 12,000 nests recorded
in 2014. Over the last five years (2015-2020), an average of 1,500 nests have been
protected per season at the Rancho Nuevo Sanctuary compared to the 3,868 on the
other Tamaulipas beaches. During the 2020 nesting season, there were encouraging
results with 15,210 nests in Rancho Nuevo and 4,995 from other Tamaulipas beaches
(Figure 1). It is important to note that data for 2018 was unavailable and the data
for 2019 and 2020 do not include the number of nests for beaches found outside of
Tamaulipas state [10].

2. Biology (lifecycle and reproduction)
2.1 Morphology

The Kemp’s ridley sea turtle (Lepidochelys kempii) is one of the seven species of
sea turtles that exist worldwide. The species belongs to the Cryptodira turtles of the
Cheloniidae family and is a direct relative of the olive ridley sea turtle Lepidochelys
olivacea (Table1). Studies on Kemp’s ridley sea turtle genetics show that there is
only one population within this species, which evolved and has existed for approxi-
mately 2.5-3.5 million years [11]. The Kemp’s ridley is the smallest sea turtle and is
an endemic species to the Gulf of Mexico.

The Kemp’s ridley (Figure 2) has usually a carapace as wide as it is long and
contains five pairs of costal scutes that overlap the bony carapace (Figure 2A, B)
and a triangular head with a slightly hooked bill (Figure 2C-E). The hatchlings are
dark in colour on both sides. Adults generally present a greyish-green carapace with
a pale yellowish plastron Each of the front flippers has a claw, while the rear flippers
can present one or two claws. Juveniles have a dark grey carapace with a yellowish-
white plastron, and adults develop an olive-grey or dark green carapace and a cream
or yellowish plastron [12].
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2.2 Taxonomy and nomenclature

Domain Eukaryota
Kingdom Animalia
Phylum Chordata
Class Reptilia
Order Testudines
Family Cheloniidae
Genus Lepidochelys
Species kempii
Table 1.

Kemp’s ridley sea turtle (Lepidochelys kempii) taxonomy [13].

Figure 2.
Pictures showing general morphology of Kemp’s ridley. (A and B) general view; (C) Aeria | view; (D) Lateral
view; and (E) Frontal view. Pictures courtesy: Fitima Y. Camacho-Sdnchez.

2.3 Life cycle
The Kemp’s ridley sea turtle presents characteristics that differentiate it from

other species, in addition to its small size and restricted distribution, this spe-
cies, nests during the day, and as with the olive ridley sea turtle nests on mass ina
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phenomenon known as an “arribada”. Kemps ridley females deposit an average of
90-100 eggs per nest. These turtles nest 2 to 3 times per season, with an interval
of 14-28 days between laying each clutch of eggs. Another distinctive feature are
the pores located in their plastron, known as “Rathke’s gland”, through which they
secrete a substance that is considered a pheromone [14].

2.4 Biogeography

Globally the Kemp ridleys sea turtle is represented by one unique popula-
tion which presents one of the most restricted distributions of all sea turtle spe-
cies. Kemp ridleys are found primarily in the Gulf of Mexico and secondarily
in the Atlantic Ocean, on the south-eastern coasts of the United States (USA).
Approximately 70% of the population nests on a beach with a linear extension of
30.4 km, located in Rancho Nuevo, in Tamaulipas, Mexico. Ninety-seven per cent
of the population lives in an area of 146 km that includes Rancho Nuevo beach and
surrounding areas. A small proportion of the population is found on the coast of
Veracruz, Mexico and the coast of Texas, USA (Figure 1). In southern Texas, South
Padre Island is considered a secondary rookery for Kemp’ ridley nesting after
Rancho Nuevo [15].

On rare occasions, they are found off the coasts of Canada, Bermuda, Azores,
Madeira and in the Mediterranean Sea [16]. However, the Gulf of Mexico is more
than just the nesting ground for Kemp’s ridley turtles. In addition to navigating
neritic areas, both hatchling and juvenile Kemp’s ridley turtles use oceanic areas
of the Gulf of Mexico during their development, by entering the open ocean to
forage. During migration, turtles can be found in the Northwest Atlantic and the
Mediterranean Sea (Figure 2), for example, Bermuda, Canada, France, Ireland,
Portugal and the United Kingdom [13, 16].

The Kemp’s ridley turtle shares many characteristics with other sea turtle spe-
cies in terms of its life cycle. Female turtles nest on beaches, depositing their eggs
beneath the sand. The eggs hatch after approximately 45-58 days and the hatchlings
migrate to the sea. The following years are spent on foraging grounds where they
develop into adults at which point, they return to their natal area to reproduce and
nest. During the sea turtle lifecycles, three key phases occur, and these are divided
by ecosystem: terrestrial phase, neritic phase, and oceanic phase.

2.5 Terrestrial zone (Hatching)

The Kemps ridley turtle uses terrestrial ecosystem during three stages of its
life cycle: nesting females, eggs, and hatchlings. The principal Kemp’s ridley
nesting beach at Rancho Nuevo is characterised by small dunes of variable size,
with vegetation that improves stability. The sand is small and fine-grained, and
the beach is high energy. The nesting season runs from March to August [15].
Mass nesting events or arribadas occur mainly in early April through the July
period. These phenomena can be triggered by meteorological conditions repre-
sented by strong winds, primarily from the north, or by a change in atmospheric
pressure [17].

Kemp’s ridley nesting typically occurs during the day; however, reports of
sporadic cases of nocturnal nesting exist in Texas. Clutch incubation lasts between
45-60 days, and climatic conditions act directly on embryo development with
incubation duration and hatchling sex ratios affected by temperature. Studies have
shown that sex ratios are male-biased at the beginning of the nesting season when
temperatures are lower. In contrast, nests produce mainly female hatchlings when
laid during the second arribada when temperatures are highest [18].
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2.6 Neritic zone (juvenile stage and adult stage)

The hatchlings, after being released on the sand, immediately begin their trajec-
tory to the ocean. The hatchlings swim using the energy provided by the nutrients
found in the yolk of their egg, which lasts for a maximum of 4 days, during this
period, the hatchlings migrate to ideal areas for their development. Hatchlings enter
the surf and orient seaward into the waves, diving as they break, thus being swept
seaward by the motion of the waves without significant energy expenditure. Like
other species, the hatchlings can perceive the waves’ movements to guide them
towards the sea, the same mechanism they use on the way back to the coast, recognis-
ing the magnetic orientation. Juveniles reach adulthood in neritic waters, which are
their most frequently used habitat. The Gulf of Mexico’s northern coast is home to the
majority of kemps ridley sea turtles, principally in waters no greater than 37 m deep.
Although kemps ridley turtles may consume algae, their diet is primarily carnivorous
and primarily based on crabs, but occasionally includes clams, shrimp, jellyfish and
some fish species. Turtles may also scavenge in benthic areas on marine debris [15].

2.7 Oceanic zone

The hatchlings that manage to reach oceanic or pelagic areas stop actively
swimming and enter a passive state, allowing themselves to be guided by the ocean
currents to foraging grounds where they remain as they develop into juveniles.
Although kemps ridley sea turtles are considered a carnivorous species, individu-
als have been seen feeding on sargassum [15]. During their oceanic phase, juvenile
turtles can be divided into two groups: the current system of the northern and
western Gulf of Mexico or the Gulf Stream of the Northwest Atlantic. However, a
small proportion of the population finds its way to the Mediterranean Sea. During
this period that lasts between 1 to 4 years, juveniles complete their oceanic feed-
ing phase to return to surface waters within the Gulf of Mexico and the northwest
Atlantic, in US waters, where they continue to forage.

3. Status
3.1 Threats

Sea turtle populations face multiple threats which need research and monitoring
to understand how these threats are detrimental to their populations and conserva-
tion. Overlooking the multiple threats that species face throughout their life cycle
puts the success of recovery plans at risk [19].

3.2 Illegal hunting: direct consumption and illegal trade

Globally, fishing and eggs collection for human consumption are the principal
causes of the drastic reduction in sea turtle populations, and the Kemp’s ridley is
no exception. In the late 1960s, excessive capture of adult kemps ridley turtles and
their eggs, contributed to the drastic reduction by almost 99% of the Kemp’ ridley
nesting population. Turtle eggs are considered an aphrodisiac in some countries
[19]. The consumption of turtle eggs is not as frequent in the United States of
America and Mexico as it was before the federal government bans on harvest and
consumption. However, despite governmental agencies and non-governmental
organisations efforts with protection and public awareness programs, consumption
continues in some coastal communities.
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3.3 Climate change

Climate change can have a severe impact on turtle populations. All reptiles,
including sea turtles, are dependent on environmental temperature, which they use
to regulate their physiology [20]. Sex determination in sea turtles is directly depen-
dent on environmental temperature. Therefore, projected anthropogenic climate
change will alter the sand temperature, affecting the primary sex ratios and increas-
ing the risk of instability in the composition of sea turtle populations.

3.4 Marine pollution: rubbish and oil

Sea turtles can mistake plastic objects floating in the water column for food,
such as jellyfish. If ingested these inorganic materials can choke or cause obstruc-
tions in the turtle digestive systems. They can also become entangled in discarded
fishing lines and nets, drowning or unable to feed or swim. Trash on beaches can
trap hatchlings and prevent them from reaching the sea.

During 2010 an accident occurred on the Deepwater Horizon platform that trig-
gered an oil spill from the platform into the Gulf of Mexico This event negatively
impacted the marine ecosystem, including the kemps ridley turtle as their essential
habitats and migratory routes were affected by the spill [21]. However, the extent to
which this oil spill was responsible for the decrease in the Kemp’s ridley population
observed in the years following the disaster is unknown, with other factors possibly
contributing to the decline. Continued monitoring is essential to understanding the
long-term effects of this and other oil spill events.

3.5Bycatch

Every year thousands of turtles are accidentally caught by the shrimp fishery.
Sea turtles must surface to breathe, so prolonged periods trapped in submerged
fishing gear leads to drowning. Fisheries that use longlines and gillnets are also
major causes of sea turtle mortality [22]. Although laws requiring the use of sea
turtle excluder devices in shrimp fishery exist, turtles continue to become trapped
and drown in these nets.

3.6 Coastal development: beach modification and human presence

Uncontrolled coastal development has destroyed beaches that are essential for nest-
ing. The lights coming from roads and buildings confuse hatchlings and disorienting
them away from the sea. Vehicles used in beach restoration projects, including dredg-
ing and sand nourishment projects, damage near-shore foraging areas and beaches,
and can also destroy nests and hatchlings. These activities referred to as “beach mainte-
nance” have been reported on Padre Island, where machinery has prevented hatchlings
from reaching the water, leaving them trapped and exposed to vehicle traffic [15].

3.7 Marine biotoxins

Harmful algal blooms in the oceans are natural phenomena that occur as a result
of increasing temperature, alteration of ocean currents, intensification or weaken-
ing of local nutrient upwelling, and heavy precipitation and storm events causing
changes in land runoff [23]. Brevetoxins are a group of biotoxins produced mainly
by algae Karenia brevis, which is the cause of the main harmful algal blooms (HABs)
along the coast of south-west Florida, with periodic blooms throughout the Gulf of
Mexico [24].
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Sea turtles are affected by marine biotoxins present in the water column, in aero-
sols generated by waves, or through the consumption of contaminated prey [25].
In recent years, the impacts of these phenomena have caused or contributed to sea
turtle mass mortality events in C. mydas, C. caretta, L. olivacea and L. kempii [26].

4. Studies
4.1 Satellite telemetry

Studies that follow in water movements of sea turtles and other marine verte-
brates often use tagging to shed light on migration routes and local movements. The
most common ways to tag sea turtles are to apply external metallic tags with unique
codes usually to the turtle flippers which allow the individual turtle to be identified.
This method requires the turtle to be recaptured and does not supply informa-
tion on the routes taken from release and capture position. The advent of satellite
telemetry in the 90s and improving technology has allowed researchers to follow the
routes taken by sea turtles and better understand habitat use and connectivity [27].

Satellite tagging of Kemp’ ridley sea turtles, as with other sea turtle species
requires the attachment of platform terminal transmitters PTT to the turtle’s
carapace using epoxy glue. The study of the migration of kemps ridley turtles began
in 1995 and has focused mainly on post-nesting females. These marked females
confirmed that Kemp’s ridley turtles keep mainly to the Gulf of Mexico, and forage
near the North Texas and Louisiana coasts in the USA. Satellite tracking of juvenile
turtles shows that they live off the coast of Veracruz and that they nest mainly in
Tamaulipas and more specifically in Rancho Nuevo Sanctuary. Additionally, infor-
mation on foraging site fidelity is easily obtained from satellite telemetry studies.
Furthermore, studies have also indicated that male Kemp’s ridley turtles typically
remain off the coast of Tamaulipas, close to the principal nesting area [28].

Satellite telemetry has also shed light on nesting and nest-site fidelity. Tracked
females have been shown to nest one to three times at the same site. Additionally,
the distance females migrate from nesting sites to the open ocean decreased as the
number of times they returned to nest increased. Somewhat surprisingly satellite
telemetry has shown that turtles do not forage during the inter-nesting period,
and they minimise energy loss by spending most of their time resting, limiting
movement.

Of the studies on female kemps ridley movements between nesting events,
information is only available for three individuals. These studies found that after
nesting one tagged female travelled north [29] from the main nesting site at Rancho
Nuevo Sanctuary; two turtles have travelled south from Rancho Nuevo with one
covering a distance of ~100 km Further studies are required to understand Kemps
ridley movements between nesting events.

4.2 Biochemical studies

Sea turtles play an important role in ocean ecosystems, by maintaining healthy
seagrass beds, beaches, estuaries, and reefs. In turn, they are considered sentinel
species for ecosystem health, since their longevity and physiology provide essential
and early information on marine and coastal habitats and the local environ-
ments in which they live, which provides a quick risk diagnosis. These reptiles
are particularly susceptible to pathogens such as parasites, bacteria, fungi and
viruses. Examples of these parasites are for bacteria: Vibrio spp. Pseudomonas
spp., Enterococcus spp., Aeromonas, Cytophaga, and others; for fungi: Fusarium
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species Fusarium solani, Fusarium oxysporum, F. solani, and Pseudallescheria boydii
Fusarium keratoplasticum; and viruses manly Herpesviridae [29]. In turn, they

risk spreading diseases when in contact with other species or populations. Sea
turtles are also susceptible to the toxicity and bioaccumulation of environmental
pollutants that can affect their health, causing a deterioration in their immune
system, and increasing the risk of them developing diseases due to the exposure to
pollutants [30, 31].

Therefore, as part of sea turtle protection activities, incorporating a population
health assessment program and identifying diseases and abnormalities in wildlife
organisms is a priority. However, the lack of knowledge about the physiology of
these reptiles makes it difficult to establish criteria to measure the health of their
populations and to be able to distinguish between “normal” physiology and the
presence of pathologies [30, 32].

Multiple techniques exist to diagnose organism health, including the analysis
pollutant concentrations, physical evaluation and disease detection. However,
haematological methods are the most widely used as indicators of sea turtle health,
since they provide information on immune, cellular and humoral factors, which are
necessary for the response to adverse factors, through the blood which can indicate
pathological changes in the organisms. Therefore, blood parameters are a non-
invasive diagnostic tool that can be used to evaluate and monitor the health status
of wildlife [33].

The evaluation of blood parameters, generally accompanied by a detailed
clinical history, clinical signs, physical examination and other diagnostic tests, is an
important tool for the evaluation of the health of a population through the estab-
lishment of blood reference intervals (BRI) and has made it possible to determine
and evaluate the functioning of organs and confirm possible diseases in progress.
However, in the case of sea turtles, there is difficulty in defining the blood reference
values considered normal parameters due to the variability between sea turtles’
geographic areas, ecological habitat, populations, sexual maturity, reproductive
status, diet and migration. For this reason, therefore, blood parameters must be
established for each species and region [31, 33].

Previous studies on the establishment of blood biochemistry reference values
in other sea turtle species have found that the values are influenced by ecologi-
cal implications, the season of the year and the reproductive stage. For example,
adult turtles that feed in neritic habitats had low levels of creatinine (Cr), alkaline
phosphatase (ALP), Phosphorus (P), Sodium (Na), Magnesium (Mg), unlike adult
turtles that feed in ocean habitats [34].

By sex, significant differences have been observed in blood parameters in total
protein (PT), albumin (ALB), Calcium (Ca), cholesterol (CHOL), triglycerides
(TRIG), cell pack volume (PVC) and total bilirubin (TBIL) being higher in females
due to its association with vitellogenesis and folliculogenesis, on the other hand,
in males the levels of BUN (blood urea nitrogen) and glucose (GLU) are higher
since they are associated with the lack of food during mating. In foraging areas, no
significant relationship has been found between the cell packet volume (PCV) with
respect to the size and sex of sea turtles, rather PVC is related to feeding and stress
on the body. Other parameters such as glucose (GLU) may present higher levels in
juveniles than adults, particularly in adult females since they require more energy
for the nesting process [35].

Finally, a significant difference has been observed in visibly sick sea turtles com-
pared to healthy individuals, for example in turtles with fibropapillomatosis, the
values of total protein (PT), albumin (ALB), cholesterol (CHOL) and triglycerides
(TRIG) are lower due to the chronicity and severity of this disease, while in turtles
with necrotic or traumatic lesions lower values of total protein (PT), albumin
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(ALB), aspartate aminotransferase (AST) and alanine aminotransferase (ALT) have
been reported [36].

Some studies on sea turtle blood biochemistry from the northern Gulf of Mexico
have included samples from L. kempii turtles, which, although the principal objec-
tive of these studies was not to establish blood reference intervals (Table 2), the
results obtained contribute knowledge on the possible differences that the species
may present by age or sex, and that factors such as diet do not influence the pre-
prandial and postprandial hematological and plasma parameters in L. kempii, unlike
other species of sea turtles such as C. mydas, in which the biochemical levels of total
protein (PT), albumin (ALB), alanine aminotransferase (ALT), alkaline phosphatase
(ALP) and postprandial cholesterol (CHOL) increased significantly. The authors
mention that this is due to the type of diet of each species, since juvenile L. kempii
turtles are carnivorous and consume mainly crabs, while juvenile C. mydas turtles
change their diet from carnivorous to herbivorous when mature [37].

Parameter Massachusetts North Carolina North Carolina
Juveniles Juveniles Adults
Foraging area Foraging area [38] Foraging area
[12] [39]
Sample size (n) 26 10 4
VPC NA NA NA
Total protein (gdL-1) 26+04 -24-176 26+09
Albumin (gdL-1) 1.0+£0.2 -711-77 09+0.3
Globulin (gdL-1) 1.7+0.3 —77—-238 1706
A/G ratio 06+0.1 NA NA
Total Bilirubin (mgdL-1) NA NA NA
Creatinine (mgdL-1) 0.25+0.11 -333-50.0 NA
BUN (mgdL-1) 33+22 NA 68.3+20.7
Glucose (mgdL-1) 141+ 50 -13.1-169 112.3 + 48.8
Cholesterol (mgdL-1) 334+ 141 -26-10.0 NA
Triglycerides (mgdL-1) NA -11.8-251 NA
Enzymes
ALKP (UL-1) 285 + 417 -99-129 NA
ALT (UL-1) 26+ 50 -100 - 50 NA
AST (UL-1) 610 + 50 -39 -144 108.8 + 54.9
GGT (UL-1) 3+2 NA NA
CK (UL-1) 21,979 + 24,298 —-24-158 2,412.3 £ 2,2354
AMYL (UL-1) NA NA
Elements
Calcium (mgdL-1) 66+11 -115-45 135+ 9.7
Phosphorus (mgdL-1) 74 +1.2 -11-69 75+ 4.0

PVC = Packed cell volume, BUN = Blood urea nitrogen, ALKP = Alkaline phosphatase, ALT = Alanine
aminotransferase, AST = Aspartate aminotransferase, GGT = Gamma-glutamyl transpeptidase, CK = Creatine
phosphokinase, NA = Not analysed.

Table 2.
Reference values of blood biochemistry for different populations of clinically healthy Lepidochelys kempii sea
turtles [12, 38, 39].
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The impact of gillnets on the sea turtle health, where a significant increase
in enzymes such as lactate dehydrogenase (LDH) and creatinine kinase (CK),
Phosphorus (P), calcium (K) and glucose (GLU) was observed the longer a turtle
was trapped in the net. The authors concluded that the level of stress to which the
organism is subjected to alters the blood parameters values. On the other hand,
kemps ridley turtles are exposed to pollutants such as metals and organochlorine
pesticides from an early age, and even low concentrations of these pollutants are
associated with changes in biochemical parameters, which affects the health and
behaviour of these organisms [38].

Although the L. kempii turtle is considered one of the sea turtle species at the
greatest risk of extinction, blood biochemistry reference values have not been
established. Therefore, blood biochemistry studies should be prioritised for this
species as understanding the health status and disease patterns for these turtles will
help secure their future.

4.3 Heavy metal studies

Globally, ocean pollution is a high-impact problem, which is generated from
multiple sources and anthropogenic activities, such as fisheries, urban develop-
ment, mining, production of agricultural and industrial products and oil refiner-
ies. These activities significantly increase pollutant levels in marine ecosystems
and negatively impact the health of the organisms that inhabit them. Among the
primary pollutants found in marine ecosystems are organochlorine compounds,
solid waste, plastics (micro and macro), pharmaceuticals, hydrocarbons and heavy
metals. Heavy metals are of great importance in ecotoxicology, due to their high
toxicity and duration in the environment, since bacteria cannot degrade them over
short periods [40-42].

Although some metals are essential for organisms’ biochemical processes (Cu,
Mn, Mg, Se, Cr, As, Na, K and Mo), high levels of these elements can affect organ-
ism health. On the other hand, toxic metals (Hg, Pb and Cd) are elements that are
unnecessary in organisms and can alter metabolic pathways and develop diseases
and even death [35, 42, 44]. Heavy metals are acquired mainly through diet, and
bioaccumulate in specific organs or tissues, such as Cd in the kidney and Pb in
bones, by affinity. Through biomagnification processes heavy metals can affect the
entire trophic web, with the greatest impact observed in the “top” organisms, such
as sea turtles, altering blood biochemistry and other health parameters, since they
have the ability to act as endocrine disruptors and produce carcinogenic effects, as
well as affecting the fertility of eggs [33, 34, 41].

On the other hand, high concentrations of heavy metals such as Cu, Fe and Pb
have been related to the presence of fibropapillomas, a disease which seriously
threatens sea turtle health. For this reason, heavy metals such as Cd, Hg and Pb are
the pollutants with the greatest impact on these reptiles, even affecting the embryos
during vitellogenesis due to the vertical transmission from the female to her eggs;
for example, Pb mimics as Ca as its reserves are depleted during nesting seasons and
can be transferred to eggs. For these reasons, heavy metals have been identified as a
risk to the health of sea turtle populations worldwide.

Although the issue of heavy metals in sea turtles has been widely studied,
most studies are based on the analysis of tissues collected from dead individuals.
However, this does not increase our understanding on the bioavailability, bioac-
cumulation and toxicology of heavy metals in sea turtles or their immune response
to these pollutants, which is why blood is currently used as analysis tissue, which
reflects exposure to short-term pollutants, although it has been observed that there
is a relationship between metal levels in the blood with respect to that in other
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tissues such as the liver and kidneys. Another benefit of using blood tissue is that an
organism immune response can be observed between the levels of essential (Zn, Cu
and Se) and toxic (Hg, Pb and Cd) metals, which suggests that there is a detoxifica-
tion process by the organism due to the formation of metallothioneins (MT), which
are proteins that function as a detoxifying agent.

At present, it is unknown to what degree chemical pollutants are harmful sea
turtle health, since the concentration of each metal vary between species and
populations, due to the fact that several factors influence the pollutant load, such
as habits, diet and the levels of pollutants found in its food, sex, age and physical
condition, exposure time, as well as the local habitat characteristics and climatic
conditions [40-44]. For this reason, the monitoring of heavy metals in sea turtles
must be carried out for each species on a regional and population level.

Sea turtles are sentinel species due to their sensitivity to environmental pol-
lutants which can be analysed in their tissues and reflect the bioaccumulation and
behaviour of pollutants such as heavy metals in the environment in which they
live. This allows for the identification of potential threats to the environment and
health [45].

Regarding the Kemp’ ridley turtle (Lepidochelys kempii), different authors point
out that their population within the Gulf of Mexico is exposed to the heavy metal
concentrations present in water and sediments, highlighting that the main sources
of contamination in the area are due to large oil spills, such as IXTOC-I in 1979 and
Deepwater Horizon in 2010, which increased the concentrations of Pb and other
toxic elements, causing potential risks to biota. However, few studies [46] have been
carried out on the levels of heavy metals in this sea turtle (Table 3), these studies
observed that the concentrations of Pb increased with turtle size in a foraging area
in Texas, USA, while in another foraging area in Louisiana, USA, Cu and Hg accu-
mulated in higher concentration related to size. On the other hand, this relation-
ship was not observed in the population of the southeast Atlantic. These regional
differences were attributed to geographic differences, sources of contamination and
levels of metals in the blue crab (Callinectes sapidus), the main component of the
Kemp’s ridley’s diet.

These differences observed in Kemps ridley turtles and the interspecific vari-
ability of the pollutant load due to the factors described above, show the importance
of periodically monitoring the levels of heavy metals in the Gulf of Mexico and in
this sea turtle, which would expand knowledge about the levels of these pollutants
in the Gulf of Mexico and the impact on the health of this species, contributing to
better care and management in L. kempii sea turtle conservation programs.

4.4 Molecular studies

The study and analysis of nucleic acids in sea turtles has different approaches
which depend on what type of nucleic acid is used to understand what, how and
when to conduct molecular analysis. The application of genetics to improve species
conservation efforts is an area with great potential, and there is a growing interest
in this research.

All organisms or protein entities (such as viruses that contain DNA or RNA
inside them) have different nucleic acid sequences (DNA or RNA). Variations are
due to factors, such as differences between two individuals, which can be caused
due to the time and space where they live, their biology, reproductive success,
demographics, places and time of migrations and even natural selection. All the
genetic information of each species is stored in its DNA; therefore, if its genome is
analysed, it is possible to obtain this information for almost any evolutionary pro-
cess. In conservation, the acquisition of this knowledge is important for identifying
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closely related individuals and mitigate inbreeding or exogamy and minimise the
loss of genetic variation.

Although taxonomic studies based on morphological characteristics are used to
classify individuals or species, molecular analyses are useful in studying sea turtles
providing data on their evolution, populations, phylogeny, and how to implement
conservation management plans based on molecular results. The study of DNA
sequences can provide important information on sea turtle history and data related
to their reproductive behaviour and ecology [46]. On the other hand, conservation
objectives based on genetics present an opportunity to acquire a greater under-
standing of a population’s status and management for genetic diversity preservation
and prevent the persistent risks that affect populations. To better understand sea
turtle species, studies should be directed towards those that provide precise data,
such is the case of molecular markers.

Thus, molecular markers applied amongst other things to genetic studies, have
relevance in countless studies in multiple species, their application in conserva-
tion provides information that helps in the understanding of evolutionary history,
demography and ecology of endangered species. Information related to species
distribution, biology and population dynamics is required to develop efficient
and successful conservation strategies. Thanks to the development of molecular
analyses and their application in sea turtle conservation, researchers have generated
information that has contributed to species recovery [49]. Likewise, the application
of molecular techniques can provide a breadth of information on different areas
for conservation. However, many techniques present limitations which are subject
to their correct use and development, including the correct selection of molecular
markers. Therefore, we can consider that genetic or molecular markers are DNA
sequences with known locations within a genome, a gene or in a non-coding region.
They are generally directly or indirectly associated with the gene’s function where
they are located or the function of a contiguous gene. Some factors that must be
taken into account in the use of molecular markers are the following: variation in
the ability to detect differences between individuals, their application costs, ease
of use, consistency, multiple capacities (evaluate several loci at the same time) and
repetition.

These markers can be small sequences, such as polymorphisms (change
or changes of one or more bases within a given sequence, in at least 1% of the
population) of a single nucleotide (SNP, single nucleotide polymorphism) or
long such as microsatellites [50]. Molecular markers are indispensable tools for
determining genetic variation and biodiversity with a high degree of precision and
reproducibility.

There are two possibilities within the study of molecular markers: nuclear DNA
(nDNA) or in mitochondrial DNA (mDNA) markers. DNA from the mitochondrial
genome provides information based on maternal lineage and population dispersion,
which is used for analysis in molecular-phylogenetic studies, thanks to its ability
to analyse evolution, since it evolves faster than nDNA, resulting in an accumula-
tion of differences between nearby species. The mDNA can estimate gene flow and
population history. The information found in the mDNA is conserved, with the
absence of introns, short intragenic regions, and few duplications. Markers based
on nDNA also called the nuclear genome, provide information on the genetic flow
inherited by the male or males, as well as their polygamous reproduction habits
with females from different nesting areas, in the same way resolving the paternity
question for each nest.

Starting in the 90s, studies on sea turtles using different molecular markers
notably increased. These studies have been crucial to increasing our understand-
ing sea turtle ecology. Among the research carried out on sea turtles, one can find
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species cataloguing and biodiversity inventories [51], identification of illegal sea
turtle products, population structure and historical biogeography, phylogenies,
female philopatry, male philopatry, multiple paternity, hybridisation, sex ratio [52],
epigenetic factors, recombination processes, gene selection and drift that can gener-
ate different genealogical histories.

For molecular studies of Kemp’s ridley, we should consider different options and
marker types. Before going into detail, we need to keep in mind that these studies
require a methodical and systematised process, not only for the type of molecular
analysis, but during the entire process, from the organisms capture, sampling, DNA
extraction, amplification and sequencing and its bioinformatic analysis. Although
there are large amounts of information on sea turtle species, molecular studies
in the endemic kemps ridley turtle are limited. Therefore, here we will present a
general panorama of molecular studies in sea turtles.

Worldwide, biodiversity loss is accelerating due to multiple factors including
land exploitation, excessive deforestation, drastic climate change, invasive species
and emerging pathogens. Natural resource management focuses on accelerating
the inventory of biological diversity, understanding its function and integrating
its use in the sustainable development of human society. In this sense, due to the
disciplinary crisis in conservation biology and thanks to the evolution of molecular
information, a goal was established in which it is necessary to incorporate several
technologies to accelerate, ensure and increase the precision of decision-making
for conservation. One crucial approach in advancing conservation medicine was
centralised database creation, such as the barcode database and DNA records.

In 2003, Paul Hebert and his working group [53] at the University of Guelph,
Canada, proposed implementing a coding sequence for cytochrome c oxidase sub-
unit I (COI or CoxI) of the mitochondrial genome as a universal marker for animal
species identification. The proposal was based on simulating the universal identifier
as a “barcode” used to identify commercial products, their year of manufacture,
batch, cost, or simple identification within a warehouse. Thanks to Hebert and his
working group’s novel work, in May 2004, the Consortium for the Barcode of Life
(CBOL) was created, which currently has 130 organisations from 40 countries [54].

Cytochrome c oxidase subunit I (COI, or cox1) is a fragment of the mitochon-
drial multienzyme complex, which occurs as a transmembrane system related to
the mitochondrial matrix. The region used for barcode generation is approximately
648 bp in length. In 2003, the COI gene was designated as standard “barcode” due
to its absence of introns, low exposure to recombination, haploid genetic condition,
variety of copies that allow easy DNA recovery, and high mutation rate that allows
distinction between closely related species, being used as a universal marker for
population genetic analysis, identification, phylogeographic studies and catalogu-
ing of all species in all taxa of the animal kingdom. It presents a diversity of nucleo-
tides in certain regions of the gene, a characteristic that allows the discrimination of
probable closely related species [55].

The use of this marker with a molecular taxonomic approach was carried out for
species-level differentiation studies among 5 sea turtle species. The consumption of
sea turtle products and by-products is an activity that often occurs in communities
that live close to these species. The application of the “barcode” to identify illegal
trafficking of sea turtle meat, eggs, carapace and other by-products helps coun-
teract and combat these illegal activities. It is also useful in identifying stranded
animals with a high level of decomposition or when traces of these species are pres-
ent. Studies have used this mitochondrial fragment to identify samples of hawksbill
sea turtle Eretmochelys imbricata. In this sense, the use of the mtDNA COI marker is
useful for creating phylogenies and population dynamics and contributes directly to
conservation actions for sea turtles [50, 56]. Advantages of this marker include the
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high level of barcode variation between specimens, which helps in the identification
of cryptic species and thus its use in species identification, biodiversity and conser-
vation studies. The barcode can also be used to facilitate species identification when
this is difficult due to the organism ontogeny or due to only receiving an individual’s
remains. However, disadvantages exist when using this marker, such as the lack

of clarity between the genetic separation values between intra- and interspecific
divergence in the selected marker. The discovery of new species cannot be confined
solely to a universal barcode, since this marker has errors in the genetic separation
values for certain taxonomic groups.

Another commonly used marker is the control region in mDNA, which con-
tains a displacement loop, known as the “D-loop”, believed to be the most rapidly
evolving region of the mitochondrial genome in most vertebrates. This structure
contains most of the regulatory elements for the mitochondrial genome expression
and is used to study intraspecific population structures. It has proven useful in the
study of sea turtles, with molecular markers derived from the control region used
to identify sea turtle natal origins and in the case of the loggerhead turtle (Caretta
caretta) used to demonstrate their transpacific migration. In 1994, another study
designed primers from the control region and amplified a 496 bp fragment for this
control region in leatherback turtles [57].

The control region is a ubiquitous characteristic of vertebrate mitochondrial
genomes, its name is due to its structure that consists of a triple chain of ~0.8-1 kb
and is located between the genes that encode tRNAPro on the light strand (L
-strand) and tRNAPhe on the heavy strand (H-strand). This morphology is created
by the displacement of the parental H-strand by a DNA of 0.6-0.8 kb complemen-
tary to the L-strand. The control region measures between 880 and 1400 bp, and in
some species, it can be greatly extended due to its repeated sequences. However, its
reduced size and the increased understanding of its replication and transcription
mechanisms, its sequence availability in many species, this region represents a good
marker to analyse the non-coding regulatory genome to the evolution in the time
of the establishment of mammals about 150 million years. In the late 1990s, Dutton
et al. described the control region’s use, in conjunction with recapture information,
to test the philopatry hypothesis. Naro-Maciel et al. conducted a study using the
control region as a marker for the DNA barcode, highlighting that although this
region is useful in numerous species conservation studies, it does not meet all the
criteria for use as a barcode sequence [50, 57].

One advantage of this genetic marker in sea turtle molecular studies is its high
degree of variability. It is the most variable region of the mitochondrial and nuclear
genome, evolving ten times faster than nDNA and can be used for species identifi-
cation, even reaching the sub-species level. It degrades slower than nDNA and can
be recovered from samples after long storage periods.

5. Conclusion

This chapter showed different stages of sea turtles, one in particular Kemp’s
ridley. Since that sea turtle has as a unique site to nest, it is important to under-
stand what the real situation about the cycle of life, anthropogenic threats, genetic
diversity, and pollution. Not only, for the turtles but for human beings. To see that,
previous studies in sea turtles were describe in tissue samples such as carapace,
kidney, liver, heart, etc. Another kind of used sample was blood. Blood as test tissue
allows information on recent exposure to anthropogenic pollutants, it is inexpensive
and easy to acquire. Also, it represents a relationship between the concentrations
of heavy metals with other tissues, since the blood transports them through the

130



Rediscovering Kemp’s Ridley Sea Turtle (Lepidochelys kempii): Molecular Analysis and Threats
DOI: http://dx.doi.org/10.5772/intechopen.96655

circulatory system to these. Biochemical analyzes could let us see if some popula-
tion of this sea turtle is healthier than others o maybe understands if spills, such as
the one in 2010 in the Gulf of Mexico, impacts in this species.

On the other hand, there are few molecular studies on these turtles, all of them
in secondary nesting areas and with specimens from those places. This chapter
would contribute to pointing out molecular studies in mtDNA sequences such as the
COI gene, the control region, or in nuclear DNA microsatellite sequences. Which
can reveal this species is important to the marine ecosystem conservancy, surely
due to its location limited to a single geographical area, which is the Gulf of Mexico.
Finally, for many years this species was unknown until brave and clever people
decided to act and to protect them. They gave a legacy and showed how marvelous
the nesting and hatching are. Now, it is a great opportunity to study with modern
tools them and to understand if those sea turtles are healthy and strong to transmit
their genes to the next generations of Kemp’ ridley. In the end, we showed the state
of the art of the smallest, unique, and elusive sea turtle.
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Fish and Fisheries of the Eastern
Coast of Mexico, with Emphasis
on Coral Reef Species

Carlos Gongzdlez-Gdndara and Ernesto A. Chdvez

Abstract

The state on knowledge of fish communities associated with coral reefs of the
southern Gulf of Mexico (Veracruz, Campeche bank), and eastern Yucatan on the
Caribbean is reviewed, in addition to a description of the main fisheries of the area.
The review includes coral reef fish of Veracruz, the Campeche Bank, and reefs
running along the Caribbean coast up to the border with Belize. Data recorded
suggest that the heterogeneity of different levels (region, reef and reef zone) may
be responsible for a larger number of niches available, promoting higher specific
diversity that is more evident in the Caribbean reefs. The environmental conditions
create patterns of differential abundance among the three zones. The main regional
fisheries include more than 60 species and the current yield suggests a 30% reduc-
tion compared to catch volumes recorded a few years ago. The changes in coral
coverage and the fishing pressure over coral reefs have exerted effects on species of
fishing importance.

Keywords: coral reefs, fish community, southern Gulf of Mexico, Mexican Caribbean

1. Introduction

The fish fauna of the south Gulf of Mexico, the Campeche Bank and the
Caribbean coast of Yucatan Peninsula comprise the northernmost extreme of the
tropical sea, included in the region known as the Caribbean province in the tropical
belt of Eastern America. This region has a high species diversity combing a marine
shelf covered by terrigenous sediments and coral reefs, allowing the possibility
to maintain a diverse fish community, supporting the statement that between
66 and 89% of marine fish species are dwellers of coral reefs and reef-associated
habitats [1].

Ichthyofaunal research in the reefs of the Gulf of Mexico and the Mexican
Caribbean is just over 50 years old. The first formal documents allude to the com-
ponents of Alacranes reef, Yucatan [2], Blanquilla reef, Veracruz [3] and Cozumel,
Quintana Roo [4]. However, the knowledge of the ichthyological components
of both the southern Gulf of Mexico and the Mexican Caribbean is incomplete,
because sampling efforts have been isolated and dispersed over time [5]. Among
the works that synthesize the regional ichthyofauna stand out Diaz-Ruiz et al.,
Schmitter-Soto, and Schmitter-Soto et al. [5-7] for the Mexican Caribbean, as well
as Chavez and Beaver [8] for reef systems of the southern Gulf of Mexico.
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The publications that have addressed the structure of fish communities (rich-
ness, distribution, relationship with environmental factors, etc.) are numerous,
some of them correspond to particular systems, such as the Veracruz Reef System
[9], Cozumel [10]; or Chinchorro Bank [11]. Others include a general analysis of
the reef fish communities of the Gulf of Mexico [12] and the Caribbean [13-15].
Fishing contributes to degradation of coral reefs and the fisheries associated to
these ecosystems, includes a smaller component of coral reef dwelling species
[16, 17]. This chapter summarizes the information published so far, comparing the
ichthyological components and their relative abundance. In addition, an assessment
of the most important fisheries associated with the reef structures of the southern
Gulf of Mexico and the Mexican Caribbean is made.

2. The habitats

The eastern Gulf of Mexico and the Mexican coast of the Caribbean Sea are a
heterogeneous region where three subzones can be defined by the characteristics
of the habitat, the western Gulf, the Yucatan platform, also known as Campeche
Bank, and the Caribbean coast of the Yucatan peninsula [18]. Despite these regions
hold some differential characteristics, the fish fauna has many similarities, and
despite the Caribbean coast holds essentially a coral reef habitat, there are many
common fish species along these areas. It is considered that more than 100 fish
species are closely associated to coral reefs and hard bottoms [8], so preservation of
integrity of these communities is important to the economic and ecological health
of this region.

The south Gulf of Mexico, from the border with the USA, is considered of
tropical nature, where two main habitats are well defined, one which may be
subdivided into two main ecosystem types, the first one is shrimp grounds,
strongly associated to coastal lagoons and mangroves; the other one is the coral
reef ecosystems divided in two subregions (Veracruz and Campeche reefs). The
coast of Veracruz contains more than 100 coral reef structures [19] divided in three
systems: the Lobos Tuxpan Reef System (LTRS), the Veracruz Reef System (VRS)
and the Tuxtlas Reef System (TRS) [20]. Most reefs in Veracruz develop under
stress conditions (turbidity and thermal stress) due to their proximity to the coast
[21] and the drainage of the ten hydrological basins that flow towards the Veracruz
coast [22]. According to their geomorphology, the Veracruz’s reefs are: platform,
fringing and submerged banks. Zonation of the platform-type reefs (crest, lagoon,
windward and leeward slopes) is defined by the benthic components [21, 23-26]
resulting from wave exposure, ocean currents, suspended sediments, and turbidity
[27, 28]. Coral coverage of these reefs is 15 to 25% [21, 26]. Veracruz’s submerged
banks have an irregular to oval or semicircular shape, with a depth ranging from 1
to 40 m [19]. Although there are few studies, the coral coverage of these reefs is less
than 10% [29, 30], excepting Blake reef, whose coral coverage is higher than 15%
[31]. Fringing reefs are small formations (<1.0 km long) in central Veracruz, whose
coral cover is less than 10% [32]. In the south, there is a strip of approximately
3.5km [33] (Figure1, Table1).

The coral formations of the Campeche Bank (CBRS) are geomorphologically
divided in two: platform-type or emergent (Arcas) and submerged banks (Banco
Pera), among them, Alacranes reef (22 km long), is on the north of Yucatan penin-
sula, at 150 km from the coast [34] (Figure 1, Table 1). Jorddn-Dahlgren [35] refers
to up to 46 structures in this region. Platform-type reefs present a similar zoning to
that observed in Veracruz reefs [24, 25]. Their depth ranging from 1 to 44 m [35, 36].
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Figure 1.

Cogml reefs of the south Gulf of Mexico and Mexican Caribbean. 1=Blanquilla, 2=Medio, 3=Lobos, 4=
Tanhuijo, 5=Enmedio, 6=Pantepec, 7=Tuxpan, 8=Blake, 9=Punta Gorda, 10=Galleguilla, 11=Blanquilla,
12=Anegada de Adentro, 13=Verde, 14=Hornos, 15=Pdjaros, 16=Sacrificios, 17=Anegada de Afuera, 18=
Mocambo, 19="Topatillo, 20=Santiaguillo, 21=Anegadilla, 22=Polo, 23=Enmedio, 24=Los Bajitos, 25=Chopas,
26=Blanca, 27=Cabezo, 28=Giote, 29=Rizo, 30=La Palma, 31=Los Sargazos, 32=Periférico, 33=Terranova,
34=La Perla, 35=Zapotitlin, 36=Palo Seco, 37="Tripie, 38=Tridngulos Oeste, 39="Tridngulos Este, 40=0bispo
Norte, 41=Obi5pa Sur, 42=Arcas, 43=Banco Pera, 44=Banco Nuevo, 45=Arenas, 46=Serpiente, 47=Madagascm;
48=Sisal, 49=Alacranes, 50=Punta Nizuc, 51=Puerto Morelos, 52=Punta Maroma, 53=Cozumel, 54=
Akumal, 55=Boca Paila, 56=Yuyum, 57=Punta Allen, 58=Punta Herrero, 59=Tampalam, 60=El Placer,
61=Mahahual, 62=Xahuayxol, 63=Xcalak, 64=Chinchorro.

The highest part of the submerged banks is between 3 and 15 m below sea level and
its maximum depth is 18 m [37, 38] and the coral cover of these reefs ranges from 5
to 25% [25]. The coral reefs located on the west shelf of the Campeche Bank, play
the role of a source of biodiversity of an important coral and fish community which
supply with larval stages to the coral reef ecosystem of the Veracruz shelf [39, 40].

Finally, the Caribbean coast of Yucatan Peninsula almost lacks of a continental
shelf, and the coast is profusely occupied by fringing reefs, from Isla Contoy to the
border with Belize. This region also includes insular structures (Cozumel and Banco
Chinchorro) and submerged banks (Arrowsmith) [35, 41]. The fringing formations
grow parallel to the coast or are separated by a well-defined lagoon. These systems are
divided into three major groups: the southern group is made up of well-developed reefs
that form channel systems and massif crest reefs whose geographic limit is the 19°05’
coordinate, the central-northern group, which goes from the previous geographic limit
to Contoy Island, with well-developed structures in the front, is dominated by gorgo-
nians and algae, and the deep reefs that are located in southwest Cozumel with coral
development between 10 and 50 m depth [24] (Figure 1, Table1). The coral cover of
most reefs in this region ranges from 15 to 20% [41].

Zonation of coral reefs of the Mexican Caribbean is related to environmental
factors, like wave impact and light penetration [42] and include: a shallow lagoon
covered with sand, seagrasses, macroalgae and scarce coral colonies; a shallow
back reef covered with coral fragments and massive coral colonies; a shallow reef
crest exposed to surf that is covered by branching corals (Acropora palmata), fire
coral (Millepora spp) and coralline algae; a reef front with a gentle slope facing the
prevailing winds, with a depth of 5 to 25 m. This zone is covered with branching
and massive corals, sand and debris, and the reef slope is covered with massive and
foliose corals as well as sponges and gorgonians. This zone is an extension of the
reef front with a high slope at a depth of 12 to 40 m [13, 14] or more.
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Reef Geographic location Average surface (ha) Depth (m)
1. Blanquilla 21°32'33”N; 97°16'49”W 200.76 0.5-20
2. Medio 21°3044”°N; 97°15'09”W 118.78 0.5-20
3. Lobos 21°28'19”N; 97°1327"W 398.26 0.5-30
4. Tanhuijo 21°08'17”N; 97°16'18”W 155.45 0.5-20
5. Enmedio 21°04'56”N; 97°15'20"W 237.05 0.5-20
6. Pantepec 21°02'40”N; 97°14'27”W 100.99 16-27
7. Tuxpan 21°01'447N; 97°11'43"W 144.99 0.5-30
8. Blake 20°45'47”N; 96°59"24”W 124.49 9-34
9. Punta Gorda 19°15'05”N; 96°10°45"W 39.03 0-4
10. Galleguilla 19°13'49”N; 96°07'22”W 34.99 0-18
11. Blanquilla 19°13'35”N; 96°05'51"W 4249 0-24
12. Anegada de Adentro 19°13'33”N; 96°03'19”W 75.85 0-36
13. Verde 19°12'11°N; 96°04'03"W 6711 0-27
14. Hornos 19°11"28”N; 96°07'13”W 12.02 0-3
15. Pajaros 19°11"18”N; 96°0521"W 113.08 0-18
16. Sacrificios 19°1035”N; 96°05'31"W 45.18 0-14
17. Anegada de Afuera 19°0923”N; 95°5123"W 471.6 0-45
18. Mocambo 19°09'00”N; 96°0525”W 43.73 0-7
19. Topatillo 19°0830”N, 95°50'08”W 13.72 0-45
20.Santiaguillo 19°0829”N; 95°48'30”W 175 0-45
21. Anegadilla 19°08'09”N; 95°47'43”W 20.62 0-45
22. Polo 19°06"29”N; 95°58'37”W 21.97 0-24
23. Enmedio 19°06"21°N; 95°56'20"W 258.62 0-24
24. Los Bajitos 19°06'06”N; 95°58"28”W 42.79

25. Chopas 19°05"22”N; 95°58'07”W 473.63 0-24
26. Blanca 19°0510”N; 95°59'56 "W 41.33 0-18
27. Cabezo 19°04'31°N; 95°51'00”"W 1037.59 0-24
28. Giote 19°04'08”N; 95°59'55”W 346 0-2
29. Rizo 19°03'50”N; 95°55'41"W 184.41 0-18
30. La Palma 19°07"15”N; 95°57'58”W 19714 4-26
31. Los Sargazos 19°06'22”N; 95°56'47”W 19.22 2-22
32. Periférico 19°04'57”N; 95°56'03”W 4.59 2-16
33. Terranova 19°10'59”N; 96°05'42”W 6.53 1-15
34. La Perla 18°32'35”N; 94°49'34”W ND 1-12
35. Zapotitlan 18°27'427N; 94°45'44”W ND 1-12
36. Palo Seco 18°10"33”N; 94°31'32”W ND 11-22
37. Tripie 18°10"33”N; 94°22'03”W ND 7-15
38. Triangulos Oeste 20°57'58”N; 92°17'56”W ND 0-18
39. Triangulos Este 20°54'31”N; 92°12'55”W ND 0-18
40. Obispo Norte 20°28'41”N; 92°1221"W ND 5-18
41. Obispo Sur 20°25'28”N; 92°13'25"W ND 5-18

144



Fish and Fisheries of the Eastern Coast of Mexico, with Emphasis on Coral Reef Species

DOI: http://dx.doi.org/10.5772/intechopen.95292

Reef Geographic location Average surface (ha) Depth (m)
42. Arcas 20°11'47”N; 91°57'58"W ND 0-18
43. Banco Pera 20°42'55”N; 91°55'05"W ND 16-44
44. Banco Nuevo 20°30'00”N; 91°50"44”W ND 0-30
45. Arenas 22°06'42”N; 91°23'27”W ND 0-30
46. Serpiente 20°57'58”N; 92°17'56 "W 0.21 7-18
47. Madagascar 20°57'58”N; 92°17'56”W 0.21 4-13
48. Sisal 20°57'58”N; 92°17'56”W 0.67 3-10
49. Alacranes 22°28'43”N; 89°42'05”W 333,768 0.5-50
50. Punta Nizuc 21°19'10”N; 86°46'30”W ND 1->30
51. Puerto Morelos 20°51'16”N; 86°51'40”W 9066 0.5-25
52. Punta Maroma 20°43'42”N; 86°57'37”W ND 1->30
53. Cozumel 20°25'16”N; 86°55'52”W 11,987 15-<40
54. Akumal 22°2324"N; 87°18'30"W ND 1.5-65
55. Boca Paila 20°0111"N; 87°28'06”W ND 1->30
56. Yuyum 19°54'49”N; 87°25'42”W ND 1-45
57. Punta Allen 19°4620”N; 87°26'52"W ND 1->30
58. Punta Herrero 19°19'42”N; 87°26'43”W ND 1->30
59. Tampalam 19°06'54”N; 87°32'11"W ND 1->30
60. El Placer 18°53'23”N; 87°38'06”W ND 1->30
61. Mahahual 18°42'49”N; 87°42'07”W ND 1->30
62. Xahuayxol 18°21'15”N; 87°4727"W ND 1->30
63. Xcalak 18°15'35”N; 87°49'25"W 17,949 1-70
64. Chinchorro 18°34'24”N; 87°21'06”W 144,360 1.5-60

Table 1.

Geographic location and characteristics of the coral veefs from the South Gulf of Mexico and Mexican
Caribbean. Source of data [19, 20, 25, 37, 38, 43-48].

3. Fish communities

As a consequence of habitat morphology, the study of coral reef fish is based
upon visual censuses. This way, it makes not easy to compare abundance data
of coral reefs with fish faunas caught with trawl and other kind of nets on soft
grounds. However, quantitative data provide records of relative abundance and

therefore allows to get a picture of fish communities in each habitat.

The current stream on the Mexican Caribbean is one of the factors determining
the physical and chemical properties of the marine waters of the Gulf of Mexico
[39] and is a decisive factor in the ichthyologic composition [12]. The current

system, the rainfall regime and the continental drainage modify the environmental
conditions at the regional level [49], leading to the presence of endemic species

and influencing the abundance of some others. The fish community associated to
the reefs of the southern Gulf of Mexico and the Mexican Caribbean is made up

of 776 species belonging to 115 families. The highest species richness corresponds
to the Caribbean (579 species) [4, 6, 10, 11, 50], followed by the reefs of Veracruz
(509 species) [3, 9, 32, 33, 51-54] and the Campeche Bank (445 species) [2, 12, 38,
55, 56]. The differences are related in part to the sampling effort carried out and the
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Family Veracruz Coast Campeche Bank Mexican Caribbean Total
Serranidae 45 39 45 63
Gobiidae 27 30 22 48
Carangidae 23 20 24 25
Labrisomidae 10 16 22 24
Haemulidae 20 15 16 21
Sciaenidae 19 8 7 19
Labridae 16 16 16 19
Pomacentridae 15 15 14 15
Scaridae 14 14 14 14
Table 2.

Species richness of the main fish fauna associated to the veefs of the South Gulf of Mexico and the Mexican
Caribbean.

distance to the center of origin [57], since most of them are of Caribbean origin.

On the other hand, regional conditions (turbidity, nutrient concentration, etc.) are
determining factors in the fish components [27]. For example, in Veracruz, species
that normally inhabit estuarine areas (e.g. Bairdiella veraecrucis) have been recorded
in the proximity of the reefs located near the coast [54]. Published data for the reefs
of the southern Gulf of Mexico and the Mexican Caribbean [2, 4, 6-13, 32, 33, 38,
50-56] reveal that the families with the highest species richness are: Serranidae,
Gobiidae, Carangidae, and Labrisomidae (Table 2).

Regional conditions of salinity, temperature, concentration of nutrients, among
others, as well as the heterogeneity of the reef environment, create patterns of dif-
ferential abundance among the three regions. Thus, the proportions estimated from
published [11-13, 32, 58, 59] and unpublished data show that, Blue tang (Acanthurus
coeruleus), Blue chromis (Chromis cyanea), Yellowhead wrasse (Halichoeres gar-
noti) and Bluehead (Thalassoma bifasciatum) are higher in the Caribbean, while
Glass goby/Masked goby (Coryphopterus hyalinus-personatus), Mardi Gras wrasse
(Halichoeres burekae), Doctorfish (Acanthurus chirurgus) and Brown chromis
(Chromis multilineata) show a higher relative abundance in the reefs of the Gulf of
Mexico (Table 3).

Veracruz Coast Campeche Bank Mexican Caribbean
Abudefduf saxatilis 2-5% <1% 2-5%
Acanthurus chirurgus <1% <1% 1-2%
Acanthurus coeruleus <1% <1% 2-5%
Acanthurus tractus <1% <1% 2-5%
Bodianus rufus 2-5% <1%
Chromis cyanea <1% <1% 10-20%
Chromis multilineata 10-20% 1-2% 1-2%
Chromis scotti 2-5% 2-5%
Clepticus parrae <1% <1% 5-10%
Coryphopterus hyalinus-personatus 20-30% 20-30% <5%
Elacatinus jarocho 2-5%
Gramma loreto 1-2% 1-2%
Haemulon aurolineatum 5-10% 1-2% <1%
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Veracruz Coast Campeche Bank Mexican Caribbean
Haemulon flavolineatum <1% 2-5% 2-5%
Haemulon sciurus 2-5%
Halichoeres bivittatus 2-5% 5-10% 1-2%
Halichoeres burekae >30% 2-5% <1%
Halichoeres garnoti <1% 1-2% 2-5%
Lujanus apodus 1-2%
Microspathodon chrysurus <1% <1% 1-2%
Ocyurus chrysurus <1% 1-2%
Scarus iseri 2-5% 10-20% 2-5%
Scarus taeniopterus 1-2%
Sparisoma aurofrenatum <1% 2-5% 2-5%
Sparisoma viride <1% 1-2% 2-5%
Stegastes adustus 2-5% 1-2% 1-2%
Stegastes partitus 1-2% 5-10% 5-10%
Stegastes planifrons 1-2% 2-5% 1-2%
Stegastes xanthurus 2-5% 1-2% <1%
Thalassoma bifasciatum 2-5% 2-5% 10-20%

Table 3.
Relative abundance of the most abundant fish species of coral reefs of the South Gulf of Mexico and the
Mexican Caribbean.

Environmental heterogeneity has been referred to as a cause of ichthyofaunal
diversity [60, 61] and this heterogeneity can be analyzed at various scales: region,
reef and reef zone. At the region level, oceanographic processes (currents, gyres,
etc.) determine the flow of nutrients and larvae to the reefs [62]. This, together with
the availability of physical spaces for recruitment and settlement of larvae as well as
the availability of food, participate in the composition and abundance of fish. The
conditions of higher environmental stability in the Mexican Caribbean seem to be
related to its greater richness. However, the flow of fresh water and sediments on
the reefs of Veracruz promotes a mixing of estuarine and marine fishes.

4. Heterogeneity and fish richness

At the coral reef scale, the geomorphology, the dimensions of the reef, the depth
and its distance to the coast, as well aslocal current patterns, temperature regime, and
salinity, are some of the factors defining the structure of fish communities [8, 28, 63].
At this scale, heterogeneity is related to the dimensions of each reef [25] which diversi-
fies the niches and enhancing specific diversity, for example, in Alacranes reef (Gulf
of Mexico) and Chinchorro Bank (Caribbean). The fish richness of the fringing reefs
of the Caribbean, is higher in the southern reefs (Mahahual, Yuyum, and Boca Paila)
compared to the northern reefs (Punta Nizuc, Puerto Morelos, and Punta Maroma)
[15], perhaps because deep fore reefs tend to be smaller and less developed in the north
[41], while in the center and southern, the massive coral species appear to determine
the structure and diversity of the coral assemblages, influencing fish aggregations
[15]. The Figure 2 show the fish richness in some reefs of the south Gulf of Mexico
and the Mexican Caribbean [2, 4, 6-13, 32, 33, 38, 50-59].
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Figure 2.
Ichthyologic species richness recorded at some reefs of the southern Gulf of Mexico and the Mexican Caribbean.

The ichthyofaunal components of near-shore reef structures may be influenced
by the fauna that inhabit freshwater or estuarine systems. Reefs of central Veracruz
that are very close to the mouths of the Jamapa and La Antigua rivers have typically
estuarine species, such as: B. veraecrucis [54]. This connection is also observed in
Tamiahua Lagoon, Veracruz and Términos Lagoon, Campeche, where typical reef
fish species like Aluterus schoepfii and Stephanolepis hispidus have been detected
respectively [64, 65]. This proximity provides nutrients to reef areas and limits light
penetration due to suspended sediments, which modifies the abundance of some
species, such as T. bifasciatum [66].

In the Caribbean, reefs connected to rivers running underground, have com-
ponents cataloged as freshwater, such as Mayaheros urophthalmus [67] or estuarine
species, such as Mugil sp. [68]. On fringing reefs, some fishes (e.g. Lutjanidae, and
Haemulidae) move from the reef to the mangrove in search of food or for breeding
[69, 70], explaining their high abundance values recorded in the Caribbean reefs
especially in shallow areas [13, 68].

At reef zone level, exposure to dominant winds, water transparency, depth and
benthic coverage define fish richness and distribution [28, 66]. In the platform-
type reefs of Veracruz and Campeche, the greater coral coverage in the leeward
slope favors the richness and abundance of fish, particularly those that live closely
associated with coral structures. In this reef zone are common Halichoeres burekae,
Coryphopterus hyalinus, Haemulon aurolineatum, Stegastes planifrons, Chromis multi-
lineata, Chromis scotti, Scarus iseri, and Sparisoma aurofrenatum. On the windward
slope, structural complexity as well as currents concentrate plankton are determi-
nant in the fish community structure. In the deep areas, are frecuent H. burekae, C.
multilineata, C. hyalinus, and Abudefduf saxatilis. In the shallow areas of leeward,
Stegastes adustus, Ophioblennius macclurei, T. bifasciatum, and Microspathodon
chrysurus are the most abundant. In the crest, the fish species adapted to swell like S.
adustus, A. saxatilis, O. macclurei, T bifasciatum, and M. chrysurus dominate. Finally,
in the lagoon reef, species like Halichoeres bivittatus, S. adustus, Stegastes leucostictus
and Sparisoma radians are common. Figure 3 shows the fish richness by reef zone,
estimated from unpublished data on reefs from northern Veracruz, the average
richness is higher on the slopes.

In the Mexican Caribbean, the average ichthyologic species richness is higher
in the areas exposed to the waves (slope and terraces) in comparison to the lagoon
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Figure 4.
Mean ichthyologic richness by reef zone in Mexican Caribbean reefs. Data sources [13, 15].

and the reef front (Figure 4). Distribution of fish species is fitted to the availability
of microhabitats as well as to the environmental preferences of each species. In the
lagoons, the juvenile stages of Haemulon sciurus, Haemulon flavolineatum, Lutjanus
apodus, Ocyurus chrysurus, and Acanthurus chivurgus, among others, are frequent.

In addition, species linked to sea grasses and sand (S. radians, Eucinostomus lefroyi,
Gerves cineveus, and H. bivittatus) are common too. On the reef crest, where the
substrate is covered by branched corals, calcareous algae and turf algae, are com-
mon the species adapted to intense wave action as S. adustus, M. chrysurus, and A.
saxatilis. In addition, schools of Kyphosus vaigiensis, Acanthurus tractus, A. chirurgus,
and S. iseri are transient through this area. On the reef slope, schools of fish that
take advantage of the concentration of zooplankton generated by the currents can
be observed. Among these species, stand out for their abundance C. scotti, Chromis
cyanea, and Clepticus parrae. In the interspaces produced by the coral development,
fish species that use the spaces between corals to protect themselves from preda-
tors (Haemulon melanorum, Haemulon macrostomum) and species that use these
spaces to go unnoticed by the prey (Epinephelus morio) are often seen. Also com-
mon are species that transit the water column in search of food (Caranx ruber, and
Lutjanus cyanopterus). In the terraces characterized by the presence of gorgonids,
Cephalopholis fulva, Epinephelus guttatus, and Stegastes partitus [13] are common.
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The structure of coral reef fish communities could be influenced by natural and
anthropogenic sources. The climate change may affect small sedentary fish more than
large species [71]. However, the former might allow faster adaptation to new environ-
mental conditions [72]. Given the general deterioration of reefs, a lower abundance is
expected, not only of large carnivores but also of small specialist fishes [50].

The fishing pressure over fishes in coral reefs of the Gulf of Mexico and the
Mexican Caribbean has produced changes in the richness and abundance of fishes
[16, 50, 73]. For example, the fishing of groupers in the Mexican Caribbean caused
the disappearance of the aggregation of Nassau grouper off Mahahual [74]. On the
other hand, the scarcity of commercial fish species (e.g. snappers and groupers),
become the parrotfish as a target group of spear-gun fishing as a result of the
increasing of tourism along this area [73]. In the southern Mexican Caribbean there
are a decreasing of coral reef fishes that is more evident in the large piscivores [50].

The anthropogenic disturbances, the tourism and river discharges are related to
high nutrient levels on reef systems [21, 75], and could be linked to observed seagrass
and hard coral cover loss over the last decades as in the Gulf of Mexico [21, 76] as in
the Mexican Caribbean [77, 78]. The sediments and nutrients in coral reefs increase
the turbidity and modify the richness and abundance of herbivorous fishes [66, 79].

5. The fisheries

An examination of exploited fish stocks of the southern Mexico and the Mexican
Caribbean suggests that the main fisheries are composed by transient species, whose
distribution extends to the warm-temperate region of the East and South Eastern
USA; on the south side, fish fauna share components of Caribbean species whose
distribution range up to the Brazilian coast in many cases. The main components of
the exploited stocks are species dwelling the shelf grounds, and a smaller component
is based on coral reef dwelling species. The general perception is that overfishing is
a major concern for many reef-fish populations, and this activity may be one of the
most important activities contributing to degradation of coral reefs in the southern
Gulf of Mexico [17] and the Mexican Caribbean [16]. In the reefs of Veracruz,
around 50 out of the 550 reef-fish recorded, are often used for fisheries. Some of
them are caught directly on the coral reefs using hooks and harpoons [80, 81].

An overview of the fisheries of the Gulf of México [82] allows to conclude that the
fisheries of the south and north Gulf display rather independent trends, being the Gulf
menhaden (Brevoortia patronus) on the northern Gulf, the species ruling this trend, and
representing more than 90% of the whole catch. In the southern Gulf the whole catch
is more stable over time than the one of the northern Gulf and the Gulf menhaden does
not appear in catch records, whose volume ranges between 50,000 and 100,000 tin the
northern Gulf. On both sides, at the north and south Gulf, mullets became more abun-
dant over the recent years, which together with shrimp and crabs as scavengers, suggest
a probable increase of debris, caused by the intensity of fisheries trawling of the shrimp
grounds. Other important exploited stocks deserving to be mentioned are the Spanish
mackerel (Scomberomorus maculatus) and the King mackerel (Scomberomorus cavalla),
two migratory species up in the food web as predators, running along the coasts of the
state of Veracruz, with catch volumes of +5200 and 2300 t per year respectively. These
two species also are important for fisheries on the north Gulf.

The fish species associated with reef and rocky areas (Gulf of Mexico and
Mexican Caribbean) are usually reported in a group called “escama (scale fish)”.
They include groupers (e.g. Epinephelus morio), snappers (e.g. Lutjanus jocu), porgies
(e.g. Calamus bajonado), grunts (e.g. Haemulon plumierii), hogfish (Lachnolaimus
maximus), and tilefish (Lopholatilus chamaeleonticeps) among others [83].
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In the 1970s, large predatory fishes such as sharks, and groupers were among
the most important catches at the Mexican Caribbean reefs. The reduction of their
populations led to new target species, such as Parrotfish, Whitefish, Spotted snap-
per, Tilefish and Creolefish [83]. Some of these fish species have been overfished
[84]. Data by Arias-Gonzdlez [16] revealed that the biomass of large, predatory
fish (Serranidae, Lutjanidae, Carangidae, and Sphyraenidae) was lesser in non-
protected areas of the Mexican Caribbean.

In regard to the impact of climate of fish stocks, there is evidence [85] of a strong
influence of climate indices, in particular the Southern Oscillation Index and the
North Atlantic Oscillation Index on the catch of 66 species over historical records,
finding that climate plays a significant role, in particular short-lived species. Some
species respond with positive and others with negative sign respecting to the vari-
ability of these signs. This indicates the strong influence of climate. In some cases,
trends help suggesting the most likely expectations of the catch in the near future,
whilst others with declining trends make it difficult to forecast the effects of fishing
intensity or other human impacts.

6. Conclusions

Species diversity of the Gulf of Mexico despite it does not show any evidence
of being limiting for the Caribbean species, it somehow constrains the entrance to
all typical Caribbean forms and in many zoological groups there are some species
that are not found inside the Gulf and is known that some of these penetrate a
far as the Campeche Bank reefs, or as occurs in some cases, they display very low
abundances, like the Red grouper (E. morio), the Nassau grouper (Epinephelus
striatus), the Gag (Mycteroperca microlepis). By contrast, there are a few fish species
which are endemic to the Gulf of Mexico, like the Black snook (Centropomus poeyi),
and Jarocho goby (Elacatinus jarocho), to just mention a few. After these examples,
we can state that the Gulf of México contains some characteristics restricting the
penetration of some Caribbean forms. It is pertinent to mention that in this chapter,
mixohaline species associated to the brackish-waters are not considered.

In regard to the exploited fish stocks, two explanations are given respecting to
significant changes of their biomasses, one is attributable to fishing intensity, and
the other is to climatic variability. We consider that under certain circumstances,
both factors may be responsible for these changes, especially if we look into par-
ticular fish stocks. Environmental variability is responsible of sudden changes in
the biomass of short-lived species like sardine and related life forms, enhancing
sudden increase or dramatic reductions [86] affecting productivity and the carry-
ing capacity of the habitat. In contrast, long-lived stocks usually are able to support
the effects of north winds occurring in winter, excepting those cases causing mass
mortalities, and their biomasses are more related to their life spans and carrying
capacity. The catch in the south Gulf of Mexico is estimated in 0.11 t/ km? [87], and
it was found a positive correlation of one year delay between yield and Chlorophyll
a concentration.

Coral reefs of the Mexican Caribbean as well as those of the south of Gulf of
Mexico have drastically changed over the last decades [41]. Recent studies showed
an increase of macroalgae coverage and a decrease of coral cover [88] impact-
ing coralline assemblages like herbivorous fish [73] by the lost of habitats and
fishing pressure [16, 84]. The effects of fishing were detected in individual fish
size and there were more evident on the unprotected reefs [16], where the com-
mercially important species belonging to Serranidae, Lutjanidae, Carangidae, and
Sphyraenidae were recorded by these authors in small quantities.
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More Urbanization, Fewer Bats:
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Conservation in Honduras
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Abstract

Urbanization is a phenomenon that results in fragmentation and eventual
destruction of forests. Suburbanization is a subset of that same phenomenon in
which fragmentation has resulted in the retention of small patches of the original
forest and surviving old growth trees. Alternatively, the area surrounding the cen-
tral city had been cleared for agricultural use and the suburban residents have
planted many trees in parks and private property. This fragmentation will of course
affect many species of bats, including species of the family Phyllostomidae. In this
work, we estimate and compare the diversity of phyllostomid bats in three land-
scapes in Honduras: forests, suburban, and urban areas, from 2015 to 2018. Con-
currently, we compared bat activity patterns based on the hour and percentage of
moonlight at the time they were captured, and we compared external measure-
ments, forearm and ear length. Urban areas are the least diverse and exhibited the
lowest abundance. The forearm and ear length were significantly different only
between forests and urban areas. The degree of lunar phobia also differed among
those landscapes, but the time of capture did not differ. This is the first attempt to
describe the activity patterns of phyllostomids in these studied areas and the effect
of urbanization on Honduran bats. As expected, we found that from forests to
cities, the diversity and abundance of phyllostomids decreased. However, there are
many gaps in our knowledge of how totally or partially urbanized areas are affecting
phyllostomid bats in Honduras.

Keywords: Chiroptera, CU-UNAH, Honduras, phyllostomid bats, Rio Platano
Biosphere Reserve, Sabanagrande, suburbanization, taxonomic diversity

1. Introduction
1.1 Urbanization, suburbanization, and bats

It is generally agreed that urbanization has had a major negative effect on
populations and diversity of native plants and animals. Nevertheless, humans plant
a wide variety of vegetation in their urban and suburban areas, thus initiating the
food chain on which most animals depend. Although diversity is clearly greatly
reduced in the urban setting, at the population level the effect has been extremely
heterogeneous across the animal kingdom. Bats (Chiroptera) are an extremely
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diverse group, with more than 1400 species worldwide, living in almost all habitats.
The reaction of bats to urban environments was recently reviewed [1]. Jung and
Caragh [1] determined that the behavioral and/or morphological traits at the level
of individual species determine species’ adaptability to urban areas. Further, they
determined that the driving factors for species adaptability to urban areas may be
regionally divergent.

As Jung and Caragh [1] point out, bats are found in all cities over the world. Of
the approximately 20 families of bats, only two tend to avoid cities entirely, the
Rhinolophidae and Mormoopidae, whereas a heterogeneous reaction at the species
level is typical of the other families.

Urban habitats have both potential disadvantages and advantages from the
perspective of bats. Clearly cities are high in noise, light, and chemical pollution
compared to natural habitats. Light pollution may be an especially difficult factor to
which bats must adapt. Depending on roosting requirements, cities may provide
abundant roost sites, such as buildings, or not, for example for bats that roost in
vegetation. Often drinking water and food supplies are enhanced by the human
residents of the city, again depending on the bats’ specific requirements. Since
tree cover in cities averages less than 30% [2], bats adapted to forests may not
do well, whereas in grassland and savannah areas, bats may find the tree cover
advantageous [3].

Although there have been many studies of urban bats, these have been concen-
trated in temperate North America and Europe, and focus mainly on bats of the
family Vespertilionidae, e.g., Dixon [4], Hale et al. [5], Pearce and Walters [6]. Bat
activity and diversity seem to be highest in older suburban areas and parks and
decrease towards the center of cities where there is little vegetation. It is clear to us
that the change from urban to suburban to rural is a continuum; therefore, it is not
productive to divide this continuum into discrete units except very generally as we
are doing here for comparative purposes. The differences between urban and sub-
urban can, for example be exemplified by such physical differences as tree density,
percent paved area, building size and density, etc. These variables change in a
predictable way as we pass through the continuum. Thus, when we approach 0%
paved area, very low building density, and/or 100% tree density, we have reached
the end of the continuum and are in forest or agricultural zones.

Although a few species do very well in cities, as for example, the huge colony of
Tadarida brasiliensis in downtown Austin, Texas, U.S.A. [7], the majority of species
that occur in a given area are rare or absent from urban areas [1]. Norberg and
Rayner [8], pointed out that bat species with high wing loadings and aspect ratios,
and thus presumed to forage in open areas, seem to be the most abundant and
diverse in cities. Several studies [9-11] show that in general, foraging activity of
bats seems to be higher in rural and forested areas than in urban areas.

A threat to bat populations, clearly related to urbanization, is mortality on
highways. This problem has been but rarely studied, mostly in the temperate zone
(e.g., [12]) but clearly exists. Recently a study in Brazil demonstrated that signifi-
cant bat mortality is occurring on Brazilian highways as well [13].

There are relatively few studies of bats in urban areas of the Neotropics. Jung
and Kalko [14] in Panama, using audio recordings, report decreased diversity and
abundance in the urban setting, compared to the high diversity in forests in that
country. They also note that in the city, most of the bats are high flying species,
primarily of the Molossidae. In Costa Rica one of us [15] found the same trend with
audio recordings in a large metropolis and in a smaller provincial capital. Jung and
Kalko [16], recording in a small city adjacent to forest, found higher diversity than
in large urban centers, but noted that some species that were abundant in the
nearby forest were never recorded in town. For our purposes, we may think of this
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town as a suburban area. In Costa Rica, in a large urban center, but recording only
in city parks, the number of bat passes was much greater in the larger parks than in
the smaller parks [17]. Overall, those authors found considerably less activity than
we consistently found in non-suburban settings [14]. The urban bats identified
from the calls were all from the families Vespertilionidae and Molossidae. In
another Costa Rican study the author mist-netted in parks in the city, finding a
relatively small number (for the netting effort) of bats of the family
Phyllostomidae, all of which were very common species that eat fruit and/or
nectar [18].

1.2 Bat diversity in Honduras

Because of its location on the relatively narrow isthmus of Central America,
connecting North and South America, Honduras is home to species typical of South
America, others typical of temperate North America, and some that are endemic to
Central America and southern Mexico. According to a recent review, [19] there are
113 species of bats currently known from Honduras, and we expect several more
species will be added in the future. In Central America, only Costa Rica has more
species, with 120 listed [20]. As detailed in the paper cited [19], the bats belong to
seven different families, the Emballonuridae (9 species), the Phyllostomidae (59
species), the Mormoopidae (5 species), the Noctilionidae (2 species), The
Thyropteridae (1 species), the Natalidae (2 species), the Molossidae (17 species),
and the Vespertilionidae (18 species).

These species include frugivores, nectarivores, insectivores, sanguinivores,
carnivores, and omnivores, and occupy many essential ecological niches in
Honduras, dispersing seeds, pollinating flowers, and controlling insect numbers,
among others.

1.3 Objectives and hypothesis

We lack information demonstrating how urbanization is affecting the diversity
of bats in Honduras, Central America. We hypothesize that, on a continuum from
forests to cities, the diversity of New World leaf-nosed bats (Phyllostomidae) will
be significantly reduced. Therefore, this works aims to estimate and compare the
diversity of phyllostomid bats in three landscapes in Honduras: forests, suburban,
and urban areas; to determine if the forearm and ear length has any significant
effect on species composition of bat assemblages in the three landscapes; and to
describe the activity patterns of those assemblages.

2. Materials and methods
2.1 Concepts

When defining “urbanization” and “suburbanization”, which are processes that
are closely related and linked along a continuum, we follow Tammaru et al. [21].
We will consider suburbanization as the expansion of suburbs by the increase of its
population from the migration of residents of the central city [21, 22]. Thereby, we
will refer to the Ciudad-Universitaria of the Universidad Nacional Auténoma de
Honduras (CU-UNAH) as the “urban area” in this manuscript. The same authors
described suburbanization is the redistribution of a population away from central
cities and into suburbs. In this work, we are referring to Sabanagrande as the
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“suburban area”. All other studied areas in this work are considered as “forests™
located in the Rio Pldtano Biosphere Reserve. See below for the description of each
studied area.

2.2 Studied areas

All the coordinates are given in Table 1 and represented in Figure 1, and each
site is described below:

2.2.1 CU-UNAH

Surveys were carried out at the National University Campus’ Botanical Garden
in Tegucigalpa, capital city of Honduras, in the Department of Francisco Morazan
(Table 1). The ecosystem is a tropical dry forest [23]. The species of Fabaceae,
Myrtaceae, and Asteraceae are the most common, including Muntingia calabura,
Byrsonima crassifolia, Lonchocarpus sanctuarii and cultivated plants, such as Hibiscus
rosa-sinensis, Russelia equisetiformis and Psidium guajava [24].

2.2.2 Sabanagrande

We studied a tropical moist forest [23] located in the central region of Honduras
in the Department of Francisco Morazan, municipality of Sabanagrande (Table 1).
The vegetation included Pinus oocarpa, P. maximinoi, Quercus oleoides, and plants of
the genus Miconia (Melastomataceae), Curatella (Dilleniaceae), Psidium
(Myrtaceae), Calliandra (Fabaceae), and Ficus (Moraceae). Extensive livestock and
crops of Zea mays (Poaceae) can also be found near the studied areas [25].

2.2.3 RPBR

The RPBR, including La Moskitia, is located within the departments of Gracias a
Dios, Olancho, and Colén. Based on Holdridge [23], the life zone represented is
tropical wet forest. The RPBR is the only site in Honduras declared as world Heri-
tage. Some plant species associated with the study area are Swietenia macrophylla
(Meliaceae), Cedrela odorata (Meliaceae), Cordia alliodora (Meliaceae),
Chamaedorea tepejilote (Arecaceae), Geonoma congesta (Arecaceae), Cecropia
obtusifolia (Urticaceae), Psychotria poeppigiana (Rubiaceae), and Sloanea picapica
(Eleocarpaceae) [26].

2.3 Taxonomy, mist-netting, and ethical guidelines

We followed the most recent taxonomic checklist of the bats that occur in
Honduras [19]. All the bats were captured using mist-nets of 12.5 x 2.5 m with a
mesh of 35 mm. We followed Kunz and Kurta [27] for positioning the mist nets
according to the vegetation, landscape, bodies and water and phenophases (fruits
and flowers) of the plants. Bats were identified and measured (FA = forearm length;
E = ear length; BH = body height) using taxonomic keys of Timm, LaVal and
Rodriguez [28] Medina-Fitoria [29], and Mora [30]. We quantified the sampling
effort by multiplying the area of all of the mist-nets that were opened during each
night by the number of hours that remained open [31] in which a total of
47,686.8 m**h was accumulated. All the bats were handled according to the
guidelines for the use of wild mammals in research and education [32].
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Departament Locality Municipality Latitude Longitude Elevation Landscape
(m asl)
1 Francisco Carboneras Sabanagrande  13.794 ~ —87.248 985 Suburban
Morazin
2 Gracias a Ciudad Blanca ~ Brus Laguna 15246  —84.969 250 Forest
Dios 1
3 Gracias a Ciudad Blanca  Brus Laguna 15.246 —84.972 214 Forest
Dios 2
4 Gracias a Ciudad Blanca  Brus Laguna 15.245 —84.96 245 Forest
Dios 3
5 Gracias a Ciudad Blanca  Brus Laguna 15245  —84.969 225 Forest
Dios 4
6 Gracias a Ciudad Blanca ~ Brus Laguna 15.248 —84.968 223 Forest
Dios 5
7 Gracias a Ciudad Blanca  Brus Laguna 15.245 —84.965 204 Forest
Dios 6
8 Gracias a Ciudad Blanca ~ Brus Laguna 15.251 —84.974 239 Forest
Dios 7
9 Gracias a Ciudad Blanca  Brus Laguna 15.244 —84.966 233 Forest
Dios 8
10  Graciasa Ciudad Blanca  Brus Laguna 15241  —84.969 206 Forest
Dios 9
11 Francisco El Ocotal Sabanagrande 13.791 —87.314 976 Suburban
Morazin
12 Francisco La Finca Sabanagrande  14.561  —87.801 1105 Suburban
Morazin “Divisadero”
13 Francisco La Tigra Sabanagrande  13.800  —87.313 790 Suburban
Morazan
14 Gracias a Las Marias Juan Francisco  15.680 —84.838 33 Forest
Dios Pesh 1 Bulnes
15 Gracias a Las Marfas Juan Francisco  15.679 —84.846 50 Forest
Dios Pesh 2 Bulnes
16 Gracias a Las Marias Juan Francisco  15.676 —84.851 28 Forest
Dios Pesh 3 Bulnes
17 Gracias a Las Marfas Juan Francisco  15.676 —84.843 33 Forest
Dios Pesh 4 Bulnes
18 Gracias a Pico Dama1l  Juan Francisco  15.695 —84.915 373 Forest
Dios Bulnes
19 Gracias a PicoDama2  Juan Francisco  15.695 —84.915 360 Forest
Dios Bulnes
20 Gracias a PicoDama3  Juan Francisco  15.692 —84.915 394 Forest
Dios Bulnes
21 Gracias a Pico Dama 4  Juan Francisco  15.695 —84.917 433 Forest
Dios Bulnes
22 Gracias a PicoDama5  Juan Francisco  15.694 —84.915 383 Forest
Dios Bulnes
23 Francisco UNAH (CC) Distrito 14.008 —87.165 1073 Urban
Morazin Central
24 Francisco UNAH (JB) Distrito 14.087 —87.166 1050 Urban
Morazén Central
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Departament Locality Municipality Latitude Longitude Elevation Landscape
(m asl)

25 Francisco UNAH Distrito 14.086 —87.160 1050 Urban
Morazin (Lagunas) Central

26 Francisco UNAH Distrito 14.086 —87.169 1062 Urban
Morazin (Polideportivo) Central

27 Gracias a Waikna Tara  Juan Francisco  15.660 —84.893 44 Forest
Dios Bulnes

Table 1.

Description of all the 27 localities that were studied and were classified among urban, suburban, and forests.
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Figure 1.
Forest, suburban, and urban areas used in this study.

2.4 Diversity, landscape, and activity patterns analyses

The diversity of each landscape was measured using the Alpha Diversity Index
(following Jost [33] and Moreno et al. [34]), and species richness was estimated
with Chao 1. These analyses were based in the sampling effort of each site and the
abundances of each species using EstimateSMac 910 with 100 randomizations
[35, 36].

For the activity patterns analyses we used the abundances of all the species [37]
and correlated them with the time and the percentage of the moon illumination in
which bats were captured from each type of landscape. Moon illumination was
taken for each date from the following website: https://www.moongiant.com/ [38].
We used the Shapiro-Wilk test to test for the normal distribution and Levene’s test
to test for the homogeneity of variances of the data. Considering that data was
normally distributed, means of the forearm length, ear length, body height, time,
and moon percentage were represented by the ANOVA (Analysis of Variance)
analyses in Table 2. To compare means we performed posthoc Tukey tests at a
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confidence level of 95%. For all the analyses we considered significant differences
when p < 0.05. Except for time, in which we use the Spearman’s correlation coeffi-
cient to determine any relation between the landscapes and the time activity.

To determine taxonomic similarities between the landscapes (urban and subur-
ban areas and forest) we performed multiple regressions of distance matrices [39].
In addition, to represent graphically the taxonomic composition in the distinct
habitat types, we performed a NMDS (non-metric multi-dimensional scaling) anal-
ysis with two dimensions and plotted the NMDS axes against landscapes [40]. All
analyses were performed in R Core Team [41] version 3.4.2, using the vegan [42]
and ecodist [43].

3. Results
3.1 Alpha diversity in three landscapes

According to Chao 1 (Table 2), urban areas (percentage of how many species
According to Chao 1, urban areas (percentage of how many species were recorded
in parentheses) are the least diverse, as expected, because only 7.5 species are
expected (93.3%) followed by suburban areas (87.2%) with 19.24, and then by
forests with 28.97 (82.2%). Supporting Chao 1, the Alpha diversity index was
highest in forests with 5.72, followed by suburban and urban areas (Table 2), in that
order. Considering the sampling effort, urban areas are not only the least diverse
but also the least abundant based on number of bats captured, followed by subur-
ban areas and forests (Table 2). Even though we found three different assemblages
(Figure 2) we found no significant correlation between taxonomical a-diversity and
the type of landscape (R? = 0.04; DF = 1,24; P = 0.24). However, we found species
such as Artibeus jamaicensis, A. lituratus, Glossophaga soricina and Sturnira parvidens
that were recorded in all three landscapes. But there were certain species that were
recorded only in certain landscapes, for example, Glossophaga leachii in urban areas,
Lonchorhina aurita in suburban areas, and Tonatia bakeri and Vampyressa thyone on
forests (Table 3; Figure 3).
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Figure 2.

Non-metric multi-dimensional scaling (NMDS) of three landscapes which represents three different bat
assemblages.
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Species Forest Suburban Urban Total

1 Artibeus inopinatus 23 23
2 Artibeus jamaicensis 92 48 56 196
3 Artibeus lituratus 71 10 62 143
4 Carollia castanea 20 20
5 Carollia perspicillata 85 23 108
6 Carollia sowelli 29 29
7 Centurio senex 1 1 2
8 Chiroderma gorgasi 2 2
9 Chiroderma salvini 3 3
10 Chiroderma villosum 9 9
11 Choeroniscus godmani 3 3
12 Chrotopterus auritus 2 2
13 Dermanura phaeotis 8 1 9
14 Dermanura tolteca 2 2
15 Dermanura watsoni 5 5
16 Desmodus rotundus 5 6 11
17 Diphylla ecaudata 2 2
18 Glossophaga commissarisi 9 2 1
19 Glossophaga leachii 1 1
20 Glossophaga soricina 3 18 18 39
21 Hylonycteris underwoodi 1 1
22 Lonchovhina aurita 5 5
23 Lophostoma brasiliense 2 2
24 Micronycteris hirsuta 2 2
25 Micronycteris microtis 4 1 5
26 Phylloderma stenops 1 1
27 Phyllostomus discolor 4 7 1
28 Phyllostomus hastatus 1 1
29 Platyrrhinus helleri 6 6
30 Sturnira parvidens 1 7 3 1
31 Tonatia bakeri 1 1
32 Uroderma convexum 18 18
33 Vampyressa thyone 4 4

Total 376 169 143 688

Table 3.

Description of the occurrence of the landscapes in which the 33 phyllostomid bats were recorded.

3.2 Activity patterns vs. morphological traits

Considering time (Figure 4), we found no significant correlations in any type of
landscape: forests and suburban areas (R? = 0.00; DF = 1,154; P = 0.23), forests and
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Figure 3.

Occurrence of phyllostomid bats based on the elevation of the studied areas.

urban areas (R?> = —0.01; DF = 1,139; P = 0.62), and urban and suburban areas

(R? = —0.00; DF = 1,139; P = 0.99). In the case of body height means, only the
suburban areas and forests have no significant differences (F 2503y = 2.3, p = 0.21;
Figure 5A), and were divided into two groups urban areas (a) and forests and
subruban areas (b). See Table 4 to see the other p values of this and other analyses.
The ear length means were only significant different in suburban and forests land-
scapes (F (2,165) = 4.57, p = 0.05; Figure 5B), however, all the landscapes were
assigned to the same group (a). When comparing forearm length means with
posthoc Tukey tests, landscapes were classified into two groups urban (a) and
suburban and forests (a) and only the comparison between suburban areas and
forests was not significant (F (3 431) = 21.41, p = 0.99; Figure 5C). Finally, the moon
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Figure 4.

Time activity patterns of the 33 phyllostomid species recorded.
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ANOVA analyses of the body height (A), ear length (B), forearm length (C), and moon percentage (D) time in
which phyllostomids were captured.

Landscape Forests Suburban Urban
Forests - FA — 0.99 <0.01
Suburban - FA 0.99 — <0.01
Urban - FA <0.01 <0.01 —
Forests - E — 0.05 0.17
Suburban - E 0.05 — 0.61
Urban - E 0.17 0.61 —
Forests - BH — 0.21 <0.01
Suburban - BH 0.21 — <0.01
Urban - BH <0.01 <0.01 —
Forests - moon — <0.01 <0.01
Suburban — moon <0.01 — <0.01
Urban - moon <0.01 <0.01 —

Table 4.

Statistical vesults from the comparison of the posthoc Tukey analyses. Abbreviations ave as follow: FA = forearm

length; E = ear length; BH = body height; moon = moon percentage.

percentage mean in which bats were captured was significant different among all
the landscapes (Figure 5D), categorized into three different groups a (forest), b
(urban areas), and c (suburban areas).

4, Discussion

As expected in Honduras, there is a consistent decrease of phyllostomid bat
diversity and abundance from forests to cities. As anticipated, we found that the
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diversity is less in urban areas (cities) and suburban areas in comparison to forests.
However, these remnants of forest are important for bat conservation in urban
areas. For example, the high abundance of Artibeus and Glossophaga in CU-UNAH
are, hopefully, helping in the regeneration of trees by seed dispersal and pollination
[44] in this small remnant of forest in the capital city of Honduras. On the other
hand, suburban areas may also have important species. For instance, Sabanagrande
may be the most important area for the conservation of Artibeus inopinatus [25, 45],
which is considered to be Data Deficient (DD) by the IUCN (International Union
for the Conservation of Nature) [46]. That suburb also houses species such as
Micronycteris microtis which is more typical of forest remnants [47]. In contrast to
urban and suburban areas, forests clearly have the highest diversity and abundance
of phyllostomid bats. Unfortunately, except in protected areas, these forests are
being constantly fragmented and with time, they tend to become agricultural or
urban landscapes. Species that cannot acclimatize or adapt to these anthropogenic-
ally modified landscapes will disappear. Those that occupy very limited geographic
distributions likely will become extinct. Olivier et al. [48] point out that two major
drivers of habit degradation are urbanization and agricultural intensification which
decrease community stability, including bats.

4.1 How urbanization is affecting bat diversity

Urbanization is the second most detrimental anthropogenic agent of landscape
change [49], since bat diversity and species abundance are comparatively lower in
cities than in primary forests or rural areas [3]. This is the case not only for
Honduras, but worldwide. For example, in Poland, urbanization pressure is a com-
mon phenomenon in several protected areas due to the dispersion of buildings and
the expansion of summer construction [49]. Additionally, artificial lighting and
sound pollution can alter commuting processes in foraging bats, especially sound
which has a more deterrent effect for bats than light as some insectivorous bats feed
on the insects that are attracted to streetlights [50-52]. Interestingly, habitat degra-
dation affects the diversity of bat communities in more complex ways than simply
population stability [48].

Bat response and sensitivity to urbanization varies among species assemblages in
urbanized landscapes. In this way species with high tolerance become more abun-
dant and dominant. However, the low diversity and abundance of urban bat fauna
can be attributed, at least partially, to a shortage of roosting sites [53]. For a better
understanding of bats that do not fly below canopy in urban areas, acoustic moni-
toring can provide data for species that are rarely captured in mist nets ([17], and
see introduction, this chapter). Unfortunately, we have little such data for
Honduras as of now.

The fact that forearm length was only significantly different between forests
and urban areas and the ear length between suburban areas and forests can be
explained from two points of view. First, we found that Sabanagrande has a
mixture of the other two assemblages, and even has species that were found only
there (e.g., L. aurita). Additionally, Sabanagrande has a mixture of ecological char-
acters, and even though it is becoming urbanized, there are still important forest
remnants. Similar to Mexico [47], we found that in suburban areas (referred to as
intermediate disturbance sites), the predominant species was Carollia perspicillata,
(subfamily Carollinae). Our results support the hypothesis of Medellin et al. [47] in
which phyllostomines (subfamily Phyllostominae) disappear from disturbed areas
because of their specific requirements (e.g., foraging activity; [54]) because all the
phyllostomines recorded in this study were in forest remnants.
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Secondly, the functional traits varied. For example, the well-conserved forests of
the RPBR have larger species that were only recorded there (e.g.,T. bakeri) but in
less abundance. In these species their ear length and wingspan are relatively larger,
in contrast to those of the large species Artibeus lituratus, found in CU-UNAH and
Sabanagrande. Ramirez-Mejia et al. [55] demonstrated that the most dominant
functional group of bats in their studies were those with intermediate values of
body mass and wing morphology, which represents the phyllostomids’ adaptive
response to landscape degradation.

Species such as Phyllostomus hastatus, which is widespread in Honduras, have a
larger forearm length and therefore a larger wingspan. Additionally, these species
and others of the subfamily Micronycterinae, Lonchorhininae, and
Glyphonycterinae, have larger ears because they are gleaners and thus ear length is
related to their dietary habits, and these gleaners are more susceptible to the gradual
degradation of remnant forests and effects of urbanization (e.g., sound and light
pollution) [47]. In other words, phyllostomid gleaners (e.g., phyllostomines) and
related subfamilies are indicators of relatively undisturbed rainforests [47, 56].
However, a few species, notably Micronycteris microtis, for example, may tolerate
moderate levels of urbanization. More ecological data is needed to support this
hypothesis.

4.2 From cities to forests: Activity patterns of phyllostomids in Honduras

We hypothesize that New World leaf-nosed bats in forests are more likely to be
negatively affected by brightness of the moon because of safety concerns (hunting
activities by visually oriented predators like owls) when the moon is brighter [15].
In contrast, urban and suburban areas have equally high light intensity every night
(e.g., traffic lights, streetlights, shopping centers, etc.). Another feature that sup-
ports our hypothesis is that we found significant difference between all the areas.
This is probably because the light intensity of suburban areas is increasing in the
same way as in urban areas, and the bats that survive there are able to acclimatize
quickly. However, the time patterns were not significantly different among the
three landscapes due to the wide range and different foraging behaviors. In general,
phyllostomids have an early activity peak and then declining activity through the
night [57]. Habitat specialization, nutrient intake, and food procurement are fea-
tures that are associated with bat success in transformed landscapes [55, 58].

There are two more works describing activity patterns in Honduras. The first
one, Medina-Fitoria et al. [59] studied certain areas included in the RPBR, and
determined that in the Caribbean slope of Nicaragua and Honduras, mature and
intact primary forests are the most important habitats to conserve. They also deter-
mined that fragmentation due to extensive cattle farming and agriculture is perhaps
the major threat to these forests. And the second study, in the northwestern region
of Honduras, in Cusuco National Park, by Medina-Berkum et al. [60] indicated that
the presence of Chrotopterus auritus and Trachops cirvhosus only in the core zone of
the park is probably because the core zone still comprises intact and closed forest
habitats that may provide a higher abundance of prey for them, and that these
species are generally more abundant in undisturbed areas. Primary and pristine
forests are clearly among the most important remaining habitats for bat conserva-
tion in Honduras, considering that many phyllostomids depend on this type of
forest. For example, the core zone and areas nearby of the RPBR are the only ones
left in which Ectophylla alba may be found in Honduras due to the requirements of
the species [61]. (Even in 1967 that was the only habitat in which one of us, RKL,
captured Ectophylla alba).
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Although we predicted that from forests to cities, the diversity of phyllostomids
will decrease, this is the first attempt to describe their activity patterns in these
areas in Honduras. Considering the extension of forests, Duarte et al. [62] men-
tioned that 48% of the Honduran territory is covered by forests. With the high rate
in which they are being diminished is approximately 23,303.56 hectares per year
[63], the probability of losing bat species in Honduras is all too real. On the other
hand, there are some species that have been adapting very well, as is the case of A.

Jjamaicensis and A. lituratus. These are species that were recorded in all three land-
scapes we studied and were the most common in urban areas. And even if they are
considered as tolerant species, they have an important role in urban and suburban
area as seed dispersers [64], and probably they should be considered as the
phyllostomid species most tolerant to urbanization in Honduras. It appears that
species of Sturnira and Glossophaga are also adapting well to this phenomenon.

5. Conclusion

Undoubtedly, the RPBR is one of the most important regions in Honduras, and
probably in Central America, for bat conservation due to the large extensions of
pristine forests and the limited occurrence and abundance of certain species (e.g.,
Chiroderma gorgasi) in that region. Unfortunately, even this region will be subject to
the effects of encroaching clearing for agriculture and urbanization, if inadequately
protected. Indeed, some species become acclimatized to urbanization, and some
species, most notably A. jamaicensis and A. lituratus, now tolerate higher levels of
disturbance than many other species. More studies are needed to determine and
explain their tolerance to urbanization. There are other species that have very
specific requirements, including intact primary forest, for their survival. (e.g., T.
saurophila). This is the first attempt to study how urbanization is affecting a mam-
malian group in Honduras and is also the first comparison of bat diversity among
three different landscapes. Yet, there are many variables that should be analyzed,
compared, and described. For example, we recommend measuring light and sound
intensity in urbanized areas and comparing them with those of the forests, to
determine more specifically how these characteristics are affecting the diversity and
abundance of phyllostomid bats in Honduras. Finally, it is still unknown which
morphometrical characteristics are important in explaining the adaption of some
phyllostomid bat species to urbanized areas. Another factor is the relative amount
of fragmentation in the various areas we studied. There are many gaps in our
knowledge of how totally or partially urbanized areas are affecting phyllostomid
bats in Honduras, and even though there are some similar activity patterns, we can
conclude that their diversity and abundance is decreasing in urbanized areas. Con-
sidering the increase of urbanization in Honduras plus the high rate of deforestation
(approximately 63.85 hectares per day), a conservation plan for Honduran bats is
fundamental.
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Abstract

Currently the world is facing a viral contingency that has exposed the vulnerability
in which the human being is in the face of the alarming statistics of obesity at all ages,
increasing the numbers of diabetes, cardiovascular diseases, and cancer mainly. But
not only health has suffered a deterioration worldwide but also the environment with
impacts on the availability and quality of water, air pollution and soil deterioration.
In México, the food culture has undergone changes derived from greater accessibility
to industrialized foods, less physical activity, stress, replacement of consumption and
the use of local foods. Currently in Mexico actions are being implemented to rescue
agroecology, gastronomy, and food culture. Therefore, this chapter will have the
purpose of integrating a historical, ecological and health impacts analysis with what
food means and its source or origin for people.

Keywords: sustainable diet, food culture, obesity, industrialized food

1. Introduction

The economic, political, social, environmental and health impacts of the
SARS-COV2 virus pandemic as well as the disease generated (COVID-19), world-
wide are and will continue to increase, affecting the most vulnerable population.
Before the contingency, there was already a deterioration in the health of the
population with an increased prevalence for chronic degenerative diseases associ-
ated with obesity and unhealthy lifestyles (sedentary lifestyle and consumption of
high-energy foods), as well as other problems of health (short stature, malnutri-
tion, anemia, mainly). We are in a century with the greatest scientific advance,
but with a population that suffers from hunger and at the same time with the
highest figures in the loss and waste of food in the world [1].

In Mexico, according to the recent National Health and Nutrition Survey
(ENSANUT-2018 for its acronym in Spanish) [2], there was an increase in the
numbers of diabetes (10.3%), arterial hypertension (18.4%), dyslipidemias (19.5%)
as well as one of the main risk factors: obesity and being overweight. Obesity and
overweight have been exacerbated mainly in adolescents and young adults aged
20 years and over, where for the latter group, for every 10 adults 8 are overweight
or obese. Another problem is food insecurity in households in Mexico, which was
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70% for 2012 and for 2018 44.5%. Food insecurity had a decrease of 14.5%, but this
increase in households with food security cannot be attributed to an improvement
in access to nutritious food, since for this same year the consumption of industrial-
ized foods with high energy intake, fat saturated and added sugars increased as
well. This deterioration in the health of the population is one of the reasons why the
worldwide morbidity and mortality figures for COVID-19 were high for the popula-
tion living in extreme poverty and with the presence of the diseases [3, 4]. The
health impacts have occurred as well as the deterioration of the environment, they
have been increasing and there are several theories, including an obsolete economic
model where vital resources such as water have been depleted. For Mexico, the lack
of access to water in quantity and quality has been the result of mismanagement of
the resource, mainly with overexploitation by the industrial sector and the lack of a
reform to the National Water Law [5].

The models of production and of labor and economic organization have led to
changes in the food culture and, therefore, to people’s health and the deterioration
of the environment. A production model that has generated greater contamination
with impacts on the soil, generating more deteriorated crops, loss of health, which
prevents ensuring the sustainability of future generations [6]. Several have been
the industrial sectors whose production processes have generated great impacts on
health and the environment. The figures for obesity and diabetes in Mexico and in
the world have increased in the last three decades due to the construction of obeso-
genic environments [7]. The role of food has been part of this process, with access
to more processed foods and more agrochemicals.

The soft drink industry has been one of the industries with the most evidence
of its impacts not only on health but on the environment, mainly in water. For
example, for every liter of soft drink produced, 1.7 liters of water are required [8].
In the 70’s, Mexico was already the second place in the consumption of soft drinks
and scientific evidence has shown that its consumption (sugary drinks) is a risk
factor for developing obesity and diabetes by contributing 9.8% of the energy
intake in the Mexican diet, while 16% are desserts, cookies, sweets [8-10]. Other
data that have facilitated their access has been the price of the soft drink and the
size of the portion that is sold in Mexico. The price is also different in rural and
urban areas. For example, in 2017, for every 2.5 L of soft drink, the cost was 0.80
USD or 0.66 €, while in urban areas it was 1.30 USD or 1.06 € (Figure 1). The same
happens with the 600 mL presentation, the cost was higher in urban populations,

Figure 1.
Soft drink cost in rural vs. urban areas in México. Source: Courtesy Monroy-Torves R (2017). http://bombochis.
blogspot.com/2017/.
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Mexico Germany

Maximum amount of soft drink sold. 3L 2L
(0.80 USD or 0.66 €) (214 USD or 1.74€)

Cost per 600 mL [a,b,c] 0.75USD 243 to0 3.65 USD

(0.62€). 2-3€)
Liters per capita consumed (Ref. [11], d). 142 to0 233 97 to 135.5
Water required to produce one liter of soft drink [11] 1.71L
Global position in bottled water consumption [11] 2 6
Diabetes in the adult population (%) 10.3% 74%
Obesity and overweight in adults 20 years and older [2] 75.2% 82.4%

2018 2016

Source: Websites: a) https://superwalmart.com.mx/refrescos/refresco-coca-cola-botella-de-
600-m1/00000007500761 b) https://marginalrevolution.com/marginalrevolution/2009/09/why-is-cocacola-
so-expensive-in-europe.html; c) https://www.expatistan.com/price/coke/berlin; d) Liters per capita according
Euromonitor International 2013. Dollar and Euro Exchange, on december 28, 2020.

Table 1.
Soft drink consumption and health statistics in Mexico and Germany.

which may explain its accessibility in all regions of the country. In Table1 a com-
parative summary of some data on soft drinks in Mexico (Latin American Country)
is presented. and contrasting it with a European country like Germany.

1.1 A historical perspective

Today the diet is different from what was used in other times. Not only have
the inputs with which food is prepared have changed, but also the eating patterns,
the way they are prepared and the value of these. All this has had an impact on the
nutrition of the population. This change has been caused by different factors that
have to do with cultural miscegenation and with the cultural influences that have
been established in Mexico over time, even with the scourge of natural phenomena
such as droughts, floods, and diseases.

Environmental devastations have been constant throughout history; one of
them occurred precisely in the 16th century, when the Spanish arrived. This does
not mean that the environment had not changed previously, but rather that,
according to specialists in environmental history, they were of lesser magnitude
than those that occurred after the arrival and settlement of the Spanish. They
brought new ways of producing food by introducing both sowing and cattle
grazing [12].

Regarding the diet consumed by the natives, Guillermo Santamaria, an
Augustinian friar from the 16th century, affirmed that the Chichimeca Indians
consumed wild fruits and roots, in addition to hunting products and sometimes
fishing. What they most consumed was corn, beans, squash, chili, tunas, nopales,
pitahayas, xoconoxtle, sweet potatoes and mesquite pods, from which they even
made bread that they could keep for a long time. The diet was based on plants that
were collected by women, but also on those that were planted in cornfields or family
gardens. In addition to the above, they also fed on game animals such as snakes,
lizards, rabbits, hares, and deer that men hunted in the field. Pulque or tuna or
mesquite ferments were used as drinks. Livestock was an important source of food,
but also of devastation of the environment, since they ate both the plants of the
cornfields and those that grew wild, destroying tunnels, nopaleras, mesquitales and
magueyales causing a shortage of food [13].
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As can be seen, little by little the diet was modified over time, since, from being
made up of legumes, fruits, vegetables, and cacti, it was transformed, and various
products of animal origin were added. Among the incorporations of great impor-
tance were the sugars with which jams, crystallized sweets, eggnog, and desserts
are prepared. Flours, with which a great variety of breads, cakes and cakes were
prepared to which seasonal fruits were added. Another incorporated ingredient
was lard, which accompanied food not only as an element for cooking, but as an
ingredient that added flavor. This was included abundantly in almost most of the
cooked foods. He even added to foods that already contained fat, increasing their
fat content, mainly those of the saturated type. This had a reason, since fat was an
ingredient valued as something that provided energy to individuals, so it is recom-
mended that as much of it be eaten and even the sick was recommended to eat pots
or lamb broths to soon to be reestablished [14]. Currently we know that these eating
behaviors have a risk to people’s health and have probably been the cause of several
diseases, but at that time they were not considered that way.

Wondering European travelers constantly related the quantity and variety of
fruits and vegetables that were observed throughout New Spain. This shows the
fertility of the soil and there was an intensive agriculture based on the rain cycle
in each region. But all this was modified by climate change, since the rainy seasons
have been significantly altered and that has led to the implementation of irrigation
systems that have ended the water reserves in the subsoil. The climates affected
food production, both the torrential rains that flooded the fields and the droughts
that regularly hit some parts of New Spain. All these natural disasters caused food
shortages and the few that did exist were priced at high prices. Because of the scar-
city, the population modified their diet, and perhaps these circumstances probably
caused the population to adopt a diet based on plants, vegetables and cacti [14].

During New Spain there was a great biodiversity of food and with them its
greater accessibility but that depended on the regions and climates, the most
common was that people ate prepared food per day. But if there were perishable or
more decomposing foods, then a preservation process was applied to them to be
able to consume them later.

Food depended for the most part on what was grown and harvested locally, as
there were several factors that made it difficult to transport food for mass consump-
tion, either because the food was not kept for so long or because the roads were not
conducive to transport them agilely. Most of what was produced was concentrated
in the cities, and not only the inhabitants of the city but also those of the rancherias
and nearby towns came to it to trade food. In the Bajio area and in others of New
Spain (today Mexico) such as Puebla, Michoacan, and Jalisco, they were mainly
dedicated to the cultivation of cereals such as wheat and corn, and this determined
the diet of the population, since they ate what they harvested, and what was left
they sold to buy the rest that they needed. All these limitations made the diets very
unbalanced, since most of the population did not have access to all kinds of food,
and those who had a comfortable economic position ate the diet that they valued as
adequate: fats, sugars and flours in excess causing some diseases [14].

Because the population had an inadequate diet, it was more vulnerable to being
attacked by epidemics. For example, cholera was a feared disease for its symptoms
(diarrhea and vomiting) that generated high mortality in the population, which is
why some foods were prohibited. In epidemics it became common for diets to be
changed to control the disease; for example, for the cholera epidemic that affected
the state of Guanajuato in 1850, it was recommended that foods laden with spices
and fats should not be eaten, that the meats were not salted, salted, or highly
seasoned, and that pork meat should not be eaten, the lard bread, the vegetables,
the fruits, the seeds that have skin or skins and the milk. Among the foods that were
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allowed were tender meats, such as chicken, hen, mutton, tender veal, roasted,
cooked, and simply seasoned: well-boiled bread, rice, or noodle soups, atole, sago,
champurrado and chocolate [15]. All the above tells us about the valuation about
healthy or adequate to eating.

Later, with the French influence that the Porfirian regime promoted in Mexico,
other culinary practices were introduced. French rolls or brioches, desserts and
wines were incorporated. However, this French-style food practically had its
impact on the upper social classes. In this national historical period, the commer-
cialization of food and its derivatives was promoted; this increase was due to the
construction of the railway in which large quantities of products can be trans-
ported in a shorter time [16].

Already in the twentieth century in Mexico, a boom began with the advent of
industrialized products. At the beginning of the century, the influence of American
food was more in the northern states, but little by little its commercialization spread
throughout the country. These products included soft drink, which was gradually
incorporated as part of the diet, as well as foods that contained high energy density
foods [11, 17].

With technological development, refrigerators were manufactured in the second
half of the 20th century, which generated a change in the way of preserving food,
replacing the drying, salting, smoking and fermentation of food [18]. And although
these techniques were not stopped, the truth is that the kitchen was revolution-
ized because food can be preserved in greater quantity and for longer. However,
this brought both positive and negative changes in the way of cooking and eating,
because with this they stopped consuming fresh foods such as fruits and vegetables
and meats that were acquired daily. Large quantities of industrialized bread canned,
and frozen products also began to be consumed. The milk is industrialized, and
the consumption of natural milk almost completely disappears. Animal fats were
changed to vegetable fats. But one of the most significant changes will be the use
of corn flour for the rapid and industrialized preparation of tortillas, leaving
nixtamal almost in disuse. The industrialization of income a homogenization of
food throughout the country, reducing over the years the consumption and use of
regional and local foods.

Subsequently, with the intense commercial exchange between Canada, the
United States and Mexico through NAFTA or NAFTA (for its acronym in English)
there have been accelerated changes in what is consumed, eaten and cooked. All this
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Figure 2.
Increase of overweight and obesity in Mexico from 1980 to 2006. Source: National Agreement for food health.
Strategy for overweight and obesity 2010 [20].
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has resulted in culinary practices being transformed. Industrialized products are
more at hand to be consumed. Figure 1 presents a chronology of health statistics
10 years before and after the entry into force of NAFTA (1994) [19].

It should be noted that the change in diet that has originated is not exclusive to
Mexico but to a global scope, in which products, foods and culinary tastes have been
standardized. As we previously pointed out, this type of industrialized diet based
on sugars, flours and fats has resulted in high levels of obesity, diabetes, and hyper-
tension, as we will see in a moment. In 1988, overweight and obesity was 34.5% and
5 years after signing the FTA (1999), overweight and obesity increased to 61% and
whose trend has been to increase to 75.2% of overweight and obesity combined. The
population in Mexico as represented in Figure 2 [19, 21].

As of the Free Trade Agreement, there was an increase in the price of the basic
food basket (fruit, vegetables, beans, corn, beef, chicken, and eggs) while there was
a decrease in the price of industrialized food [17].

2.Indicators (economic, environmental, food and health)

The impacts generated on the environment and health attributed to human
action have been widely documented. There is data that shows that a total of natural
resources exceeding 60 billion tons per year have been extracted so far in the 21st
century, at the same time the richest 10% of the world’s population monopolized
40% of the energy and 27% of the materials [22].

Climate change has been another factor that adds to the environmental chal-
lenges in the era of the so-called “anthropocene”. In recent decades, climate changes
have shown their effects on ecosystems, productive sectors and society. In agricul-
ture, these impacts are reflected in the yield of crops, affecting in a more profound
way the sectors of the population living in poverty, since they have fewer possibili-
ties of generating resilience strategies in the face of predatory rules imposed by the
market. In the same way, the possibility of protecting the places they inhabit due to
hydrometeorological phenomena is annulled.

Diseases related to the effects of climate change such as the case of vectors such
as the mosquito that transmits dengue and malaria, likewise, increases in mortality
associated with extreme heat events have been documented [23]. The increasing
and accelerated pace of demand for natural resources and energy has generated
negative impacts on ecosystems, as well as serious socio-environmental conse-
quences. As biophysical limits continue to be transgressed, we will see more and
more irreversible and damaging effects on health, nature and coexistence systems,
with the danger of falling into a deterioration that generates new pathologies, ail-
ments and impossible health problems to elucidate in the short and medium term.
Hence the need to pay special attention to this process to carry out actions that allow
us to have a more harmonious relationship with our environment and therefore a
better quality of life.

The latest estimates indicate that in Mexico about 50% of natural ecosystems
have been lost, the main effects have been in ecosystems that are more productive,
accessible and with better soils. The forests have been the terrestrial ecosystems of
the country that have suffered the greatest disturbances due to human activities,
both in eliminated and degraded areas [23]. The factors associated with the loss of
habitat are related to the change of land use to give way to agricultural, livestock,
industrial, tourism, oil and mining activities, among others [24].

In addition to the above, the water quality indicators show that 12 million
people lack access to drinking water, 102 of the 653 aquifers in Mexico are overex-
ploited, 46% of the water is lost due to leaks in the supply networks, 80% of water
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bodies present some type of contamination by industrial discharges [25]. Water
contamination is a public health problem, digestive system diseases derived from
consuming contaminated water are the third most important cause of infant death
in Mexico [26, 27].

2.1 Environmental and health situation in Mexico

Likewise, the generation of urban solid waste (MSW) in Mexico reached 53.1
million tons in 2015. The increase in the generation of urban solid waste can be
explained as a result of multiple factors, recognizing urban growth among the
most important, industrial development and the change in consumption patterns
of the population. The environmental and health consequences of the increase in
MSW are presented through factors such as: the generation of biogases, contami-
nation of soils and bodies of water, as well as the proliferation of harmful fauna
and transmission of diseases [26, 28].

The global burden of diseases attributed to environmental factors is estimated
at around 25% of the total for the general population and around 38% for the child
population. The increase in non-communicable diseases and obesity rates in Mexico
are alarming, there are several factors that have triggered this phenomenon, one of
them is the high consumption of sugary drinks and ultra-processed products with
high amounts of fats or sugars, low in content. Fiber and refined flours [29].

In Mexico, in 2016, 72.5% of adults were overweight and obese. Obesity
increases the risk of suffering from other diseases such as diabetes mellitus,
ischemic heart disease, hypertension, cerebrovascular diseases, cancer, among
others, which decrease the quality of life and increase the risk of death among
those who suffer from them. Obesity also represents high medical costs, esti-
mated at 151,894 million pesos in 2014 alone, which is equivalent to 34% of public
spending on health and causes an estimated loss of productivity of 71,669 million
pesos per year [2, 29].

Another problem related to health and the environment is exposure to air pollut-
ants in cities and exposure to chemicals such as pesticides. It is estimated that 42%
of chronic lung diseases are due to environmental risk factors related to occupa-
tional exposure to dust and chemicals, as well as air pollution in closed spaces due to
the burning of solid fuels such as the use of firewood for cooking or as heating [23].

Regarding pesticides, the most frequent use of these occurs in agricultural
activity. The prevailing agro-industrial system leads to the intensification of food
production and this resulted in the excessive use of pesticides. In Mexico, pesticides
are used that are prohibited in other countries, without rigorous controls being car-
ried out for their use, supervision or information that account for the risks and level
of danger that they bring with them, in such a way that we are directly or indirectly
exposed to the harmful effects that they generate [30].

The soil is the natural resource from which food comes and, the conservation
of the earth is thanks to the biogeochemical cycles that allow the movement of
elements such as nitrogen, carbon, oxygen, sulfur, water among other elements in
the form of cycles that it occurs through living beings and the environment. These
cycles have been altered by atmospheric pollution, water exploitation, over-paving
of the soil, the intensive use of agrochemicals derived from an economic system
and lifestyle of people that has not allowed biogeochemical cycles to be generated.
For example, it is known that the long-term use of agrochemicals as fertilizers has
impacts on the diversity and density of soil bacteria. The justification for its use
derives from achieving greater production to feed a growing world population, but
this is only achieving a loss of crops due to a deterioration of the soil and its biogeo-
chemical cycles [31, 32].
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The problem shows us that the idea of unlimited economic growth, produc-
tion dynamics, as well as consumption patterns are increasingly unsustainable;
if the trend described above continues, it could put life at risk in all its aspects.
Dimensions. We are faced with a scenario that urges us to think of an economy
that has life support at its center. Mexico occupies the 7th place as a world producer
of vehicles and with an important participation in the market, as can be seen in
Table 2.

Figure 3 shows the 2010 water map, where the problems of water availability in
the country can be observed, and in regions where economic productivity is higher,
so it is important to consider the impact of the automotive industry, of soft drinks,
sugar, mining, paper, textiles, among the main ones. These industries affect the
availability of water in addition to generating many pollutants to the water [11, 33].
On the other hand, overexploitation of water leads to the presence of pollutants
such as arsenic and fluoride, where there are several regions in Mexico where high
levels of arsenic and dental fluorosis have been found impacting the health of the
population [26, 27].

7th world producer of vehicles in general Of the main assembly companies, 21 have a presence
with 3.6 million vehicles *°. in 14 states of the country’

7th world producer of light vehicles with 3.4 More than 300 first level suppliers (TIER 1) of the
million vehicles “¢ terminal industry’®

4th Exporter of light vehicles Creation of 81,927 jobs in the automotive terminal
With 2.8 million vehicles” industry

5th world producer of heavy vehicles with Participation of the automotive and auto parts industry:
191,000 vehicles ** National GDP": 3%

Manufacturing GDP": 18%
Foreign Direct Investment® (FDI): 20%
Total, export59: 27%

4th Exporter of heavy vehicles
with 156,900 vehicles®

Source: Adapted and extracted from ProMéxico with information from "MarketLine, estimates “OICA *Fortune
Global 500, 2015 “OICA >ANPACT °AMIA "Global Trade Atlas y AMIA *Ministry of Economy *ProMexico *°
National Institute of Statistic and Geography (INEGI-by its acronym in Spanish,).

Table 2.
Data on vehicle production in Mexico.
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Figure 3.
Source: CONAGUA. www.dof.gob.mx /nota_detalle_popup.php?codigo=5339732.
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3. Technology and its ecological, food and health impacts: analysis
and proposals

We understand by technology, in a general way, the application of knowledge to
generate new methods, processes, services and devices. Technological innovation,
on the other hand, is the transformation of an idea into a product, equipment, or
operational process, including new forms of social organization. When studying
technological innovation, the analysis of the generation /adoption /implementa-
tion/monitoring and evaluation processes of technologies should be included [34].

3.1Impact of technology on ecology

The extinction of species in the Anthropocene, global climate change and the
damage to natural ecosystems caused by human activities, are part of an envi-
ronmental and socio-ecological crisis that manifests itself at local, regional, and
global scales. This crisis calls into question the social coexistence and the bases
of the very existence of humanity. The Sustainable Development Goals (SDGs)
are also indicative of a general framework of poverty, hunger, food insecurity,
malnutrition, unsustainable agricultural practices, inequity (economic, social and
gender), waste of natural resources, excessive energy consumption and violence
and insecurity [34].

3.2 Impact of technology on food production

Crop production technology has changed significantly in recent decades. First,
between 1980 and 1990 the direct sowing technique expanded rapidly to replace
conventional tillage; later, production was intensified through a greater use of
agrochemicals, mainly fertilizers; later transgenic crops were incorporated; and,
more recently, differential management by environments, also called “precision
agriculture” [26], began to spread.

Expected changes in income and demographics will lead to increased consump-
tion of meat, dairy products, fruits, vegetables, and edible oils, increasing demand
for agricultural raw materials. More consumers will enjoy an economic and lifestyle
situation that will allow them to buy more processed and packaged foods, as well as a
growing variety of convenience and luxury food items, but which will not necessar-
ily increase the demand for agricultural raw materials. The ability of the agricultural
and food industries to continue to respond to the undoubted increase in demand
over the coming decades will largely depend on the increased application of existing
technologies, as well as the exploitation of new and innovative technologies [27].

Since its inception, industrial development has polluted the air, water, and
land, irreversibly affecting, in some cases, ecosystems. The rapid and excessive
use of natural resources and the disregard for preventive measures have favored
environmental pollution. In Latin American and Caribbean countries, the overlap
of old communicable diseases with new chronic degenerative diseases is notable,
together with environmental risk factors or lifestyles that are the cause of increasing
morbidity and mortality, and the increase in the costs of health care and decreased
productivity and quality of life [28].

The gap is growing, in the generation and application of technology between
countries of the center and the countries of the periphery substantially increased
the magnitude of poverty in developing countries. Thus, despite spectacular
increases in agricultural productivity in recent decades, undernutrition per-
sists in many nations in Asia, Africa and to a lesser extent in Latin America.
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Undoubtedly, food insecurity, more than a production problem, is a problem of
access to available food [29].

According to Lorenzana [29], world food production grew at an unprecedented
rate because of the application of the modern system between 1950 and 1970. By
then, energy was cheap and there was worldwide the possibility of expanding areas
cultivated. This expansion in food production occurred primarily in industrialized
countries, especially the U.S.A., Canada, Australia, and New Zealand. The high
subsidies that producers enjoyed in countries like the U.S.A. and Canada made it
possible to offer abundant and low-priced food, not only for domestic consump-
tion but also for export. Developing countries, with levels of technological advance
far below industrialized countries, took advantage of the low international prices
of cereals and later of oilseeds. It was simply cheaper to import the staples than
to grow them. The fertile lands in the Third World countries were dedicated to
the sowing of non-basic products for export, generating foreign exchange that
industrialization required. This is how, during those two decades, there was food in
abundance and at low prices.

Several reports indicate that the modernization of food production has had nega-
tive consequences on food security. Long ago the human diet was varied, it was made
up of various species of plants and animal species. The development of technology
and agricultural production methods generated a tendency to focus on the most
productive and profitable species, being those that were commercialized in urban
areas more profitable, with the rural areas having greater purchasing power. Changes
in lifestyles, mainly in large cities, coupled with economic fluctuation, contributed
to a more monotonous diet. With technology transfer in developing countries,
traditional consumption patterns increasingly resemble Western patterns [29].

For some years and perhaps due to the general recognition of the role of diet in
the achievement and maintenance of health, an intense search began, in most cases
with great scientific rigor, on food and its effect on health [18].

3.3 Technological and health trends

Some trends in which not only the search for healthy food is combined, but also
the possibility of eating properly in today’s difficult world, show that the general
public looks for less processed foods with a similar appearance and quality to freshly
prepared ones. These include fresh or minimally processed foods, prepared or
precooked dishes (refrigerated, frozen), semi-prepared or precooked products that
only require heating for consumption and “fast food” in which it is valued that it is
quick to consume, easy to carry and which are also healthy products [30].

Technologies have been developed focused on the maintenance or preserva-
tion of food, whose objective is the search for alternative heat treatments and the
development of non-thermal preservation treatments, to achieve healthier prod-
ucts, with a longer shelf life, and to instead offer the consumer food with minimal
processing. These treatments include electrical pulses that are based on the expo-
sure of a food to an electric field, achieving that of microorganisms by destroying
the cell membrane, high pressures in which the high hydrostatic pressure has partial
sterilization effects, obtaining products of optimal microbiological quality. With
few modifications in aroma, flavor, and nutritional value [30].

Other technologies used in food preservation are irradiation, ideal for solid or
even frozen foods, the pulses of light which, as the name implies, are flashes of
light of great intensity and short duration that eliminate microorganisms and bio
conservation in which the Normal bacterial flora of food is controlled to increase
its shelf life. It can also favor the growth of a natural microorganism, to limit the
growth of others [30].
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3.4 Loss and waste foods and its reduction

Recent estimates indicate that a third (30 to 40%) of the food produced globally
is lost and wasted in the global food system. Food insecurity is an issue that moti-
vates greater production and quality of food through sustainable ways, but at the
same time allows reducing food loss and waste [31, 32].

Along with reducing food loss and waste (FLW) are new ways to preserve food
for more. For example, the dehydration of fruits and vegetables with CO, that
excludes negative aspects of conventional dehydration, resulting in a product with
better quality, low refrigeration cost, the nutritional quality is maintained and when
the product is rehydrated it acquires the appearance of a fresh product [31].

The reduction of food loss must be sought from initial production (farm) to
final consumption at home, through short marketing chains. One option is to obtain
foods from local markets and thereby reactivate local economies [31].

On the other hand, public policies should be established that motivate both the
government and the private sector to develop infrastructure for roads, transporta-
tion, storage, and refrigeration facilities, which allows reducing food losses. In
addition, sensitize the population to avoid the compulsive purchase of food and
provide information and knowledge that allows the actors of the agri-food chains
to have standards of safety and hygiene, guaranteeing quality food. However, it is
necessary to reactivate the exchange of food, at the local level, to reduce the loss of
foods. Likewise, carry out research to develop innovations that allow the elabora-
tion of food products from the remnants [31, 32].

The challenge is not only the production of food for a population in constant
growth, but also how to ensure sufficient clean water, agricultural land, energy,
and labor, in such a way that the adverse effects on the environment are reduced
and satisfying the basic needs of present and future generations [31]. Despite the
technological development generated in recent decades, there is still a deficiency in
food production, as well as in its transformation; on the other hand, the immense
amounts of FLW in the entire food chain causing problems of food insecurity, in
addition to serious contamination problems, which opens a huge possibility for the
development of strategies to improve the food security conditions of the population.

4. Health impacts: an analysis of the main determinants

The changes in health with an increase in the prevalence of chronic degenerative
diseases are increasing according to the statistics at the world and national level.
These results are a summary of the main problems that continue to be sustained in
the country such as obesity, overweight, dyslipidemia, hypertension and an innova-
tion in this survey is the data on blood lead levels and the frontal labeling question-
naire (Table 3). For physical activity, only 29% of the population performs physical
activity for less than 150 minutes per week and the other extreme, 28.1% performs
1680 minutes per week. The survey separates figures for food security and breast-
feeding by urban and rural area, but those presented in the table are for urban areas.

For the consumption of fruit, vegetables, and legumes, they were below 50% of
the different age groups except for the consumption of legumes that was 54.4 for the
group of 20 and over. For non-recommended foods, non-dairy drinks sweetened
or with added sugars were among the highest for the population of all age groups
without difference, being in a range 83.3% for the group of 1 to 4 years to 85.5% for
the group 20 and over [33].

On health issues and at the time this review is being carried out, we can observe
that sufficient evidence has been generated on the impacts on the industrialization
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Indicators ENSANUT* ENSANUT*

2012 2018
Percentage (%) Percentage (%)

Food security 30 445

Diarrheal disease from 0 to 4 years old. 11 11.8

Diabetes in the population aged 20 years and over 9.2 10.3

Hypertension in the population aged 20 years and over. 16.6 184

Cholesterol and triglycerides in the population aged 20 years 13 19.5

and over

Tobacco habit in the population 10 to 19 years old 15a95 51

Exclusive breastfeeding 14.4 286

Source: Monroy-Torres R [33] .'National Health and Nutrition Survey [ENSANUT].

Table 3.
Comparison between main results of the ENSANUT”™ 2012 vs. 2018.

of food and accessibility to them by the population, a recent study found that the
consumption of two glasses a day of soda was associated with higher mortality
[OR, 1.17; 95% CI: 1.11-1.22; P < 0.001], mainly in participants who presented
obesity, although not for those who were overweight [34].

4.1 The meaning of eating

What are the impacts of the industrial revolution up to the era of globalization?
Where mobility and commercial exchange (products, services, and food) is more
efficient while work and family life is more sedentary and inheritance or eating
habits are acquired from social networks, television, different media [17]. The
integration of sugar and with it a boom in sugar mills until its replacement in the era
of biofuels (high fructose corn syrup). Although the factors associated with obesity
and chronic diseases are multiple, the medical literature shows that the consump-
tion of sugary drinks and diets with high energy density are two of the risk factors
that contribute to the excess burden of these diseases.

The act of eating is complex, food has a vital component by providing nutrients
for the functioning of the human body or organism; but food has cultural mean-
ings, attributes, it is something more than the sum of food, something more than its
nutrients or culinary preparation or knowing the origin of these [17]. This meaning
will depend on internal and external factors, the latter such as social, political and
economic factors that give meaning and that act becomes beyond thinking only
about nutrients and health. This must be considered to integrate the meanings.

5. Conclusion

Talking about the meaning of food and food is talking about the main diseases
that occur in this XXI century as well as before, during and after the contingency
by COVID-19, such as the impacts that an obsolete economic system has had on
reduce people’s health and generate an impact on the environment. The multidisci-
plinary approach allowed to have indicators with which the origin and trajectory of
the health-disease processes must be understood from the meaning of food, such
as: an economic system and production of goods and services different from that
of 40 years ago. That has changed the lifestyle of people, with greater sedentary
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lifestyle, time to rest and eat, family life, greater stress, greater access to processed
or industrialized food, with processes that entail great environmental impacts on
water, soil, and air.

With the advent of science and biotechnology, such as the production of high
fructose corn syrup, coupled with the contradictory social policies on food that
took place in governments since the 70’s, where the increase in the consumption
of soft drinks began. In the Mexican population, a disarticulation in achieving
health indicators in the population laid the foundations since the boost to the
sugar union that was justified with foreign companies with great conflicts of
interest, and accelerated growth in the country, lead to a lack of control in terms
of economy that will contribute to health promotion. It has always been said
that Mexican food is extremely rich and diverse in ingredients, that is true, but
it is also true that it contains many elements that are not suitable for a good diet.
Knowing how we have developed our food culture allows us to understand the
positive and negative effects it has had. The latter should lead us to reflect on the
interactions that are generated with health, food, ecology, social, economic, and
political aspects.

What effects does colonization have on a food system?

* Consider agroecological models instead of traditional ones: Faced with the
health and environmental impacts that the prevailing agri-food system has
generated, it is proposed as an alternative to agroecology, since it allows us to
rebuild sustainable production systems that take as a principle the biophysi-
cal limits of nature, allowing biodiversity. Agroecology in turn promotes the
channels between producers and consumers through access to healthy food in
short proximity circuits, recognizing the importance of peasant wisdom and a
right to food.

* Obesogenic environments have changed food culture and therefore the concept
of health-disease.

* The loss and waste of food as a devaluation of food.

* Technology for social benefits and to increase the conservation of food without
compromising the benefit of being consumed fresh to obtain the greatest
benefit from its nutrients.

Finally, the exponential growth of the population leads to a demand for food
that has justified the use of agrochemicals, but the production of more food also
generates greater loss and waste of food, in addition to not achieving a nutritional
enrichment of food in the face of soil. That has been deteriorating. Work life has
led to both parents of a household having the need to both go out to work, without
being able to invest in food education and therefore generate a food culture, leaving
food and therefore destiny in the hands of the agribusiness of the health of minors
or any member of the family. The lack of physical activity and time, coupled with
greater access to energy-dense foods is what has contributed to the increase in
the statistics of chronic degenerative diseases such as diabetes, hypertension, and
dyslipidemias. Despite living in an era with greater access to information than ever
before, the evidence shows that the act of eating and deciding is somewhat more
complex, as is the complexity of human development itself, but this complexity
is the methodology that It must be considered to address the current obesogenic
environments through the approach and understanding of the meaning of food and
health from an ecological and historical context.
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