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We predicted that more-fragmented habitats are associated with lower diversity of small mammals and higher

densities of populations of rodents that are hosts of hantaviruses. We compared diversity and distribution of small

mammals that are either hosts or nonhosts of hantaviruses in 6 Panamanian national parks and adjacent areas with

varying degree of human impacts. We sampled forest, edge, and anthropogenically disturbed habitats. The

generalist rodents Oligoryzomys fulvescens (reservoir of Choclo virus) and Zygodontomys brevicauda (reservoir

of Calabazo virus) were more abundant in disturbed habitats, especially in smaller and more isolated patches,

where population density and diversity of other rodent species was lowest. In contrast, these 2 species had lower

abundances in larger forested areas with more nonreservoir species of small mammals. Our results suggest that

the change in the natural environment resulting from tropical deforestation is increasing the abundance and

distribution of species that are reservoirs for hantaviruses. Therefore, it is likely that forest fragmentation has

contributed to recent outbreaks of hantavirus pulmonary syndrome in tropical areas. Conservation of natural

resources becomes all the more imperative, not only for protecting fauna and flora but also for human health.
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Tropical forests have been dramatically reduced by human

activities worldwide in the last 3 decades and the ecological,

epidemiological, and social consequences of such large-scale

transformation are still unpredictable. Millions of hectares of

tropical forest are destroyed annually. Between 1980 and 1990,

40% of the world’s tropical forest was converted into

permanent agriculture, cattle ranching, or other uses (Hughes

et al. 1997; Kremen et al. 2000). Extensive global habitat

destruction has created a complex array of land cover,

fragmenting species distributions, altering the composition of

natural communities, and changing biotic interactions such as

predation, mutualism, competition, and infectious diseases

(Ceballos and Ehrlich 2002; McNaughton 1993).

Increases in the geographic distribution and size of human

populations and anthropogenic changes such as deforestation,

land conversion, agricultural intensification, and introduction

of livestock and exotic species might influence community

structure and species composition, and consequently, the

dynamics of infectious diseases. In the case of small mammal

communities, a generalized outcome of habitat destruction and

fragmentation is the simplification of communities, which tend

to be dominated by generalist species. These generalists tend to
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have a high adaptability to a wide range of habitats. In contrast,

specialist species, which are highly adapted to live in a narrowly

defined habitat, are prone to become endangered because of the

extensive habitat destruction and agricultural and urban

development. Studies in Costa Rica (Daily et al. 2003),

Venezuela (Utrera et al. 2000), the United States (Diffendorfer

et al. 1995), and Paraguay (Yahnke et al. 2001), among other

places, have shown that human-induced habitat loss results in

limited or decreasing populations of specialist forest species

and favors those species that tolerate human activities. These

generalist species flourish in agricultural plots, small remnants

of native vegetation, and even in human settlements. Generalist

species are often involved in the transmission of pathogens to

humans, including arenaviruses such as Lassa fever and the

South American hemorrhagic fevers, parvovirus, toxoplasma,

and rabies, among others (Childs et al. 1995; Deem et al. 2001;

Suzán and Ceballos 2005).

Hantaviruses are hosted by a great variety of species of

rodents in the family Cricetidae in Europe, Asia, and the

Americas. Hantaviruses are transmitted to humans by in-

halation of the aerosolized virus in rodent urine, feces, and

saliva or by direct contact such as bites (Tsai 1987).

Hantaviruses cause hemorrhagic fever with renal syndrome in

Asia and Europe and hantavirus pulmonary syndrome in the

Americas. Although incidence of hantavirus pulmonary

syndrome in the United States is low, with only 416 reported

cases since 1993, mortality is as high as 35% (Centers for

Disease Control and Prevention 2007). Hantavirus pulmonary

syndrome in humans has been reported throughout North,

Central, and South America (Williams et al. 1997) and recently

specifically in Panama where 79 human cases have been

detected and sporadic cases still occur (B. Armién, in litt.).

After the 1st cases of hantavirus pulmonary syndrome in

Panama in 2000, 2 new hantaviruses were identified: Choclo

virus causes hantavirus pulmonary syndrome and is associated

with the pygmy rice rat (Oligoryzomys fulvescens) as its host,

and Calabazo virus, which is not known to cause hantavirus

pulmonary syndrome, and is associated with the short-tailed

cane mouse (Zygodontomys brevicauda—Bayard et al. 2004;

Vincent et al. 2000). Based on the information already

available, we hypothesized that both habitat fragmentation

and loss of diversity resulting from human activities favors the

distribution of these hantavirus reservoir species and the

potential risk of hantavirus pulmonary syndrome outbreaks in

Panama. To test this hypothesis, we compared communities

of small mammals in different habitats with varying degrees

of anthropogenic fragmentation, including forest, edges, and

pastures, in 6 national parks and surrounding areas in Panama.

We expected to find less-diverse small mammal assemblages

numerically dominated by hantavirus host species in the more

degraded habitats.

MATERIALS AND METHODS

Study area and sampling design.—We selected 6 national

parks distributed in several biomes throughout Panama (Fig. 1;

Table 1). At each park, we choose 3 types of habitat: forest—

pristine areas inside mature forest; disturbed—anthropogeni-

cally disturbed habitats, specifically pastures and agricultural

fields outside the boundaries of the forest fragment; and edge—

relatively abrupt transitions between forest and disturbed

habitats. Edge sites were located at the border of forest frag-

ments. We compared small mammal communities and their

species composition, richness, evenness, and relative abun-

dance with site characteristics such as fragmentation and

elevation. The 3 habitat types were included in the analyses.

In each park we established a 10 � 10 grid in a forest,

a disturbed area, and an edge. Each grid was sampled using 100

Sherman live traps (8 � 8 � 23 cm; H. B. Sherman Traps, Inc.,

TABLE 1.—Environmental characteristics of 6 national parks in

Panama used as study sites. The parks were selected to represent the

environmental heterogeneity of the country, from tropical dry forests

to rain forests, across elevational gradients, and from relatively small

to large protected areas.

Park

Elevation

category (m)

Fragment

size (ha)

Protected

area (ha)

Chagres National Park ,300 .5 129,000

Sarigua National Park ,300 ,5 8,000

Cope (Omar Torrijos)

National Park 300�800 .5 6,000

Cerro Hoya National Park 300�800 ,5 32,000

Volcan Baru National Park .800 .5 207,000

Campana National Park .800 ,5 4,800

FIG. 1.—Location of the 6 national parks in central and western

Panama used as small mammal study sites, June 2001 and November

2002.
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Tallahassee, Florida), with traps set at 10-m intervals and

baited with peanut butter and oats. In edges, the middle trap

line was centered on, and parallel to, the edge of the forest.

Each site was sampled for 3 consecutive nights during each of

2 sampling periods (June 2001 and November 2002). Thus,

a total of 18 grids were established (6 parks � 3 habitat types).

In each park there was a total of 1,800 trap-nights including

600 trap-nights per habitat.

All small mammals were identified to species and sex and

weighed. The project was approved by the University of New

Mexico Animal Care and Use Committee (protocol 20014),

and meets the guidelines approved by the American Society of

Mammalogists (Gannon et al. 2007). All animals were treated

in a humane manner. Voucher specimens were deposited at the

Museum of Southwestern Biology, University of New Mexico.

Data analysis.—We considered 2 categories of fragment

size for forested areas: isolated fragments of ,5 ha and frag-

ments . 5 ha and connected to other forested areas (Table 1).

Elevation was classified in 3 categories: ,300 m, 300–800 m,

and .800 m. Two parks were included in each elevation

category (Table 1). An analysis of variance (ANOVA) was

used to test for differences in species diversity and richness

among sites. Statistical significance was set at P , 0.05.

Species richness, species composition, and diversity of small

mammals at all sites were determined. Species diversity was

calculated by using N2 of Hill (N2 ¼ 1/� pi
2, where pi is the

proportion of species i in the community—Hill 1973).

Evenness (E ¼ N2/S, where S ¼ total number of species—

Krebs 1999) was calculated as the relative distribution of

individuals among the species present in the community. To

assess the relation between hantavirus reservoirs and species

diversity, we selected the 2 hantavirus reservoirs found in the

Peninsula de Azuero (O. fulvescens and Z. brevicauda, hosts

for Choclo and Calabazo viruses, respectively; Fig. 1). We

compared the dependent variable (combined total captures of

O. fulvescens and Z. brevicauda) with explanatory variables

including species diversity, habitat type, elevation, and

fragment size using ANOVA. Statistical significance was set

at P , 0.05. Analyses were done using SYSTAT 9 (Systat

Software Inc., San Jose, California), and SPSS 12 (SPSS Inc.,

Chicago, Illinois).

Cluster analyses for species distributions were performed

based on the Sorensen index, measured as percent of

dissimilarity (PD) ¼ (1 � 2W/(A þ B), where W is the sum

of shared abundances and A and B are the sums of abundances

in individual sample units—McCune and Mefford 1999).

Finally, the Jaccard similarity index (J—Jaccard 1912) was

used to quantify the similarity of species composition among

habitat types (forest, edges, and disturbed habitats). The

Sorensen index and Jaccard index are quantitative and

qualitative indices, respectively, and were used to compare the

degree of similarity between samples, both within and between

plots. Only rodents were considered in all statistical analyses.

RESULTS

Community composition and structure.—A total of 237

individuals belonging to 22 species, including 3 marsupials and

19 rodent species, were captured during 2 sampling periods in

6 National Parks (Table 2). Of these species, 6 such as

Heteromys desmarestianus and Sigmodontomys alfari are

considered forest specialists, 8 such as Peromyscus mexicanus
and Reithrodontomys mexicanus are forest generalists, and 5

such as O. fulvescens and Z. brevicauda are generalists.

TABLE 2.—Species identity and total number of captured individuals by habitat type. Species are classified by habitat association (specialist or

generalist) and whether the species have been reported as reservoirs, hosts, potential host, or nonhosts in Panama.

Species Forest Edge Disturbed Habitat specialist/generalist Hantavirus reservoir/host/nonhost

Didelphis marsupialis 1 Forest generalist Nonhost

Heteromys desmarestianus 18 Forest specialist Nonhost

Marmosa mexicana 1 Forest specialist Nonhost

Marmosa robinsoni 1 Forest specialist Nonhost

Sigmodontomys alfari 2 Forest specialist Potential host

Oryzomys bolivaris 8 1 Forest specialist Potential host

Peromyscus mexicanus 26 13 Forest generalist Host (unknown hantavirus)

Reithrodontomys mexicanus 13 6 1 Forest generalist Host (Rio Segundo virus)

Reithrodontomys creper 3 2 Forest generalist Host (unknown hantavirus)

Oryzomys talamancae 3 2 1 Forest generalist Potential host

Melanomys caliginosus 2 2 Forest generalist Potential host

Oryzomys albigularis 3 4 1 Forest generalist Potential host

Liomys adspersus 14 10 22 Generalist Nonhost

Proechimys semispinosus 2 5 Forest specialist Nonhost

Scotinomys xerampelinus 5 11 3 Forest generalist Host (unknown hantavirus)

Zygodontomys brevicauda 1 3 4 Generalist Reservoir (Calabazo virus)

Mus musculus 3 Generalist Nonhost

Sigmodon hispidus 3 9 Generalist Potential reservoir

Oligoryzomys fulvescens 7 10 Generalist Reservoir (Choclo virus)

Reithrodontomys sumichrasti 9 Specialist Host (unknown hantavirus)

Tylomys watsoni 1 Specialist Potential host

Oligoryzomys vegetus 1 Specialist Potential host
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As we expected, there were differences in small mammal

composition and abundances among habitats, with higher

species diversity and higher numbers of specialist species in

forest habitats. Differences among habitat types in total

abundances were not statistically significant (1-way ANOVA,

F ¼ 0.55, d.f. ¼ 2, 13, P ¼ 0.58); however, most individuals

(103, 43%, 16 species) were trapped in forested areas, followed

by edge habitats (80, 34%, 16 species), and disturbed habitats

(54, 23%, 9 species). A large number of species (13, 59%)

tended to occur in both forest and forest edges, whereas 3

species (13%) tended to occur in both edges and disturbed

habitats, including O. fulvescens, the reservoir for Choclo virus.

The introduced Mus musculus was exclusively found in

disturbed habitats. Forest habitats included more specialist

species, whereas generalist species were distributed in edges

and pastures (Table 2). Although overall abundance of small

mammals was greatest in forest, species diversity was greatest

in edge habitat (Fig. 2). Average species richness and diversity

of small mammals were lower in disturbed habitats (�X ¼ 2.16,

SE ¼ 0.4, and �X ¼ 1.81, SE ¼ 0.3, respectively) than in edges

(�X ¼ 3.50, SE ¼ 0.72, and �X ¼ 2.76, SE ¼ 0.45, respectively)

and forested areas (�X ¼ 3.00, SE ¼ 1.00, and �X ¼ 2.14, SE ¼
0.55, respectively). Diversity as measured by Hill’s N2 was not

statistically different among categories of elevation (F ¼ 0.45,

d.f. ¼ 2, 13 P ¼ 0.67). We predicted and confirmed that the

size of forest fragments is relevant to species diversity. The 3

smaller habitat fragments in forested areas (,5 ha) had sig-

nificantly fewer species (�X ¼ 3.77) than did larger (.5-ha)

fragments (�X ¼ 2.00; 1-way ANOVA, F ¼ 6.00, d.f. ¼ 1, 14

P ¼ 0.026).

Abundance of hantavirus reservoirs.—As expected, both

hantavirus reservoirs (O. fulvescens and Z. brevicauda) were

more common in both disturbed habitats and edge habitats than

in forest (Fig. 2). Forested areas had much lower abundances of

O. fulvescens and Z. brevicauda (species combined; �X ¼ 0.16

individuals/site, SD ¼ 0.40) than edges (�X ¼ 1.66 individuals/

site, SD ¼ 1.63) or pastures (�X ¼ 2.33 individuals/site, SD ¼
2.73). Regardless of elevation, trapping sites in smaller

fragments in forested edges and disturbed areas had signifi-

cantly higher combined abundances of O. fulvescens and Z.
brevicauda than did sites in larger fragments (0.77 individuals/

site versus 0.10 individuals/site, respectively; F ¼ 8.67, d.f. ¼
1, 16, P ¼ 0.01). There were no statistical differences in the

combined abundances of O. fulvescens and Z. brevicauda
among the 3 categories of elevation (F ¼ 0.69, d.f. ¼ 2, 15,

P ¼ 0.51).

Clustering of species by Sorensen distances grouped O.
fulvescens and Z. brevicauda with other generalist species. A

2nd cluster grouped species that have been reported with

hantavirus antibodies in other regions in Panama where Rı́o

Segundo virus is endemic (Salazar-Bravo et al. 2004; Fig. 3).

The small mammal community of the forests was more similar

FIG. 2.—Species composition of small mammal communities in the

3 habitat types in our study. Diversity (Hill’s N2), evenness, and

species richness are provided for each habitat type. Bars in black

represent the relative abundance of the hantavirus reservoirs.

FIG. 3.—Cluster analysis using Sorensen distance (measured as

percent dissimilarity, which assesses relative presence/absence and is

most influenced by rare taxa). An asterisk (*) indicates generalist

species, including the hantavirus reservoirs Oligoryzomys fulvescens
and Zygodontomys brevicauda. A dot (�) indicates species that have

been reported with hantavirus antibodies in other regions in Panama.
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to that of edges (Jaccard similarity index, J ¼ 0.54) than to that

of disturbed areas (J ¼ 0.11). Higher similarities in species

composition were also found between edges and disturbed

areas (J ¼ 0.42). Species composition in all disturbed sites was

similar. Finally, when projecting their distribution and

abundance at a coarse scale, the proportion of the total small

mammal assemblage composed of the 2 species of hantavirus

reservoir was relatively high in the 2 parks on the Azuero

Peninsula, where most cases of hantavirus pulmonary syn-

drome have been reported (Fig. 4).

DISCUSSION

Tropical forests have been dramatically transformed into

pastures and croplands at a worldwide scale in recent decades.

The ecological, epidemiological, and social consequences of

the massive transformation are still unpredictable. Our data

support the hypothesis that higher species diversity of small

mammals in neotropical forests (and possibly in other tropical

regions) is associated with lower abundances of some

hantavirus reservoir species. Our results clearly indicate that

habitat fragmentation and conversion of natural habitats to

pastures and agriculture has favored rodent species that are

hantavirus reservoirs, such as O. fulvescens and Z. brevicauda,

across a gradient of habitats. These species are more abundant

in the seminatural matrix where more human activities occur

and have likely played a role in the recent outbreaks of han-

tavirus pulmonary syndrome in Panama.

Although a buffering role of biodiversity against the incidence

and spread of disease has been demonstrated by theoretical and

empirical studies, little is known about the role of biological

diversity in directly transmitted diseases. It has been proposed

that greater diversity of plant communities would increase

resistance to invasion by nonnative plants (diversity-invasibility

hypothesis), and that a greater diversity would decrease the

severity of plant disease (diversity-disease hypothesis—Elton

1958). Recently, it has been suggested that higher species

diversity in vertebrate communities reduces the incidence of

Lyme disease, an indirectly transmitted diseases (the dilution-

effect hypothesis of Ostfeld and Keesing [2000]). Our results

suggest that the change in the natural environment resulting from

tropical deforestation is increasing the abundance and local

distribution of rodent species that are reservoirs for hantaviruses,

which are viruses transmitted directly to humans.

Our results on patterns of species abundance and distribution

are a convincing example that rodent species that are hantavirus

reservoirs are more abundant in sites with higher isolation and

fragmentation resulting from human activities. Our results

show clearly that these rodent hantavirus reservoir species are

more abundant where habitat fragmentation and human set-

tlements are persistent. Overgrazing and expansion of agricul-

ture also may have contributed to the increased abundance and

distribution of the most generalist species of sigmodontine

rodents in other countries. These include some species of

Calomys and Oligoryzomys in South America and Zygodon-
tomys, Sigmodon, and Oligoryzomys in Central America (Daily

et al. 2003; Utrera et al. 2000). Paleontological studies have

suggested that environmental deterioration due to the expan-

sion of farming has favored an increase in population densities

of rodents, including hantavirus reservoirs in Chile, for

hundreds of years (Pardiñas et al. 2000).

Similarity indices and cluster analyses can be important

indicators of ecological relationships among hosts in the

ecology of infectious diseases. Our results showing that

prevalence of reservoir species also is enhanced in small

mammal communities in degraded lands with low biodiversity

are supported by additional empirical and experimental studies

(Peixoto and Abramson 2006; Ruedas et al. 2004; Suzán et al.

2006). However, this is the 1st time this issue has been ad-

dressed in terms of the services provided by high-biodiversity

small mammal communities, and 1 of few examples available

about the links among diversity of small mammals, diseases

affecting humans, and ecosystem services.

Although little is known about the mechanisms underlying

the changes in rodent community structure in perturbed

landscapes, habitat loss has been shown to alter species

interactions, resulting from the reduction in the number of

specialists and the increase in generalist species (Taylor and

Merriam 1996). Generalist species are able to survive in a wide

array of small patches of forest as well as in human-dominated

ecosystems. Ecological consequences of the increase in abun-

dance of generalist species may include restructuring food

webs and endangering endemic fauna (Kruuk and Snell 1981).

Our results showed that many species were absent or present in

low numbers in the altered landscape. Undoubtedly, if tropical

forest cover further declines, extinction of specialist species

will likely occur, with important consequences for ecosystem

function and for human health (Ceballos and Ehrlich 2002).

Panama has undergone severe loss of biodiversity over the

last 50 years. Dramatic habitat transformation has occurred due

to shifting cultivation and cattle raising (Fischer and Vasseur

2000). This has led to agricultural areas dominating the

landscape and has greatly changed the composition of small

FIG. 4.—Spatial projection of combined relative abundance of

Oligoryzomys fulvescens and Zygodontomys brevicauda. Size of each

pie chart is proportional to the number of individuals captured.

Proportions of captures consisting of O. fulvescens and Z. brevicauda
are indicated in black; other species are indicated in gray. Stars

represent areas where cases of hantavirus pulmonary syndrome in

humans are reported.
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mammal communities. The remaining communities of rodents

in the altered landscapes are often generalist species that are

able to survive in small patches of forest or in human-

dominated ecosystems. Understanding the dynamics, distribu-

tion, and structure of mammal assemblages in the major biomes

of Panama also will help to understand the distribution of

hantavirus and areas of major epidemiological risk. Because

habitat fragmentation and loss of diversity are global concerns,

the basic conclusions of our study may apply to other infectious

diseases in several geographical regions or habitat types. The

association of biodiversity and risk of disease is an additional

factor contributing to the importance of conservation of natural

resources.

Tropical deforestation is responsible for many extinctions of

species, and despite conservation efforts, rates of deforestation

and conversion to agriculture remain high. If this pace

continues, we expect to see an increase in both distribution

and abundance of rodent hosts of hantaviruses as well as other

zoonotic diseases in tropical areas, with unknown epidemio-

logical consequences.

RESUMEN

En este trabajo hicimos la predicción de que los hábitats más

fragmentados están asociados con una menor diversidad de

pequeños mamı́feros y una mayor densidad de los hospederos

de hantavirus. Para probar esta hipótesis, comparamos la

diversidad y distribución de pequeños mamı́feros en 6 parques

nacionales y áreas adyacentes en Panamá con diferente grado

de intervención humana. Se muestreó el bosque, borde y

hábitats perturbados por actividades antropogénicas. Los

roedores generalistas Oligoryzomys fulvescens (reservorio del

virus Choclo) y Zygodontomys brevicauda (reservorio del virus

Calabazo) fueron más abundantes en hábitats perturbados.

Contrariamente, fue en éste tipo de hábitat donde la densidad y

diversidad de otras especies de roedores fue menor. En

contraste, los parches de mayor área tuvieron mayor diversidad

de especies de pequeños mamı́feros y menor abundancia de O.
fulvescens y Z. brevicauda. Estos resultados sugieren que el

cambio en los ambientes naturales debido a la deforestación en

los trópicos, aumenta la abundancia y distribución de especies

que son reservorias para hantavirus. Debido a esto, pensamos

que la fragmentación de hábitats ha contribuido en recientes

brotes del sindrome pulmonar hantavirus en Panamá. La

conservación de los recursos naturales es imperativa no sólo

con el fin de protejer a la flora y fauna, sino a la salud humana.
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