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Chapter 8

Species Diversity of Three Faunal
Communities Along a Successional Cloud
Forest Gradient

Juan Manuel Diaz-Garcia, Fabiola Lopez-Barrera, Eduardo Pineda,
Jorge Ernesto Valenzuela-Gonzalez, and Adriana Sandoval-Comte

8.1 Introduction

Forests cover 31% of the global land surface, but only about one-third of this is
primary forest because we have lost more than 80 million ha of primary forests
since 1990 (FAO and PNUMA 2020). Habitat loss is the main threat to biodiversity;
it is estimated that insect populations have decreased by 9% globally every decade
since 1980 (van Klink et al. 2020). For vertebrate groups such as mammals, birds,
reptiles, amphibians, and freshwater fishes, a population decrease of 68% has been
estimated worldwide from 1970 up to the present. This loss is relatively higher in
the Neotropical region, where populations of the groups mentioned have been
reduced in greater proportion than in other regions of the planet (WWF 2020).
Forest restoration practices have increased worldwide in response to concerns
about deforestation and its socio-ecological consequences (Bullock et al. 2011;
Gatica-Saavedra et al. 2017). One of the strategies most widely implemented to
recover forests is natural regeneration (or passive restoration), which occurs when
stressors are eliminated or controlled, and a natural process of secondary succession
can begin (Rey-Benayas et al. 2008). It is estimated that 36.2 million ha of second-
ary forest regrew between 2000 and 2010 in the Neotropics (Aide et al. 2013) as a
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result of land abandonment, exclusion and/or the implementation of restoration
practices (Davies et al. 2020).

Species must be able to colonize the successional forests from the regional pool.
In this context, Suganuma and Durigan (2021) categorized each plant species
according to dispersal syndrome, seed traits, growth rate, shade tolerance, and rarity
in the communities. They found that successful colonizers were mostly zoochorous,
dispersed by birds or bats, shade tolerant, and of moderate or fast growth. The lack
of slow-growing species dispersed by large mammals indicates the absence of cer-
tain faunal groups in the secondary forests.

Despite the increase in area of secondary forests, their value in terms of maintain-
ing or recovering animal populations is poorly understood (Thompson and Donnelly
2018; Davies et al. 2020). It has long been assumed that fauna will recolonize natu-
rally in secondary forests once the suitable vegetation and environmental characteris-
tics, such as microclimate or food availability, have re-established (Catterall 2018).
However, studying the responses of different groups of fauna to secondary succession
is important since animals can significantly modulate the ecological trajectory and the
rate of regeneration of forests through their participation in ecological processes such
as pollination, seed dispersal, herbivory, and energy flow through trophic webs
(Ortega—Alvarez et al. 2013; Fraser et al. 2015; Diaz-Garcia et al. 2017).

To study how the species diversity of faunal communities varies, chronose-
quences of forest successional processes can be used since they comprise different
vegetation conditions that represent a recovery gradient. These recovery gradients
should be formed by the following vegetation conditions: a degraded ecosystem,
which represents the conditions prior to initiation of natural succession, areas in
natural succession of different ages, and an ecological reference ecosystem (Wortley
et al. 2013; Marchand et al. 2021). Different ecological and functional attributes can
be compared among the vegetation conditions in order to assess the response of
faunal communities along the successional and environmental gradients. The com-
ponents of species diversity, such as species richness, abundance, and composition,
are the attributes most commonly used to measure the progress of faunal communi-
ties in forest regeneration processes (Gatica-Saavedra et al. 2017).

In studies that have evaluated the response of fauna to restoration strategies, it
has been reported that species richness is the first attribute to recover, while this
process takes more time for species composition and abundance (Catterall 2018).
For example, Herndndez-Ordéfiez et al. (2015) found that ~25 years of natural suc-
cession are sufficient to recover the species richness of amphibians and reptiles, but
not the species composition or abundance of these animals. In general, the recovery
of species composition and abundance of faunal communities seems to be slower
than the recovery of species richness, since they depend on re-establishment of the
carrying capacity of secondary forests necessary in order to support stable popula-
tions (Chazdon 2008; Catterall 2018).

It has recently been proposed that evaluation of the richness and abundance of
faunal communities, considering the habitat specialization type of the species (e.g.
forest specialists vs. generalists), can be an effective indicator with which to evalu-
ate changes in forest restoration processes (Diaz-Garcfa et al. 2020b). Depending on
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the ecological traits intrinsic to each habitat specialization type, species can respond
differentially to environmental filters generated by the re-establishment of habitat
characteristics, including microclimate, refuge and resource availability, and biotic
interactions (Catterall 2018; Diaz-Garcia et al. 2020b). To assess the recovery of
forest specialist species in particular, it is important to determine the value of sec-
ondary forests for the conservation and recovery of vulnerable groups, since these
forest specialist species are usually in danger of extinction (Hanski 2011; Pyron
2018; Luther et al. 2020).

The responses of faunal communities to forest regeneration also depend on
extrinsic factors of the species, such as land use history, age, and proximity to
mature forest (Lamb and Gilmour 2003; Smith et al. 2015). In addition, it has been
found that the response may vary within and among taxonomic groups, for which
reason the use of multi-taxonomic studies has been recommended (Gatica-Saavedra
etal. 2017; Diaz-Garcia et al. 2020b). Amphibians, ants, and dung beetles have been
proposed as focal taxa for the evaluation of changes in Neotropical forest regenera-
tion processes (Aguilar-Garavito and Ramirez 2015). Communities of these three
faunal groups are highly sensitive to environmental changes and their responses can
be detected at the local scale. Furthermore, subsets of species within each group
present specific requirements that are positively associated with the heterogeneity
and structural complexity of the habitat (Atauri and de Lucio 2001; Brodman et al.
2006; Nichols et al. 2008). Likewise, these taxa perform important functions in the
ecosystems. For example, ants favour the flow of nutrients in the soil, promote
microbial activity, and efficiently disperse seeds (Del Toro et al. 2012), while dung
beetles are involved in nutrient recycling, secondary seed dispersal, and soil aera-
tion (Nichols et al. 2008), and amphibians participate in the control of aquatic algae
and herbivorous insects, as well as in energetic exchange between aquatic and ter-
restrial environments (Cortéz-Gémez et al. 2015). In this chapter, we assessed the
species diversity of amphibians, dung beetles, and ants, considering their habitat
specialization type, along a successional gradient formed by a cattle pasture, a
13-year-old regenerating secondary forest, a 23-year-old regenerating secondary
forest, and a cloud forest remnant located in a mountainous landscape of cen-
tral Mexico.

8.2 Materials and Methods

8.2.1 Study Area

Fieldwork was carried out in the municipality of Huatusco (19° 11" 23” N, 96° 59’
11”7 W, 1300 m a.s.l.) in the mountainous region of central Veracruz, Mexico
(Fig. 8.1). The climate of the study site is subhumid with a mean annual temperature
of 17.1 °C and mean annual precipitation of 1850 mm (CONAGUA 2016). There
are three distinct seasons in the area: cold-dry (November—March), hot-dry (April—
May) and hot-humid (June—October). This region currently presents ~10,000 ha of
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Fig. 8.1 Study area and location of the 36 study plots in four different vegetation conditions stud-
ied in the mountainous region of central Veracruz, Mexico. The tree plantations include monocul-
ture plantations of bamboo, avocado, and pine

tropical montane cloud forest but, of these, only 30% are mature patches immersed
in a matrix of agricultural crops, agroforestry systems, cattle pastures, and second-
ary forests (CONABIO 2010).

8.2.2 Forest Successional Gradient

To make valid and efficient comparisons of the ecological results generated by for-
est recovery processes, it is necessary to control certain factors such as the land use
history of the intervened areas and their proximity to the reference ecosystem (Reid
et al. 2018). In 2018, we determined a secondary successional gradient in a land-
scape of Huatusco, Mexico, formed by four vegetation conditions: a cattle pasture,
a 13-year-old regenerating secondary forest, a 23-year-old regenerating secondary
forest, and a mature cloud forest remnant. Both of the secondary forests were
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adjacent, and presented the same land use history and similar mean distance (~1 km)
from the cloud forest remnant (Fig. 8.1, Diaz-Garcia et al. 2020a).

The degraded ecosystem represented by cattle pasture was an open area domi-
nated by exotic grasses, with some isolated trees of native species. The 13-year-old
regenerating secondary forest had recovered 47% of the tree density and 87% of the
canopy cover values presented in the cloud forest, and had also reduced the value of
the exotic grass cover recorded in the cattle pasture by 76%. The 23-year-old regen-
erating secondary forest had recovered 57% of the tree density and 93% of the
canopy cover recorded in the cloud forest, and had reduced the value of the exotic
grass cover recorded in the cattle pasture by 82%. The two secondary forest condi-
tions shared similar values of some variables of vegetation structure, such as tree
height and basal area. The reference ecosystem, represented by the cloud forest
remnant, had the highest values of tree density, basal area, tree height, canopy cover,
and leaf litter cover. Finally, the species composition of mature cloud forests is
dominated by forest specialist tree species. In contrast, the cattle pasture and both of
the regenerating forest sites under natural succession presented a combination of
trees from primary forests and secondary succession stages (Table 8.1).

8.2.3 Faunal Sampling

We established nine plots (10 x 50 m) with a north-south orientation in each vegeta-
tion condition of the natural succession gradient. All plots were located between
1330 and 1450 m a.s.l. in order to avoid an effect of elevation on the species diver-
sity of the faunal communities. All plots were separated from each other and from
other vegetation types by a minimum distance of 100 m (Fig. 8.1).

For the amphibians, we conducted three samplings during June, August, and
October (hot-humid season) of 2018. In each sampling, two people searched for
amphibians in each plot using a visual encounter survey with manual capture
(Crump and Scott 1994) between the hours of 20:00 and 01:00. We identified cap-
tured individuals to species level and released them after 24 h at the same site where
they had been captured. The sampled area in each vegetation type was 4500 m?
(500 m? x 9 plots) and the total sampling area was 18,000 m? (4500 m? x 4 vegeta-
tion conditions).

We sampled ants and dung beetles once during the hot-dry season (May 2018)
and again in the hot-humid season (September 2018). For the ants, we established
four sampling stations along the central line of each plot at 0, 17, 34, and 50 m. Each
sampling station comprised one pitfall trap (500 ml) buried to ground level, and one
trap (200 ml) placed on trees at a height of 2 m from the ground. The two trap types
were located at a distance of 10 m apart (the plot width). The resulting eight traps
per plot were filled to one quarter of their capacity with soapy water and protected
from the rain by plastic plates (Garcia-Martinez et al. 2015). We used different bait
types; pitfall traps were either unbaited or baited with ~20 g of tuna. The tree traps
were baited with either ~20 g of tuna or honey. Trap and bait types were alternated
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Table 8.1 Vegetation structure and composition of a cloud forest successional gradient formed by
a cattle pasture, a 13-year-old regenerating secondary forest, a 23-year-old regenerating secondary
forest, and a cloud forest remnant located in a mountainous landscape of central Mexico. Mean
values + standard deviation are shown

13-year-old 23-year-old
Cattle pasture secondary forest | secondary forest | Cloud forest
o T L9

Tree density | 25 +41.8 289 + 172 350 + 38.1 614.7 £50.3
per ha
Tree height |8 + 12.5 13.5+2.6 139+ 1.2 245+ 1.1
(m)
Basal area |4.1 +8.3 11.1£9.7 11.8+1.3 442 +4.7
(m*ha)
Canopy 12.02 £ 14.9 67.5+8.2 723+5 774 +3.7
cover (%)
Leaf litter | 6.3 +8.9 23.1+154 44.19 £20.8 67.8 +13.6
cover (%)
Grass cover | 86.2 +23.7 203+ 15.9 15.85+8.7 35+7.7
(%)
Herbaceous |2.7 +6.8 48.8 £16.6 34+21.9 16.6 £6.3
plant cover
(%)
Shrub cover | 1 +2.4 22.1+11.6 203112 30.8 £ 13.1
(%)
Epiphyte 7.3+11.45 7.5+83 9.5+12.2 49 +254
cover (%)
Dominant | Acacia pennatula, A. pennatula, M. coriacea, Q. paxtalensis,
tree species | Psidium guajava, Mpyrsine coriacea, | Trema micrantha, | Q. lancifolia,

Quercus insignis Q. paxtalensis Q. sapotifolia Q. insignis

from right to left along each plot to avoid traps with the same type of bait being too
close to each other or all on the same side of the plot. We checked the traps after
72 h and collected all captured ants. In addition, in the centre of each plot, we col-
lected all leaf litter in 1 m? and processed it with Winkler sacks in order to extract
the ants contained within (Bestelmeyer et al. 2000). Ant specimens were identified
to species level in the laboratory.

For the dung beetles, we established three sampling stations along the central
line of each plot at 0.25 and 50 m. Each sampling station comprised two pitfall traps
(500 ml) buried to ground level and located at a distance of 10 m apart (the width of
the plot). The traps were filled to one quarter of their capacity with soapy water and
protected from the rain by plastic plates. We used three different bait types: human
faeces, carrion (tilapia fish that had been decomposing for two days), and a mixture
of guava and banana (1,1). We used ~20 g of bait placed in a small plastic cup
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suspended inside the pitfall traps. As with the ant traps, bait type was alternated
between pitfall traps from right to left along each plot. We checked the traps after
72 h and collected all captured dung beetles. Specimens were identified to species
level in the laboratory.

We grouped amphibian, ant, and dung beetle species into two habitat specializa-
tion categories: (1) forest-specialist species; those with populations that thrive better
in mature forests and present limited tolerance to environmental changes, and (2)
generalist species; those with a broader environmental tolerance, and with thriving
populations to be found in a variety of natural and modified habitats (MacArthur
and Levins 1964; Devictor et al. 2010). To assign a species to one or the other cat-
egory, we consulted the specialized literature for each group (see Diaz-Garcfia et al.
2020a). Ants not identified to species level were not categorized and not used for
analysis.

8.2.4 Data Analysis

To evaluate the efficiency of the inventory and make valid comparisons of the spe-
cies diversity among the vegetation conditions, we calculated the sample coverage
(fjn ) for each vegetation condition, using the formula:

cr-A e ]

8 n n—l)f1+2f2

where f; is the number of singletons, f, is the number of doubletons, and » is the
number of individuals of the vegetation condition (Chao and Jost 2012). We calcu-
lated species richness per habitat specialization category for each faunal group and
compared these among vegetation conditions using generalized linear models
(GLM) with a Poisson distribution and log link function, and post hoc tests of con-
trasts. These analyses were conducted with the package ‘INEXT’ (Hsieh et al.
2016), ‘gmodels’ (Warnes et al. 2018), and ‘fifer’ (Fife 2014) in R version 1.1.383
(R Core Team 2017).

We calculated abundance per habitat specialization category by pooling the num-
ber of individuals collected in all samplings for amphibians and dung beetles. To
compare abundances between vegetation conditions, we used generalized linear
models (GLM) with a Poisson distribution and log link function, and post hoc tests
of contrasts. Since ants exhibit social behaviour, we calculated occurrence-frequency
as the number of plots in which the species was present and summed the occur-
rences recorded in each of the two samplings (i.e. maximum occurrence frequency
for a species that was present in all plots in every sampling would be 9 x 2 = 18).
We used a Chi-square test to evaluate goodness-of-fit and a post hoc test to compare
the occurrence-frequency of ants among vegetation conditions. These analyses were
conducted with the packages ‘gmodels’ (Warnes et al. 2018) and ‘fifer’ (Fife 2014)
in R version 1.1.383 (R Core Team 2017).
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We constructed a dendrogram using the Bray-Curtis similarity index for each
faunal community in order to compare species composition among vegetation con-
ditions. To reduce the influence of the most abundant species, we used the chord
transformation on the abundance matrix of amphibians and dung beetles (Legendre
and Legendre 2012). We then ran a permutational multivariate analysis of variance
(Permanova: 999 permutations) of Bray-Curtis indices. These analyses were con-
ducted with the packages ‘vegan’ (Oksanen et al. 2016) and ‘ggplot2’ (Wickham
2016) in R version 1.1.383 (R Core Team 2017). Finally, we compared the structure
of each faunal community among vegetation conditions using rank abundance
curves (Feinsinger 2001).

8.3 Results

We found a total of 13 amphibian species (7 forest specialists and 6 generalists), 41
ant species (21 forest specialists, 17 generalists, and 3 undefined), and 15 dung
beetle species (5 forest specialists and 10 generalists). Since the sample coverage in
each vegetation type was >90% for all faunal communities, we were able to com-
pare our variables with the observed values.

8.3.1 Species Richness

For amphibians, the richness of forest specialist species varied among vegetation
conditions (Residual Deviance = 30.5, df = 32, p < 0.001). The richness of forest
specialist amphibian species was similar between the two regenerating secondary
forests (13- and 23-year-old), but was lower than in the mature cloud forest. The
richness of generalist amphibian species was similar among vegetation conditions
(Residual Deviance = 36.5, df = 32, p = 0.9; Fig. 8.2a).

For ants, the richness of the forest specialist (Residual Deviance = 23.2, df = 32,
p <0.01) and generalist (Residual Deviance =25.6, df =32, p = 0.01) species varied
among vegetation conditions. The richness of forest specialist ants was greater in
the cloud forest and 23-year-old regenerating secondary forest than in the other
vegetation conditions. The richness of generalist ants was greater in cattle pastures
and 13-year-old regenerating secondary forest than in the other vegetation condi-
tions (Fig. 8.2b).

For dung beetles, the richness of forest specialist (Residual Deviance = 16.6,
df =32, p <0.001) and generalist (Residual Deviance = 11.4, df =32, p < 0.001)
species varied among vegetation conditions. The richness of forest specialist dung
beetles was lower in cattle pasture than in the other vegetation conditions, among
which no significant differences were found. The richness of generalist dung beetles
was greater in cattle pasture than in the other vegetation conditions, among which
no significant differences were found (Fig. 8.2c).
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Fig. 8.2 Species richness and abundance or occurrence frequency of amphibians, ants, and dung
beetles recorded along a natural succession gradient: P = cattle pasture, 13 years SF = 13-year-old

regenerating secondary forest, 23 years SF = 23-year-old regenerating secondary forest, and CF =
cloud forest. Mean values and standard error are shown in the graphs
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8.3.2 Abundance or Occurrence Frequency

For amphibians, the abundance of forest specialist (Residual Deviance = 120.7,
df =32, p <0.001) and generalist (Residual Deviance = 224.9, df = 32, p < 0.001)
species varied among vegetation conditions. The abundance of forest specialist
amphibians was similar between both secondary forest conditions, but was lower
than in the mature cloud forest. The abundance of generalist amphibians was lower
in 13-year-old regenerating secondary forest than in the other vegetation conditions,
among which no significant differences were found (Fig. 8.2d).

For ants, the occurrence frequency of forest specialist (X> = 25.8, df = 7,
p <0.001) and generalist (X>=26.1, df =7, p < 0.001) species varied among vegeta-
tion conditions. The occurrence frequency of forest specialist ants was greater in
cloud forest and 23-year-old regenerating secondary forest than in the other vegeta-
tion conditions. The occurrence frequency of generalist ants was greater in cattle
pastures than in the other vegetation conditions, among which no significant differ-
ences were found (Fig. 8.2e).

For dung beetles, the abundance of forest specialist (Residual Deviance = 211.5,
df =32, p <0.001) and generalist (Residual Deviance = 273.6, df = 32, p < 0.001)
species varied among vegetation conditions. The abundance of forest specialist
dung beetles was similar between the two secondary forests, but was higher in the
mature cloud forest. The abundance of generalist dung beetles was greater in cattle
pasture than in the other vegetation conditions, among which no significant differ-
ences were found (Fig. 8.2f).

8.3.3 Species Composition

The species composition of amphibians (F = 12.7, p = 0.001), ants (F = 10.8,
p =0.01), and dung beetles (F = 15.3, p = 0.001) varied among vegetation condi-
tions. For all taxa, the similarity in species composition of the two secondary forests
was closer to that recorded in the cloud forest (47-62%), than to that of the cattle
pasture (24-38%). For the amphibian and ant communities, the highest similarity
values were observed between the two secondary forests (Fig. 8.3a, b). For dung
beetles, the highest similarity values were observed between the cloud forest and
13-year-old regenerating secondary forest (Fig. 8.3c).

>
>

Fig. 8.3 Dendrogram of similarity (Bray-Curtis index) based on amphibian abundance (a), ant
occurrence frequency (b), and dung beetle abundance (c¢) recorded along a natural succession
gradient: P = cattle pasture, 13 years SF = 13-year-old regenerating secondary forest, 23 years SF
= 23-year-old regenerating secondary forest, and CF = cloud forest. In all dendrograms: 0 = com-
pletely different and 1 = completely identical
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8.3.4 Community Structure

For amphibians, two forest specialist species were dominant in the cloud forest
(Craugastor rhodopis and Parvimolge townsendi). The dominant species in both
successional forests was the forest specialist C. rhodopis, while the dominant spe-
cies in the cattle pasture was the generalist species Rheohyla miotympanum. Other
forest specialist species, such as Charadrahyla taeniopus, Aquiloeurycea cafetal-
era, and Thorius pennatulus were recorded in both successional forests, but with
abundance values lower than those of the cloud forest (Fig. 8.4a).

For ants, the habitat-generalists Solenopsis geminata and Camponotus atriceps
were the dominant species in the cattle pasture, but their abundance decreased in the
other vegetation conditions along the successional gradient. In the 13-year-old sec-
ondary forest, the dominant species was the habitat-generalist species Gnamptogenys
strigata. In the 23-year-old secondary forest, the dominant species were the forest
specialists Adelomyrmex tristani and Pheidole xyston. In the cloud forest, the domi-
nant species was the forest specialist A. tristani. The abundance of some forest
specialist species, such as A. fristani, increased from the 13-year-old forest to the
cloud forest (Fig. 8.4b).

For dung beetles, the habitat-generalist species Onthophagus corrosus and
Phanaeus endymion were the species with the highest number of individuals in the
cattle pasture. However, these species were absent or presented low abundance in
the forested sites. In both successional forests, the forest specialist species
Deltochilum mexicanum was the dominant species. In the cloud forest, the forest
specialist species D. mexicanum and Onthophagus cyanellus were the most abun-
dant. In the vegetation conditions along the successional gradient, the abundance of
habitat-generalist species such as Coprophanaeus corythus and Onthophagus
incensus decreased from the cattle pasture to the cloud forest. Some forest specialist
species, such as Canthidium hespenheidei, Coprophanaeus gilli, and Onthophagus
rhinolophus, were recorded in both regenerating forest sites, but did not reach the
values recorded in the mature forest (Fig. 8.4c).

>
>

Fig. 8.4 Rank abundance curves of the amphibian (a), ant (b), and dung beetle (¢) communities
recorded along a successional gradient: P = cattle pasture, 13 years SF = 13-year-old regenerating
secondary forest, 23 years SF = 23-year-old regenerating secondary forest, and CF = cloud forest.
For amphibians: Ac Aquiloeurycea cafetalera, Bp Bolitoglossa platydactyla, Cm Craugastor mex-
icanus, Cp Craugastor pygmaeus, Cr Craugastor rhodopis, Ct Charadrahyla taeniopus, Ec
Eleutherodactylus cystignathoides, Hv Hyalinobatrachium viridissimum, Iv Incilius valliceps, Lb
Lithobates berlandieri, Pt Parvimolge townsendi, Rm Rheohyla miotympanum, and Tp Thorius
pennatulus. For ants: At Adelomyrmex tristani, Cat Camponotus atriceps, Cr Cyphomyrmex rimo-
sus, Gs Gnamptogenys strigata, Na Nylanderia austroccidua, Nb Nylanderia bourbonica, Pi
Pheidole insipida, Px Pheidole xyston, Sb Strumigenys brevicornis, and Sg Solenopsis geminata.
For dung beetles: Ch Canthidium hespenheidei, Cl1 Canthon leechi, Ci Copris incertus, Cc
Coprophanaeus corythus, Cg Coprophanaeus gilli, Dm Deltochilum mexicanum, Dc Dichotomius
colonicus, Ds Dichotomius satanas, Ob Onthophagus belorhinus, Oc Onthophagus corrosus, Ocy
Onthophagus cyanellus, O1 Onthophagus incensus, Or Onthophagus rhinolophus, Pe Phanaeus
endymion, and So Scatimus ovatus
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8.4 Discussion

Successional forest gradients could theoretically also impose environmental gradi-
ents (i.e. canopy or litter cover, etc.) that gradually change as forest ages. Along our
successional gradient, the environmental variation was represented by increased
tree density, tree height, canopy cover, and leaf litter cover and decreased grass
cover, as the forest ages. There was also a decrease in the variability of these condi-
tions as the forest recovered. It is considered that a large proportion of species may
coexist under intermediate conditions along an environmental gradient (Flynn et al.
2009; Bitencourt et al. 2019). In our study, to evaluate species turnover along the
natural regeneration gradient, we analysed the response of generalist and forest spe-
cialist species separately. In the case of the amphibians and ants, a general trend was
found; forest specialist species increased in richness and abundance as the forest
ages. However, recovery of the species richness of forest specialist dung beetles
occurred in the early successional stages (13 years). Our results show that biodiver-
sity recovery during natural forest regrowth is taxon-specific and depends on the
habitat specialization type of the species.

8.4.1 Species Richness and Abundance in Forest Specialists
Across Forest Chronosequences

8.4.1.1 Amphibians

Studies that have assessed changes in amphibian communities across forest succes-
sion chronosequences in Neotropical landscapes have shown that species richness
can be recovered in a relatively short period following agricultural abandonment
(5-25 years; Herrera-Montes and Brokaw 2010; Basham et al. 2016). Acevedo-
Charry and Aide (2019) conducted a meta-analysis of amphibian recovery along
tropical forest succession gradients and found that secondary forests reached the
levels of species richness found in the reference forests after 5-30 years of succes-
sion. It has been reported that secondary forests can maintain the same abundance
of amphibians as mature forests after 10-30 years of natural succession (Hilje and
Aide 2012; Hernandez-Ordéiiez et al. 2015).

Acevedo-Charry and Aide (2019) reported that forest specialist amphibians colo-
nize secondary forests gradually, and only secondary forest of 15-30 years of age
reached values similar to those of the mature forests used as a reference. In this
study, the species richness and abundance of forest specialist species were still not
reached even after 23 years of forest regeneration, probably because the strict habi-
tat requirements of these species had not completely recovered in the secondary
forests (Thompson and Donnelly 2018). Studies that have related environmental
factors to the recovery of forest specialist amphibians suggest that forest cover and
connections between forests appear to help species to colonize sites, regardless of
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age. Moreover, forests with closed canopy, high humidity, deep leaf litter, and abun-
dant arthropods provide favourable microhabitat conditions and resources for forest
specialist amphibians (Hilje and Aide 2012; Smith et al. 2015; Dfaz-Garcia et al.
2017). In the study area, proximity to water bodies, as well as high canopy and leaf
litter cover, had a strong positive influence on the recovery of forest specialist
amphibians [Dfaz-Garcia et al. 2020a].

Along the successional gradient, the richness and abundance of amphibian gen-
eralist species remained intact, with only a small decrease in their abundance found
in the youngest forest. However, it is important to highlight the significant increase
in the species richness and abundance of forest specialist amphibians, although, for
these species, a period of 23 years is still insufficient to recover the conditions of the
mature forest. Given the current state of danger of extinction of the forest specialist
amphibians, this result may point to the need to intervene in forests undergoing
natural succession with complementary actions based on the particular require-
ments of the species (i.e. artificial ponds, introduction of tree trunks or translocation
of epiphytic plants [Fernandez-Barrancos et al. 2017]).

8.4.1.2 Ants

Studies that have evaluated the response of ant communities to natural regeneration
in Neotropical landscapes have obtained contrasting results. It has been found that
secondary forests can entirely recover the species richness recorded in mature for-
ests after 30-50 years of natural succession (Dunn 2004; Bihn et al. 2008). Higher
species richness has also been found in mid-secondary forest under natural regen-
eration (25-35 years) compared to that of mature forests (Osorio-Pérez et al. 2007),
as well as a decline in species richness with increasing forest age (5-30 years;
Hethcoat et al. 2019). Tiede et al. (2017) found similar species richness and occur-
rence among primary and secondary forests of different ages. However, the increase
in forest specialist species with advancing forest succession can be considered a
general pattern (Dunn 2004; Hethcoat et al. 2019).

In this study, the species richness and occurrence of forest specialist ants reached
values similar to those recorded in the mature forest fragment after 23 years of for-
est regeneration. It is interesting to note that the 13-year-old regenerating forest and
cattle pasture sites had similar values of forest specialist ant species, indicating
either that their recovery is faster than that of the forest specialist amphibians and
dung beetles, or that there are processes of persistence despite the environmental
conditions of the cattle pasture. The persistence or recovery of forest specialist spe-
cies may be due to the proximity of secondary forests and cattle pastures to the
mature forest remnant (Dominguez-Haydar and Armbrecht 2011; Gilroy and
Edwards 2017), and also to the re-establishment of microhabitat conditions such as
higher canopy cover and fallen trunk density in secondary forests, or the presence
of isolated trees and shrubs in cattle pastures (Diaz-Garcia et al. 2020b).

Ant generalist species showed a sharp decrease in the 23-year-old regenerating
forest stand. At the beginning of the successional gradient (pasture and early
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successional forest), it is expected to find generalist and forest specialist species that
were able to resist forest transformation due to the existence of forest remnants,
availability of nesting resources and favourable soil conditions (Rocha-Ortega and
Garcia-Martinez 2018). This latter subset of species is expected to increase in sec-
ondary forests in the middle portion of the gradient. This pattern of high species
substitution contributes to the p-diversity for different organisms (Hernandez-
Ordéiiez et al. 2019; Bitencourt et al. 2019), particularly in the heterogeneous region
of Central Veracruz, where montane cloud forest landscapes present a high
p-diversity of woody plants, ants, amphibians, and dung beetles (Arellano and
Halffter 2003; Williams-Linera et al. 2013; Meza-Parral and Pineda 2015; Garcia-
Martinez et al. 2016, 2017).

8.4.1.3 Dung Beetles

In the Neotropics, it has been reported that the species richness and abundance of
dung beetles can be lower in early and mid-secondary forests (0—18 years) than in
old-secondary (40 years) and mature forests (Audino et al. 2014). In contrast,
Bitencourt et al. (2019) reported a similar species richness of dung beetles in young
successional (15-16 years), mid-successional (25-26 years), and mature forests. In
addition, Davies et al. (2020) reported similar species richness in secondary
(35 years) and primary forest, which was higher than that of cattle pastures. In gen-
eral, dung beetle abundance has been reported to be lower in secondary forests than
in mature forests, even after 18, 26, or 35 years of forest regeneration (Audino et al.
2014; Bitencourt et al. 2019; Davies et al. 2020).

For forest specialist dung beetles in particular, an increase in species richness
and abundance has been found after ~10 years of natural succession (Audino et al.
2014). Similarly, the forest specialist dung beetle species richness and abundance in
our study reached the mature forest values from 13 years of forest regeneration
onwards, demonstrating the resilience of this group and the importance of even
young forests stands for this group (Davies et al. 2020; Whitworth et al. 2021). They
also found that tree density was the main factor determining the recovery of special-
ist dung beetles in their study sites. Other important factors that maximize the
recovery of forest specialist dung beetles during secondary succession include a
closed canopy, and a high cover of leaf litter, fallen trunks, and non-grass herba-
ceous plants (Diaz-Garcia et al. 2020b).

The values of abundance and richness of generalist dung beetle species were
almost two times higher in cattle pasture than in the forested stands, but were simi-
lar across the secondary forests. Generalist dung beetle communities can persist in
cattle pastures with isolated trees because the livestock present provides sufficient
resources for feeding and nesting (Huerta et al. 2018). The different responses
between generalist and specialist forest dung beetles in the studied successional
gradient may also be due to the fact that both species types have different biogeo-
graphic origins (Nearctic and Neotropical), which acts to determine the level of
tolerance to habitat modifications (Gomez-Cifuentes et al. 2018).
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8.4.2 Composition Similarity and Community Structure Along
the Successional Forest Gradient

In several natural regeneration processes in the Neotropical region, species compo-
sition is an attribute that presents slower recovery compared to species richness and
abundance (Catterall 2018). For amphibians, ants, and dung beetles, most studies
have found a transformation from open environment generalist species to forest
specialist species along different secondary successional gradients (Dent and Wright
2009; Audino et al. 2014; Thompson and Donnelly 2018; Acevedo-Charry and Aide
2019; Bitencourt et al. 2019; Hethcoat et al. 2019; Diaz-Garcia et al. 2020b).

In the same study area, Trujillo-Miranda et al. (2018) reported that woody plant
species composition differed significantly from the adjacent old-growth forests even
after 23 years of natural regeneration. Seedling density of late-successional,
barochorous-synzoochorous species was much higher in mature forests than in the
secondary forests, highlighting the lack of efficient seed dispersal (few seed sources
and/or vertebrate seed dispersers) of these species in successional forests (Toledo-
Aceves et al. 2021). Biological traits have also been found that can determine the
response of faunal groups to habitat modifications. For example, hot climate spe-
cialist ants are dominant in open areas and scarce in secondary and primary forests
(G6mez and Abril 2011). Forest specialist salamanders from our study (belonging
to the Plethodontidae Family) are skin-breathers and depend on the restoration of
high levels of atmospheric humidity and a constant temperature (Diaz-Garcia et al.
2020b). Large paracoprid dung beetles decreased with increasing temperature
(Gémez-Cifuentes et al. 2017).

Along our studied gradient, a greater similarity of amphibian, ant, and dung bee-
tle composition (66—74%) was recorded between the successional forests (13 and
23 years-old) than when compared to the mature forest (54-68%). The successional
forest stands presented similarity in some average values related to vegetation struc-
tural variables such as tree density, tree height, basal area, and canopy cover.
However, the early secondary forest (13 years) presented higher variation in these
attributes than the older (23 years) and mature forests, since forest regeneration is
not spatially homogeneous. The highly variable environmental conditions during
the early successional stages could act to promote the abundance of generalist spe-
cies, as occurred for the ant species.

As expected, the active cattle pasture presented a different composition, mostly
dominated by generalist species. However, a subset of species was similar to those
that occurred in forested stands; similarity varied from 24% in the case of dung
beetles to 38% for ants. The studied cattle pasture had an average tree density of 25
trees per ha and presented highly variable canopy cover. This tree density is low
compared to forested stands, and the average basal area is about 33% of that recorded
in natural regenerated forests. Isolated large and mature trees remain in non-
intensive cattle pastures, providing a refuge to several other species such as the taxa
studied. When these sites are abandoned, these isolated trees may act as regenera-
tion nuclei, thus assisting forest recovery (Sandor and Chazdon 2014).
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The changes from generalist to forest specialist species can also be noted in the
place that the species occupied in the community structure of each vegetation condi-
tion along the successional gradient studied. Generalist ants, dung beetles, and
amphibians were dominant in the cattle pastures, while forest specialist species
were abundant in the secondary and reference forests. Moreover, some generalist
species were unique to cattle pastures and/or early successional forest, while some
forest specialist species appeared with natural regeneration and increased in abun-
dance with forest age. For example, the same forest specialist frog (Craugastor
rhodopis) was dominant in the forested sites but scarce in the cattle pasture, proba-
bly due to that fact that this species requires a high cover of leaf litter in which to lay
its eggs and hunt its arthropod prey (Lurfa-Manzano et al. 2019).

For ants, the habitat-generalist species Solenopsis geminata was dominant in the
cattle pasture, but its abundance decreased in the other vegetation conditions along
the successional gradient. Species of the Solenopsis genera are common ants that
persist at higher abundances in cattle pastures, and are considered generalist forag-
ers (Hethcoat et al. 2019). This is in contrast to Adelomyrmex tristani, the dominant
species in the 23-year-old and mature forests, a ground-dwelling specialist predator
(Groc et al. 2014). For dung beetles, Onthophagus corrosus was the species with the
highest number of individuals in the cattle pasture. The diet of O. corrosus is based
on dung, a resource provided by livestock. In the forested sites, the forest specialist
species Deltochilum mexicanum was dominant. This is a copro-necrophagous spe-
cies that can exploit the high availability of faeces and dead animals in the forest
(Huerta et al. 2016).

8.5 Perspectives

Forest successional gradients are a useful framework with which to understand how
plant and animal communities could recover as forest ages, and to determine which
local and landscape factors modulate the recolonization or persistence processes.
Exploring the recovery patterns of a range of taxa during secondary forest succes-
sion is critical for conservation and restoration strategies.

Few studies include a degraded system as part of their forest successional gradi-
ents, to act as a reference system with environmental and land management charac-
teristics similar to those of the historic initial point of the secondary succession
process (Reid et al. 2018). Our study demonstrates that, besides the abundance of
generalist species in the cattle pasture, this land use harboured a subset of low abun-
dance species that were present in forested ecosystems. Remnant large trees (such
as Quercus insignis trees) in these modified habitats must be conserved since they
could play an important role in facilitating forest recovery once these sites are pas-
sively or actively restored. Tree species from the Quercus genus provide acorns that
are consumed by many insects, birds, and mammals, and their dense canopy creates
a favourable microhabitat for many other species (Nsibi et al. 2006; Magee 2019).
Oak trunks provide shelter for birds, bats, and a diversity of epiphytic plants (i.e.
orchids, bromeliads, ferns, mosses, and lichens; Alzate-Q et al. 2019).
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Along forest successional gradients, the gradual gradient of vegetation structure
recovery is expected to dictate the fauna recovery. However, this study shows that
biodiversity recovery during natural forest regrowth is taxon-specific and depends
on the particular habitat specialization of the species. The expected gradual change
in environmental gradient across the studied chronosequences does not always take
place, since forest regeneration is spatially heterogeneous, especially in the earlier
stages. Each animal group therefore responds to the creation of permanent and
ephemeral microhabitats according to its own habitat requirements. The three stud-
ied fauna groups play crucial roles in ecosystem functioning and the evaluation of
their responses in a single study therefore provides us with valuable information
regarding the regeneration success of the ecosystem.

This study also highlights the need to complement traditional metrics such as
species richness with others such as the richness of forest specialist or functional
groups, which can help us to understand the species turnover along these forest suc-
cessional gradients. The slow recovery of species compositional similarity in sev-
eral taxa confirms the need to conserve mature forests as a habitat for forest
specialists and a potential source for passive forest restoration.

Understanding the factors that modulate fauna recovery is important to the estab-
lishment of restoration actions to accelerate the recovery of compositional similar-
ity. In the studied region, the intervention of early successional forest stands by the
establishment of artificial ponds and the introduction of broad-leaved tree species in
canopy gaps could facilitate fauna colonization and biodiversity recovery. It has
been also documented that, at the landscape level, biodiversity recovery through
natural forest regrowth varies according to ecological, cultural, and socioeconomic
factors (Chazdon et al. 2020; Crouzeilles et al. 2017). In several regions, secondary
forests are under tremendous pressure from selective logging, edge effects, grazing,
invasive species, etc., which could prevent the recovery of biodiversity (Guariguata
and Ostertag 2001). Nevertheless, secondary forests clearly provide important envi-
ronmental services and habitat for many species, some of which are currently
endangered (Chazdon et al. 2020). In this study, both of the secondary forests evalu-
ated are under the protection of the landowners and are located relatively close to
the mature forest fragment, and the forest specialist recovery rate could therefore
have been higher compared to that of other less well-conserved landscapes.
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