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and ecological dynamics among them; that is, diversity 
within species, between species, and in ecosystems (Gaston 
1996; Chao et al. 2014). Thus, the metrics for estimating 
diversity in different disciplines with distinct attributes are 
essential for understanding the structure, function, and pat-
terns and processes of biodiversity under a complementary 
approach (Moreno et al. 2007).

In this context, phylogenetic information is one of the fun-
damental components in the various ecological disciplines, 
since it allows evolutionary differences between lineages to 
be recognized, which can serve to explain certain biological 
processes (Tucker et al. 2017). This is one of the reasons 
that phylogenetic metrics are increasingly used to estimate 
diversity by incorporating information from an evolutionary 
approach (Pielou 1975; Chao et al. 2010, 2014). However, 
it is difficult to make these estimates because there is little 
information on phylogenies in specific biological groups, 
limiting the usefulness of the method (Tucker et al. 2017; 
Pérez-Hernández 2019; Cruz-Elizalde et al. 2022), there-
fore, in this work it is used in this way.

Diversity measurements that incorporate information on 
the number of species and their evolutionary history can 
facilitate the understanding of the mechanisms that shape 
the structure of biological communities (Cruz-Elizalde et al. 

Introduction

The number of species in an area has traditionally been the 
main factor defining its diversity at different spatial scales 
(Magurran 2004). However, the concept of diversity in liv-
ing organisms can be understood as the variety, variability 
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2022). One such index is the average taxonomic distance 
index proposed by Warwick and Clarke (1995), which uses 
Linnaean hierarchies to represent practical approximations 
of phylogenies through taxonomic relatedness and species 
richness (Campbell and Novelo 2007). This index takes into 
account the taxonomic structure of the species present in a 
community for determining the relationship among them; 
that is, each site is characterized according to the taxonomic 
category of each organism (Pérez-Hernández 2019). This 
has proven to be a practical way to estimate phylogenetic 
diversity (Campbell and Novelo 2007; Moreno et al. 2009; 
Tolimieri and Anderson 2010; García de Jesús et al. 2016; 
Miller et al. 2017; Tucker et al. 2017; Peña-Joya et al. 2018).

Diversity can be estimated at different spatial scales: one 
of these is at the level of biogeographic provinces, which 
constitute the basic biogeographic categories in a regional-
ization supported by the concept of endemism. This method 
of regionalization is a hierarchical system that categorizes 
geographic areas in terms of their endemic biota (Escalante 
2009). Four of the 14 biogeographic provinces of Mexico 
are present in the state of Hidalgo (Morrone et al. 2017); the 
Sierra Madre Oriental (SMO), the Chihuahuan Desert (CD), 
the Transmexican Volcanic Belt (TVB) and the Veracruzan 
province (VZ). These provinces represent natural biogeo-
graphic units, which are ideal reference frameworks for 
various types of biological analyses (Morrone 2018), such 
as estimates of diversity employing a complementary con-
text that recognizes not only species richness but also the 
evolutionary differences between species.

The family Carabidae is one of the most diverse groups 
of the order Coleoptera, with 40,000 species described 
worldwide (Bouchard et al. 2017). Although 2,012 species 
are known for Mexico (Cerón-Gómez et al. 2022), there are 
few studies focused on estimating diversity using different 
metrics and in areas with different vegetation types, eleva-
tions, and geological histories, such as the different biogeo-
graphic provinces.

This study therefore sets out to estimate carabid diversity 
in the four biogeographic provinces of the state of Hidalgo, 
estimating species richness under a constant sample cover-
age, and determining phylogenetic diversity using the index 
of mean taxonomic distance as an approximation of evo-
lutionary distance. It is expected that diversity will differ 
between the four biogeographic provinces because of their 
different characteristics and evolutionary histories. It is also 
expected that the values obtained for standardized richness 
and phylogenetic diversity will not reflect the same trends 
in all provinces because taxonomic distance index is inde-
pendent of sampling effort and of species richness and abun-
dance (Clarke and Warwick 1998).

Materials and methods

Study area

The state of Hidalgo is located in the central part of Mexico, 
with an area of 20,905 km2, which is 1.1% of the area of the 
entire country (Sánchez-Rojas and Bravo-Cadena 2017). 
Four biogeographic provinces are represented in the state 
(Fig. 1). The Sierra Madre Oriental (SMO) province crosses 
the state from northeast to southeast and is characterized 
by pine-oak and pine forest, cloud forest, and oak and arid 
tropical scrub, with medium and high elevations (above 
1,000 m). The Chihuahuan Desert (CD) is located in the 
center-west of the state, where arid tropical scrub predomi-
nates, as well as grasslands and small fragments of pine-oak 
forest, with elevations of 1,000–2,400 m. The Transmexi-
can Volcanic Belt (TVB) is in the south-southeast area of 
the state, with fragments of pine, pine-oak, táscate (Juni-
perus deppeana) and oyamel (Abies religiosa) forest, and 
with large cultivated areas and a considerable urban area 
(INEGI 2017). The province is located at medium and high 
elevations, ranging between 1,000 and 2,500 m. The Vera-
cruzan (VZ) province has the lowest elevations, not exceed-
ing 500 m, and the main cover is tropical evergreen forest 
(Montiel-Canales and Goyenechea 2021).

Data collection

The list of Carabidae species of the state of Hidalgo by bio-
geographic province was obtained from Cerón-Gómez et al. 
(2022), derived from the review of specialized literature, 
databases and entomological collections. In addition, some 
records not included in the latter study were incorporated 
in the present work; these were obtained from a review of 
additional specimens deposited in the Coleoptera Collection 
of the Autonomous University of the State of Hidalgo (CC-
UAEH). This information is detailed in Online Resource 1 
and 2.

Data analysis

Inventory completeness. Species accumulation curves 
by biogeographic province were calculated with the Esti-
mateS program (Colwell 2013) based on the bootstrap non-
parametric estimator using presence/absence data, which 
does not assume a predetermined mathematical model for 
estimating the total number of species (Pineda-López and 
Verdú-Faraco 2013).

Estimation of species richness (α diversity). For each 
biogeographic province, species richness (diversity of order 
0; q = 0) was calculated with the same sample coverage 
(0.877). This method, according to Chao and Jost (2012), 
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leads to a more integrated estimate that is more equitable 
between incomplete samples. The estimate is based on a 
replication principle that reflects the most significant infor-
mation for different values of diversity between the commu-
nities being compared rather than the sizes of the samples.

Analysis of phylogenetic diversity. Using the concept 
of taxonomic distance proposed by Warwick and Clarke 
(1995), which is based not only on a taxonomic hierarchy, 
but also on the presence of carabid species in the four bio-
geographic provinces, the taxonomic distance index was 
calculated (average taxonomic distinctness, Δ+) between 
pairs of species from each site using the following formula 
(Clarke and Warwick 1998):

∆+ =
[∑ ∑

i < jωij
]

/ [S (S − 1) /2] ,

where S is the number of species and ωij is the taxonomic 
distance between species i and species j. This measure takes 
into account the taxonomic categories in which any pair of 

species are related; that is, the distance that separates pairs 
of species in the taxonomic classification.

The estimate of Δ+ was based on an aggregation matrix 
of six taxonomic categories (subfamily, tribe, subtribe, 
genus, subgenus and species) considered as “branches” with 
a standardized and cumulative differential weight up to 100 
(Clarke and Warwick 1999), corresponding to the distance 
between two species of carabids. The analysis was carried 
out with the Primer 5 program from Primer–e for Windows 
using 1000 randomizations from each site.

Results

A total of 752 records of 138 carabid species were obtained 
for the state of Hidalgo in six taxonomic categories (10 
subfamilies, 28 tribes, 24 subtribes, 49 subgenera, and 54 
genera). The greatest number of species records was from 
the SMO province with 348 records (46.2%), followed by 
the CD province with 235 (31.2%), the TVB province with 

Fig. 1 Map of biogeographic provinces present in the state of Hidalgo. Prepared from digital data in Morrone et al. (2017)
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When species richness (q = 0) was analyzed using a stan-
dardized coverage value (0.877), different values of spe-
cies richness were observed for each of the biogeographic 
provinces: SMO = 66.1, CD = 60, TVB = 12.06, VZ = 14.44 
(Fig. 3). Based on these estimates and their associated con-
fidence intervals, it is observed that there are no significant 
differences in richness between the SMO and CD provinces, 
or between the TVB and VZ provinces, but there are differ-
ences between SMO vs. TVB and SMO vs. VZ, and also 
between CD vs. TVB and CD vs. VZ.

99 (13.1%), and the smallest number from the VZ province 
with 70 (9.3%).

According to the bootstrap estimator, the species accumu-
lation curves show higher values in all four biogeographic 
provinces, predicting 102 species for the SMO province, 78 
species for the CD, 22 species for the TVB and 21 species 
for the VZ province (Fig. 2). This reflects percentages of 
inventory completeness of 77% in three of the provinces, 
and 76% for VZ.

Fig. 3 Standardized species 
richness of carabids at the same 
sample coverage (0.877) with 
95% confidence intervals in 
the four biogeographic prov-
inces of the state of Hidalgo 
(SMO = Sierra Madre Orien-
tal, CD = Chihuahuan Desert, 
TVB = Transmexican Volcanic 
Belt, VZ = Veracruzana)

 

Fig. 2 Species accumulation curves for the four biogeographic prov-
inces. The blue dots represent species richness, the red dots the 
number of species estimated by the bootstrap estimator. The X axis 

represents the number of sites per province; the Y axis the number 
of species (SMO = Sierra Madre Oriental; CD = Chihuahuan Desert; 
TVB = Transmexican Volcanic Belt; VZ = Veracruzana)
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example, the TVB contains the most populated cities in the 
state, including the capital Pachuca de Soto and its metro-
politan area (consisting of six more municipalities), which 
has one of the highest urban growth in Mexico, more than 
doubling since 1990 and until 2020 (Franco-Sánchez and 
Contreras-Cerón 2021). Some species, such as Harpalus 
laevipes, Agonum placidum and Panagaeus sallei, with 
data from before 1990, have not been currently recorded in 
this area of the state of Hidalgo. This could be an indication 
of the negative effect caused by urbanization on the loss of 
diversity in some species of carabids and other groups of 
insects (Wagner et al. 2021). On the other hand, since the 
70’s there has been a significant loss of humid forests in 
the country, the predominant ecosystem in the VZ province, 
due to different anthropocentric causes (Sánchez-Colón et 
al. 2009). In addition, this province is constantly threatened 
by oil extraction and the expansion of farmland and cattle 
ranching, among other activities (Dinerstein et al. 1995). 
Although some protected natural areas are located in the 
VZ (CONANP 2018), none are located in the part of the 
province present in the state of Hidalgo (Morrone 2019). All 
these factors could have an influence on the low representa-
tion of species in this biogeographic province.

The species accumulation curves as calculated by the 
bootstrap estimator show higher species numbers in each 
of the biogeographic provinces. Therefore, the species rich-
ness estimate is based on the same sample coverage for each 
province in order that non-sampled species may constitute 
the total set of species in a community (Chao and Jost 2012). 
However, the lower number of records in the TVB and VZ 
provinces is evident, suggesting that the numbers of species 
found are still far from 100% complete, even in the SMO 
and CD provinces. Ramírez-Hernández et al. (2022) report 
a similar trend when they estimated the species richness of 
tiger beetle species (Cicindelinae) in the 14 biogeographic 
provinces of Mexico, finding the highest richness in the CD 
province. This highlights the importance of this province as 

The estimates of phylogenetic diversity (Δ+) show that 
two biogeographic provinces have values close to the aver-
age value expected by chance; namely, the TVB (Δ+ = 
75.49) and VZ (Δ+ = 70.28) provinces. For the other two 
provinces, significant differences in phylogenetic diver-
sity are observed. Phylogenetic diversity in the SMO (Δ+ 
= 69.86) is lower than expected, while it is higher than 
expected (Δ+ = 82.24) in the CD (Fig. 4).

When comparing the values obtained for phylogenetic 
diversity with species richness by biogeographic provinces, 
it can be seen that the SMO province presents a high rich-
ness of species, but is the least diverse according to the val-
ues of phylogenetic diversity. In contrast, the TVB province 
presents a low species richness, and a phylogenetic diversity 
above the mean value that would be expected by chance, 
although not significantly high, as indicated by the confi-
dence intervals. The VZ province has phylogenetic diversity 
values similar to those of the SMO, but in terms of spe-
cies richness, it is notably less diverse than the SMO prov-
ince. The CD province shows a high phylogenetic diversity, 
despite not presenting significant differences in species rich-
ness with respect to the SMO province.

Discussion

The results obtained for species richness and phylogenetic 
diversity are different in most of the biogeographical prov-
inces. Standardized species richness was significantly dif-
ferent between provinces compared by pairs; SMO plus 
CD compared to TVB plus VZ. One reason for this could 
be the close historical relationship between the SMO and 
the southern part (within the state of Hidalgo) of the CD 
province, where the two provinces overlap (Morrone et al. 
1999). Moreover, the lower species richness found in the 
TVB and VZ provinces may be influenced by the various 
anthropocentric activities carried out in these regions. For 

Fig. 4 Relationship between aver-
age taxonomic distance values 
(Δ+) and species richness in the 
four biogeographic provinces. 
The dotted line indicates the 
randomly determined average 
value of taxonomic distance and 
the solid lines are the confidence 
intervals. The abbreviations of 
the provinces are indicated in 
Fig. 3
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mountain ranges of both the Sierra Madre Oriental and the 
Sierra Madre Occidental, provinces that are part of the Mex-
ican montane component, which implies certain historical 
relationships and close affinities for which different biologi-
cal groups in addition to carabids have provided evidence 
(Marshall and Liebherr 2000; Morrone and Márquez 2001; 
Morrone 2019), so the phylogenetic diversity appears more 
homogeneous.

In contrast to what was observed in the SMO, the CD is a 
province where a high species richness and the greatest phy-
logenetic diversity is obtained, which makes the same trend 
evident in both metrics. This pattern of similarity between 
different measures of diversity has been previously reported 
with Melolonthidae beetles in an area of the Transmexican 
Volcanic Belt (García de Jesús et al. 2016) and with beetles 
of the Scarabaeoidae superfamily, in a study also incorpo-
rating functional diversity (Moreno et al. 2007). This con-
sistency in the trends of the estimates provides more robust 
information on diversity in the CD province, since the val-
ues are supported not only by the greater number of species 
but also by their phylogenetic variability, considering the 
taxonomic structure of their species.

The great variety in lineages can be explained because 
the CD province has a mixture of species with different bio-
geographical affinities (Fig. 5). Species of Neotropical affin-
ity may have, according to Halffter (1964, 2017), expanded 
from South America towards the CD in the Miocene and 
diversified in the Pliocene when they were already in the 
CD. The presence of Nearctic affinity taxa (Morrone 2019) 
also contributes to the coexistence of different lineages, 
since they could have been part of the CD since Pangea 
separated into Laurasia and Gondwana, or they could have 
expanded from Canada and the United States as Halffter 
(2017) postulates for the Paleoamerican distribution pat-
tern (Altiplano subpattern). This favors the coexistence of 
much less related elements at various different taxonomic 
levels; for example, the presence of species such as bombar-
dier beetles (Brachininae) and tiger beetles (Cicindelinae), 
which are separated at the subfamily level.

On the other hand, the TVB province corresponds to the 
mountain system considered to be the core of the Mexican 
Transition Zone (Halffter and Morrone 2017) which is where 
the overlap between the Nearctic and Neotropical regions is 
the greatest. This could imply a high phylogenetic diversity, 
since the characteristics of the transition zone determine 
diversity not only in terms of number of species, but also 
of phylogenetic lineages (Halffter 2017). It is known that 
there are lineages characteristic of the Nearctic region that 
come into contact with typical lineages of the Neotropical 
region, in addition to the endemic elements of the province. 
An example from another group of beetles is the genus 
Thanatophilus, belonging to the Silphidae family, which 

an area of endemism in the Nearctic region (Morrone et al. 
2017); it has indeed been noted for its richness of genera and 
species of this group of carabids.

Phylogenetic diversity values are different from those 
of species richness in two of the four biogeographic prov-
inces studied. The SMO province is particularly interest-
ing due to its evident contrast between the two measures, 
since it showed the highest species richness and the lowest 
phylogenetic diversity. This may be related to the elevation 
ranges above one thousand meters present in the province. 
For example, it is known that high and mountainous areas 
in Mexico in general are notable for their high diversity of 
carabids at the genus level (Ball and Shpeley 2000), which 
is reflected in this province since it is where the largest 
number of genera (36) occur. These high elevation areas 
are important in terms of endemism. In particular, a high 
richness of endemic species has been reported for the SMO 
in other groups of Coleoptera with low locomotor capac-
ity, such as the pasalids (Gutiérrez-Velázquez et al. 2013). 
The same pattern can be seen with carabids in the SMO 
province, since 67% of the 55 species registered in Hidalgo 
and which are endemic to Mexico are found in this biogeo-
graphic province.

However, the SMO presents a low phylogenetic diver-
sity, which is an unexpected and important result consid-
ering that this province is part of the Mexican Transition 
Zone (MTZ) (Morrone 2015), so its species composition is 
a mixture of Nearctic and Neotropical elements (Fig. 5) that 
exhibit some of the distribution patterns proposed by Halff-
ter (2017). For example, the northern genus Agonum under-
went its diversification in the Eocene, when Europe and 
North America were connected, so its expansion towards 
the MTZ would have been during the early Cenozoic (Lieb-
herr and Schmidt 2004); this would suggest a Paleoamerican 
distribution pattern (Mesoamerican montane subpattern). 
According to Liebherr (1994a) the holarctic genera Loric-
era, Notiobia, and Calathus present a Nearctic distribu-
tion pattern, which suggests a more recent expansion to the 
MTZ, probably between the Miocene and Pliocene. Taxa 
with a Mesoamerican origin are also recognized, such as 
the genus Onypterygia, which could fit the Mesoamerican 
montane pattern (Whitehead and Ball 1997).

Despite this, the low phylogenetic diversity in the SMO 
can be explained by the fact that 63% of the species belong 
to the subfamily Harpalinae, which implies that these spe-
cies are more related to each other than to species of other 
subfamilies, and that they are related even at supraspecific 
taxonomic categories. For example, despite the different 
patterns exhibited by the genera Agonum, Onypterygia, and 
Platynus (Liebherr 1994a, b; Liebherr and Kipling 1996; 
Whitehead and Ball 1997), all are part of Platynini, belong-
ing to the Harpalinae. This tribe is well represented in the 
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The VZ province is the only one of the four present in 
the state that is part of the Neotropical region (Morrone 
2017, 2019). Evidence of this is the presence of species of 
the genera Agra, Morion, Galerita, and Phloeoxena (Reich-
ardt 1967; Allen 1968; Shpeley and Ball 2000; Erwin 2017). 
The few species registered in this province belong to the 
tribes Lebiini and Cicindelini, which implies that they are 
more related at the tribe level, so the phylogenetic diversity 
values obtained are low. However, there is no statistically 
significant difference in phylogenetic diversity, due to the 
few species present in VZ.

Hypothetically, with an increase in the number of spe-
cies in the TVB and VZ provinces, a greater phylogenetic 
diversity could be expected. However, this would depend 
entirely on the composition of the species present in each 
province, so a change in the trends found so far could not be 
guaranteed, since the average taxonomic distance index is 
independent of sampling effort and species richness; that is, 
greater species richness does not necessarily lead to greater 
phylogenetic diversity (Clarke and Warwick 1998).

presents a Nearctic distribution pattern (Halffter and Mor-
rone 2017). In the carabids, groups of species that exemplify 
this pattern in the TVB can also be recognized, such as the 
genera Elliptoleus and Sericoda (Liebherr 1994a). Lineages 
with a possible South American origin can be exemplified 
by species of the genus Pasimachus (Erwin 1985). In addi-
tion, there are other groups of Coleoptera, such as Canthon 
indigaceus and its three subspecies, which present a Neo-
tropical distribution pattern with a broad penetration that 
reaches the TVB province and even further north (Halft-
ter 2017; Halffter and Morrone 2017). This suggests that a 
large phylogenetic diversity of carabids should be expected 
in this biogeographic province, but it was not found in the 
present study. This could be due to the considerable frag-
mentation of the province, due to its heterogeneous climate 
and elevation, which are a result of its complex geological 
origin (Gámez et al. 2012). In addition, the large amount 
of anthropocentric activity present in the part of the state 
where the TVB province is located could also contribute to 
the results found in this study.

Fig. 5 Map showing the four biogeographic provinces and their convergence in the state of Hidalgo. Prepared from digital data in Morrone et al. 
(2017)
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It should be taken into account that the results of both esti-
mates of diversity are not definitive for each part of the bio-
geographic provinces that converge in the state of Hidalgo, 
because the data obtained are not the product of systematic 
sampling, but of a variety of studies carried out during the 
last five decades, and in many cases, through casual col-
lections efforts with very different sampling methods and 
objectives, contrary to the methods used in other carabid 
inventories in Mexico, in larger areas and with different eco-
logical conditions (Zaragoza-Caballero et al. 2019; Shpeley 
and Van Devender 2022). Although, in Mexico it is assumed 
that there is a rich fauna of carabids and with a marked level 
of endemism (Ball and Shpeley 2000), studies with taxo-
nomic, ecological and conservation approaches are still nec-
essary to help to have a better knowledge of the biology of 
carabids, as has happened in Europe for more than half a 
century of studies dedicated to carabids (Kotze et al. 2011).

In this work, each of the two metrics reflects different 
information because they represent different aspects of bio-
logical diversity and its distribution in space. This can pro-
vide a way to explore why diversity patterns vary between 
biogeographic regions (Tucker and Cadotte 2013).

Supplementary Information The online version contains 
supplementary material available at https://doi.org/10.1007/s11756-
024-01625-5.
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ing of diversity in a given area. For example, the CD province 
was found to be highly diverse using both diversity indices. 
However, it must be taken into account that this does not mean 
that there is an ideal or preferred metric for the estimation of 
diversity, since the different estimation measures are not based 
on the same biological attributes. The use of the average taxo-
nomic distance index is thus a way of incorporating informa-
tion to obtain an estimate of diversity that can allow for other 
scenarios different from traditional metrics such as species 
richness and abundance, and spatial and ecological patterns, 
considered by some authors as zoogeographic patterns (Juárez-
Barrera et al. 2018).

It is important to highlight the implementation of 
diversity measurement strategies under a complementary 
approach in regions with heterogeneous conditions, such as 
biogeographic provinces, since the taxa present in them are 
determined by ecological conditions and biogeographic his-
tory and a particular evolutionary history, which is used by 
the phylogenetic diversity as a characteristic between the 
lineages, showing information that is not reflected only with 
the number of species (Barragán et al. 2014; Hernández-
Ruedas et al. 2019). With this, a relationship is established 
in the evolutionary history and current ecological condi-
tions, which can be estimated using different dimensions of 
biodiversity such as taxonomy and phylogenetics (Moreno 
2019). This serves as a reference for future studies of eco-
logical diversity using different comparable metrics and a 
biogeographic scale such as the biogeographic provinces 
in the state of Hidalgo. Having this referential framework 
shows how diversity is distributed in space, which is use-
ful when carrying out biological conservation measures 
(Tucker and Cadotte 2013).
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