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Massad and Castigo 2016; Mbokodo et al. 2020). Even 
in emblematic protected areas like the Gorongosa Natural 
Park (GNP), drought is a threat to biodiversity, wildlife and 
human populations depending on natural resources and eco-
system services (Arndt and Thurlow 2015). These are partly 
provided by the megafauna of the GNP, but mainly by the 
“little things that run the world” (Wilson 1987), i.e., the soil 
invertebrates supporting key ecosystem services (Lavelle 
et al. 2006). Research studies predicting climate change 
effects on invertebrate communities need to be built upon 
reference values of targeted taxonomic groups (Brandmayr 
and Pizzolotto 2016; Zajicek et al. 2021). Hence, baseline 
data on species diversity, turnover and seasonal variations 
are required for future comparisons (Serrano et al. 2023). 
However, such knowledge is still to be gathered, especially 
in tropical ecosystems (Brandmayr and Pizzolotto 2016).

Among various functional groups of soil fauna, tiger- 
and ground-beetles (Coleoptera, Caraboidea) are notable as 
ecological and biodiversity indicator tools of habitat qual-
ity and environmental changes (Rainio and Niemelä 2003; 
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Koivula 2011). They are mostly predators but occupy a 
large range of trophic levels (Lövei and Sunderland 1996; 
Kotze et al. 2011), comprising also important prey for sev-
eral birds, reptiles, and mammals in tropical food webs 
(Brose 2003). Moreover, tiger- and ground-beetles s are sen-
sitive to climatic changes with temporal patterns reflecting 
species replacement and turnover among seasons (Kotze et 
al. 2011; Knapp et al. 2019; Liu et al. 2022). Most species 
are hygrophilous although there is a wide variation in terms 
of thermal and moisture tolerance (Kirichenko-Babko et al. 
2020; Zajicek et al. 2021). Hence, rainfall patterns shape 
species compositions among habitats, with highly sensi-
tive species depending more on shelter habitats to outstand 
climatic extremes (harsh winter or extreme drought) across 
tropical seasons (Rainio 2013).

Previous authors have discussed the significance of spe-
cies traits as potential predictors for species sensitivity to 
environmental changes/stressors, namely body size and dis-
persal ability, i.e., hind wing morphology (e.g., Kotze and 
O’Hara 2003; Brooks et al. 2012; Nolte et al. 2017, 2019). 
Concerning drought, larger-sized beetles may have physi-
ological advantages against desiccation (Entling et al. 2010; 
Ariza et al. 2021), although smaller species may overcome 
moisture depletion through behavioral adaptations (e.g., 
burrowing activity in restricted spaces) minimizing their 
exposure to drought (Chown and Klok 2003; Homburg et 
al. 2013). Particularly, small species with long wings, i.e., 
higher dispersal power, can escape adverse habitat condi-
tions and are usually dominant in disturbed and highly 
trampled open-habitat types (Blake et al. 1994; Grand-
champ et al. 2005; Wang et al. 2018; Ariza et al. 2021). 
Conversely, large-sized and wingless (or brachypterous) 
species are more common in closed forest habitats (Jelaska 
and Durbešić 2009; Wamser et al. 2011; Brandmayr and 
Pizzolotto 2016) where they find more stable habitat condi-
tions and protection against natural predators (Blake et al. 
1994; Brose 2003; Wang et al. 2018). Still, several forest 
species may use adjacent open areas (e.g., grasslands) as 
part of their niche, particularly if they find suitable habitat 
in terms of moisture conditions (Thiele 1977; Holland et al. 
2007; Martins da Silva et al. 2009, 2011).

GNP comprises four main habitat types, from miombo 
and mixed forests to transitional forests and grasslands 
in the floodplains of lake Urema, although this landscape 
configuration may suffer changes in the future due to cli-
mate change (Corlett 2016; Mbokodo et al. 2020; Massad 
and Castigo 2016; Herrero et al. 2020). Here we assessed 
tiger- and ground-beetle communities across GNP habitats, 
in a sampling period accompanying the transition from the 
dry to the wet season (first rainfalls). Our hypotheses are 
that (1) species richness (alpha diversity) will increase after 
the rainfall, considering that most species strongly depend 

on the moisture conditions; (2) community turnover (beta 
diversity) will be higher between the extreme dry and wet 
sampling perioddue to the tropical rainfall; (3) Grassland 
habitats will harbor smaller-sized species with higher dis-
persal power than those from forested habitats and; (4) an 
increase in body-sized species in grasslands, after the rain-
fall, will be due to the higher occurrence of beetle species 
that were confined to the forest habitats in the dry season.

Materials and methods

Study site

Gorongosa National Park (GNP) occupies approximately 
4000 km2 of Sofala Province, in central Mozambique, 
at the southernmost end of Africa’s Great Rift Valley 
(18°58′04.84″ S, 34°21′41.64″ E) (Stalmans et al. 2019). 
Annual minimum and maximum temperatures on average 
range between 15 ◦C and 30 ◦C, in the dry and wet seasons 
(Herrero et al. 2020). The wet season in Mozambique lasts 
from October/November to April and mean annual rainfall 
within the Rift is 700–900 mm. Large areas of the Rift Val-
ley are seasonally flooded after the December–February 
peak rainfall, resulting in extensive floodplains around Lake 
Urema in the center of GNP. Rainfall is highly seasonal with 
a pronounced wet season between December and February 
(Stalmans et al. 2019).

GNP encompasses large habitat diversity, ranging from 
grasslands to forests, including the characteristic “miombo”, 
a closed-canopy savanna dominated by trees of the genus 
Brachystegia. In the central part of the park, savannas range 
from “open” savanna (floodplain grassland) to “closed” 
savannas dominated by several different tree species, i.e., 
mixed forests and miombo forests, with transitional forests 
in the ecotone between forested habitats and the floodplain 
areas near lake Urema (Herrero et al. 2020). About 20% of 
the valley’s grasslands are flooded much of the year. In this 
study we focused on biodiversity essays across the main 
four habitat types of Gorongosa National Park, namely 
mixed forest, miombo forest, transitional forest and open 
savanna (grasslands).

Sampling design and beetle sample processing

Field work was carried out in November of 2019 to capture 
the transition of the dry season to the first rains of the wet 
season and, at the same time, managing to avoid the flood 
period, when there is the complete inundation of the habitat 
types selected for this study.

We selected 25 sampling sites, with 1  km (minimum) 
between each other, within each habitat type: miombo forest, 
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mixed forest, transitional forest, and open savanna (Serrano 
et al. 2023). In each sampling site, beetle sampling was car-
ried out using three pitfall traps (sub-samples) disposed in 
a triangular shape (5 m between pitfalls) in the center of the 
site. Pitfall traps consisted of plastic vials with 10 cm diam-
eter and filled with ethylene glycol (5%). The traps were 
covered with a plastic cover (10 cm diameter) fixed a few 
centimeters aboveground to minimize bycatches of small 
vertebrates and to prevent flooding and loss of specimens 
due to heavy rain.

The first rains occurred November 14th (40  mm) with 
heavy rainfall starting November 20th (110-117 mm), with 
significantly different levels of precipitation and air humid-
ity in this period in comparison to the precedent dry sea-
son (Appendix, Table S1). Thus, to catch the transition 
between dry to wet sampling periods, the pitfall traps were 
set during three consecutive sampling periods, lasting ten 
days each: a dry sampling period preceding the first rains 
(“Dry”, from 25 October to 5 November), an intermediate 
sampling period, still in the dry season but experiencing 
occasional rainfall (“Intermediate”, 5–15 November), and a 
wet sampling period, including the start of heavy rainfall in 
Gorongosa (“Wet”: 15–25 November). With this sampling 
window it was guaranteed that only the wet (and in part the 
intermediate) sampling period recorded significant weather 
differences, regarding air humidity and precipitation, then 
the previous dry season (Appendix, Table S1).

In each sampling site, all pitfall sub-samples were 
pooled, totalizing 100 samples among habitat types in each 
sampling period, i.e., ca. 300 samples in all sampling peri-
ods. Sampled tiger- and ground-beetles were conserved in 
pure ethanol and transported to the entomological labo-
ratory at the Centre for Ecology, Evolution and Environ-
mental Changes, in the University of Lisbon (Portugal), 
for taxonomic identification of all specimens (Serrano et 
al. 2023). Species identification was supported by several 
taxonomic references (Serrano et al. 2023), and Caraboidea 
classification was based on López-López and Vogler (2017). 
We also collected information on species traits from the lit-
erature and/or extracted them directly from the specimens. 
We selected two species traits, namely average body size 
(measured in cm) and wing development, i.e., whether they 
are macropterous (fully winged) or apterous/brachypterous 
species (e.g., Ribera et al. 2001; Nolte et al. 2017). All data 
on species taxonomy are presented in Serrano et al. (2023) 
and species traits are provided in the Appendix (Table S2).

Data analyses

Alpha diversity (abundance) and beta diversity were calcu-
lated using R BAT package (Cardoso et al. 2015), imple-
mented in the statistical software R, version 4.1.2 (R Core 

Team 2021). Beta diversity results were calculated compar-
ing the dry season against sampling periods after the rainfall 
(intermediate and wet seasons) within each habitat type.

Beta diversity results quantified the degree of temporal 
turnover from the dry to intermediate and wet season, using 
a range from 0 to 1. A value of 0 in this range signifies no 
dissimilarity between the communities being compared: the 
species composition and abundance in the two communi-
ties is identical, and there is complete overlap in the spe-
cies present. A value of 1 indicates maximum dissimilarity 
between the communities: there is no overlap in species 
composition between the communities being compared and 
they do not share any species in common. Values between 0 
and 1 represent intermediate levels of dissimilarity. As the 
value approaches 1, the dissimilarity between the communi-
ties increases, indicating greater turnover of species and a 
more significant difference in species composition.

To examine the effect of the sampling period on the 
variation of beetle’ activity-density, alpha and beta diver-
sity across habitat types, we used mixed-models (GLMM), 
with the habitat as the random factor. For alpha diversity, 
we employed the Poisson distribution family, and for beta 
diversity, we used the binomial (link = logit) family. To 
assess the temporal comparison (DRY1-DRY2 and DRY1-
WET) of Beta results, we conducted Wilcoxon tests using 
the wilcox.test function from the R core package Stats. To 
assess the habitat influence on activity-density, alpha or beta 
diversity across seasons we tested the effect of sampling 
period within each habitat type, performing GLM with the 
glm function, from the Stats native package from R. The 
glmmTMB R package (Brooks et al. 2017) was used to 
perform the tests, and the performance r package (Lüdecke 
et al. 2021) to obtain R2 values and assess for collinearity 
between fixed variables.

Associations of most common beetle species (with a 
minimum of 15 specimens) to specific sampling periods and 
habitat types were tested by GLM. Beetle’s activity–density 
data were log(x + 1) transformed to meet the assumptions of 
normality (Shapiro–Wilk tests) and homoscedasticity (Lev-
ene’s tests).

For the whole beetle assemblage, community weighted 
mean (‘CWM’) of species body size (cm) and dispersal 
ability (macropterous species – “1”, apterous/brachypter-
ous species – “0”) were compared among habitat types and 
sampling periods. ‘CWM’ values corresponded to the mean 
value of a trait in the community, weighted by the relative 
abundance of the morphotype carrying each trait score (Gar-
nier et al. 2004) and were calculated in the “FD” package 
(Lalibert et al. 2014). Habitat, sampling period and habi-
tat-season interactions were used as fixed effects in GLM 
analysis.
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for the transitional forest habitats (Fig. 2). Higher values of 
alpha diversity were recorded in the wet sampling period 
(Table 1), particularly in grassland habitats (Fig. 2). Transi-
tional forest habitats did not clearly follow this general pat-
tern, with no significant differences between dry and wet 
sampling periods (Table  1). Wilcoxon tests showed that 
average values of beta diversity were significantly higher 
between dry and wet sampling period than between dry and 
intermediate period, especially in the case of grasslands and 
miombo forest habitats (Fig. 3). This result was only not sig-
nificant in the case of the transitional habitat type (Fig. 3).

Most common species (more than 80% of total assem-
blage) showed a clear association to habitat types and sam-
pling periods, i.e., dry or wet (Table 2). Body size values 
were negatively related to dispersal ability, i.e., larger spe-
cies are apterous/ brachypterous (F(1,188) = 105.9, P < 0.001; 
Appendix, Table S3).

CWM of body size was averagely lower in grasslands in 
relation to the other habitat types and this result was only 
not significant between grasslands and transitional forests 
(F(3,190) = 14.71, P < 0.001; Fig.  4). Conversely, the high-
est CWM of macropterous species was found in grasslands 
(F = 20.24, P < 0.001; Fig. 5). In this habitat type, CWM of 
body size increased significantly from dry to wet sampling 
periods (Fig. 4), while differences in CWM of macropter-
ous species among seasons were not significant (Fig. 5). The 
increase in community body size within grassland habitats 
after the rainfall was influenced by the occurrence of for-
est species in open habitats, e.g., Graphipterus tristis and 
Anthia alternata, but also the species turnover exclusive 
species from grasslands along the three sampling periods, 

Due to the significant differences found in the grasslands, 
we decided to evaluate whether changes in CWM of body 
size and dispersal ability in grasslands, along sampling peri-
ods, was due to an increase of forest species, by comparing 
communities in ‘dry grasslands’ vs. ‘wet grasslands with 
exclusive grassland species’ vs. ‘wet grasslands with exclu-
sive forests species in the dry season’ using GLM analyses.

Fixed effects of all above GLM analyses were tested 
using the function “anova” performed on the response vari-
ables and the fixed factors. For the pairwise comparisons 
between habitat types (and/or between sampling periods) 
significant differences were assessed by post-hoc Tukey 
tests with the “glht” function from the R package “mult-
comp”, version 1.4–20 (Hothorn et al. 2017).

Results

A total of 1761 specimens from 87 species and 44 genera 
were collected. In general, a lower absolute number of bee-
tle specimens was collected in the intermediate period and 
a higher values of activity-density was recorded in the wet 
sampling (Fig. 1). Values of activity-density varied among 
habitat types across periods, with a higher proportional num-
ber in grasslands and transitional forests in the dry sampling 
period (Fig. 1). In the wet sampling period, activity-density 
values were more balanced among habitat types although 
forested habitat types always recorded a fewer number of 
individuals (Fig. 1).

Average values of alpha diversity did not vary signifi-
cantly from dry to the intermediate sampling period, except 

Fig. 1  Activity-density of tiger- 
and ground-beetles in the four 
habitat types (“GRA” – grass-
lands, “MIX” – mixed forests, 
“TRA” – transitional forests, 
“MIO” – miombo forests) along 
the three sampling periods 
(“DRY1” – dry period, “DRY2” 
- intermediate, “WET” – wet 
period)
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Table 1  GLMM coefficients and marginal R2 of the effects of the sampling period, using the dry season as reference, on the activity-density and 
alpha diversity of tiger- and ground-beetle communities. “Interm” is the intermediate sampling period; Random effects variable: Habitat
Habitat Season Activity-density Alpha diversity

Estimate p-value R2 Marg Estimate p-value R2 
Marg

All Habitats Interm -0.742 < 0.001 0.336 -0.346 0.04 0.316
Wet 0.482 < 0.001 0.766 < 0.001

Miombo Interm 0.041 0.874 0.601 -0.572 0.097 0.502
Wet 1.489 < 0.001 1.139 < 0.001

Mixed Interm 0.353 0.104 0.782 0.689 0.009 0.526
Wet 1.696 < 0.001 1.36 < 0.001

Transition Interm -0.661 < 0.001 0.456 -0.643 < 0.001 0.228
Wet -0.513 < 0.001 -0.128 0.379

Grassland Interm -1.702 < 0.001 0.909 -0.525 0.083 0.601
Wet 0.847 < 0.001 1.679 < 0.001

Fig. 2  Mean alpha diversity val-
ues of tiger- and ground-beetles 
in the four habitat types (“GRA” 
– grasslands, “MIX” – mixed 
forests, “TRA” – transitional 
forests, “MIO” – miombo forests) 
along the three sampling periods 
(“DRY1” – dry period, “DRY2” 
- intermediate, “WET” – wet 
period). Each dot represents a 
sampling site
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hypothesis, as an increase in alpha diversity was generally 
observed after the heavy rainfall across GNP habitats, par-
ticularly in grasslands. This finding was in line with pre-
vious studies showing that moisture conditions contribute 
to increase beetle diversity but depend also on other habi-
tat abiotic and biotic conditions (Luff 1996; Kromp 1999; 
Brose 2003; Holland et al. 2007; Moret 2009; Kagawa and 
Maeto 2014; Šustek et al. 2017; Nanni et al. 2019; Peter-
son et al. 2021). For instance, the combined effect of soil 
humidity with crop management or cattle grazing intensity, 
has been reported to benefit ground-beetle diversity either 
directly or by shaping the plant communities in grassland 
habitats (Kromp 1999; Martins da Silva et al. 2008, 2011; 
Waite et al. 2022).

Nevertheless, several other studies have failed to show a 
significant positive effect of soil moisture on species richness 
(e.g., Rainio 2013; Schirmel et al. 2014; Lafage and Pétillon 
2016; Kirichenko-Babko et al. 2020; Peterson et al. 2021). 
These findings may be explained by the shift in tiger- and 
ground-beetle species compositions towards an increase in 
xerophilous and meso-hygrophilous species, more adapted 
to drier periods, balancing for the lost in hygrophilous spe-
cies in the dry season (Holland et al. 2007; Kromp 1999; 
Martins da Silva et al. 2011; Rainio 2013; Schirmel et al. 
2014; Zajicek et al. 2021). Yet, none of the above studies 
concerned afro-tropical ecosystems. Here we observed that 
in GNP habitats the lowest values of alpha diversity were 
not found in the dry season, but in the intermediate season. 

e.g., Brachinus distans and Scarites polyphemus (Fig.  6a; 
Appendix, Table S4).

Finally, in transitional forest habitats CWM of body size 
also increased (Fig. 4), as well as CWM of macropterous 
species significantly decreased from the dry to the interme-
diate sampling period (Fig. 5).

Discussion

Rain effects on alpha diversity

Tiger- and ground-beetle’ activity and dynamics are driven 
by seasonal changes (Lövei and Sunderland 1996; Knapp 
et al. 2019; Tsafack et al. 2020; Liu et al. 2022) and tem-
poral flooding (den Boer et al. 1986; Lambeets et al. 2008; 
Kirichenko-Babko et al. 2020). Yet, knowledge is scarce 
regarding environmental disturbance due to climate change 
on diversity patterns of tropical ecosystems (Lamarre et al. 
2016; Ariza et al. 2021; Peterson et al. 2021). Soil mois-
ture is a key factor influencing site selection for oviposition, 
successful egg development and survival of soil-dwelling 
larvae of many carabid species (references in Holland et al. 
2007). Hence, they are generally sensitive to soil moisture 
(e.g., Thiele 1977; Lövei and Sunderland 1996; Rainio and 
Niemelä 2003; Koivula 2011) and we predicted that rain-
fall would promote a boost in the number of species after 
a long period of drought. Our results supported this first 

Fig. 3  Beta diversity values 
between sampling periods 
(DRY1-DRY2 and DRY1-WET) 
in the four habitat types (“GRA” 
– grasslands, “MIX” – mixed 
forests, “TRA” – transitional 
forests, “MIO” – miombo forests) 
using the dry sampling period 
(“DRY”) as reference. Values 
range from 0 (the compared 
sites present the same species 
and same abundances) to 1 (the 
compared sites don’t have any 
species in common). Each dot 
represents the dissimilarity value 
of beetle communities in pitfalls 
between dry - intermediate period 
(“DRY2”) and dry - wet period 
(“WET”). Asterisks indicate the 
significance levels of Wilkoxon 
tests comparing dissimilar-
ity average values of “DRY2” 
vs. “WET” (“*” p < 0.05; “**” 
p < 0.01; “***” p < 0.001)
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Rain effects on beta diversity of beetle communities

Previous studies showed that ground-beetle’ community 
patterns and dynamics are influenced by seasonal changes, 
determining species turnover due to shifts in thermal and 
moisture conditions (Boieiro et al. 2013; Williams et al. 
2014; Kirichenko-Babko et al. 2020; Hammond et al. 2021; 
Marrec et al. 2021). Accordingly, and supporting our second 
hypothesis, we observed that beta diversity was in general 
strikingly higher between most extremely different seasons, 
i.e., the dry and wet sampling periods. Habitat changes due 
to rainfall may promote moisture-dependent species in local 
communities (e.g., Schirmel et al. 2014) and then determine 
species turnover among seasons. This result also reflects the 
harsher conditions during drought for most species, consid-
ering that species richness was generally lower in this sea-
son in comparison to the wet sampling period. In severely 
dry environments ground-beetle communities are usually 
simpler and dominated by a few species more tolerant to 

In the dry sampling period, few species, e.g., Microlestes 
zambezianus, Microlestes flavipes, Tetragonoderus immac-
ulatus, were more active and clearly dominant, particularly 
in grasslands and in the transitional forest, which is an eco-
tone area between forest and grassland habitats. In fact, 
tiger- and ground-beetle diversity values in transitional for-
est habitats did not increase significantly after the rainfall, 
supporting the notion that the effect of moisture depends on 
the habitat type and configuration. In this case the ecotone 
forested areas may provide suitable refuge habitats for sev-
eral xerophilous species which are able to use the adjacent 
open grasslands for their predatory or herbivorous activity 
during the dry season (Petit and Usher 1998; Macleod et 
al. 2004; Ariza et al. 2021). This shelter role of neighbor 
habitats serving as nesting for many species in harsh envi-
ronments has been highlighted in previous studies, focusing 
on agroecosystems and agro-forests (Woodcock et al. 2005; 
Marasas et al. 2010; Kagawa and Maeto 2014; Martins da 
Silva et al. 2017; Bennewicz and Barczak 2020).

Fig. 5  Community weighted 
mean of dispersal ability (mac-
ropterous species – “1”, apterous/
brachypterous species – “0”) 
along the three sampling periods 
(Dry, Intermediate, Wet) in in 
each habitat type (“GRA” - grass-
lands, “MIX” – mixed forests, 
“TRA” – transitional forests, 
“MIO” – miombo forests); letters 
“a” and “b” indicate different 
groups after pairwised Tukey-
tests within each habitat type 
(P < 0.05)

 

Fig. 4  Community weighted 
mean of body size (CWM_BS) 
along the three sampling periods 
(Dry, Intermediate, Wet) in each 
habitat type (“GRA” – grass-
lands, “MIX” – mixed forests, 
“TRA” – transitional forests, 
“MIO” – miombo forests); letters 
“a” and “b” indicate different 
groups after pairwised Tukey-
tests within each habitat type 
(P < 0.05)
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The drought period was especially negative for beetle 
species in the mixed forest habitat types. In a previous study 
in GNP (Martins da Silva et al. 2022) we reported mixed 
forest as the habitat type with higher percentage of canopy 
cover and this factor may also be related to the higher rich-
ness and activity of hygrophilous species in this habitat type. 
The canopy effect might have served as an environmental 
buffer against drought during the dry season, since the high-
est beta diversity in mixed forests was recorded in the inter-
mediate period, instead of the wet sampling period. In fact, 
most ground-beetles are benefited by moisty environments 
promoted by thicker litter layers, enabling a higher number 
of species to locally co-exist (Niemelä 1993; Magura et al. 
2018, Magura and Lövei 2019; Marrec et al. 2021; Zajicek 
et al. 2021). The importance of forest refuge habitats may be 
confirmed in a future study relating landscape features with 
caraboid community patterns of GNP.

drought (e.g., Brandmayr et al. 1983; Tsafack et al. 2020). 
Still, the survival and activity-density of several species 
(e.g., M. zambezianus) may be favored by the buffering con-
ditions of shelter habitats, such as canopy and litter cover in 
forest areas (Marrec et al. 2021; Zajicek et al. 2021; Martins 
da Silva et al. 2022) or ground slits, shrubs and small tus-
socks in grasslands (MacLeod et al. 2004; Schirmel et al. 
2015; Ariza et al. 2021) during drought. The importance of 
forest refuge habitats might also explain the lower impact of 
seasonal rainfall on species turnover in the transitional for-
est habitats. The buffer role of these ecotone areas between 
interior forest and open grasslands likely supported the sur-
vival and activity of some hygrophilous and xerophilous 
species (Halme and Niemelä 1993; Heliölä et al. 2001; Yu 
et al. 2007; Leslie et al. 2014; Boutaud et al. 2022), but par-
ticularly of species with broader moisture tolerances (e.g., 
Pheropsophus mashunus, Pheropsophus insignis) across 
sampling seasons.

Fig. 6  Community weighted 
mean of body size (a) and disper-
sal ability (b) of exclusive grass-
land species occurring before 
and after the rainfall (“Dry” and 
“Exclusive_spp”, respectively), 
and forest species occurring in 
grasslands in the wet season 
(“Forest_spp”); letters “a” and 
“b” indicate different groups after 
pairwised Tukey-tests (P < 0.05)
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Telfer 1994; Desender et al. 2010). However, a few beetle 
species that appeared in grasslands in the wet season did not 
occur in forests in the dry sampling season (e.g., Abacetus 
perturbator, Chlaenius discopictus), indicating that they 
could be in a dormant stage as eggs, larvae, or pupae during 
the dry season (Holland et al. 2007; Kotze et al. 2011; Ariza 
et al. 2021) and were active after the rainfall. In fact, many 
species may spend a major part of the life cycle in aestiva-
tion diapause to cope with harsh low moisture conditions 
(Kádár et al. 2015; Šiška et al. 2020; Fülöp et al. 2021). 
Bigger-sized’ specialist species of dry grasslands may be 
also vulnerable to the predicted longer-lasting periods of 
drought. Previous authors showed that species associated 
with extremely dry habitats are at higher risk of extinction 
(see references in Kotze et al. 2011), especially large cara-
bids of open lands or grasslands, in comparison with large 
beetles of forests (Kotze and O’Hara 2003; Brandmayr and 
Pizzolotto 2016). However, these findings were based on 
Western European ecosystems, reflecting land-use change 
and agricultural intensification on ground-beetle diver-
sity patterns (e.g., Thiele 1977; Turin and Den Boer 1988; 
Desender and Turin 1989; Brooks et al. 2012; Nolte et al. 
2019). As for the GNP ecosystems, similarly to other tropi-
cal ecosystems (e.g., Ariza et al. 2021; Peterson et al. 2021) 
climate change is expected to be the major driver of tiger- 
and ground-beetle diversity patterns due to the longer-last-
ing drought periods and severe flooding events. Considering 
previous findings on the response of carabid communities 
to hurricanes/flooding (e.g., Lambeets et al. 2008; Lafage 
and Pétillon 2016; Litavský et al. 2021) and drought (e.g., 
Šustek et al. 2017; Šiška et al. 2020; Ariza et al. 2021), in 
light of our own results, we expect that the increase in these 
disruptive events and future landscape changes will favor 
more tolerant (eurytopic) species of smaller size and higher 
dispersal power, in the savannas of GNP. On the other hand, 
forest species, more dependent on moisture conditions, will 
probably be more threatened by climate aridification and 
future landscape changes due to climate change.

Supplementary Information  The online version contains 
supplementary material available at https://doi.org/10.1007/s10841-
023-00509-4.
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Species turnover and community traits

Higher activity-density of species with good dispersal 
power (fully developed wings) was found both in grass-
land and transitional forest habitats, whereas the species 
with lower dispersal power were confined to forest habitats 
during the dry season. Furthermore, in line with our third 
hypothesis, winged species recorded in grasslands were 
smaller sized comparing to the wingless species found in 
forests. Previous studies showed that smaller species with 
fully developed wings are more adapted to disturbance and 
have a better dispersal ability to colonize the open habi-
tats (Blake et al. 1994; Grandchamp et al. 2005; Wang et 
al. 2018) while they may use ecotone habitats as shelter 
areas (Jelaska and Durbešić 2009; Eyre et al. 2016; Mar-
tins da Silva et al. 2017). These eco-morphological traits 
were also found to favor ground-beetle survival and activity 
during harsh dry periods in tropical ecosystems (Ariza et 
al. 2021; Zajicek et al. 2021). Accordingly, we detected a 
significantly higher number of macropterous species in tran-
sitional forest patches during drought. On the opposite side, 
bigger-sized and wingless species are typically more sensi-
tive to disturbance, depending on forested habitats, particu-
larly if they are moisture-dependent (Halme and Niemelä 
1993; Koivula 2002; Jelaska and Durbešić 2009; Wamser 
et al. 2011; Brandmayr and Pizzolotto 2016; Wang et al. 
2018). Larger-sized and wingless species will probably be 
more threatened by the climate aridification and future land-
scape changes due to climate change (Kirichenko-Babko et 
al. 2020; Ariza et al. 2021).

Despite the known habitat preferences of most tiger- and 
ground-beetles (Thiele 1977; Halme and Niemelä 1993; 
Niemelä 1993; Koivula 2002; Kotze et al. 2011) there are 
several generalist’ and ubiquitous species that can extend 
their home-range to clearcuts or adjacent grasslands, 
depending on suitable micro-habitat conditions, such as 
soil humidity, to colonize the open areas (e.g. Heliölä et al. 
2001; Brose 2003; Holland et al. 2007; Martins da Silva 
et al. 2008, 2009, 2011; Litavský et al. 2021). Therefore, 
we predicted that average body size of beetle communities 
in grassland would increase in the wet season, reflecting a 
colonization of grasslands by species that were confined to 
forest habitats during the dry season. Our results partly sup-
ported this hypothesis, since after rainfall a higher commu-
nity body size was observed in grasslands, partly due to the 
occurrence of a few species that were exclusive of forest 
habitats during drought (e.g., Anthia alternata). The aver-
age values of community body size in the transitional forest 
also increased from the dry to the wet season, providing fur-
ther support for the nesting role of this ecotone habitat for 
grassland species during drought, serving as a source of for-
ests species that may colonize the open areas (Eversham and 
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