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Introduction

Abstract. 1.Groundwater fluctuation follows the rainfall regime and is a natural source
of disturbance by limiting the soil volume available for ant nesting. However, in areas
with shallow water-table unpredicted floods are more frequent, which may also affect
the distribution of litter ant species. Here, we evaluated the behavioural responses and
diversity changes of litter-dwelling ants related to groundwater level fluctuation in the
central Amazon tropical rainforest.

2. The natural occurrence of vertically stratified litter (above the ground level)
accumulated at the base of stemless palms was a control sample in a series of paired
samples. We used baits to measure ant activity and Winkler extractors to measure
ant diversity in 10 riparian plots during the rainy (shallow water-table) and dry (deep
water-table) season. We also added processed litter to count the number of new colonies
found in both habitats.

3. We found fewer ant species and less occurrence during the rainy season. The
assemblage composition was more heterogeneous during rainy season compared to same
locations during dry season. However, ant activity such as recruitment and investment in
resource monopolization showed an opposite pattern. The investments in reproduction
followed ant recruitment to baits, with more colonies found in the leaf-litter during the
dry season. All changes were strongly decreased or absent from the control locations.

4. Our results suggest that unpredicted floods mediated by water-table fluctuation may
act as a disturbance to most ant litter species but may favour resource monopolization
and litter colonization.
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et al., 2017). The direct effects of disturbances on biodiversity
can be generally grouped in two main lines. The first is based

Disturbances are common in nature; they are events that
affect communities by influencing the availability of resources
and space or by altering the physical environment (Seidl
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on the idea of environmental template (Southwood, 1977)
and predicts that frequent disturbances select more resilient
species, often resulting in reduced biodiversity. The second line
is based on several models on community structure such as the
intermediate disturbance hypothesis (Connell, 1978; D’ Amen
et al., 2017), the dynamic equilibrium model (Huston, 1979;
Scholl & Wiens, 2016), and the patch dynamics model (Pick-
ett & White, 1985). The first two models (Connell, 1978;
Huston, 1979) are based on the hypothesis of community
structuring by competition, according to which, under stable
environmental conditions, intense biotic interactions forge
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communities dominated by a few specialized species with
highly competitive abilities. Periodic disturbances are supposed
to reduce the growth of the dominant populations and allow
the coexistence of other species. The intermediate disturbance
hypothesis, based on the trade-off between colonization and
competition capacity, argues that diversity tends to be higher in
intermediate conditions of disturbance, where good colonizers
and good competitors may be present (Connell, 1978; but see
Fox, 2013 for a critical review about this hypothesis). The patch
dynamics model (Pickett & White, 1985; Seidl et al., 2017) is
based on similar assumptions but adds that the disturbances pro-
duce habitat spots suitable for recolonization, which generates
greater biodiversity at larger scales.

Ants are an ideal model to investigate hypotheses concerning
the contribution of disturbance in structuring local assemblages.
Ants are abundant in most ecosystems (Fittkau & Klinge, 1973;
Ellwood & Foster, 2004), easily sampled (Agosti et al., 2000),
highly interactive (Stuble et al., 2017), and have an extensive
literature about competitive relationships (Cerda et al., 2013). In
many assemblages, ant species follow a competitive hierarchy,
where dominant species may affect the foraging (Fellers, 1987;
Savolainen & Vepsilidinen, 1989; Arnan et al., 2011; but see
Parr & Gibb, 2012) and the foundation of new colonies of
subdominant and subordinate species (Savolainen & Vep-
sdldinen, 1989; Philpott, 2010). However, the contribution of
competitive interactions to assemblage structure is related to the
sampling method employed (Ribas & Schoereder, 2002) and
the spatial scale investigated (Baccaro et al., 2012); therefore,
competition alone may be insufficient to explain ant assemblage
organization in many ecosystems (Andersen, 2008). Environ-
mental disturbances such as fires, floods, or human activities
can change the outcomes of ant assemblage hierarchies in
different ways (Cerd4 et al., 2013). Depending on the biogeo-
graphical context, natural or anthropogenic disturbances may
favour dominant or subdominant species (Andersen et al., 2007;
Stuble et al., 2009) or disrupt the competitive hierarchy at the
assemblage level (Arnan et al., 2007; Sanders et al., 2007).

Groundwater level may function as a natural source of
disturbance for ant species that nest in the soil (Seal &
Tschinkel, 2010; Tschinkel et al., 2012). Areas with shallow
water tables have limited soil volume in which ant colonies
can nest, consequently affecting the spatial distribution of ant
species (Seal & Tschinkel, 2010). During the rainy season in
tropical forests, the shallow water table may saturate the soil
favouring unpredicted floods especially after heavy rains (Bac-
caro et al., 2013). Therefore, the disturbance mediated by the
shallow water table may also extend to the ant litter-dwelling
assemblage. The responses of disturbance caused by nest flood-
ing are species-specific, with some species more responsive than
others (Wilson, 1986; Adams et al., 2011). For instance, the
presence of generalist/dominant species is favoured in areas
with shallow water tables and frequently flooded areas (Mertl
et al., 2009; Baccaro et al., 2013). However, to what extent the
increase in abundance of dominant species is the result of the
colonization process or resistance to disturbance is still largely
unknown.

The accumulated litter at the base of stemless palms may
represent a more stable and relatively perennial place for the

establishment of ant colonies compared to the forest floor
(Franken & Gasnier, 2010). Stemless palms are abundant in
the Amazon forests (Henderson et al., 1995) and are found
from bottomlands to plateaus (Kahn & de Castro, 1985). Due
to the arrangement of the leaves, the bases of stemless palms
are funnel-shaped, within which often accumulates a thick and
structurally complex layer of dead leaves and plant debris that
have fallen from the trees above (Vasconcelos, 1990). These sites
often have leaves and other plant materials at different stages of
decomposition (Ribeiro ez al., 1995) and are often colonized by
ants (Vasconcelos, 1990; Franken ef al., 2013). The accumulated
litter at the base of stemless palms are above ground level;
therefore, these sites do not suffer the direct effect of water table
fluctuations and unpredicted floods and may represent important
stable nesting sites for ants and other arthropods that live in
leaf litter. In this case, the accumulated litter at the base of
stemless palms would be more stable over the water table cycle,
functioning as dispersal centres for frequently disturbed sites.

We evaluated the role of disturbance caused by groundwater
level fluctuation on the structure and colonization process of
ground/litter ant assemblages. More precisely, we hypothesized
that natural disturbances mediated by water table fluctuations
affect ant assemblage composition; more ant species, greater
occurrence, and greater dominance will be found during the dry
season (deeper water-table periods) on leaf-litter. We further
hypothesized that the same diversity predictors have little vari-
ance along water-table periods in leaf-litter accumulated at the
base of stemless palms. Water table fluctuation is synchronized
with ant colonization process; therefore, more colonies are
found in stable sites (base of stemless palms) and during the dry
season (deeper water-table periods).

Materials and methods
Study area

The study was conducted in the Ducke Reserve at AM-010
highway, Km 26, Manaus, Amazonas, Brazil (3°05’S, 60°00'W)
(Fig. 1). The reserve was established in 1963 and belongs to the
National Institute of Amazonian Research (INPA) with a total
area of approximately 100 km?. The relief is moderately undu-
lated, with an altitudinal range of approximately 80 m between
plateau tops and bottomlands. Within the reserve, there are three
major habitat types: (1) plateau forest, located in the highest and
flattest areas with well-drained clay soils, (2) bottomland forests
or valleys, located in lower areas and near to streams with sandy
and wet soils, and (3) slope forests, occurring on the slopes
of the plateaus to the bottomlands (Hopkins, 2005; Oliveira
etal.,2009). The average annual rainfall in the Ducke Reserve is
~2400 mm. March and April normally have the highest rainfall
(rainy season) and August and September are the months with
least rainfall (dry season) (Marques Filho et al., 1981).

Sampling design

We sampled 10 bottomland riparian plots maintained by the
Research Biodiversity Program (PPBio). The PPBio riparian
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Fig. 1. Ducke Reserve north of Manaus city, Amazonas State, Brazil. Red points represent the riparian plots studied. The inset shows a schematic
representation of the paired-sample design. [Colour figure can be viewed at wileyonlinelibrary.com].

plots are transects of 250m in length adjacent to streams
(Magnusson et al., 2013). The 10 plots were sampled during
March 2014 (rainy season — shallow water table) and September
2015 (dry season — deeper water table). The distance between
plots ranged between 350m and 3.5km (Fig. 1). All plots
were adjacent to small streams, which minimised variation in
the water table level within plots. The riparian plots may be
temporarily (1-2h) flooded, or have intermittent ponds after
heavy rains due to stream overflowing, especially during the
rainy season (Espirito-Santo & Zuanon, 2017).

Sampling leaf-litter ants

In each plot, six stemless palms Attalea microcarpa Mart.
(Arecaceae) were marked and the litter trapped in their bases,
hereafter litter of stemless palms, were collected (Appendix S1).
At the same time, six samples from the area adjacent to the
stemless palms, hereafter leaf litter, were also sampled (Fig. 1),
resulting in 120 samples during the rainy season and 120
samples during the dry season. The choice of sampling points
within the plot was determined by the presence of stemless
palms, but an attempt was made to distribute sample pairs ~25 m
apart along the plot. The sampled stemless palms and leaf litter
areas were marked with plastic tape to prevent the same palm
tree and leaf litter area being resampled during the subsequent
field campaign.

All litter of stemless palms was removed; the volume was
rapidly measured using a graduated bucket and transferred to a
Winkler sifter. The volume of leaf litter from the forest floor was

standardized by the volume sampled in the adjacent stemless
palm and transferred to a Winkler sifter. Therefore, the overall
volume of leaf litter sampled in the stemless palm bases and the
adjacent area was similar in each plot. In the rainy season, litter
sampling only occurred at least 3 h after heavy rain. The litter
sifting time in the Winkler sifter was standardized to 1 min. The
sifted litter was transported in cloth bags to the mini-Winkler
extractors installed in the Ducke Reserve laboratory. In the
laboratory, the mini-Winkler extractors were hung, and sieved
litter was placed in 1 cm diameter nets and individually placed
inside the mini-Winkler bags. The litter sample was held within
amini-Winkler bag for 48 h to extract the ants present in the litter
(Delsinne & Arias-Penna, 2012).

The litter trapped in the stemless palms are more vertically
structured, with humus-like litter in the bottom, compared with
the top (Franken et al., 2013). This vertical structure is not
present in the leaf litter. However, this difference in litter
structure is directly connected with your hypothesis. Given that
the vertical layering in the litter trapped in stemless palms
decreases the impact of unpredictable flooding, the litter of
stemless palms is a more stable habitat over time.

Quantification of ant species dominance

The dominance relationships in ant assemblages can be eval-
uated in different ways (Parr & Gibb, 2010). In this study, we
use numerical dominance (Andersen, 1992; Cerda et al., 1997)
to assess the role of dominance hierarchy in the structure of
leaf-litter ant assemblages. We chose this method for three
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reasons: (1) it is nearly impossible to observe all possible
competitive interactions between pairs of ant species in the
field, (2) it is an effective method when the objective is to
evaluate which ant species are more able to control resources
(Andersen, 1992; Parr & Gibb, 2012) and (3) numeric and
behavioural dominance are usually correlated (Bliithgen &
Fiedler, 2004; Parr & Gibb, 2010).

Each bait station followed the general sampling design, but
having a pair of sampling points (baits) at the base of the
stemless palm and a pair of baits in the surrounding leaf litter.
Therefore, we placed 240 baits at each sampling round. At each
baiting station, the first pair of baits (leaf-litter and stemless
palm) were collected after 15 min and the second pair after 1 h of
exposure on both strata. Baits were composed of 50% sardines
in edible oil mixed with 50% cassava flour, arranged in the
centre of a 6 X 6 cm square of paper. All ants present on the baits
were retrieved and placed in plastic bags for identification and
counting.

We attributed dominance values to the most common species
that visited the baits offered, using the numerical dominance
formula (Santini et al., 2007; Parr & Gibb, 2012):

D.
Nd = .
D, + S,

where i represents each analysed species, D; is the number
of baits monopolised by species i and S; is the number of
baits where species i was present and subordinate (sharing the
bait with other species). Baits were considered monopolised if
>20 individuals of the same species were using the bait with-
out another ant species. This index ranges from O (fully sub-
missive species) to 1 (fully dominant species). We considered
any species with numerical dominance >0.3 to be dominant.
The data on the species visiting the baits in the first 15 min
included any differences in the capacities to find and monop-
olize resources. The dominance index was calculated only for
species that were collected in at least five baits.

Colonization experiment

Five riparian bottomland plots were used as part of the
colonization experiment. This experiment also used the paired
sampling design of a stemless palm and the open litter at an
adjacent area. For each pair, all the vegetation debris at the
base of a randomly chosen stemless palm was removed and
measured using a graduated bucket. The same volume of litter
was then removed from an area adjacent to the palm. The same
volume of litter was replaced in the empty spots using previously
processed litter. Processed leaf litter was composed of litter
collected at other locations (mostly around the Ducke Reserve
base), scattered on the sidewalk and exposed to the sun for at
least 2 days. Handling the litter and exposure to the sun modifies
the microclimate of the leaf litter, forcing potential ant colonies
to move. After installation of the experiment, the palm trees and
the manipulated areas adjacent to it were marked. In total, 23
pairs were installed, resulting in 46 samples.

Six months after installation 13 pairs were removed; the
remaining 10 pairs were removed after 1 year. The first 6 months

encompass only the rainy season (shallow water-table period),
and the experimental samples removed after 12 months encom-
pass a full hydrological cycle (i.e. the experiment was removed
at the end of the dry season). For both stemless palm trees and
adjacent areas, the processed litter was carefully collected and
inspected and all ant colonies were collected and counted. Here,
we used the presence of reproductive females with brood as
an indicator of ant colonies. After the carefully manual search
for colonies, all material was processed using Winkler extrac-
tors, using the same collection process previously described.
Ants can colonize open patches of litter by foundress, by satel-
lite nests of existing colonies or by mature queenright colonies
(Kaspari, 1996a). As your sampling does not enable discrimina-
tion between colony emigration and colony founding, we used
the number of new colonies as a proxy for ant colonization. More
than one reproductive female of the same species in the same
sample was counted as a single colony.

Each sample was individually labelled and transported to the
Zoology Laboratory of the Federal University of Amazonas.
In the laboratory, the material was sorted, and ants were sep-
arated from other arthropods. Ants were then screened and
dry-mounted for identification. Initially, we identified the ants
to genus-level using keys available in Baccaro et al. (2015).
Subsequently, all specimens were identified to species or
morphospecies using specialized literature, by comparing
with material deposited in the entomological collection of the
Instituto Nacional de Pesquisas da Amazonia — INPA and by
sending specimens to specialists. The morphospecies were
created based on morphological differences of the proximal
species. Voucher specimens were deposited in the UFAM
Entomological Collection.

Data analysis

We investigated different facets of the ant diversity structure
in a series of comparisons between the same plots during rainy
and dry season (shallow and relatively deep water-table) for
each habitat (stemless palm and adjacent leaf-litter). The sample
unit was the plot in all analyses. We reduced the dimensionality
of our species matrices using a Principal Coordinate Analysis
(PCoA) based on Bray—Curtis dissimilarity distance. We were
interested in the overall effect of water-table; therefore, we
compared the configuration scores (in our case, the plots) of
our four ordinations (stemless palm shallow/deep and litter
shallow/deep) using Procrustes rotation analysis (Peres-Neto &
Jackson, 2001). The Procrustes analysis rotates the ordination
matrix scores to maximum similarity with a target matrix by
minimizing the sum of squared differences. We then performed
a 999-permutation procedure to estimate the significance of the
observed correlation in symmetric Procrustes rotation (Oksanen
et al.,2019). This analysis shows whether the assemblage com-
position over the 10 plots presents congruent changes between
rainy and dry season in each habitat. We additionally compared
the heterogeneity variation of the assemblage composition
between the shallow and deep water-table period for each
habitat using the analysis of multivariate homogeneity of group
dispersions (PERMDISP, Anderson et al., 2006). PERMDISP is
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amultivariate analogue of Levene’s test for homogeneity of vari-
ances. For this, we used the PCoA axis based on Bray-Curtis dis-
tance of stemless palm and leaf-litter ant matrixes. In this case,
we generated two ordinations, one for the ant species sampled
at litter of stemless palms and the other for the ant assemblage
samples at the leaf-litter adjacent to the palm. The significance
of each test was estimated based on the 999-randomisation
procedure.

Ant richness and the occurrence from the Winkler samples of
each habitat (litter of stemless palms and leaf-litter) sampled
during the rainy season (shallow water-table) and dry season
(deep water-table) were compared using paired z-tests. We used
occurrence as a measure of abundance since it may reflect the
number of ant colonies in each plot. Therefore, the abundance
of each species varied between 0 and 12 (the same species was
collected in all samples of both habitats) per plot.

We also used paired #-tests to compare the abundance of the
dominant species (estimated by the number of occurrences in
each plot) and the total number of monopolized baits at litter of
stemless palms sampled in the rainy season and dry season. The
same analysis was performed for the leaf-litter adjacent to the
palm.

The same analysis structure was used to compare the col-
onization process. We used paired t-tests to compare the
number of new colonies, defined by the presence of queens
(reproductive individuals) nesting in the litter at the base of
stemless palms after six (rainy season only) and 12 months
(rainy and dry seasons) from the beginning of the coloniza-
tion experiment. The same analysis was carried out for the
leaf-litter areas adjacent to the palm. The sample unit was the
plot in all analyses. All analyses were run in the R environment
(R Core Team, 2019).

Results

A total of 41907 ants were collected in 766 samples; there
were 480 bait samples and 286 samples from litter of stemless
palms, leaf litter, and from colonization experiments. In total, 9
subfamilies, 53 genera, and 176 species of ants were identified;
among these, 112 species were identified and 64 species were
classified as morphotypes. The genera with the highest number
of morphotypes were Pheidole, Solenopsis, Hypoponera, and
Strumigenys (Appendix S2).

Species composition

The species composition of the assemblages sampled at litter
of stemless palms between the two seasons were congruent (Pro-
crustean correlation = 0.76, P = 0.003, Fig. 2a). Conversely, the
species composition of assemblages sampled at leaf-litter dur-
ing rainy and dry season were much more variable (Procrustean
correlation = 0.56, P = 0.101, Fig. 2b). The assemblage compo-
sition heterogeneity followed the same pattern; it was similar at
litter of stemless palms (PERMDISP, F, ;g = 3.364, P = 0.083,
Fig. 2¢), compared with leaf-litter (PERMDISP, F, ;3 = 7.069,
P =0.015, Fig. 2d) during rainy and dry periods.
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Winkler samples

On average, ~10 more ant species were sampled in the leaf
litter during dry season (z-test, t = 2.536, P = 0.031; Fig. 3).
Conversely, the number of ant species remained fairly similar
in the litter of stemless palms (z-test, r = 1.033, P = 0.328;
Fig. 3). The ant species occurrence followed the same pattern.
The species occurrence in leaf litter during the dry season was
approximately 1.5 times higher than the ant species occurrence
during rainy season (z-test, t = 2.633, P = 0.027; Fig. 3). In the
litter of stemless palms, the occurrence of ants remained similar
between the hydrological cycle (z-test, t = —2.061, P = 0.069;
Fig. 3).

Dominance

We sampled 52 ant species at baits. The highest number of
species collected on the same bait was 5, with an average of
2.8 species per bait. Of the 480 baits offered, 77 were monop-
olized and 17 were not visited by ants after 1 h of exposure.
Only 11 species (Blepharidatta brasiliensis, Crematogaster
nigropilosa, Gnamptogenys horni, Mayaponera constricta,
Neoponera apicalis, N. verenae, Nylanderia caeciliae, and
four Pheidole morphospecies) were more abundant in the
first 15 min of bait exposure. Except by Nylanderia caeciliae,
these species occurred in less than five baits. Approximately
26% of the species dominated at least one bait, among them,
seven species Crematogaster limata, Crematogaster tenuicula,
Megalomyrmex goeldii, Ochetomyrmex semipolitus, Pheidole
biconstricta, Pheidole vorax and Pheidole sp. 8 had a domi-
nance index >0.3 (i.e. monopolized more than 30% of the baits
when occurred) and were considered dominant (Table 1).

On average, the number of monopolized baits in leaf litter
doubled during rainy compared to dry season (#-test, t = 3.285,
P = 0.009; Fig. 4). However, in the litter of stemless palms,
the number of monopolized baits remained stable between the
periods of the hydrological cycle (z-test, t = 0.738, P = 0.479;
Fig. 4). For baits offered on the leaf-litter, the occurrence of
the seven dominant species was on average ~ 2.5 times higher
during rainy compared to dry period (z-test, t = 2.635, P =0.027,
Fig. 4). By contrast, the occurrence of the seven dominant
species remained stable during these periods for communities
in litter of stemless palms (z-test, = 1.077, P = 0.309; Fig. 4).

Colonization experiment

On average, the number of new colonies was four times
higher in the first 6 months (rainy season) in the leaf-litter areas
(t-test, t = —2.131, P = 0.05, Fig. 5). In one plot, no colony was
found in the six experimental leaf-litter patches after 1 year.
Meanwhile, the number of new colonies remained constant
in the litter of stemless palms between the two periods of the
colonization experiment (z-test, = —1.359, P = 0.245, Fig. 5).
The ant species that colonized the processed litter are typical
of litter samples (Table 2). Among them, only one colony of
dominant species (Pheidole biconstricta) was found in the
leaf-litter habitat.
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Fig. 2. (a,b) Procrustean rotation showing the plots sampled at rainy season (points) superimposed to plots sampled during the dry season (tip of the
arrows) for ants sampled at the forest floor and the litter accumulated in the bases of stemless palms. (c,d) Box plot of the distance from the centroid of
plots sampled during the rainy season and the dry season for ants sampled at the forest floor and the litter accumulated in the bases of stemless palms at
Ducke Reserve, Manaus, Brazil. The lower and upper hinges correspond to the first and third quartiles (the 25th and 75th percentiles) and the bold line
represents the median values. [Colour figure can be viewed at wileyonlinelibrary.com].

Discussion

The water table seems to function as a medium-intensity distur-
bance for ant assemblages in the valleys of this tropical forest.
The leaf litter in plots during rainy (shallow water-table) period
harbour less ant richness, lower occurrence, and the assemblage
composition was more heterogeneous when compared to the
same locations during the dry (deep water-table) season. How-
ever, ant activity such as recruitment and investment in resource
monopolization seems to follow the moisture availability gradi-
ent (Levings, 1983; Dunn e al., 2007), with greater investment
in monopolization during the rainy periods when the water table

is shallower and the forest floor in the valleys are soaked. The
investments in reproduction follow the same pattern, with more
colonies found in the leaf litter during the shallow water table
period. All of these changes were strongly decreased or absent
for the assemblages sampled in the litter that accumulated at the
base of stemless palms. Our results suggest that there will be at
least two processes operating. A shallow water table level may
act as a disturbance to most ant litter species but may favour ant
activity such as resource monopolization and litter colonization.

The effects of water table on occurrence and foraging depends
on species characteristics. For example, about 29% of the
ant species of Florida coastal plains pine flatwoods are more
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Fig. 3. Number and occurrence of ant species sampled in leaf litter and at the litter accumulated in the bases of stemless palms during two periods of
the hydrological cycle in Ducke Reserve, Manaus, Brazil. Some points were horizontally dodged to improve clarity. The grey lines connect the same
plot in the two periods. [Colour figure can be viewed at wileyonlinelibrary.com].

abundant in areas with a shallow water table, up to 37% were
more abundant at sites with deeper water-table levels and the
remaining 34% of species were not related to water-table level
(Tschinkel et al., 2012). This pattern is probably related to
adaptations to combat water ingress in their nests or colony
movement (Kolay & Annagiri, 2015). Some Pheidole and
Solenopsis species evacuate flooded nests in a rapid and orga-
nized manner to minimize the impact of flooding (Morrill, 1974;
Wilson, 1986; Longino, 2009; Adams et al., 2011). Therefore,
such adaptations may allow species to survive unpredictable
floods in places where the water table is more superficial or in
periodically flooded areas such as wetlands or riparian zones.
While the behavioural responses to nest flooding of Cremato-
gaster and Megalomyrmex are still unknown, a significant pro-
portion of our dominant species belongs to Pheidole; therefore,
it is possible that behavioural responses to prevent nest drown-
ing may be operating, favouring the persistence of these species
during the shallow water table period. More natural history

information still needed to unravel the mechanisms that permit
some species to cope with frequent flooding of their colonies.

The combination of different adaptations or higher tolerance
to flooding is perceptible at the assemblage level. The leaf-litter
ant richness and occurrence were higher during the dry season
in the leaf litter. Also, this habitat showed a more heterogeneous
species composition. At the plot level, the ant species assem-
blage composition was more unpredictable and more variable
along the hydrological cycle compared with the litter of stemless
palms. The vertical stratification of litter at the bases of stem-
less palms makes it less prone to temporal flooding during heavy
rains. Our approach of correlative and experimental manipula-
tion reinforces that the groundwater level may be a source of
disturbance by favouring unpredictable floods, for the assem-
blages of ants living in leaf litter.

The abundance of dominant species and investment in
resource monopolization seems to follow the moisture gradient
in the opposite direction of diversity patterns (richness and
occurrence). It is tempting to conclude that the lower richness
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Table 1. Summary of the number of baits on which ant species occurred, the number of monopolised baits after 15 and 60 min of bait exposure for
the seven species considered dominant (in bold) and the seven most abundant species that were not considered as dominant.

Number of baits on which Number of
the species occurred monopolised baits
Species 15 min 60 min 15 min 60 min Dominance index
Pheidole biconstricta 7 20 3 14 0.62
Ochetomyrmex semipolitus 1 6 0 4 0.57
Crematogaster tenuicula 19 41 6 23 0.48
Megalomyrmex goeldii 5 11 2 5 0.43
Crematogaster limata 5 13 0 7 0.38
Pheidole sp.8 2 4 0 2 0.33
Pheidole vorax 1 5 0 2 0.33
Crematogaster brasiliensis 2 7 0 2 0.22
Nylanderia caeciliae 14 10 1 1 0.08
Pheidole sp.19 2 11 0 1 0.07
Paratrachymyrmex sp.1 6 8 0 0 0
Mayaponera constricta 3 2 0 0 0
Azteca sp.1 2 2 0 0 0
Crematogaster nigropilosa 3 1 0 0 0
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Fig. 4. Number of monopolised baits and occurrence of dominant species at leaf litter and the litter accumulated in the bases of stemless palms during
two periods of the hydrological cycle in Ducke Reserve, Manaus, Brazil. Some points were horizontally dodged to improve clarity. The grey lines
connect the same plot in the two periods. [Colour figure can be viewed at wileyonlinelibrary.com].
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and abundance in the leaf litter is the result of higher domi-
nance and higher occurrence of dominant ants; however, we
did not find support for this hypothesis (Supplemental material
3). In open savannas, dominance measured with baits scale
up to assemblage level (Parr, 2008), but the dominance in
tropical forests do not necessarily imply constraints to species
richness in leaf litter (Baccaro et al., 2012). Therefore, the
dominance reported here may apply to the species sampled with
baits only, but it can give some insights about ant activity in
general.

Dominant ant species require greater foraging areas to
maintain high energy levels. Therefore, a strategy commonly
adopted by numerically dominant species is to build polydo-
mous colonies (when a colony inhabits several independent
nests). A polydomous colony ensures a larger foraging area
(Longino, 2003) and allows a colony to be more competitive
in areas with fewer resources (Baccaro er al., 2010). Among
the seven species considered dominant in our study, four
(Crematogaster tenuicula, Crematogaster limata, Pheidole
biconstricta, and Megalomyrmex goeldii) have been reported to
form polydomous colonies (Longino, 2003; Debout et al., 2007)
and a fifth (Ochetomyrmex semipolitus) probably also do so
(Fernandez, 2003). The proportion of species with polydomous
colonies is higher in areas with a shallow water table (Baccaro
et al., 2013), suggesting that this behaviour may provide adap-
tive advantages in an environment that is constantly impacted
by water disturbance. Therefore, having the colony divided in
small nests scattered over the leaf litter may favour resource
location, explaining the higher activity of dominant species and
higher resource monopolization.

Another strategy to deal with unpredictable floods is to
place the nest in higher spots, such as plants or deadwood.
This behaviour seems to be common among the domi-
nant species. Although there are records of Megalomyrmex
goeldii and Ochetomyrmex semipolitus foraging in lower
vegetation, the nests of both species were only found in the

litter (Brandao, 2003; Fernandez, 2003). However, the remained
four dominant species identified at species level, are known to
be able to have arboreal nests. Crematogaster tenuicula and
C. limata are strictly arboreal (Longino, 2003), while Pheidole
biconstricta and Ph. vorax are more generalists nesting in the
leaf litter, deadwood and above the ground (Longino, 2009).
The arboreal nesting habits or flexibility of nesting strata
associated with polydomy may foster important facets of a
typical dominant species: have a relative undisturbed nest and
larger foraging areas to keep the demands of a larger colony.
Would be interesting to know if both facets still present in
dominant species in relative drier areas (plateaus) of tropical
forests.

We also found a clear signal of the disturbance mediated by
the water-table fluctuation in the ant assemblage colonisation
dynamics. The number of new colonies was similar at 6 and
12 months in the litter of stemless palms, suggesting that the
microhabitats offered was occupied during the first 6 months
of the experiment. However, we found a different picture in the
leaf-litter patches that are more prone to unpredictable floods.
Contrary to our hypothesis, the colonization rates were higher
during the rainy season. After a full hydrologic cycle and at the
peak of the dry season, fewer colonies were recorded. The roles
of competition and predation by dominant species as forces that
control colony colonization over time could explain the lower
number of colonies after 1year of the experiment. However,
this hypothesis seems less probable because the higher number
of new colonies in the leaf-litter during the rainy season match
with the higher activity and resource monopolization patterns
of dominant species. In addition, we found only one colony
from a dominant species (Pheidole biconstricta) in the leaf-litter
experiment. Therefore, the colonization cycle may be more
related to moisture fluctuation, competitive exclusion between
non-dominant species, or another biotic factor. In fact, previous
work has also found that litter ant colonization is positively
related to moisture and negatively related to army ant density
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Table 2. Ant species and number of new nests (presence of queen with brood) after 6 and 12 months of colonization experiments in leaf litter and litter

added in the bases of stemless palms in Ducke Reserve.

Habitat
Added litter Added litter at base of stemless palm
Species/morphospecies 6 months 12 months 6 months 12 months
Carebara sp. 1 0 0 0 1
Crematogaster flavosensitiva 1 0 0 0
Cyphomyrmex rimosus 1 0 0 0
Dolichoderus imitator 0 1 0 0
Dolichoderus sp.1 0 0 1 0
Gnamptogenys horni 0 0 1 0
Hypoponera sp. 1 2 0 0 0
Hypoponera sp. 2 3 0 0 0
Hypoponera sp. 5 0 1 1 1
Hypoponera sp. 9 1 0 1 0
Lachnomyrmex sp. 1 0 0 2 0
Mayaponera constricta 0 0 1 0
Nylanderia sp. 5 3 0 0 0
Nylanderia sp. 6 0 0 1 0
Octostruma balzani 0 1 0 1
Pheidole biconstricta 0 1 0 0
Pheidole exigua 2 0 1 0
Pheidole meinerti 0 0 1 0
Pheidole sp. 277 0 0 0 1
Pheidole sp. 4 1 0 0 1
Solenopsis brevicornis 0 0 0 2
Solenopsis castor 0 0 1 0
Solenopsis clytemnestra 0 1 1 1
Strumigenys beebei 1 0 0 0
Strumigenys denticulata 11 1 8 6
Strumigenys elongata 0 1 0 2
Strumigenys infidelis 1 0 1 1
Strumigenys sp. 10 0 0 1 0
Strumigenys sp. 4 1 0 2 0
Strumigenys sp. 9 0 0 1 0
Strumigenys trinidadensis 0 0 0 1

(Kaspari, 1996b; Kaspari & O’Donnell, 2003). Our results adds
a new facted to this pattern, suggesting that the ant colonization
process may be affected by the disturbance caused by water table
variation, but might be amplified by army ant raids, which are
common in tropical forests (O’Donnell et al., 2007).
Disturbance mediated by the water table appears to decrease
species richness and occurrence but increases ant resource
monopolization and litter colonization. Taken together, these
patterns suggest that ant diversity is related by differential
survival along the water table fluctuation. However, these
apparently conflicting patterns might be better understood and
linked if information about colony size and biomass were
included. Given the recurrent disturbance caused by water table
variation, it is reasonable to expect that ontogeny of some ant
colonies might be synced with water table level fluctuation in
these areas. Further studies coupling colony development and
disturbance may help sort out the factors regulating litter ant
patch dynamics in riparian areas. Understanding the relation-
ship between ant diversity and the local water table is relevant,

as riparian areas are among the most threatened ecosystems in
tropical forests (Naiman et al., 2010).

Acknowledgements

We thank Marcelle Gongalves, Andrea Jobim, José Cardoso
Neto and Keyte Bianca for assisting in the preparation of the
ant’s pinning and identification. Jerome Orivel and an anony-
mous reviewer give important suggestions on an earlier version
of this manuscript. We also thank the PPBio/CENBAM and
PELD-Sitio 1 for their support. FBB is continuously supported
by productivity CNPq grant #309600/2017-0 and JLPS was
supported by CNPq post-doctoral scholarship # 302301/2019-4.
The data is maintained by PPBio and CENBAM. The authors
declare that they have no conflict of interest.

Contribution of authors

PMSH and FBB conceived the ideas and methods; PMSH
collected the data; PMSH, JLPS and FBB processed biological

© 2020 The Royal Entomological Society, Ecological Entomology, doi: 10.1111/een.12954



material; PMSH led the manuscript writing with contributions
from JLPS and FBB.

Data availability statement

The data that support the findings of this study are openly avail-
able in GitHub at https://github.com/Fabricera/Holanda_etal.

Supporting Information

Additional supporting information may be found online in the
Supporting Information section at the end of the article.

Appendix S1: Graphical representation of paired sampling
desing.

Appendix S2: List of ant species sampled.

Appendix S3: Models statistics for the effects of abundance of
dominant species and water table period on the abundance and
number of subordinate ant species.

References

Adams, B.J., Hooper-Bui, L.M., Strecker, R.M. & O’Brien, D.M. (2011)
Raft formation by the red imported fire ant, Solenopsis invicta.
Journal of Insect Science, 11, 1-14.

Agosti, D., Majer, J.D., Alonso, L.E. & Schultz, T.R. (2000) Standard
Methods for Measuring and Monitoring Biodiversity. Smithsonian
Institution Press, Washington, District of Columbia.

Andersen, A.N. (1992) Regulation of “momentary” diversity by domi-
nant species in exceptionally rich ant communities of the Australian
seasonal tropics. American Naturalist, 140, 401-420.

Andersen, A.N. (2008) Not enough niches: non-equilibrial processes
promoting species coexistence in diverse ant communities. Austral
Ecology, 33, 211-220.

Andersen, A.N., Parr, C.L., Lowe, L.M. & Miiller, W.J. (2007) Con-
trasting fire-related resilience of ecologically dominant ants in trop-
ical savannas of northern Australia. Diversity and Distributions, 13,
438-446.

Anderson, M.J., Ellingsen, K.E. & McArdle, B.H. (2006) Multivariate
dispersion as a measure of beta diversity. Ecology Letters, 9, 683—-693.

Arnan, X., Rodrigo, A. & Retana, J. (2007) Uncoupling the effects
of shade and food resources of vegetation on Mediterranean ants:
an experimental approach at the community level. Ecography, 30,
161-172.

Arnan, X., Gaucherel, C. & Andersen, A.N. (2011) Dominance and
species co-occurrence in highly diverse ant communities: a test of
the interstitial hypothesis and discovery of a three-tiered competition
cascade. Oecologia, 166, 783—794.

Baccaro, FB., Ketelhut, SM. & de Morais, J.W. (2010) Resource
distribution and soil moisture content can regulate bait control in an
ant assemblage in central Amazonian forest. Austral Ecology, 35,
274-281.

Baccaro, F.B., de Souza, J.L.P., Franklin, E., Landeiro, V.L. & Mag-
nusson, W.E. (2012) Limited effects of dominant ants on assemblage
species richness in three Amazon forests. Ecological Entomology, 37,
1-12.

Baccaro, EB., Rocha, L.LE,, del Aguila, B.E., Schietti, J., Emilio, T., Pinto,
J.L.LPD.V. et al. (2013) Changes in ground-dwelling ant functional
diversity are correlated with water-table level in an Amazonian terra
firme forest. Biotropica, 45, 755-763.

Ant diversity tracks groundwater level fluctuation 11

Baccaro, F.B., Feitosa, R.M., Fernandez, F., Fernandes, 1.0., 1zzo, T.J.,
Souza, J.D. et al. (2015) Guia para os géneros de formigas do Brasil.
Editora INPA, Manaus, Brazil.

Bliithgen, N. & Fiedler, K. (2004) Preferences for sugars and amino
acids and their conditionality in a diverse nectar-feeding ant commu-
nity. Journal of Animal Ecology, 73, 155-166.

Brandao, C.R.E. (2003) Further revisionary studies on the ant genus
Megalomyrmex FOREL (hymenoptera: Formicidae: Myrmicinae:
Solenopsidini). Papéis Avulsos de Zoologia, 43, 145—159.

Cerd4, X., Retana, J. & Cros, S. (1997) Thermal disruption of transitive
hierarchies in Mediterranean ant communities. Journal of Animal
Ecology, 66, 363-374.

Cerd4, X., Arnan, X. & Retana, J. (2013) Is competition a significant
hallmark of ant (hymenoptera: Formicidae) ecology. Myrmecological
News, 18, 131-147.

Connell, J.H. (1978) Diversity in tropical rain forests and coral reefs.
Science, 199, 1302-1310.

D’Amen, M., Rahbek, C., Zimmermann, N.E. & Guisan, A. (2017)
Spatial predictions at the community level: from current approaches
to future frameworks. Biological Reviews, 92, 169—187.

Debout, G., Schatz, B., Elias, M. & McKey, D. (2007) Polydomy in ants:
what we know, what we think we know, and what remains to be done.
Biological Journal of the Linnean Society, 90, 319-348.

Delsinne, T.D. & Arias-Penna, T.M. (2012) Influence of leaf litter
moisture on the efficiency of the Winkler method for extracting ants.
Journal of Insect Science, 12, 1-13.

Dunn, R.R., Parker, C.R. & Sanders, N.J. (2007) Temporal patterns of
diversity: assessing the biotic and abiotic controls on ant assemblages.
Biological Journal of the Linnean Society, 91, 191-201.

Ellwood, M.D. & Foster, W.A. (2004) Doubling the estimate of inverte-
brate biomass in a rainforest canopy. Nature, 429, 549-551.

Espirito-Santo, HM. & Zuanon, J. (2017) Temporary pools provide
stability to fish assemblages in Amazon headwater streams. Ecology
of Freshwater Fish, 26, 475-483.

Fellers, J.H. (1987) Interference and exploitation in a guild of woodland
ants. Ecology, 68, 1466—1478.

Fernandez, C.F. (2003) Myrmicine ants of the genera Ochetomyrmex and
Tranopelta (hymenoptera: Formicidae). Sociobiology, 41, 633—662.

Fittkau, E.J. & Klinge, H. (1973) On biomass and trophic structure of
the central Amazonian rain forest ecosystem. Biotropica, 5, 2—14.

Fox, J.W. (2013) The intermediate disturbance hypothesis should be
abandoned. Trends in Ecology & Evolution, 28, 86—92.

Franken, E.P. & Gasnier, T.R. (2010) Applicability of the ant mosaic
theory on floor litter in a forest of Central Amazon, Brazil. Ento-
motropica, 25, 37-42.

Franken, E.P., Baccaro, EB. & Gasnier, T.R. (2013) Is there a refuge
for ants in litter accumulated at the base of Attalea attaleoides (barb.
Rodr.) Wess. Boer (Arecaceae)? Entomotropica, 28, 27-37.

Henderson, A., Galeano, G. & Bernal, R. (1995) Field Guide to the
Palms of the Americas. Princeton University Press, Princeton, New
Jersey.

Hopkins, M.J. (2005) Flora da Reserva Ducke, Amazonas, Brasil.
Rodriguésia, 56, 9-25.

Huston, M. (1979) A general hypothesis of species diversity. The
American Naturalist, 113, 81-101.

Kahn, F. & de Castro, A. (1985) The palm community in a forest of
Central Amazonia, Brazil. Biotropica, 17, 210-216.

Kaspari, M. (1996a) Litter ant patchiness at the 1-m? scale: disturbance
dynamics in three Neotropical forests. Oecologia, 107, 265-273.

Kaspari, M. (1996b) Testing resource-based models of patchiness in four
Neotropical litter ant assemblages. Oikos, 76, 443—454.

Kaspari, M. & O’Donnell, S. (2003) High rates of army ant raids in the
Neotropics and implications for ant colony and community structure.
Evolutionary Ecology Research, 5, 933-939.

© 2020 The Royal Entomological Society, Ecological Entomology, doi: 10.1111/een.12954



12 Paula Mayara de Souza Holanda et al.

Kolay, S. & Annagiri, S. (2015) Dual response to nest flooding during
monsoon in an Indian ant. Scientific Reports, 5, 13716.

Levings, S.C. (1983) Seasonal, annual, and among-site variation in the
ground ant community of a deciduous tropical forest: some causes of
patchy species distributions. Ecological Monographs, 53, 435-455.

Longino, J.T. (2003) The Crematogaster (hymenoptera, Formicidae,
Myrmicinae) of Costa Rica. Zootaxa, 151, 150.

Longino, J.T. (2009) Additions to the taxonomy of New World Pheidole
(hymenoptera: Formicidae). Zootaxa, 2181, 1-90.

Magnusson, W.E., Braga-Neto, R., Pezzini, F., Baccaro, F., Bergallo,
H., Penha, J. et al. (2013) Biodiversity and Integrated Environmental
Monitoring. Attema Design, Sdo Paulo, Brazil.

Marques Filho, A.D.O., Ribeiro, M.D.N.G., Santos, HM.D. & San-
tos, J.JM.D. (1981) Estudos climatolégicos da Reserva Florestal
Ducke-Manaus-AM. IV. Precipitagdo. Acta Amazonica, 11, 759-768.

Mertl, A.L., Ryder Wilkie, K.T. & Traniello, J.F. (2009) Impact of flood-
ing on the species richness, density and composition of Amazonian
litter-nesting ants. Biotropica, 41, 633—641.

Morrill, W.L. (1974) Dispersal of red imported fire ants by water.
Florida Entomologist, 57, 39—42.

Naiman, R.J., Decamps, H. & McClain, M.E. (2010) Riparia: Ecology,
Conservation, and Management of Streamside Communities. Burling-
ton, MA: Elsevier.

O’Donnell, S., Lattke, J., Powell, S. & Kaspari, M. (2007) Army
ants in four forests: geographic variation in raid rates and species
composition. Journal of Animal Ecology, 76, 580—589.

Oksanen, J., Blanchet, EG., Friendly, M., Kindt, R., Legendre, P,
McGlinn, D., Minchin, P.R., O’Hara, R.B., Simpson, G.L., Solymos,
P, Stevens, M.H.H., Szoecs, E. & Wagner, H. (2019) vegan: Commu-
nity Ecology Package. R package version 2.5-6 [WWW document].
URL: https://CRAN.R-project.org/package=vegan [accessed on 16
February 2019]

Oliveira, P.Y.D., Souza, J.L.P., Baccaro, F.B. & Franklin, E. (2009) Ant
species distribution along a topographic gradient in a "terra-firme" for-
est reserve in Central Amazonia. Pesquisa Agropecudria Brasileira,
44, 852-860.

Parr, C.L. (2008) Dominant ants can control assemblage species rich-
ness in a south African savanna. Journal of Animal Ecology, 77,
1191-1198.

Parr, C.L. & Gibb, H. (2010) Competition and the role of dominant ants.
Ant Ecology (ed. by L., Lach, C.L., Parr & K.L., Abbott), pp. 77-96.
New York: Oxford University Press Inc.

Parr, C.L. & Gibb, H. (2012) The discovery—dominance trade-off is
the exception, rather than the rule. Journal of Animal Ecology, 81,
233-241.

Peres-Neto, PR. & Jackson, D.A. (2001) How well do multivariate
data sets match? The advantages of a procrustean superimposition
approach over the mantel test. Oecologia, 129, 169-178.

Philpott, S.M. (2010) A canopy dominant ant affects twig-nesting ant
assembly in coffee agroecosystems. Oikos, 119, 1954—1960.

Pickett, S.T. & White, P.S. (1985) The Ecology of Natural Disturbance
and Patch Dynamics. London: Elsevier.

R Core Team (2019) R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing, Vienna, Austria.
URL https://www.R-project.org/. [accessed on 16 February 2019].

Ribas, C.R. & Schoereder, J.H. (2002) Are all ant mosaics caused by
competition? Oecologia, 131, 606—611.

Ribeiro, J.E.L.S., Nelson, B.W., Silva, M.F., Martins, L.S.S. & Hopkins,
M.J.G. (1995) Reserva Florestal Ducke: diversidade e composi¢ao da
flora vascular. Acta Amazonica, 24, 1-30.

Sanders, N.J., Gotelli, N.J., Wittman, S.E., Ratchford, J.S., Ellison,
AM. & Jules, E.S. (2007) Assembly rules of ground-foraging ant
assemblages are contingent on disturbance, habitat and spatial scale.
Journal of Biogeography, 34, 1632—1641.

Santini, G., Tucci, L., Ottonetti, L. & Frizzi, F. (2007) Competition
trade-offs in the organisation of a Mediterranean ant assemblage.
Ecological Entomology, 32, 319-326.

Savolainen, R. & Vepsildinen, K. (1989) Niche differentiation of ant
species within territories of the wood ant Formica polyctena. Oikos,
56,3-16.

Scholl, J.P. & Wiens, J.J. (2016) Diversification rates and species
richness across the tree of life. Proceedings of the Royal Society B:
Biological Sciences, 283, 20161334,

Seal, J.N. & Tschinkel, W.R. (2010) Distribution of the
fungus-gardening ant (Trachymyrmex septentrionalis) during
and after a record drought. Insect Conservation and Diversity, 3,
134-142.

Seidl, R., Thom, D., Kautz, M., Martin-Benito, D., Peltoniemi, M.,
Vacchiano, G. et al. (2017) Forest disturbances under climate change.
Nature Climate Change, 7, 395—402.

Southwood, T.R.E. (1977) Habitat, the templet for ecological strategies?
Journal of Animal Ecology, 46, 337-365. https://doi.org/10.2307/
3817.

Stuble, K.L., Kirkman, L.K. & Carroll, C.R. (2009) Patterns of abun-
dance of fire ants and native ants in a native ecosystem. Ecological
Entomology, 34, 520-526.

Stuble, K.L., Juric, 1., Cerda, X. & Sanders, N.J. (2017) Dominance
hierarchies are a dominant paradigm in ant ecology (hymenoptera:
Formicidae), but should they be? And what is a dominance hierarchy
anyways? Myrmecological News, 24, 71-81.

Tschinkel, W.R., Murdock, T., King, J.R., Kwapichld, C. & Muscedere,
M. (2012) Ant distribution in relation to ground water in North Florida
pine Flatwoods. Journal of Insect Science, 12, 1-20.

Vasconcelos, H.L. (1990) Effects of litter collection by understory palms
on the associated macroinvertebrate fauna in Central Amazonia.
Pedobiologia, 34, 157—-160.

Wilson, E.O. (1986) The organization of flood evacuation in the ant
genus Pheidole (hymenoptera: Formicidae). Insectes Sociaux, 33,
458-469.

Accepted 10 September 2020

Associate Editor: Simon Robson

© 2020 The Royal Entomological Society, Ecological Entomology, doi: 10.1111/een.12954


https://cran.r-project.org/package=vegan
https://www.r-project.org/
https://doi.org/10.2307/3817
https://doi.org/10.2307/3817

