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Abstract
Environmental gradients play a key role in shaping diversity in tropical forests. However, we have a little understanding of 
how evolutionary diversity is affected by gradients and the role of niche persistence in flooded forests in dry biomes. Here, 
we assessed the evolutionary diversity across a flooding gradient in the Caatinga Domain of South America. We established 
120 plots across four tributaries of the São Francisco River, eastern Brazil, consisting of 72 plots in flooded, 24 in occasion-
ally flooded, and 24 in unflooded forests. We computed richness, phylogenetic diversity (PD), mean nearest taxon distance 
(MNTD), and mean pairwise phylogenetic distance (MPD) and their standardized effect sizes (ses.PD, ses.MNTD, and ses.
MPD). We found low richness, low PD, and high MNTD values in flooded forests relative to unflooded and occasionally 
flooded forests. MPD did not differ across the flooding gradient. The standardized effect size metrics were higher in flooded 
forests. Despite the unflooded and occasionally flooded forests being rich in terms of species and correlated phylogenetic 
structure, flooded forests showed more lineage diversity than expected by chance. We assessed whether this pattern could be 
driven by resprouting ability testing its phylogenetic signal. Resprouting is randomly distributed across phylogeny, but plant 
communities are likely assembled from random draws of the resprouters’ lineage pool. Quantifying evolutionary diversity 
across flooding gradients in dry environments brought new insights to how the same environmental filters may lead to dispa-
rate patterns of evolutionary diversity and the role of response traits in allowing certain clades to persist in flooded habitats.
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Introduction

Environmental gradients act as filters on the distribution of 
biodiversity across multiple spatial scales (Carvajal-Endara 
et al. 2017). Gradients associated with the frequency and 
intensity of flooding are known to shape the structure and 
dynamics of seasonally flooded plant communities, as well 

as their floristic composition, species richness, and func-
tional diversity across wide geographical ranges (Capon 
2005; Budke et  al. 2007, 2008, 2010; Gonzalez et  al. 
2010; Wittmann et al. 2010; Kotowski et al. 2010; Violle 
et al. 2010; Wittmann et al. 2013; Moreira et al. 2015; Moor 
et al. 2015; Luo et al. 2016). Increased flooding should 
decrease taxonomic diversity (Budke et al. 2008) by select-
ing for a subset of species that possess the traits necessary 
to survive under higher flooding stress (Giehl and Jarenkow 
2015). Environmental filters can also affect evolutionary 
diversity. For example, the influence of stress gradients on 
overall patterns of evolutionary diversity has been docu-
mented in seasonally dry tropical forests (drought stress; 
Pennington et al. 2009), savannas in Central Brazil, and 
white-sand forests in the Amazon (edaphic-related stress, 
Guevara et al. 2016; Meira-Neto et al. 2017), zooplankton 
metacommunities (anthropogenic disturbances; Gianuca 
et al. 2017), sponges (light availability gradients; Quattrini 
et al. 2017), and in seasonally flooded forests (water satura-
tion stress; Giehl and Jarenkow 2015; Aldana et al. 2016).
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In South America, studies of evolutionary diversity across 
flooding gradients have been carried out comparing distinct 
habitats. For example, Aldana et al. (2016) found more 
closely related eudicot lineages in seasonally flooded areas 
relative to unflooded (terra firme) forests in the Amazon, 
supporting the idea of flooding as a strong environmental 
filter. In a broad-scale study of environmental gradients, 
Gonzalez-Caro et al. (2014) found phylogenetic cluster-
ing both in dry and floodplain forests in Colombia. These 
stressful habitats seem to play a substantial role filtering out 
lineages not adapted to water-related stress. While this phy-
logenetic clustering in response to hydric stresses is likely to 
reflect phylogenetic signal in key traits (Webb et al. 2002), 
it is not known which traits drive this clustering (but see 
Parolin 2008). However, Giehl and Jarenkow (2015) linked 
higher phylogenetic richness under the higher levels of water 
saturation in a subtropical moist forest to patterns in the 
phylogenetic signal (convergence) of traits (e.g., resprouting 
ability) that are associated with stress flooding tolerance.

Traits that mediate the response of a species to environ-
ment changes (Violle et al. 2007) have helped to understand 
the link between environmental filters and the response of 
diversity to environmental stress. For example, fire can filter 
species according to their bark traits (Charles-Dominique 
et al. 2017), with thicker barked species more likely to sur-
vive fire. For physical disturbances such as floods, traits that 
allow an individual to recover from physical damage and 
thus persist in situ (their persistence niche) will be impor-
tant. Resprouting ability is likely to be a key trait in deter-
mining persistence, as it determines the ability of a tree to 
survive and recover following trunk breakage (Bond and 
Midgley 2001; Araujo et al. 2017). Evidence that resprout-
ing ability confers tolerance to flooding events comes from 
observations that multi-stemmed trees are favored under 
regular disturbance-stress regimes (Bond and Midgley 
2003; Dunphy et al. 2000; Bellingham and Sparrow 2009). 
However, the phylogenetic signal—measure of trait distri-
bution across phylogenetic tree to a given community, or 
persistence niche strategies, such as resprouting—is poorly 
known, so the consequences of environmental filtering due 
to flooding stress for the phylogenetic structure of tree com-
munities are unclear.

No study to date has assessed the importance of flood-
ing as an environmental filter in seasonally dry biomes—
flooded forests subjected to < 1800 mm rainfall per year, the 
typical annual rainfall of the tropical dry forests (Dryflor 
2016; but see Gonzalez-Caro et al. 2014 for phylogenetic 
diversity comparisons across biomes). Here, we aim to 
assess the influence of flooding gradients on evolutionary 
diversity across the South American Caatinga Domain, the 
largest continuous extent of the tropical dry forest biome 
(Fernandes 2003; Santos et al. 2012). While dry forests and 
woodlands, the predominant vegetation type in the Caatinga 

Domain and in tropical dry forest as a whole, have natural 
constraints related to water shortage, seasonally flooded 
forests in tropical dry forest are also potentially affected by 
soil waterlogging. Thus, we have a natural scenario for test-
ing the idea that stress gradients act as environmental filters 
to shape patterns of evolutionary diversity, and to examine 
the role of persistence strategy in influencing such patterns. 
Here, we hypothesize that water-related stresses impose a 
strong environmental filter, thus leading to the similar pat-
terns of evolutionary diversity. We expect that both hydric 
stresses, waterlogging and water shortage, will lead to low 
evolutionary diversity, because selected lineages could per-
sist in such conditions in a dry climate. In addition, as multi-
stemmed trees are favored in harsh conditions, phylogenetic 
signal of resprouting ability could explain such evolutionary 
patterns, in flooded and dry forests. Finally, we predicted 
that intermittently flooded forests would show similar evo-
lutionary diversity patterns to dry forests, because we expect 
that drought stress imposes the dominant environmental fil-
ter on the lineage pool, with environmental filters imposed 
by flooding further modifying the lineages present.

Methods

Study area and sampling

Sampling units in this study were tree communities across 
flooding gradients in four tributaries of the São Francisco 
River basin, eastern Brazil (Fig. 1). In each area, we estab-
lished 30 plots of 20 × 20 m (400 m2), totaling 120 plots and 
4.8 ha. In some cases, plots were 10 × 40 m (400 m2) due to 
narrower vegetation bands. The plots were then classified 
into three flooding degrees, according to their distance to the 
river channel, with 72 plots in the areas that were regularly 
flooded (hereafter flooded), 24 plots that experienced occa-
sional flooding (occasionally flooded), and 24 plots that did 
not experience flooding (unflooded). All the tree individu-
als with diameter at breast height (DBH) ≥ 3.2 cm (≥ 10 cm 
circumference at breast height; CBH—standard criteria for 
dry forests) were measured and identified at the species level 
during sampling. Our classification of flooding degree was 
based on local knowledge. For instance, our flooded forests, 
located by riparian habitats, are annually flooded, have evi-
dence of sedimentation deposits, and also short-lived ponds. 
The occasionally flooded forests are characterized by shal-
low depressions and are flooded at a frequency of about once 
in every 30 years. Finally, the unflooded forests are charac-
terized by typical dry forests, with no evidence of tempo-
rary ponds. All plot censuses were performed during the dry 
seasons (July–November 2012, 2013, and 2015). The tree 
species were identified in the field and nomenclature was 
revised in REFLORA database, accessed at 20 July 2017.
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Phylogenetic diversity metrics

A phylogenetic tree of the whole species pool was gener-
ated using Phylomatic in Phylocom version 4.2 (Webb et al. 
2008). This tool provides a phylogenetic hypothesis for the 
relationships among taxa by matching the list of species, 
with up-to-date family and genus names, and tip labels of 
a provided megatree (Webb and Domoghue 2005). In this 
case, the topology of R20120829.new provided at http://
phylo diver sity.net/phylo matic / was used. An ultrametric 
phylogeny including branch length in millions of years (Ma) 
was obtained using the branch length adjustment (bladj) in 
Phylocom. This function fixes the root node (angiosperms, 
179 Ma) and other nodes to specified ages based on Wik-
strom et al. (2001). We then used the Phylocom phylogeny, 
which includes all the species in our data set, to calculate 
six metrics that evaluate the evolutionary history in com-
munities: (1) the total phylogenetic branch length of all 
species occurring in a given community, i.e., phylogenetic 
diversity sensu stricto (PD; Faith 1992); (2) mean pairwise 

phylogenetic distance based on branch length (MPD; Webb 
2000; Webb et al. 2002); (3) mean nearest taxon distance 
(MNTD; Webb 2000; Webb et al. 2002); and (4, 5, and 6) 
the standardized effect sizes for species richness (ses.PD, 
ses.MPD, and ses.MNTD). Both MPD and MNTD are 
weighted by abundance and measure the average pairwise 
distance of all the individuals and between an individual and 
the most closely related excluding conspecifics, respectively.

Because these standardized metrics have an expected 
value of 0 and a SD of 1, values < − 1.96 or > 1.96 represent 
communities that show lower or higher phylogenetic diver-
sity than would be expected by chance, respectively (Kembel 
et al. 2010), while values within this range indicate that phy-
logenetic diversity is no different than random expectation, 
i.e., communities are assembled from random draws of the 
phylogeny (Kembel et al. 2010).

For each community, these standardizations were accom-
plished by randomly drawing the same number of species 
from the phylogeny as present in the community, and 
repeating this 1000 times. Then, we calculated PD, MPD 
and MNTD for each randomization taking the difference 
between the observed value of PD, MPD, and MNTD, the 
mean of the random values, and dividing these differences 
by the standard deviation across the randomizations.

Because flooded environments have more sampling units, 
which could potentially bias analyses and interpretation, we 
applied the same analysis using an equal number of sam-
pling units per flooding category, and found the same results 
(Online Resource 1). We computed the phylogenetic diver-
sity analyses using the picante package (Kembel et al. 2010) 
in the R Statistical Environment.

Data analysis

We tested whether different flooding frequencies lead to 
significantly distinct amounts of phylogenetic diversity by 
applying Kruskal–Wallis tests (due to non-normally distrib-
uted residuals), followed by post hoc Dunn tests with Bon-
ferroni correction (Dinno 2017). We tested whether using 
an unresolved phylogeny affects the overall results for phy-
logenetic diversity by generating 1000 randomly resolved 
phylogenies, using the ape package (Paradis et al. 2004) in 
R. We then calculated ses.PD values using all fully resolved 
phylogenies and correlated the mean values with the ses.PD 
values found for the unresolved phylogeny. We also used 
the fully resolved phylogenies to estimate phylogenetic sig-
nal in resprouting ability using Blomberg’s K (Blomberg 
et al. 2003), which quantifies the amount of variance in an 
observed trait in relation to the expected variance under a 
Brownian motion model of evolution. We assessed the sig-
nificance of phylogenetic signal by recalculating K a thou-
sand times on phylogenies with randomly permuted tips. 
Finally, we mapped relative abundance in seasonally flooded 

Fig. 1  Map showing the location of the sampling areas (labeled C, 
V, P, and J) across the São Francisco River basin, Minas Gerais and 
Bahia states, Brazil. C  Carinhanha river, V Verde Grande river, P Par-
acatu river, J Jequitaí river. Vegetation types found across the flooding 
gradients; classified according to the flooding frequency (see “Meth-
ods”). Dashed lines show water level during the flooding season. 
Adapted from Pereira 2013

http://phylodiversity.net/phylomatic/
http://phylodiversity.net/phylomatic/
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sites on to the unresolved phylogeny by interpolating states 
at internal branches through a maximum-likelihood ancestral 
state reconstruction (Schluter et al. 1997). We then tested 
whether the relative abundance of lineages found in season-
ally flooded sites is associated with resprouting ability using 
a phylogenetic generalized least-squares approach available 
in the nlme package (Pinheiro et al. 2017) in R. We con-
ducted the trait mapping and phylogenetic signal analyses 
using the phytools package (Revell 2012) in R.

Results

Taxonomic and phylogenetic diversity

The three habitat types differed significantly from each 
other in richness. Unflooded forests had the highest species 
richness, followed by occasionally flooded and flooded 
forests (Kruskal–Wallis X2

38.77
 , P < 0.001). The highest 

phylogenetic diversity (PD), the sum of phylogenetic 
branch lengths in a community, was found in unflooded 
and occasionally flooded forests (Kruskal–Wallis X2

31.75
 , 

P < 0.001) compared to flooded forest, and mirroring the 
overall patterns of species richness (Online Resource 2, 
Fig. 2). In contrast, mean nearest taxon distance (MNTD) 
was significantly higher in flooded forest than occasionally 

and unflooded forests (Kruskal–Wallis X2

25.47
 , P < 0.001). 

Finally, mean pairwise distance (MPD) did not differ sig-
nificantly among the three groups (Fig. 2).

Lineage diversity

The highest lineage diversity (i.e., ses.PD) was found 
in flooded and occasionally flooded forests compared 
to unflooded forests (sesPD; F9279, P < 0.001) (Fig. 3a). 
These results were robust to phylogenetic uncertainty; 
the correlation between average ses.PD (from randomly 
generating 1000 fully bifurcating trees) and ses.PD of 
the original tree indicates that the lack of phylogenetic 
resolution in the phylogenetic tree did not affect the 
overall results (Online Resource 3). Flooded forests had 
the highest amounts of both neighbor lineage diversity 
(MNTD standardized for species richness; ses.MNTD), 
(Kruskal–Wallis X2

17.20
 , P < 0.001, Fig. 3b) and clade line-

age diversity (MPD standardized for species richness; ses.
MPD, Fig. 3c) compared to occasionally and unflooded 
forests. Over 7% of the species in flooded forests belong to 
basal angiosperm lineages (magnoliids), with much lower 
proportions in occasionally flooded (1.83%) and unflooded 
forests (2.32%).

Fig. 2  Distribution of species richness  (a) and phylogenetic diver-
sity values (PD, MNTD, and MPD, b–d) in tree communities found 
across flooding gradients of the São Francisco River basin, eastern 
Brazil. PD phylogenetic diversity, MNTD mean nearest taxon dis-

tance, MPD mean pairwise phylogenetic distance. Same letters in two 
or more groups (flooding frequencies) indicate that means are no dif-
ferent than random expectation (i.e., P > 0.05 in Kruskal–Wallis and 
post hoc Dunn test with Bonferroni correction)
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Resprouting ability

The phylogenetic generalized least-squares (PGLS) model 
revealed higher lineage abundance in seasonally flooded 
environments for lineages with resprouting ability (Fig. 4; 
Delta AIC = − 14.617), but resprouting ability has no phy-
logenetic signal. This result is robust to phylogenetic uncer-
tainty (assessed by calculating phylogenetic signal after 
randomly generating 1000 fully bifurcating trees, Online 
Resource 4).

Discussion

We had hypothesized that water-related stress imposes a 
strong environmental filter, resulting in low evolutionary 
diversity in both flooded and drought habitats, but differ-
ences in diversity patterns between different unstandard-
ized phylogenetic diversity metrics (PD, MNTD, and MPD) 
were found across the flooding gradient. In addition, higher 
amounts of lineage diversity (ses.PD, ses.MNTD, and ses.
MPD) under higher levels of seasonal flooding indicate 
that flooded forests show greater lineage diversity than 
expected given their richness and the establishment of dry 
forest lineages does not occur randomly across the flooding 

gradient. Though, in moist biomes, evolutionary diversity 
is negatively correlated with flooding frequency (Aldana 
et al. 2016), we found that, in dry biomes, lineage diversity 
is higher in flooded forests. Finally, we found that the most 
abundant lineages persist in seasonally flooded environments 
by resprouting, a response trait to the environment that was 
randomly distributed in the phylogeny.

Phylogenetic and lineage diversity

Raw phylogenetic diversity shows intriguing patterns 
across the flooding gradient. First, occasionally flooded and 
unflooded forests have similar patterns, which confirmed the 
assumption that both forests are ecologically and evolution-
ary assembled by drought stress selecting drought tolerant 
clades. These forests showed high species diversity, high 
PD, and low MNTD values compared to flooded forests with 
low PD and high MNTD values. It is possible to explain 
these patterns due to correlation between metrics (Online 
Resource 2). Richness was positively correlated with phy-
logenetic diversity not controlled for species richness (PD), 
but negatively correlated with MNTD. Increasing richness 
increases the sum of the branch length of the phylogeny 
(PD), but decreases mean distance between family and 
genus-level clades (MNTD). Thus, it is possible that drought 

Fig. 3  Distribution of phylogenetic diversity values standardized for 
species richness (ses.PD, ses.MNTD, and ses.MPD, a–c) in tree com-
munities found across flooding gradients in the São Francisco River 
basin, eastern Brazil. ses.PD standardized phylogenetic diversity, ses.
MNTD standardized mean nearest taxon distance, ses.MPD stand-
ardized mean pairwise phylogenetic distance. Same letters in two or 
more groups (flooding frequencies) indicate that means are no dif-
ferent than random expectation (i.e., P > 0.05 in Kruskal–Wallis and 
post hoc Dunn test with Bonferroni correction)

Fig. 4  Time-calibrated phylogeny of angiosperm species in tree com-
munities found across flooding gradients of the São Francisco River 
basin, eastern Brazil. Colours represent the relative abundance of lin-
eages found in seasonally flooded sites (AF); warmer colours indicate 
higher values. The figure illustrates the phylogenetic overdispersion 
of lineages that are abundant in seasonally flooded sites. Bars repre-
sent a resprouting index and larger bars indicate higher resprouting 
ability. Scale (length) is in Ma and is equivalent to branch lengths in 
the phylogeny (50 Ma)
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tolerant clades in unflooded forests are old and confined to 
tropical dry forest clades (Pennington et al. 2009). It seems 
that unflooded forest communities have only evolved a few 
times (low lineage diversity: low ses.PD, ses. MNTD, and 
ses.MPD), but have recent and great diversification (high 
richness and PD values). This is consistent with the previ-
ous assessments of the non-flooded landscapes within the 
dry forest biome (Pennington et al. 2009; Gonzalez-Caro 
et al. 2014). In contrast, flooding seems to filter many dis-
tantly related flood-tolerant lineages (high lineage diversity: 
high ses.PD, ses.MNTD, and ses.MPD) related to resprout-
ing ability, but each lineage has low species richness and 
correlated PD values, with ancient diversification (high 
MNTD and MPD values). These clades could represent 
a flood-tolerant subset of the vast and widespread pool of 
mesic-adapted taxa distributed throughout tropical rainfor-
ests, including the Amazon Basin.

Two factors emerge to explain this pattern. First, gallery 
forests in dry biomes seem to connect tropical moist biomes 
(e.g., Amazon Basin and Atlantic forest sensu stricto) as 
relictual migratory routes (Oliveira-Filho and Ratter 1995; 
Batalha-Filho et al. 2013). Second, tropical rainforests are 
considered older moist biomes compared to dry forests, and, 
therefore, have more lineages (Eiserhardt et al. 2017). If it is 
correct, flooded forests could be seen as a refuge for mesic-
adapted taxa in dry biomes, particularly tropical dry forest.

On one hand, there is compelling evidence in the lit-
erature supporting Phylogenetic Niche Conservatism for 
warm environments; only a small subset of lineages was 
able to colonize frost-affected environments over evolution-
ary time (Latham and Ricklefs 1994; Jablonski et al. 2006; 
Wiens and Donoghue 2004; Wiens et al. 2010; Zanne et al. 
2014; Kerkhoff et al. 2014; Augusto et al. 2014). On the 
other hand, patterns of Phylogenetic Niche Conservatism 
for mesic, moist environments are still unclear and poorly 
explored (Qian et al. 2017; Qian and Sandel 2017), and our 
results bring further support to the idea that seasonally dry 
environments are mainly assembled from a subset of plant 
lineages that can tolerate drought. While tree communities in 
seasonally flooded forests are found under the same precipi-
tation conditions as unflooded, dry forests (6 months with 
less than 100 mm of total rainfall), a higher level of soil 
moisture during the dry season, due to proximity to the river 
channel, seems to provide a suitable environment for most 
plant lineages in the phylogeny, thus leading to the observed 
patterns of higher lineage diversity. Moreover, high lineage 
diversity (ses.PD) was found in occasionally flooded forest, 
which suggests that even infrequent flooding could allow 
mesic-adapted taxa to establish in drought environment. 
This phylogenetic impoverishment in unflooded dry forests 
is even more evident in basal lineages (magnoliids), which 
are known to conserve mesic habitat preferences (Coronado 
et al. 2015; Carlucci et al. 2017).

Resprouting ability

We found that resprouting ability influences association with 
flooded forests, but, as it is randomly distributed across the 
phylogeny, environmental filtering due to resprouting abil-
ity does not lead to a loss of evolutionary diversity. This 
contrasts the phylogenetic overdispersion (convergence) 
for resprouting ability in tree communities found across 
flooding gradients in the Atlantic Forest Domain (Giehl and 
Jarenkow 2015), and suggests that the mechanisms driving 
the patterns of community assembly are overall distinct in 
seasonally dry environments. In our study, because flooding 
is filtering for plant lineages that have the ability to resprout 
after flooding disturbance, and resprouting is not a phylo-
genetically conserved trait, plant communities in season-
ally flooded environments are likely assembled from random 
draws of the resprouting lineage pool. This leads to the pat-
terns of evolutionary diversity that are not different than 
random expectation (see Fig. 2 and “Methods”), but overall 
higher than in unflooded, dry forests, which are assembled 
from an impoverished lineage pool that can tolerate harsh-
ness associated with water shortage.

Conclusions

Quantifying evolutionary diversity across flooding gradients 
in seasonally dry environments brought new insights on how 
the same environmental filters may lead to disparate pat-
terns of evolutionary diversity. Dry forests are composed 
of a subset of clades that can tolerate drought, with high 
species diversity and correlated phylogenetic diversity in 
some specific confined clades, with intermittently flooded 
forests showing similar patterns. Besides high lineage diver-
sity, flooded forests are composed of distantly related flood-
tolerant lineages with less species diversity, but high family 
and genus-level phylogenetic diversity. Although resprouting 
is a randomly distributed trait across the phylogeny, a wide 
range of lineages that have the ability to resprout can persist 
in flooded habitats. Thus, flooded forests are dominated by 
resprouters. Multi-stemmed trees in the persistence niche are 
selected for in a lineage pool that can resprout in an unstable 
environment.
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