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Abstract

Background Interest in the evolution of climatic niches, particularly in understanding the potential adaptive
responses of species under climate change, has increased both theoretically and within macroecological studies.
These studies have provided valuable insights into how climatic traits of species influence their niche evolution. In
this study, we aim to investigate whether niche conservatism plays a role in the species diversification of Nymphaea, a
group of aquatic plants with a cosmopolitan distribution that is facing severe habitat loss. We will use climatic models
and phylogenetic data for 23 species to reconstruct Nymphaea's niche evolution, measure niche overlap, and assess
disparity through time while testing for evolutionary models.

Results There was a lot of overlap in niches both within and between groups, especially for species that can be
found in many places. The breadth and peaks of the niche profile varied depending on the bioclimatic variables,
which suggested that the species evolved differently to cope with changes in climate. The analysis also showed

that evolutionary changes happened across the phylogeny, with weak to moderate signals. The morphological
disparity index (MDI) values indicated that there were disparities within subclades over time but not between or
among them. Niche reconstruction and evolution analysis revealed both convergent and divergent evolution among
various variables. For example, N. immutabilis, N. atrans, N. violancea, and N. nouchali evolved towards intermediate
temperatures for bio2 and bio3 (isothermity) while moving towards extreme temperatures for bio8 and bio9 (wettest
and driest average quarterly temperatures).

Conclusion Our study will improve our understanding of how changes in climatic niches are potentially driving
the evolution of Nymphaea. It has significant scientific implications for the limits, assemblages, evolution, and
diversification of species. This information is crucial for the ongoing efforts of conservation and management,
particularly considering the inevitable effects of climate change.
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Background

The threat of climate change leading to habitat loss for
various species highlights the urgent need for biodiversity
and species habitat conservation [1-4]. The availability of
data from species and ecological distribution models has
significantly increased, allowing for well-informed deci-
sions regarding species’ responses to climate change. It is
crucial to comprehend how species adapt to diverse envi-
ronments in light of climate fluctuations [5].

Phylogenetic niche conservatism (PNC) is an intrigu-
ing concept that investigates how species that are closely
related share niche characteristics and preserve the attri-
butes of their fundamental niche over time [6, 7]. This
knowledge is not just theoretical, but it also has practi-
cal implications. PNC models offer valuable informa-
tion that can guide decision-making processes related to
species’ reactions to climate change. They provide a fast
and cost-effective approach to developing conservation
strategies. To test the assumption that phylogenetically
closely related species share climatic niche requirements
compared to distant ones, researchers have employed
the PNC framework. Over evolutionary time, adapta-
tion to different environmental conditions can result in
trait divergence within a lineage [7]. This variation in trait
evolution can lead to differences in patterns, rates, and
modes of trait evolution. Macroevolutionary approaches
play a pivotal role in our understanding of species niches.
By evaluating the relative adequacy of different models
of continuous trait evolution [8-10], such as Brownian
motion (BM) and Ornstein-Uhlenbeck (OU) [10, 11], and
considering phylogenetic signal indices such as Pagel’s A
and Blomberg’s K as a test for confirmation of PNC, we
can delve deeper into the evolution of species niches [12].
Understanding the evolution of climatic niches is not just
an academic pursuit but a crucial step toward biodiver-
sity conservation. It helps us comprehend how climate
has shaped the speciation process and species distribu-
tion over time. This knowledge is of utmost importance
for the conservation of biodiversity as it directly affects
the management and survival of species in present and
future scenarios. Over the past million years, the Earth
has experienced significant climatic variations [13],
which have played a fundamental role in shaping the
geographic distribution and diversification patterns of
species.

The genus Nymphaea L., which belongs to the well-
known plant family Nymphaeaceae (commonly known
as water lily), is the most diverse, with an estimated
40-45 species [14]. The genus originated from a com-
mon lineage approximately 38 million years ago in the
Eocene period. This gave rise to three distinct lineages:
the subgenera Hydrocalis and Lotos (i), Brachyceras and
Anecphya (ii), and Nymphaea (iii) [14]. Within these
subgenera classifications, the majority of species occupy
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unique ecological habitats and ranges. For example, the
subgenera Hydrocalis and Lotos are found in the Neo-
tropics and Paleotropics of South America and Africa.
Anecphya is native to Australia, while Nymphaea is
recorded in Central and North America, Europe, and
temperate Asia. Brachyceras is widely distributed across
Pantropical regions, including Central and North Amer-
ica, Europe, Africa, Australia, and temperate and tropical
Asia [15]. These species demonstrate distinct distribution
patterns associated with ecological adaptation and recent
climate change, which pose a significant threat to their
habitats. Nymphaea species are considered cosmopoli-
tan, indicating their wide distribution throughout various
regions worldwide. These regions experience different
climate change effects, which, along with other ecologi-
cal factors, are likely to impact species distributions and
patterns.

Previous studies have investigated Nymphaea spe-
cies by analyzing various genetic regions, including the
nuclear region (ITS) and the noncoding region (trnT-
trnF), as well as the coding regions (rbcL, rpll6, and
matK). Some studies have analyzed the entire genome
[16-18], while others have used morphological data in
combination with genetic analysis [19-25]. Moreover,
researchers have assessed the genetic diversity of Nym-
Pphaea species [26, 27] and examined the suitability of
their habitats [26, 28—30]. However, the climatic niche
evolution and niche conservatism of Nymphaea species
remain unexamined. Therefore, we utilized a phylocli-
matic modeling approach that integrated phylogenetic
information and environmental niche models (ENMs)
derived from bioclimatic data to understand the niche
evolution of the Nymphaea species. This approach has
successfully explored various evolutionary questions
and evaluated the potential responses of the organisms
to future climatic changes [5, 31, 32]. Such studies are
becoming increasingly popular due to the significant loss
of species biodiversity caused by global warming [8].

In this study, we aim to explore the effects of climate
change on the evolution and distribution of Nymphaea
species in key areas of Africa, Australia, and South
America. To achieve this, we will utilize phylogenetic
data and species distribution models (SDMs) to (i) per-
form phylogenetic signal analysis, (ii) assess ancestral
climatic tolerances, (iii) evaluate niche overlap, (iv) fit
different macroevolutionary models, (v) evaluate ecologi-
cal niche disparity through time (DTT), and (vi) evalu-
ate niche reconstruction and the evolution of Nymphaea
species. By examining the influence of climatic factors on
the evolutionary dynamics of lineages and species across
space and time, We will determine whether convergent
or divergent events occurred during the evolution of spe-
cies niches. Our study will not only enhance our under-
standing of the patterns of evolutionary diversification
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and adaptation in Nymphaea species but also provide
insights into how different clades can colonize the same
areas and develop similar habitat requirements.

Results

Phylogenetic reconstruction

Using a subset of molecular data from the ITS and trnT-
truF regions of Nymphaea, a total of 26 ingroup taxa and
one outgroup, 1967 molecular characteristics were ana-
lyzed, revealing a phylogenetic structure consisting of
three lineages and five clades. The first clade included
N. subg. Nymphaea, while the second and third clades
comprised N. subg. Lotos and N. subg. hydrocalis, respec-
tively. The fourth and fifth clades were N. subg. Brachy-
ceras and N. subg. Anecphya. Phylogenetic analysis
suggested that the divergence of the genus Nymphaea
from its sister genus occurred in the late Paleogene (Oli-
gocene), with the most recent split occurring in the mid-
Neogene (Fig. S1).

Ecological niche modeling

The ecological niche models encompassed the entire
accessible area of the genus. The models demonstrated
good accuracy, with AUC values ranging from 0.731 for
N. lotus to a maximum of 0.999 for N. atrans and N. geor-
ginae. The COR values varied from 0.059 to 0.700, with

Table 1 Model fitness evaluation and the threshold at which
species absence is assumed

Species AUC COR maxSS
N.alba 0.991 0485 0.020
N.amazonum 0.886 0.150 0.011
N.ampla 0.825 0.059 0.031
N. atrans 0.999 0.700 0.071
N. carpentariae 0.992 0.381 0.024
N. elleniae 0.996 0451 0.048
N. georginae 0.999 0516 0.077
N. gigantea 0.960 0.393 0.006
N. hastifolia 0.996 0438 0.042
N. heudelotii 0.907 0.063 0.016
N. immutabillis 0.975 0.387 0.004
N.jamesoniana 0917 0.077 0.043
N. lingulata 0.928 0.199 0.021
N. lotus 0.731 0.152 0011
N. macrosperma 0.994 0519 0.013
N. mexicana 0.989 0.396 0.021
N. micrantha 0.920 0.253 0.007
N. nouchali 0.801 0.307 0.024
N. odorata 0.995 0216 0.111
N. pubescens 0.998 0.697 0.019
N. pulchella 0917 0.338 0.007
N. rudgeana 0.860 0.100 0.016
N. violancea 0978 0.594 0.002

AUC; Area under the curve, COR; biserial point correlation, and maxSS;
maximum specificity and sensitivity threshold
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N. ampla and N. atrans showing the lowest and highest
values, respectively (Table 1). The models indicate that
Africa and South America have greater habitat suitabil-
ity and potential distribution, suggesting a close envi-
ronmental relationship between the two continents.
Introduced species such as N. odorata and N. mexicana
show potential suitability across continents, while the
Australian Anecphya group remains endemic based on
the models. The maps showed that most species have
limited geographic ranges compared to those in Africa
and South America (Fig. S2), which indicated restricted
dispersal opportunities.

The variance in the realized niche accounted for 29.5%
of the variance in PC1 and 27.9% of the variance in PC2,
according to the PCA result, demonstrating the pres-
ence of overlapping niche spaces for most species (Fig. 1).
Nymphaea georginae exhibited a limited range size and
less overlap compared to the other species. Notably,
three species, namely, N. odorata, N. mexicana, and N.
alba, were clearly distinguished from the others, as they
shared a similar environmental space below —2 on the
y-axis. The bioclimatic variables bio2 and biol9 made
the most remarkable contributions to PC1 (20.92% and
17.71%, respectively), while bio9 and bio8 contributed the
most to PC2 (25.98% and 22.29%, respectively) (Table 2).
Although all the other variables performed reasonably
well, the contributions of the bio2 and bio18 variables to
PC2 were relatively low (Table 2). The contributions of
bioclimatic variables varied significantly among the spe-
cies (Fig. 2). In comparisons within clades, some species
in the N. subg. Anecphya showed no significant differ-
ences in bioclimatic variables, such as N. atrans and N.
gigantea in bio9 and N. immutabilis, N. gigantea, and N.
violancea in bio8.

Ecological niche overlap

The analysis of niche overlap revealed that some species
exhibited high niche overlap values, while majority dis-
played low to moderate overlap niche values within and
among different clades (Fig. 3; Table S1). Among species
pairs within the same clade showing high overlap values,
we observed N. lingulata and N. jamesoniana (0.742;
N. subg. Hydrocalis clade), N. pulchella and N. ampla
(0.723; N. subg. Brachyceras), N. rudgeana and N. ama-
zonum (0.808; N. subg. Hydrocalis), and N. hastifolia and
N. macrosperma, as well as N. violancea and N. immuta-
bilis (0.802 and 0.759; N. subg. Anecphya respectively).
Similarly, N. hastifolia and N. macrosperma, N. violancea,
and N. immutabilis from Australia (N. subg. Anecphya)
exhibited overlap values greater than 0.5. Conversely,
the niche overlap between species from different clades
was greater for N. rudgeana (N. subg. Hydrocalis) with N.
ampla and N. pulchella (N. subg. Brachyceras) (0.788 and
0.793, respectively), both clades from Central and South
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Fig. 1 Principal component analysis (PCA) for the 26 Nymphaea species habitat niche variation

Table 2 Relative contributions of the eight bioclimatic variables
in principal component analysis 1 and 2

Bioclimatic variables Code PC1 PC2
Mean Diurnal Range (°C) bio2 20.923 0.225
Isothermality (°Cx100) bio3 10.92 13.427
Mean Temperature of Wettest Quarter (°C)  bio8 7.096 22.29
Mean Temperature of Driest Quarter (°C)  bio9 3717 25.983
Precipitation of Wettest Month (mm) bio13 12.289 18.22
Precipitation of Driest Month (mm) bio14 16.543 17452
Precipitation of Warmest Quarter (mm) bio18 10806 0618
Precipitation of Coldest Quarter (mm) bio19 17.706 1.784

America. Additionally, N. lotus (N. subg. Lotos), primar-
ily found in Africa, showed significant overlap with N.
micrantha and N. nouchali (N. subg. Brachyceras) from
South America (0.730 and 0.789, respectively). These
findings suggest varying levels of niche conservatism and

divergence among species pairs within the group; how-
ever, ecological divergence predominate.

Predicted ancestral tolerance and niche occupancy

The ENMs were applied to assess the phylogenetic his-
tory of niche evolution by analyzing the PNO profiles.
The contribution of each bioclimatic variable to the
heterogeneity of the species distributions was visual-
ized (Fig. 4). For example, the isothermity (bio3) vari-
able showed that different Nymphaea species occupied
distinct regions of the parameter space. N. violancea, N.
odorata, and N. mexicana were clustered on the right
side, with values ranging from approximately 45 to 55.
N. elleniae, N. carpentariae, N. georginae, and N. gigan-
tea occupied the range of 50 to 65, while N. jamesoniana
and N. lingulata had values of 60 to 85, with some over-
lapping distributions. Nymphaea nouchali exhibited a
more comprehensive range, ranging from 45 to 85. There
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tha, pul=
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were isolated peaks in the distribution of certain species
for specific bioclimatic variables, such as N. odorata in
bio2, bio8, bio13, and biol8; N. atrans in bio9 and biol8;
and N. georginae in all variables except biol4 and biol9.
These peaks indicated unique aspects of their distribu-
tion compared to those of other species. Notably, bio8,
biol4, and biol9 tended to influence the evolutionary
history of the species despite differences in their eco-
logical distributions. The diverse PNO profiles revealed
distinct adaptations to precipitation and temperature, as
well as niche partitioning within the clades. For instance,
N. odorata, N. macrosperma, and N. alba exhibit a tol-
erance for precipitation levels less than approximately
200 mm, while N. pubescens and N. pulchella thrive with
precipitation ranging between 200 and 400 mm in biol3.
Overall, the PNO profiles for temperature and precipita-
tion significantly influenced the clustering of taxa within

N. pulchella, amp=N. ampla, nou=N. nouchali, ell=N. elleniae, vio = N. violancea, has = N. hastifolia, atr= N. atrans, imm=N. immutabilis, car=N.

similar parameter ranges (Fig. 4). Furthermore, the PNO
analysis sheds light on the evolutionary radiation of N.
nouchali and N. lingulata, as they have adapted to a wide
range of bio3 values, and N. nouchali also demonstrates
versatility in its bio8 PNO profile.

The PNOs of biol8 indicate a diverse array of Nym-
phaea species radiation compared to other projected
ecological spaces, such as biol3, where clear separa-
tion in precipitation is observed between the first and
second clades (Fig. 5). Within biol3, species such as N.
alba, N. odorata, and N. mexicana exhibit divergent evo-
lution across a wide range of ecological space, occupy-
ing both low and high values of the variable. However,
these species remain conserved within their respective
clades, with little to no divergence observed among spe-
cies from the same clade. In contrast, convergent evolu-
tion is observed through the branching patterns among
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different species in bio2 and bio18, particularly within the  evidence of correlation among species under a BM trait
first clade. The taxon distribution within this clade dem-  evolution process (Pagel’s A range from 0 (no correlation)
onstrates a tolerance for low values of these bioclimatic  to 1 (correlation), with A values of 0.932, 0.912, 0.913, and
variables, enabling these species to be easily introduced  0.998 at P=0.00 (Table 3). Among the alternative evolu-
to new geographical areas. While most of the bioclimatic ~ tionary models, only bio8 exhibited a lower AICc value,
variables support a wide distribution range for the spe- indicating a BM pattern of evolution (Table 4).

cies, bio8 limits the distribution of all clades except N.

subg. Nymphaea, while bio3, biol4, and biol9 contrib-  Accumulation of disparity through time

uted to the restricted distribution of N. subg. Anecphya  Disparity through time (DTT) plots were generated to

in Australia. measure the extent of disparity within and among the
clades (Fig. 6). The plots reveal a departure from the
Phylogenetic signal testing for niche conservatism Brownian model of evolution, with most ecological dis-

The bioclimatic variables tested non-provided substan-  parities starting at values above 0.4 and some bioclimatic
tial evidence in support of the PNC hypothesis, as they  variables accumulating even greater disparities (bio2,
displayed null phylogenetic signals (K<1) with distribu-  biol3, biol8, and biol9). In contrast, other variables
tion of variance within clades, and only bio8 show a weak  showed a decrease in disparity over time (bio3, bio8,
phylogenetic signals (0.884, P=0.001). Additionally, only  bio9, and bio14). The DTT plots display a relatively stable
bioclimatic variables bio3, bio8, bio14, and bio19 showed and progressive disparity from the base of the topology
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Fig. 4 Predicted niche occupancy (PNO) profiles in the eight bioclimatic variables of the Nymphaea species. The vertical axis represents total suitability
and horizontal variable values, with overlapping peaks indicating preference of similar climatic aspects

(time 0) to the region containing recent tip topologies
for bio18 and bio19. However, for other bioclimatic vari-
ables, there is variation in the progression shown by the
overlapping lines of observed relative disparity (continu-
ous line) and null model disparity (dotted line), such as
in bio2, bio9, bio13, and bio1l4. The DTT plots for the cli-
matic variables bio2, bio9, biol3, and bio18 demonstrate
an accumulation of disparity within the subclades toward
recent timeframes (divergence in recent nodes). These
levels of disparity also fall outside the 95% confidence
interval of null speciation for recent years. Generally,
the DTT disparity for all climatic layers is concentrated
within the subclades at a relative time between 0.5 and
1.0. Across all clades and bioclimatic variables, all the
MDI values were positive, indicating that the distribution

of disparity occurred within the subclades rather than
among or between them (Table 5).

Climatic niche reconstruction and evolution

The ML climatic ancestral reconstruction, based on the
BM (Fig. 7), revealed both niche convergence and diver-
gence in the analyzed bioclimatic variables. Accord-
ing to the evolutionary chronogram, N. immutabilis, N.
atrans, N. violancea, and N. nouchali evolved to inter-
mediate temperatures for bio2 and bio3 and toward
extreme temperatures for bio8 and bio9. In contrast, the
clade comprising N. alba, N. odorata, and N. mexicana
evolved toward intermediate temperatures for bio2 but
to extremely low temperatures for bio3 (colder condi-
tions). Similarly, the clade consisting of N. lingulata, N.
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Table 3 Phylogenetic signal test based on Blomberg's K and Pagel’s A for the eight bioclimatic variables

Bioclimatic layer Blomberg’s K Pagel’s lambda (M)

K P A logL logLO P
Mean Diurnal Range (°C)(bio2) 0.071 0.307 0422 —36.027 2.738 0.098
Isothermality (°Cx100)(bio3) 0359 0.001 0.932 —70.495 21433 0
Mean Temperature of Wettest Quarter (°C)(bio8) 0.884 0.001 0912 —46.878 30456 0
Mean Temperature of Driest Quarter (°C)(bio9) 0.102 0.157 0.733 -50.847 11.713 0.001
Precipitation of Wettest Month (mm)(bio13) 0.051 047 0.571 —127.41 5277 0.022
Precipitation of Driest Month (mm)(bio14) 0.385 0.001 0913 —83.366 13.968 0
Precipitation of Warmest Quarter (mm)(bio18) 0.062 032 022 —138.14 0.512 0474

Precipitation of Coldest Quarter (bio19) 0.578 0.001 0.998 —134.11 1892 0
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Table 4 The comparative performance of the four alternative
macro-evolution models for the eight bioclimatic variables

Bioclimatic layer Model InL AlCc Param-
eters
Mean Diurnal Range OU -39.017 85.298 3
(°Q)(bio2) 5 -39.021 85.306 3e
BM —57.663 119927 2%
EB —57.663 122.59 3eex
Isothermality ou —79.556 166.376 3
(°Cx100)(bio3) 5 —79.743 166.75 3e
BM —84.393 173387  2*
EB —84393 176.05 3
Mean Temperature ~ BM —53.851 112301 2
of Wettest Quarter ou ~53.139 113.542 3e
(C)(bios) 5 -53.738 1474 3
EB —53.851 114964 3%
Mean Temperature & —58.375 124.013 3
of Driest Quarter (°C) QU -58.388 124039  3e
(bio9) BM 71335 147269 2%
EB —71335 149933 3%
Precipitation of Wet- & —132.958 273.179 3
test Month (mm) ou -133.027 273317 3e
(bio13) BM ~151257  307.115 2%
EB 151257 309778 3%
Precipitation of Oou —-90.201 187.665 3
Driest Month (mm) & -90.337 187937  3e
(bio14) BM 94,288 193177 2
EB —94.288 195.84 3
Precipitation of Oou —142.286 291.835 3
Warmest Quarter 5 ~142.288 291838  3e
(mm)(bio18) BM ~152222 300045 2%
EB 152223 311708 3%
Precipitation of 5 136384 280031 3
Coldest Quarter ou -1365 280263  3e
(bio19) BM 13823 281059 2e
EB -13823 283722 3*

The initials represented; Akaike Information criterion for small sample size
(AlICc), Ornstein-Uhlenbeck (OU), Pagel’s delta (&), Brownian motion (BM), Early
burst model (EB)

rudgeana, and N. amazonum showed distinct evolution-
ary patterns in response to the bioclimatic variables bio2,
bio3, bio8, and bio9. The precipitation variables also dis-
played considerable variation among species. For exam-
ple, N. hastifolia, N. violancea, and N. elleniae evolved
toward both ends of climatic extremes, whereas N. ampla
and N. pulchella tended to adapt to similar climatic con-
ditions for all precipitation variables.

Discussion

The combination of phylogenetic data and species niche
distribution models has become increasingly popular in
uncovering the intricate biogeographical histories, evo-
lutionary changes in environmental niches, and poten-
tial underlying speciation processes of species in their
habitat environments. The phylogenetic structure was
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aligned with that of Borsch et al. [33], and the chronol-
ogy of cladogenesis, based on mutation priors, was con-
sistent with that of both Borch et al. [33] and Lohne et al.
[15]. Major diversification events for Nymphaea species
are estimated to have occurred during the late Paleogene
(Oligocene) and early Neogene (Miocene). In contrast,
multiple radiations have occurred more recently since
the mid-Miocene [15], which may be attributed to lower
levels of divergence among clades and species, as dem-
onstrated by the phylogenetic representation of ancestral
tolerance profiles (ATPs). Additionally, the characteristic
geographical distribution of these species also plays a role
due to the limited inherent climatic diversity, implying
potential niche conservatism within a short period [34],
which suggested that these species underwent radiation
due to climate change, converging on bioclimatic aspects
that favored their habitat suitability. The radiation can
also be referred to as gradual due to its restricted geo-
graphical distribution, which can be attributed to spa-
tial and temporal factors that contribute to the observed
patterns.

The distribution of Nymphaea species was mostly
influenced by two bioclimatic factors bio2 (Mean diurnal
temperature) and bio13 (Precipitation of wettest month).
Gallou et al. [35] reported diurnal temperature to be
widely correlated with the size of vascular plants. Like-
wise, precipitation may be related to reproductive aspects
of Nymphaeaceae, as it has been reported that there is
a correlation between flowering and seasonal flooding
cycles in aquatic plants [36]. Studies have also shown that
different fish and snake species exhibit both divergent
and convergent patterns of evolution in response to cli-
mate change [4, 31]. Species that show convergent evolu-
tion under climate change conditions are likely to exhibit
niche overlap, indicating their tolerance to common bio-
climatic conditions. For example, in South America, the
distribution of Nymphaea species is favored by the biocli-
matic variables bio2 and bio13. Also, divergent evolution
is observed due to differences in tolerance to bioclimatic
variables in different geographical regions. For instance,
N. heudelotii and the N. alba clade exhibit different
responses to biol8. Although closely related species
share similar ranges and clusters in PCA, indicating the
influence of phylogenetic structuring on their ecological
niche, their adaptation to bioclimatic conditions is lim-
ited. Notably, the first clade of the N. subg. Nymphaea
provides clear evidence of this phenomenon.

The use of PNO analysis to study the impact of climate
change on Nymphaea species provides valuable insights
into the timing of speciation events and the distribution
patterns of ecologically diverse species across different
regions. The chronological representation of these spe-
cies reveals why some areas have more variation and
diversity of Nymphaea species than others. For instance,
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Fig. 6 Relative disparity through time (DDT) accumulation plots of Nymphaea species climatic tolerances. The solid lines display distribution of relative
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Table 5 Total Morphological Disparity Index (MDI) for the
Nymphaea species phylogenetic tree

Bio climate variables MDl values avg.sq
Mean Diurnal Range (°C)(bio2) 0.6 0.330
Isothermality (°Cx100)(bio3) 04 -0.036
Mean Temperature of Wettest Quarter (°C) 02 —0.156
(bio8)

Mean Temperature of Driest Quarter (°C)(bic9) 0.3 -0.019
Precipitation of Wettest Month (mm)(bio13) 09 0.203
Precipitation of Driest Month (mm)(bio14) 0.7 0.114
Precipitation of Warmest Quarter (mm)(bio18) 0.7 0316
Precipitation of Coldest Quarter (bio19) 09 0.287

the distribution of N. subg. Anecphya in Australia shows
shared ecological preferences for bioclimatic variables
such as bio3, bio8, and biol9. Some of the tested vari-
ables show PNC for some clades and divergence in oth-
ers. For example, in the case of N. subg. Nymphaea (N.
alba+N. odorata+N. mexicana), we have different evi-
dence of PNC and divergence. N. alba shows the same
requirements for bio2, bio 8, bio 9, and biol3 as that of
N. odorata, and N. mexicana. However, it occupies geo-
graphically different regions separated by highly var-
ied habitats compared to the other two species, which
is consistent with PNC leading to allopatric speciation
through ecological selection [37]. However, N. subg.
Nymphaea also shows niche divergence from other spe-
cies in the group. On the other hand, we observed PNC

for bio2, biol4, biol8, and biol9. Although most bio-
climatic variables indicate a lack of PNC in ecological
niche reconstruction models, niche divergence is evident
across many of these variables. “Phylogenetic signal tests
show that there is no phylogenetic niche conservatism
(PNC) in most of the variables used. The absence could
be attributed to climatic and geographical isolation dur-
ing the species speciation phase [38]. “Similarly, Kozak
and Wiens [39] demonstrated that high levels of niche
evolution (divergence) are associated with low levels of
climatic overlap among clades within a lineage. This high
percentage of species with little overlap between clades
would be the main cause of having values indicating the
non-detection of PNC” However, this result should be
taken with caution since assuming that different PS val-
ues are sufficient to demonstrate PNC [6] is a mistake,
as this assumption is only true when the underlying evo-
lutionary model is BM [38]. It is vital to interpret PS as
a measure of a pattern rather than conclusive evidence
of high or low evolutionary rates because its complex-
ity intertwines with various evolutionary processes
[38]. However, other tests that we will discuss below
would support and explain the absence of PNC in most
of the bioclimatic variables. A cautionary note is neces-
sary when interpreting this type of results because some
authors argue that PNC is a mechanistic evolutionary
process that can lead, under different circumstances and
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Fig. 7 Reconstructed ancestral climatic preferences for Nymphaea species in eight climatic variables

times, to patterns with conserved niches, constraints
(divergent within limited available niches), or divergence
[6,12]”

Additionally, the variation in bioclimatic variables
revealed the heterogeneity in ecological preferences
among species. Sister species that have adapted to dif-
ferent environments tend to have limited dispersal and
gene flow, ultimately resulting in niche divergence and
allopatric speciation [40]. The extent of niche overlap in
geographical space plays a crucial role in determining
the degree of interaction or shared geographical aspects
between species. Sympatric distribution occurs when
the overlap thresholds of 0.5 for both the D and I dimen-
sions were met [41] The Hydrocalis clade, mainly consist-
ing of South American species, shows a high degree of
niche overlap, while most other species display low niche
overlap, indicating the absence of phylogenetic conser-
vatism. Similar patterns of high niche diversification and
low niche overlap have been observed in fish studies [42,

43]. The PNO profiles further illustrated that the spe-
cies adapt to their ecological requirements. The different
picks and profile breaths indicate the radiation of the spe-
cies to a broader spectrum of requirements in ecological
space. Although some overlapping picks showed spe-
cies with similar ecological tolerances, most picks differ
between species in terms of bioclimatic variables, except
for variables such as biol9, which explains tolerance to
similar climatic factors. This variable can be linked to the
range expansion limit, as it reflects extreme conditions
that could expose the species to frost and freezing.

The BM analysis suggested that values close to one
indicate that character evolution aligns with a BM model.
A value greater than 1.0 implies that closely related lin-
eages are more similar than expected based on a BM
model. Meanwhile, a value less than 1.0 indicates over-
dispersion, which means closely related lineages are
more dissimilar from each other than predicted under a
BM model. Although initially used to assess phenotypic
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trait evolution, in this study, DTT was used to assume
that bioclimatic variables represent species-specific traits
or physiological adaptations to climatic niches [44]. The
DDT plots remain stable during the period of common
ancestry until the late Neogene, when they become more
irregular. The MDI values show positivity, indicating that
disparity is mainly observed within subclades rather than
among them, deviating from the null model predicted by
BM of evolution [45]. While most bioclimatic variables in
the DDT analysis exhibit disparities within the 95% confi-
dence interval in support of the BM, the absence of niche
conservatism could be attributed to climatic and geo-
graphical isolation during the species speciation phase
[42].

In the analysis of the ancestral climate, it was found
that the geographic area can have a significant impact on
the evolution of a species. The habitat plays a crucial role
in determining the response and variation of the species.
For instance, two species, N. hastifolia and N. violancea,
sharing the exact geographic location, exhibit similar
responses to bio2 and bio3 variables. For instance, two
species, N. lotus and N. pubescens, being geographically
distant, show different responses, which highlights the
influence of evolutionary history on the species’ adap-
tive environment. Interestingly, even the clades that are
distantly related have evolved to adapt to similar climatic
conditions. N. ampla, N. pulchella, and N. mexicana
exhibited similar responses to biol8 and bio19, while N.
ampla and N. pulchella exhibited similar responses to
bio1l3 and biol4.

Materials and methods

Species occurrence

Species occurrence data were compiled from various
sources, including the Global Biodiversity Informa-
tion Facility (GBIF) and published studies [28-30, 46].
To ensure data quality, only records with more than five
occurrences were included in the analysis. Data cleaning
and spatial filtering were conducted using ArcGIS v10.8,
and a thinning algorithm implemented in the spThin
v.1.0.0 R package [47] was applied to reduce spatial auto-
correlation by thinning occurrence points to a minimum

Table 6 The reserved bioclimatic variable after variance inflation
factors (VIF) correlation analysis

Bioclimatic variables Code VIF values
Mean Diurnal Range (°C) bio2 2206
Isothermality (°Cx100) bio3 1.578
Mean Temperature of Wettest Quarter (°C) bio8 2132
Mean Temperature of Driest Quarter (°C) bio9 3.595
Precipitation of Wettest Month (mm) bio13 2343
Precipitation of Driest Month (mm) bio14 2425
Precipitation of Warmest Quarter (mm) bio18 2628
Precipitation of Coldest Quarter (mm) bio19 1.910
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distance of 5 km between each other. The resulting data-
set was used for the subsequent analysis (Table S2).

Climatic variable data

The current bioclimatic raster variables (biol-19; Table
S3) were obtained from the WorldClim database v1.4 [48]
at a spatial resolution of 2.5 min. These variables were
then clipped to the accessible area (M) for each species
ranges based on freshwater ecoregions [49] to ensure
consistency across all species ranges. To address multi-
collinearity issues, we extracted the values corresponding
to the species occurrence points using the “extract” func-
tion in the raster package v3.5.0 (https://cran.r-project.
org/web/packages/raster/). Subsequently, a multicol-
linearity test was conducted using the VIF function in
the “usdm” v1.1-18 R package [50, 51], and eight variables
were selected as the most significant predictors with the
VIF values ranging between 1.578 and 3.595 (Table 6),
which also aligned with the findings of Nzei et al. [28—
30] in terms of their contribution to habitat distribution
modeling.

Assessment of realized niche

The realized niche of the Nymphaea species was analyzed
based on the species climatic niche using point sampling
for each occurrence point. Moreover, principal compo-
nent analysis (PCA) was subsequently conducted in R
v.4.0.4. Additionally, an analysis of variance (ANOVA)
was performed to assess the realized niche variance for
each bioclimatic variable among the species, followed
by a post hoc test using Tukey’s honest significance dif-
ferences (Tukey HSD), following Gaynor et al. [52]
approach, to determine the significance of the distribu-
tion of climatic factors for the Nymphaea species.

Ecological niche modeling

The potential distribution of each species was deter-
mined using the Bioclim algorithm implemented in the
‘dismo’ R package v1.3-8 [51]. The selection of the model
criterion was made without considering the interconnec-
tions between variables or their explanatory power [53,
54]. This approach aligns with Hutchinson’s concept that
the environmental niche of species encompasses all the
conditions necessary for its persistence [55]. The mod-
el’s performance was evaluated using the area under the
curve (AUC) and biserial point correlation (COR) met-
rics implemented in the ‘dismo’ R package v1.3-8 [51],
following the methodology outlined by Engler et al. [53].
The threshold for determining suitable and unsuitable
regions was set using the maximum specificity and sensi-
tivity criterion (maxSS).


https://cran.r-project.org/web/packages/raster/
https://cran.r-project.org/web/packages/raster/

Nzei et al. BMC Plant Biology (2024) 24:476

Sequence data and processing

Sequence data comprising the ITS nuclear region and
the noncoding trnT-trnF region were retrieved from
the National Centre for Biotechnology Information
using accession numbers obtained from published stud-
ies [19, 22, 24, 33] and cultivar and hybrid species were
excluded from the analysis (Table S4). Priority was given
to sequences that matched our study regions, and addi-
tional sequences from outside our jurisdiction were
also included. Using Bayesian and maximum likelihood
analyses, a dated phylogenetic tree was constructed for
all Nymphaea species based on the ITS and trnT—trnF
sequence data (Fig. S3). Two calibration points were used:
33.4 Ma for the root diversification time in the Paleocene
period and 22.3 Ma for the most recent diversification
time in the early Miocene [27] (more detailed methods
in appendix 1). To ensure robustness in downstream
analyses, lineages with fewer than five occurrences were
excluded from the modeling of suitable geographical
regions using the drop.tip function in the ape R package
v5.6.2 [56]. This resulted in a refined and more reliable
dated tree for subsequent phylogenetic analyses and the
reconstruction of evolutionary rates.

Comparison of species niche overlap

The climatic niche overlap of species in environmental
space (E-space) was assessed using the PCA-env func-
tion in the ecospat v.3.5 R package [57]. This analysis
involved calibrating the entire environmental space of the
species and dividing it into a grid of 100 cells based on
the unique environmental conditions of the study area.
The kernel density function was then applied to smooth
the density of species occurrences within each grid cell,
thus mitigating bias. The niche overlap analysis utilized
Schoenner’s D statistic, which measures the degree of
overlap between species (with 1 indicating complete
overlap and 0 indicating no overlap) and was calculated
using the density grid cells of each species in the ecospat
v.3.5 R package [57-60].

Phylogenetic niche signals involved in niche evolutions

To analyze the climatic niche evolution of Nymphaea
species, we constructed Predicted Niche Occupancy pro-
files (PNO) using the selected bioclimatic variables to
have the most significant influence on the species niche
[3, 61], and the ecological niche models of each species
using the phyloclim R package v.0.9.5 [62] in accordance
with the methods of Evans et al. [45]. The PNO profiles
were then generated for each bioclimatic variable by bin-
ning them into 100 categories to obtain a histogram of
suitability that represents the species tolerance for each
bioclimatic variable. Weighted means and 1000 random
values associated with the probability of distribution were
extracted from each profile and utilized in subsequent
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niche evolution tests. Then, with the anc.clim function
of the phytools v.2.0 R package [63], we reconstruct the
ancestral climatic tolerances of the species for each cli-
matic variable [32] using PNO profiles and the phyloge-
netic ultra-metric tree of the modeled species assuming
Brownian-motion evolution (BM) for each node. Then,
we analyzed (i) the ancestral state reconstruction of
the species’ environmental niche evolution using the
maximum clade credibility tree (MCCT) obtained from
BEAST analysis [64], generalized least squares (GLS)
estimates, and the PNO values for each species. Also, we
explore the phylogenetic signal of each variable using two
metrics of the phylosing function of the phytools pack-
age. The first was Blomberg’s K [12, 65], and the second
metric was Pagel’s A index [10]. This analysis was per-
formed by randomly subsampling 1000 posterior trees
from the Bayesian analysis and the 1000 sample values
for each of the PNOs in the phytools [63].

In addition, we explore the mode of evolution of the
bioclimatic variables using four evolutionary models fit-
ted for each variable (niche component). They include
Brownian motion (BM) [66], Ornstein-Uhlenbeck (OU)
[67, 68], Pagel’s delta (), and early burst (EB) [69]. The
models were evaluated using 1000 subsampled posterior
trees using the Geiger R package v.2.0.10 [70]. Model
selection was performed by comparing the log-likelihood
values and Akaike information criterion (AIC) for small
samples, with the best model chosen based on higher
log-likelihood and lower AIC values [71]. The difference
in AIC values (AAIC) was conducted to compare the best
model with the remaining models, following the criteria
outlined by Burnham and Anderson [72]. Models with
AAIC<2 were considered equivalent (denoted as “e”),
those with AAIC>2 and AAIC<7 were considered less
or more distinct (*), those with AAIC>7 and AAIC<10
were considered distinct (**), and those with AAIC>10
were considered different (***).

Niche disparity distribution

The measurement of niche divergence and conservatism
in niche evolution patterns in the BM model of trait evo-
lution [73] utilized ecological disparity with time (DTT).
It was done by calculating the average relative of all clades
with ancestral lineages present at each speciation event.
The analysis was conducted using the Geiger R package
v.2.0.10 through 1000 simulations and a 95% confidence
level [73]. The resulting disparity was then plotted against
evolutionary time and quantified using the morphologi-
cal disparity index (MDI) [32].

Ancestral niche evolution

The impact of climate change on ancestral evolution
was evaluated by analyzing a phylogenetic tree and uti-
lizing values derived from bioclimatic variables within
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the accessible range of species. This assessment was
performed using the contMap function of the phytools
v.2.0 R package [63]. This function employs Felsenstein’s
equation [66] to interpolate the inferred states of internal
nodes in the evolutionary model to the branch edges.

Conclusion

Through the integration of species distribution and
phylo-climatic models, our study examined the effects
of climate change on Nymphaea species across Africa,
South America, and Australia. The findings suggested
that climate change has impacted the habitat suitabil-
ity and niche evolution of Nymphaea species, leading
to changes in their populations. Additionally, the study
revealed that each species responds differently to climatic
variables, which allows for the exploration of novel dis-
tribution areas as climate change persists. This research
deepens our understanding of how climatic niche
changes can drive the evolution of Nymphaea and has
important implications for conservation efforts and eco-
logical resilience.
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PCA Principal component analysis

ANOVA  Analysis of variance

AUC Under the curve
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