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Abstract Temporary pools in semiarid regions are

influenced by climatic seasonality and the extremes of

moisture/desiccation effects influence mechanisms for

plant survival, which should be analyzed based on

competitor (C), ruderal (R), or stress tolerator

(S) strategies. The aim of the present study was to

evaluate how aridity exerts an influence on CSR

functional groups of aquatic plants in temporary pools.

Aquatic plants were sampled from 27 temporary pools

in areas with a climatic gradient of evaporation,

precipitation, and temperature. The distribution of

functional groups along the environmental gradient

was analyzed through redundancy analysis and pat-

terns of CSR strategies were analyzed using linear

correlation. We found that assemblages of macrophyte

ponds were composed mainly of intermediate R/CR

strategies. Evaporation exerted a positive influence on

the occurrence of species with larger specific leaf area

and a negative influence on the occurrence of taller

species. Moreover, ponds in regions with greater

evaporation had greater species richness (r2 = 0.2,

P\ 0.01). The same was found for competitors

(r2 = 0.2, P\ 0.01) but not for ruderal or tolerant

classes. In conclusion, climatic conditions influence

CSR classes and exert a specific influence on the

specific functional traits of species in temporary pools

of semiarid regions.

Keywords Adaptive strategies � Environmental

gradient � Ephemeral wetlands � Temporary pools

Introduction

The morfo-physiological components of organisms

are associated with environmental variations and the

performance of individuals and these integrative

processes reverberate on higher organizational levels,

such as plant communities (Violle et al., 2007). The

intrinsic characteristics or ‘‘functional traits’’ of

organisms have been used in studies on the ecology
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of restricted ecosystems (Wiens et al., 2010) as well as

studies addressing higher scales, such as plant geog-

raphy (Swenson & Weiser, 2010), where variations

within and between different functional groups could

be used for the estimation of parameter values in

vegetation models.

The most commonly analyzed functional groups of

plant species were classified by Grime (1977, 2001),

who considered selection processes of adaptive char-

acteristics based on competitor (C), ruderal (R), and

stress tolerator (S) strategies. With this classification,

competitive species tend to have a long lifecycle, high

vegetative biomass and low investment in reproduc-

tion, predominating in environments with low degrees

of disturbance and stress; ruderal species have a short

lifecycle and high investment in reproduction and are

related to environments with high degrees of distur-

bance and stress; and species tolerant to stress are

characterized by a long lifecycle and low vegetative

biomass, occurring more often in environments with a

high degree of stress, but low disturbance (Grime &

Pierce, 2012).

The CSR model applied to lentic systems under the

influence of a temperate climate has revealed a

relationship between the limiting factors of these

systems (depth and productivity) and the selection of

specific functional groups, as such environments are

also conditioned to variables influenced by the period

of greater precipitation, which leads to an increase in

the water column in spring (Leira & Cantonati, 2008).

As a predictive model of functional groups in assem-

blages in permanent lentic environments located in

temperate regions, the CSR concept demonstrates the

predominance of species with submersion tolerance,

which are typically S strategists (Brock et al., 1987;

Riis & Hawes, 2002). In shallow lakes, where the

depth gradient is not a limiting factor, functional

groups are influenced by the trophic pattern of the

system, as species with intensive vegetative reproduc-

tion and competitive traits predominate in environ-

ments with high productivity and disturbance due to

anthropogenic desiccation, whereas species with less

biomass and greater investment in sexual reproduc-

tion, which are characteristics of ruderal species,

predominate in systems with limited nutrients and low

productivity (Arthaud et al., 2012). However, other

systems have different hydrodynamic patterns with

accentuated seasonal changes in the water column,

such as temporary pools in the semiarid region of

northeast Brazil, where assemblages of aquatic plants

are structured over time and space by the simultaneous

action of environmental filters and interspecific com-

petition (Ferreira et al., 2015) and where the dominant

aquatic plant species have complementary life growth

forms to enable their co-existence (Tabosa et al.,

2012).

Climatic variables play a fundamental role in the

dynamics of the assemblages of temporary aquatic

environments (Pedro et al., 2006) due to the direct

relationship between precipitation and the depth of the

water column as well as between temperature and

evaporation, which determine the length of the

existence of temporary pools (Murray-Hudson et al.,

2014). Moreover, the magnitude of the response of

vegetation to rainfall patterns increases with the

increase in environmental aridity (Djebou et al.,

2015), such that seasonal climatic conditions tend to

influence the intensity of stress and disturbance in

these temporary pools.

As the intensity of stress and disturbance in these

temporary pools may be related to the aridity gradient

of the semiarid region, the selection of functional

groups occurs in plant assemblages in such a way as to

favor fitness and, consequently, frequencies of occur-

rence in pools with increasing environmental severity

and a longer drought period. Thus, in the present study,

we test the hypothesis that environmental severity

(represented by climatic conditions in a semiarid

region) influences CSR functional groups in assem-

blages of aquatic plants in temporary pools. Several

conditions (e.g., high temperature and evaporation)

tend to select species with ruderal strategies due to the

desiccation of the habitat and the consequent loss of

biomass during the dry season. Specifically, a greater

proportion of species with ruderal-stress tolerator (RS)

strategy traits is expected in environments with more

severe climatic variables due to the shorter length of

time in which the aquatic habitat remains in existence.

Materials and methods

Study area

The temporary pools analyzed were located in the

State of Ceará in northeast Brazil between latitudes

3�270 and 3�450S and longitudes 39�170 and 40�220W
(Fig. 1). The region has a warm semiarid climate (BSh
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in the Köppen-Geiger classification system) (Peel

et al., 2007), characterized by a mean temperature of

24 to 28�C and mean precipitation of 916.5 mm

(Fig. S1, Electronic Supplementary Material 1), with

irregular rainfall between January and June (Alvares

et al., 2014). The soil in the region is superficial and

has low permeability, which leads to the appearance of

temporary pools in depressions in the relief due to the

accumulation of rainfall in the wet season, followed by

complete desiccation in the dry season.

The total area covered approximately 14,000 km2,

spanning from coastal formations to the semiarid

region in the interior of the State of Ceará, Brazil. The

temporary pools located in the coastal region are

surrounded by a complex of arboreal-bush vegetation

that developed on terrains of the Tertiary (Barreiras

Formation) and border the semiarid Caatinga Phyto-

geographical Domain (Ab’Sáber, 2003). The tempo-

rary pools located in the interior of the state occur

among the ‘Caatinga’ vegetation, which refers to a

seasonally dry tropical forest (Silva et al., 2017). The

Caatinga vegetation develops on a crystalline complex

of Precambrian origin, Proterozoic eon, which

includes intracratonic sedimentary basins with depos-

its of Cretacean sediments, constituting a predomi-

nantly flat relief (altitude: 300 to 500 m) (Andrade,

1968). These landscapes are influenced by the oro-

graphic effects of residual reliefs at an altitude of

approximately 900 m that exert an influence on the

differentiated distribution of precipitation and evapo-

ration (Souza & Oliveira, 2006).

Sampling design

Assemblages of aquatic plants were sampled in 27

temporary pools (Fig. 1). The sampling units were

chosen based on water surface (two to four hectares)

and depth (one to two meters). Climate data for each

sampling point were obtained from the WorldClim

databank (Hijmans et al., 2005) using DIVA-GIS

Fig. 1 Location of 27 temporary pools (sampling points) in State of Ceará, Northeast Brazil
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(Hijmans, 2001) with a precision of 2.5 min

(* 5 km), which we used 19 climatic variables

(Annual Mean Temperature, Mean Monthly Temper-

ature Range, Isothermality, Temperature Seasonality,

Max Temperature of Warmest Month, Min Temper-

ature of Coldest Month, Temperature Annual Range,

Mean Temperature of Wettest Quarter, Mean Tem-

perature of Driest Quarter, Mean Temperature of

Warmest Quarter, Mean Temperature of Coldest

Quarter, Annual Precipitation, Precipitation of Wet-

test Month, Precipitation of Driest Month, Precipita-

tion Seasonality, Precipitation of Wettest Quarter,

Precipitation of Driest Quarter, Precipitation of

Warmest Quarter, Precipitation of Coldest Quarter).

To this set of variables, we added data on Evaporation,

which were extracted from the climate databank of the

government of the State of Ceará (Funceme, 2017).

Due to collinearity, we selected only Evaporation,

Annual Precipitation, and Annual Mean Temperature

(Table S1, Electronic Supplementary Material 1).

Sampling was performed only once per site during

the wet season betweenMay and July 2017, which was

a year with less than average rainfall (Fig. S1,

Electronic Supplementary Material 1). We used the

line-intercept method (Canfield, 1941) adapted to

sampling only the organisms intercepted by the lines.

A total of ten parallel lines perpendicular to margin

were determined in each temporary pool. The lines

covered the entire extension of the water surface and

separated by a distance of 2 m. We used the concept

put forth by Sculthorpe (1967), who defines hydro-

phytes as vascular herbaceous plants with growth in

aquatic environments or inundated soils, and we

characterized them by the following growth forms:

(a) free-floating hydrophytes and (b) hydrophytes

rooted to the substrate, which are categorized as

emergent, submerged or plants only with floating

leaves.

The samples were processed using traditional

conservation methods described by Bridson & Forman

(1998), identified and deposited at the EAC Herbar-

ium. The taxonomic identification was performed

using the specialized literature (Cook, 1996). The

taxonomic terminology and abbreviations of authors’

names are in accordance with the International Plant

Names Index (IPNI, 2018).

Traits were selected due to their relationship to life

history, which is evidenced by the establishment

capacity of individuals in aquatic plant assemblages

(Pierce et al., 2013; Fu et al., 2015), and the

relationship to the action of stress and disturbance

factors in the habitat or CSR strategy (Grime, 1977)

(Table 1). Specimens with signs of herbivory, para-

sitism or partial deterioration were not included in this

analysis. A total of 313 individuals were intercepted

by the lines in the 27 temporary pools sampled. Thus,

the measures of functional traits were obtained from

this quantity of organisms. The specimens were placed

in plastic bags with water and transported to the

laboratory under refrigeration at approximately 4�C.
In the laboratory, the samples were submitted to the

following: (a) determination of plant height, calcu-

lated by the distance from the base of the stem or

petiole (in rhizomatous plants) to the top of the

photosynthetic tissues using a metric tape; (b) deter-

mination of plant diameter, measured at the base of the

stem or petioles (maximum of 2 cm above rhizome)

using calipers; and (c) count of the number of leaves

and flowers on the individual (Fu et al., 2012). Leaf

analysis was performed based on Pérez-Harguindeguy

et al. (2013): (Electronic Supplementary Material 2):

leaf fresh weight, photosynthesizing leaf area, specific

leaf area, leaf dry weight, leaf dry matter content, and

total biomass of the individual.

Statistical analysis

The climate variables and functional traits were

submitted to the variance inflation factor (VIF) test

for the exclusion of multicollinear variables (Zuur

et al., 2009), which were performed with the aid of the

R program analyse VIF in the Regclass package (R

Core Team, 2019); and variables with values[ 3 were

not considered in subsequent analyses. The results of

the VIF test for functional traits indicated that plant

height was collinear with biomass, leaf area, leaf fresh

weight, leaf dry weight and plant diameter (Table S2)

and all of these traits were related to the characteristics

of competitor species. The non-collinear climate

variables were: Annual Precipitation (BIO12), Eva-

poration (Evap) and Annual Mean Temperature

(BIO1) (Table S3). These variables were submitted

to non-metric multidimensional scaling (NMDS)

analysis to determine whether the distribution pattern

of the points was related to the climate gradient. As

NMDS orders can only be interpreted when the stress

values are lower than 0.2 (Quinn & Keough, 2002).

The non-collinear functional traits were plant height,
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number of leaves, number of flowers, specific leaf area

and leaf dry matter content (Table S2, Electronic

Supplementary Material 1).

To determine the proportion of species according to

characteristics and CSR strategies, principal compo-

nent analysis was performed for the relationship

between the functional traits selected and the species

using the values of the functional traits standardized as

mean zero and one standard deviation (z-score).

Relationships between functional traits and climate

variables were investigated using canonical redun-

dancy analysis (RDA). This procedure is commonly

used to reveal changes in the mean expression of

characteristics in communities as a function of climate

factors (Kleyer et al., 2012). A data matrix was created

from the community-weighted mean (CWM) of the

functional trait values of the species per sampling

point (Garnier et al., 2007). We used the CWM

restricted by environmental variables in the RDA and

forward selection to discriminate the climate variables

that exerted the greatest influence on the distribution

of the functional traits. These analyses were performed

with the aid of the R software in the vegan package (R

Core Team, 2019).

The analysis of the relative proportion of species

per CSR strategy was performed using a StrateFy

matrix provided by Pierce et al. (2017). For this

analysis, we used leaf area, leaf dry matter content and

specific leaf area, despite the collinearity among these

variables. The same test was used in the analysis of the

relative proportion of the assemblages for each

sampling point to determine the existence of variation

in the percentage of CSR strategies as a function of

climatic factors. This test furnishes the percentage of

each CSR strategy and classifies the strategy based on

predominance. We then performed linear regression

analyses between each adaptive CSR and the number

of species on Axis 1 of the RDA, which summarizes

linear relationships between components of response

climate variables that are explained by a set of

explanatory trait variables. Thus, the regression anal-

yses demonstrated the influence of climate factors on

patterns of adaptive strategies in the assemblages.

Results

Overall, 17 species were collected from the 27

temporary pools, all of which belonged to variations

of ruderal strategies (Table 2), with a predominance of

typical characteristics of the ruderal (R, lines 1–9,

column 5) and ruderal/competitor-ruderal strategies

(R/CR, lines 10–14, column 5). However, species

belonging to the same strategy had different growth

Table 1 Functional traits sampled in the assemblages of aquatic plants in the 27 temporary ponds in the Brazilian semiarid region

Trait functional Acronym Life history CSR strategyc

Height of plant (cm) HP Relation to the general allometric size of the plant and competitive

interactions for light uptakeb
Competitor

Diameter of plant (mm) DIP Relation with the architecture of the aerial part influenced by intra and

interspecific competitiona
Competitor

Leaf area (cm2) LA Light interception for photosynthesisa Competitor

Leaf area specific (cm2

g-1)

SLA Part of the economic spectrum of the leaf and closely correlated with

photosynthetic capacitya
Ruderal

Dry Weight Leaf

(mg-1)

LDW Rate of growth and investment of photosynthetic contenta Competitor

Dry Weight Leaf (g) LFW Water content and growth ratea Competitor

Leaf dry mass content

(mg g-1)

LMDC Characteristic that is related to rates of slow growth and high resistance

to environmental stressa
Stresse tolerant

Biomass (g) BIO Energy content invested throughout life historyb Competitor

Flower number FN Reproduction strategyc Competitor/ruderal

Leaf number LN Growth strategyc Competitor/stresse

tolerant

Functional traits analysis following the methods of aPierce et al. (2013); bFu et al. (2015); cGrime (1977)
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forms (Table 2). In the R strategy class, there was a

predominance of emergent species together with

species with floating leaves and free-floating species

(Table 2, lines 1–9, column 4). In the R/CR strategy,

there was a predominance of emergent species with

floating leaves and only one emergent species

(Table 2, lines 10–14, column 4). The other categories

were represented by only one growth form (Table 2,

lines 15–17, column 4).

Considering the percentages of species based on

patterns of CSR strategies, the majority of assem-

blages in the semiarid region had a predominance of

the R/CR strategy over the R and ruderal/competitor-

ruderal-stress tolerator (R/CSR) strategies, with no

occurrences of assemblages in the ruderal/ruderal-

stress tolerator class (Table 3). Considering the indi-

vidual percentages of the CSR strategies, there was a

predominance of R and C strategies in all assem-

blages, whereas only four assemblages (sampling

points 21, 9, 15, and 16) had the stress tolerator

strategy (S) in their composition (Table 3).

The NMDS analysis resulted in a one-dimensional

solution for Axis 1 (Fig. 2), the stress of which was

0.1399 and R2 was 0.946. This analysis revealed the

organization of sampling points on an increasing

climatic gradient, indicating the occurrence of a

gradient ranging from points with less rainfall and

greater evaporation (sampling points 1–9, Table S1) to

points with greater rainfall and less evaporation

(sampling points 20–27, Table S1) (Fig. 2).

The PCA explained 59.9% of the variation in the

functional traits of the species. Axis 1 (explained

33.6%) was positively related with specific leaf area

and number of flowers and a negatively related with

leaf dry matter content. On the other hand, Axis 2 was

positively related with plant height and number of

leaves (Fig. 3). Plant height was related to competitive

interaction traits (Table 1) and the PCA related larger

values of this variable species of the genus Nymphaea

(Fig. 3). The species Hydrocleys martii Seub. and

Nymphoides humboldtiana (Kunth) Kuntze had the

highest specific leaf area values, which were related to

ruderal traits, and species of the genera Eleocharis and

Neptunia had the highest leaf dry matter content,

which represents a stress tolerator trait (Fig. 3).

The RDA revealed the influence of climate vari-

ables (evaporation, rainfall and temperature) on the

distribution of the weighted functional traits per

Table 2 List of species sampled at the 27 sampling points in

the semiarid region, with the percentages of the traits

associated with the competitor (C), tolerant (S), and ruderal

(R) stress strategies, and the respective strategies classes,

following the method Pierce et al. (2017)

Species/family Acronym Form of growth C:S:R (%) Strategy classes

Eleocharis interstincta (Vahl) Roem. & Schult./Cyperaceae Eint Emergent 11:9:80 R

Eleocharis acutangula (Roxb.) Schult./Cyperaceae Eacut Emergent 3:12:85 R

Eichhornia paniculata (Spreng.) Solms/Pontederiaceae Epan Emergent 8:0:92 R

Pontederia cordata var. ovalis (Mart.) Solms/Pontederiaceae Pcor Emergent 16:0:84 R

Eichhornia heterosperma Alexander/Pontederiaceae Ehet Free-floating 9:0:91 R

Ludwigia helminthorrhiza (Mart.) H.Hara./Onagraceae Lhel Free-floating 8:0:92 R

Pistia stratiotes L./Araceae Pstr Free-floating 7:0:93 R

Nymphoides humboldtiana (Kunth) Kuntze/Meyanthaceae Nhum Free-floating 7:0:93 R

Hydrocleys martii Seub./Alismataceae Hmar Floating-leaved 6:0:94 R

Echinodorus subalatus (Mart.) Griseb./Alismataceae Esub Emergent 26:2:72 R/CR

Nymphaea amazonum Mart. & Zucc./Nymphaeaceae Nama Floating-leaved 32:0:68 R/CR

Nymphaea lasiophylla Mart. & Zucc./Nymphaeaceae Nlasi Floating-leaved 32:0:68 R/CR

Nymphaea lingulata Wiersema/Nymphaeaceae Nlin Floating-leaved 24:1:75 R/CR

Nymphaea pulchella DC./Nymphaeaceae Npul Floating-leaved 29:0:71 R/CR

Eleocharis mutata (L.) Roem. & Schult./Cyperaceae Emut Emergent 6:30:64 R/SR

Eichhornia diversifolia (Vahl) Urb./Pontederiaceae Ediv Free-floating 1:65:34 S/SR

Neptunia oleracea Lour./Fabaceae Nole Floating-leaved 2:42:56 SR
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sampling point (CWM) (F = 2.19, P = 0.01) (Fig. 4).

The first axis of the RDA explained 81.5% of the

variation in the data, with the influence of rainfall on

plant height and number of leaves as well as the

influence of evaporation and temperature on specific

leaf area and leaf dry matter content. The second axis

of the RDA explained 17.4% of the variation in the

data, with the influence of rainfall on number of leaves

and plant height (Fig. 4). The result of the forward

selection process among the climate variables

revealed that evaporation exerted the greatest influ-

ence on the structuring of the functional traits in the

assemblages (R2
adj = 0.14; F = 5.57; P = 0.001).

We found a negative association between the

number of species and Axis 1 of the RDA (Fig. 5a),

indicating the occurrence of a greater number of

species in environments with less rainfall and greater
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Fig. 2 Non-metric multidimensional scaling (NMDS) ordina-

tion of 27 plots by climate variables

Table 3 Percentages of

species according to the

patterns of strategies

competitor (C), stress
tolerant (S) e ruderal

(R) and the strategies

classes of the assemblies

located in the 27 sample

points of the semiarid

region

Strategy classes following

the method of Pierce et al.

(2017)

Sample point Latitude GD Longitude GD C (%) S (%) R (%) Strategy classes

1 - 3.750 - 39.777 20.1 0.0 79.9 R/CR

2 - 3.751 - 39.982 21.9 0.0 78.1 R/CR

3 - 3.764 - 39.939 21.3 0.0 78.7 R/CR

4 - 4.625 - 39.389 30.0 0.0 70.0 R/CR

5 - 4.434 - 39.339 25.9 0.0 74.1 R/CR

6 - 4.334 - 39.287 21.4 0.0 78.6 R/CR

7 - 3.624 - 40.287 9.9 0.0 90.1 R

8 - 3.642 - 40.297 11.4 0.0 88.6 R

9 - 3.644 - 40.377 13.0 15.9 71.1 R/SR

10 - 3.737 - 39.432 31.7 0.0 68.3 R/CR

11 - 3.712 - 39.399 23.1 0.0 76.9 R/CR

12 - 3.722 - 39.370 16.8 0.0 83.2 R/CR

13 - 3.615 - 39.297 23.1 0.0 76.9 R/CR

14 - 3.586 - 39.297 26.9 0.0 73.1 R/CR

15 - 3.684 - 39.252 18.2 9.7 72.2 R/CR

16 - 3.713 - 39.635 14.0 25.7 60.3 R/CSR

17 - 3.811 - 39.492 21.8 0.0 78.2 R/CR

18 - 3.799 - 39.478 32.8 0.0 67.2 R/CR

19 - 3.452 - 39.676 22.7 0.0 77.3 R/CR

20 - 3.494 - 39.506 32.9 0.0 67.1 R/CR

21 - 3.471 - 39.646 13.3 21.2 65.5 R/SR

22 - 2.958 - 39.903 21.8 0.0 78.2 R/CR

23 - 3.025 - 39.871 9.2 0.0 90.8 R

24 - 3.240 - 39.910 23.9 0.0 76.1 R/CR

25 - 3.838 - 38.820 30.0 0.0 70.0 R/CR

26 - 3.692 - 38.639 25.9 0.0 74.1 R/CR

27 - 3.683 - 38.921 21.4 0.0 78.6 R/CR
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evaporation. Moreover, we found a positive associa-

tion between the percentage of competitive strategies

and Axis 1 of the RDA, revealing that competitive

strategies tend to occur at sites with greater rainfall

and less evaporation (Fig. 5b). No association was

found between Axis 1 of the RDA and stress tolerator

(Fig. 5c) or ruderal (Fig. 5d) strategies.

Discussion

The main purpose of the present study was to

investigate the importance of climatic conditions to

explaining the functional structure of the macrophyte

assemblage in a semiarid region. We found that

evaporation rates greatly structured CSR strategies

and the composition of functional traits. Evaporation

constitutes a considerable disturbance in the region, as

affects the amount of water in temporary pools

(Sánchez-Carrillo et al., 2004). The importance of

this type of disturbance was demonstrated by the clear

homogeneity of species belonging to R/CR classes,

indicating that intermittence in pools tends to lead to

convergent functional strategies in the semiarid

region. Indeed, climatic severity favors assemblages

composed of species with high adaptation to regional

conditions (Rodrigues-Filho et al., 2018a). This results

in distribution of functional traits with strongly

specific responses along the disturbance intensity

gradient. Locations with high climate severity tend

to have species with considerable similarity in terms of

functional attributes, which somewhat intensifies

agonistic interactions (e.g., competition) (Larned

et al., 2010). This suggests that climate severity may

also influence the local functional structuring of

macrophyte assemblages. For example, the climatic

gradient favored a stratified phytofacies as a form of

spatial occupation of the small water body in such a

way as to avoid the effects of overlap and competition

in local assemblages (Tabosa et al., 2012). Competitor

species (C-strategy) were more representative in lakes

with lower evaporation rates and higher precipitation.

Thus, our findings within and between assemblages

suggest that macrophyte communities in semiarid
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Fig. 3 Principal component analysis (PCA) between functional

traits and species data. HP height plant, LN number of leaves,

FN number of flowers, SLA specific leaf area, LDMC leaf dry

matter contents, Eacut Eleocharis acutangula (Roxb.) Schult.,
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Mart. & Zucc., Nlin Nymphaea lingulata Wiersema, Nole
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regions are structured by regional disturbances (direct

effect; predominance of ruderal strategies), which, in

turn, exerts an influence on local competition for

resources (indirect effect; changes in evaporation act

mainly by selecting functional traits related to strong

competitive ability). The present results are in agree-

ment with data described in previous studies reporting

that regional factors are important to understanding

the structure of biological assemblages (Whittaker

et al., 2001; Ricklefs, 2006; Ernst et al., 2013;

Alahuhta, 2015; Alahuhta et al., 2016; Rodrigues-

Filho et al., 2018b).

Despite the predominance of species of the R/CR

classes, the present results indicate that changes in

climatic conditions are capable of generating a

functional continuum, with the substitution of species

with competitor strategies. This reveals a fine adap-

tation of macrophyte species to climate variation,

which promotes strong environmental selection in

ponds in semiarid environments (Ferreira et al., 2015).

For example, ponds in regions with greater evapora-

tion rates have a shorter permanence time, which

hinders the investment of species in costly structures,

such as the number of leaves (Camacho et al., 2016).

In contrast, ponds in regions with greater precipitation

have a longer permanence time and less selection from

the loss of habitat due to evaporation, enabling species

to increase their investment in structures that confer

greater competitive capacity (e.g., greater size and

number of leaves). Thus, while ruderality is a general

adaptation to the semiarid climate, changes in the

balance between evaporation and precipitation mainly

contribute to the selection of functional attributes

related to competitor species (C). Indeed, we found

that the increase in precipitation favors assemblages

with greater species richness, corresponding to a

greater frequency of attributes related to competition

but not ruderality (Fig. 5). This intricate relation

between the regional influence (favoring ruderality)

and the local influence (selecting competitor
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attributes) of climate conditions is explained further in

the next section.

How do climatic conditions shape the functional

structure of local assemblages of pond

macrophytes?

The consequence disturbance operating at the broadest

scale in local assemblage favors the colonization and

permanence of species with taller plants with a larger

number of flowers and leaves, which permit the

colonization and permanence in environments for a

longer period and reflects the R/CR pattern found in

the assemblages analyzed. Plant height is related to an

investment in vertical growth, favoring competition

for light (Fu et al., 2015) and the stratified occupation

of the water column, which is a formation pattern of

aquatic plant communities in the semiarid (Tabosa

et al., 2012). Temporary pools in locations with less

precipitation and greater evaporation had assemblages

with ruderal strategy, with a greater specific leaf area

and smaller number of leaves per specimen. This

reveals less investment in the number of leaves

without compromising the efficiency in capturing

light, which characterizes plants with a short lifecycle

in environments with a shorter existence (Pierce et al.,

2013; Camacho et al., 2016). This can be observed

more specifically for species of the family Pontede-

riaceae. These species exhibited smaller internodes;

characteristic of ruderal strategies in semiarid regions

due to the little, water availability and shorter

existence of these environments. Another result

related to the environmental influence occurred in

groups of Eudicotiledons in a desiccation experiment

that demonstrated phenotypic adjustments in compar-

ison to a control group, with an increase in dry matter

content (Wilde et al., 2014). Thus, the present findings

on the influence of evaporation and the investment in

specific leaf area lend support to the hypothesis of the

adaptation of herbaceous species in arid environments

related to investment in growth cycles and rapid

reproduction along the aridity gradient (Ottaviani &

Keppel, 2017).

The increase in the number of species was not

related to predominance of stress tolerant and ruderal

strategies, as no direct relationship was found between

these separate strategies and the environmental gradi-

ent. Despite being counterintuitive, this pattern has

been reported in other studies (e.g., Chappuis et al.,

2014) and may derive from two possible explanations:

(1) high local richness values or (2) low local richness

values accompanied by high turnover in species

composition. The second explanation sounds more

parsimonious. In addition to the homogeneity of

ruderal strategies, we may infer that groups of species

with such strategies exhibit a large variety of func-

tional combinations in semiarid regions (Nicolet et al.,

2004). Moreover, this differentiation of strategies may

favor lower competition rates in local assemblages. An

example of populations with the profile of intermedi-

ate characteristics between ruderal and competitive

strategies was found in species of the genus Nymphaea

(Table 2), which, unlike data reported in the literature,

seemed to be related to the competitor strategy due to

the exclusive investment in leaves, which enables the

occupation of the water surface, with higher cover

indices during the wet season (Tabosa et al., 2012).

Likewise, species of the genera Eleocharis and

Neptunia (Table 2) are recognized by their character-

istics of resistance to the desiccation of the environ-

ment (Fu et al., 2012; Deng et al., 2017), but these

populations demonstrated characteristics of interme-

diate strategies between stress tolerator and ruderal in

the semiarid region. Thus, although each species

invests in adaptive strategies that are intrinsic to its

fitness, an influence of the environment on functional

traits was found, implying the selection of different

survival strategies for the intermittent pools of the

semiarid region. Furthermore, there was variation in

the growth forms of these classes (Table 2). These

assemblages are structured by species with comple-

mentary growth forms that compose a stratified

phytofacies as a form of spatial occupation of the

small water body in such a way as to avoid the effects

of overlap and competition, as reported by Tabosa

et al. (2012). Thus, the variation in growth forms

within the same strategy class may be related to this

tendency toward the structuring of assemblages due to

spatial competition.

The competitor traits in temporary pools with less

disturbance reveals the influence of the inter-popula-

tion interaction and dominance relationships during

the occupation of the aquatic environment. This

explains the occurrence of intermediate strategies

(R/CR) in the assemblages. Rosado & de Mattos

(2017) report a similar finding on sandy coastal plains,

in which plant assemblages exhibited a predominance

of intermediate stress tolerant/competitor-stress
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tolerant (S/CS) strategies, indicating that survival

characteristics and the inter-population relationship

are common among species that occur in disturbed

systems. Indeed, these findings suggest that good

competitors were generally dominant in pools with

less disturbance, thereby supporting the original

theory put forth by Grime et al., (1997). Another

finding that underscores the importance of intermedi-

ate strategies in these environments was the occur-

rence of species with a smaller number of competitive

characteristics in environments with a short period of

water column establishment. Analyzing the influence

of the proportion of competitive characteristics along

the gradient, sites with greater precipitation had

assemblages with characteristics related to competi-

tion. This occurred due to the fact that the water

column in these environments had a longer period of

existence, which enabled more time for establishment

and investment in vegetative growth for the spatial

occupation phenomenon commonly found in perma-

nent shallow lakes in temperate or tropical regions (Fu

et al., 2014; Ecke et al., 2016) and competition

(Michalet et al., 2015). Thus, the structuring of the

local assemblage in wet temporary environments may

be related to the biotic process of competition in the

Brazilian semiarid region.

What can we learn from assemblages of pond

macrophytes in a semiarid region?

Interestingly, the analysis of the direct effect

explained more than 80% of the functional structure

of the macrophyte assemblages. This percentage

differs from data reported in numerous studies

conducted on the same taxonomic group, but in

tropical and temperate regions (Bini et al., 1999;

Capers et al., 2010; Chappuis et al., 2014; Alahuhta,

2015). In general, these studies explain approximately

20% of the structure of assemblages, even when

considering local processes (e.g., local environmental

conditions). This suggests that assemblages in semi-

arid regions may be easier to predict based on climatic

conditions that generate homogeneity with regards to

functional strategies (e.g., ruderal). Taking such

predictability into consideration together with the

accentuated climate change expected for the upcom-

ing years, assemblages in semiarid regions may be

good models for predicting how future climate change

will affect the functional structure of local

assemblages. It is noteworthy that studies conducted

in regions with disturbances of low intensity predict

similar patterns to those found in the present inves-

tigation (Rosset et al., 2010; Alahuhta et al., 2011;

Netten et al., 2011). Thus, projecting how future

climate change will affect assemblages in semiarid

regions may help us project changes on more distant

temporal scales.

Conclusion

In conclusion, high levels of evaporation and high

temperatures promote the predominance of species

with ruderal strategies and competition potentially

generates high trait variability in temporary pools.

These responses were strongly predicted for semiarid

regions, suggesting that assemblages located in

regions with climatic severity tend to present high

functional redundancy of CSR strategies, but consid-

erable morphological variation to avoid competition.

We also conclude that the method of analysis of leaf

traits enabled the determination of strategies along

environmental gradients, lending support to the

application of CSR theory to the study of aquatic

plant assemblages.
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