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Abstract A few dominant species of plants often

disproportionately contribute to primary production;

however, dominance has an underappreciated influence

on ecosystem processes and functioning. Cascading

impacts of dominant species have been documented in

ecosystems undergoing eutrophication, but competitive

exclusion may also influence dominance structures

when limiting nutrients become scarce (i.e., in lakes

experiencing oligotrophication) or with exposure to

stressors to which few species are adapted (i.e.,

desiccation stress in wetlands). To predict impacts of

widespread changes in nutrients and hydrology on

dominance structures in aquatic ecosystems, we need

quantitative assessments of dominance of important

primary producers, including algae and cyanobacteria,

which can regulate other structural and functional

properties of ecosystems. We used a highly spatiotem-

porally resolved (7 years, 165 sites) dataset from the

abundant microbial mats of the Florida Everglades to

assess how and why the degree of dominance and

the identity of dominant taxa vary across nutrient and

desiccation gradients. Using algal counts and the

dimensions of algal units (cells, coenobia, colonies,

and filaments), we measured dominance as relative

biovolume. As hypothesized, the relative biovolume of

dominant taxa increased and the number of taxa

comprising 95% of the biovolume decreasedwith lower

concentrations of limiting nutrient in the mats (phos-

phorus; P) and higher desiccation stress. Algal taxa that

regulate the structural integrity of mats, such as the

filamentous, calcium carbonate precipitating cyanobac-

teriumScytonema sp., strongly influenced these patterns

through their tolerance of P scarcity and desiccation.

Our indicators and approach can be used to test whether

dominance ofmicroscopic primary producers, and other

organisms, increases with nutrient scarcity and desic-

cation stress in other aquatic ecosystems.
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Desiccation stress � Algae � Cyanobacteria � Benthic
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Introduction

Diverse communities tend to be more resilient to

environmental changes than less diverse ones via

different ecological mechanisms operating at multiple

scales, such as redundancy among different species

performing the same functions (Oliver et al. 2015). In

low diversity ecosystems, rare species may not be
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sufficiently numerous to compensate for losses of

dominant ones (Flöder et al. 2010). Dominant taxa (in

biomass or abundance terms) often play an important

and overlooked resilience function in many ecosys-

tems undergoing considerable biodiversity loss (Hille-

brand et al. 2008). Species that best compete for scarce

limiting nutrients may dominate, or monopolize,

community biomass, and thus primary production,

therefore influencing species interactions and ecosys-

tem functions (Grman et al. 2010). Dominant taxa that

not only dominate biomass, but create, modify, and

maintain habitats for other species, and contribute to

nutrient cycling are called ecosystem engineers (Jones

et al. 1994); these are crucial for ecological status

assessment in terrestrial (e.g., McCullough Hennessy

et al. 2016) and aquatic ecosystems (e.g., Vu et al.

2017). The most commonly studied taxa in this

context include plants (e.g., shrubs; Gilad et al.

2007) and animals (e.g., beavers: Wright et al. 2002;

and crabs: Vu et al. 2017); here we investigate

microscopic primary producers acting as ecosystem

engineers, a less covered topic. Dominance is usually

measured as relative abundance or biomass of single

taxa (population-level) or groups of species (commu-

nity-level). Biomass better reflects resource use and

partitioning among competing species than abundance

(Guo and Rundel 1997); for example, a pool of species

can be considered dominant when their cumulative

(community-level) relative biomass is higher than a

certain threshold (e.g.,[50%; Downing et al. 2001).

Thus, here we focus on dominance as expressed by

relative biomass estimates of algae to reveal underly-

ing drivers of patterns that are meaningful for broader

ecosystem functions.

Benthic microbial mats (also called periphyton) are

three-dimensional ecosystems in which algae

exchange nutrients with both water and substrate

(Passy 2008). In these systems, algae substantially

contribute to primary production and carbon cycling,

provide food, habitat, and oxygen to consumers

(Hagerthey et al. 2011), and are sensitive to water

diversion and eutrophication (Gaiser 2009; Gaiser

et al. 2006). In oligotrophic and desiccation-prone

systems, a number of algae and cyanobacteria species

have adaptive traits that allow them to dominate

primary production. Some filamentous cyanobacteria

cope with low P concentrations and/or desiccation by

enzymatically hydrolyzing phosphate from organic

solutes (Coleman 1992) and by secreting extracellular

polysaccharides (EPS) to store nutrients and water

(Hagerthey et al. 2011), respectively. Moreover, in

proximity of cyanobacteria heterotrophic bacteria can

cope with low P by producing phosphatase (Sharma

et al. 2005). Although nutrient fertilization tends to

increase dominance by homogenizing available

resources to various organisms in many ecosystems

(Hillebrand et al. 2008), nutrient reduction/oligotroph-

ication can also increase dominance by taxa with

adaptive traits. One or a few algae may dominate

biomass; for example, the diatom Didymosphenia

geminata forms blooms in benthic systems with low

concentrations of limiting P (Bothwell et al. 2014). In

some cyanobacteria, pigments protect cells from

dehydration and high UV radiation that may, for

example, cause the aggregation of macromolecules

that can disintegrate organelles (Karsten and Holzin-

ger 2014). Here we investigate dominance by algal

taxa adapted to low nutrient levels and dry conditions

in an oligotrophic ecosystem subject to P enrichment

and desiccation stress (Gaiser et al. 2011).

In shallow wetlands, nutrient and water avail-

ability are key factors determining phytoplankton

and phytobenthic community structure changes

(Huszar and Reynolds 1997; Gaiser et al. 2011;

Brasil et al. 2016; Marazzi et al. 2017). Hydrology

and P drive algal richness in subtropical wetlands,

such as the Okavango Delta and the Everglades

(Marazzi et al. 2017). Wetlands are facing multiple

environmental stresses including habitat loss,

eutrophication (Junk 2002), and droughts causing

carbon loss (Fenner and Freeman 2011). On the

other hand, nutrient removal via drainage (in

particular of the less replenishable P) has caused

oligotrophication in wetlands and downstream areas

(Stockner et al. 2000). Both eutrophication and

oligotrophication cause community shifts, respec-

tively, toward algae better adapted to high P (Smith

2003) and to scarce P (Horn 2003) in various

aquatic ecosystems. Therefore, testing how nutrient

and hydrology influence algal dominance can help

predict how communities of primary producers may

change under different oligotrophication/eutrophi-

cation (Duarte 2009) and drying/wetting scenarios

(Obeysekera et al. 2015; Brasil et al. 2016). We use

a globally important and threatened wetland, the

Florida Everglades, as a model of the interplay

between key environmental stressors and algal

dominance in benthic mats, fundamental systems
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for primary production, nutrient cycling, and other

ecosystem functions (e.g., dissolved oxygen pro-

duction and food provision to consumers; Hagerthey

et al. 2011; Trexler and Loftus 2016). Our indica-

tors and approach can be applied to other organisms

and ecosystems facing nutrient scarcity and drying

trends to support predictions of the occurrence of

dominant species (including key ecosystem engi-

neers), with changing resource and water

availability.

To predict whether and how primary producer

communities will cope with future nutrient and water

scarcity, we need to understand how and why their

dominance varies and identify which adaptive traits

allow certain taxa to become dominant (Hillebrand

et al. 2008). To this end we need spatiotemporally

resolved and extensive data series that include

environmental covariates across multiple locations

and sampling periods (Horn 2003). Long-term

research studies in the Everglades provide such data

on algal community composition, biomass, and

environmental conditions (Gaiser et al. 2011). Using

recent data, we assess whether and how algal

dominance changes with limiting nutrient concentra-

tions and hydrology in this wetland. To describe and

explain patterns of algal dominance in the Ever-

glades, we assessed how much of the total biovolume

is represented by the top 5 taxa, i.e., top 5 biovolume

(%) and the number of taxa comprising 95% of the

biovolume, i.e., N taxa = 95% biovolume. We also

used evenness as a complementary measure of

dominance, as communities with lower evenness

are characterized by taxa with less equal abundance/

biomass (Magurran and McGill 2011). Our hypothe-

ses are that in Everglades habitats where P limitation

and desiccation stress are more severe, (1) the top five

taxa with the highest biovolume comprise a higher

share of the total biovolume; (2) fewer taxa dominate

the total biovolume, resulting in lower evenness; and

(3) adaptive traits allow these taxa to dominate

biovolume.

Methods

Sampling protocol

To describe and explain how the degree and structure

of dominance in benthic algal mats vary across

resource and stress gradients in the Everglades, we

analyzed an extensive dataset originated by the

Comprehensive Everglades Restoration Plan Moni-

toring and Assessment Plan (CERP-MAP). To inves-

tigate how water chemistry (in particular nutrients)

and hydrology affect benthic algae during the wet

season, we collected 947 algal samples from 165 sites

(Fig. 1). We conducted this sampling each year from

2005 to 2011 between September and December in

these representative regions (approximately north to

south): Lake Okeechobee; the Arthur R. Marshall

Loxahatchee National Wildlife Refuge; Pal Mar;

Holey Land Wildlife Management Area; Water Con-

servation Area 2 and 3; Pennsuco; Lostman’s Creek;

the ‘Oligohaline’ area; Southern Marl Prairie; Shark

River Slough; and Taylor Slough (Marazzi et al.

2017). Using generalized random-tessellation stratifi-

cation (Stevens and Olsen 2004), we sampled sites

drawn from a pool of GPS coordinates (Philippi 2005)

in representative locations (800 m 9 800 m principal

sampling units, PSUs). Within a 1-m3 enclosure open

at top and bottom (Gunderson 1994), we removed all

benthic microbial mats from the surface of the water

and any substrate and placed them into a 2000-mL

perforated graduated cylinder. To comprehensively

assess all benthic algae, if no mats were present (in

*8% of the samples), we took flocculent detritus from

the benthos (Pisani et al. 2011). A 120-mL homoge-

nized subsample was taken from the total harvested

material, placed into weighed plastic bags, and

transferred to a laboratory freezer (Jordan et al.

1997). We measured water depth (cm) with a metal

ruler and mat TP concentrations (lg g-1 dry weight)

by means of colorimetry after dry combustion

(Solorzano and Sharp 1980; EPA 1983). We used

water-level approximations from the Everglades

Depth Estimation Network (EDEN; http://sofia.usgs.

gov/eden) to evaluate desiccation stress by estimating

the days since last dry (depth B5 cm; DSLD) and the

annual number of dry days (ANDD) for each sampling

site. Mat TP concentrations are a better proxy of

potential primary productivity than concentrations of

P in the water; the latter are often below detection

limits, while algae rapidly uptake P from oligotrophic

waters (Gaiser et al. 2004). Lower TP indicates lim-

iting nutrient scarcity, while shorter hydroperiod,

lower depth and DLSD, and higher ANDD correspond

to higher desiccation stress for algae and cyanobac-

teria (Gaiser 2009).
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Algal analyses

To analyze algal community structure, we used

modified methods to prepare wet mounts for algal

counts (APHA et al. 2005) from frozen benthic mat

samples (Stevenson and Bahls 1999). We thawed and

homogenized 0.1–1 mL samples with a hand blender;

when CaCO3 crystals were present on the slide, we

added a solution of 0.01 mL 10% HCl and then dried

the cover slip; otherwise, we dried the samples

directly. Finally, we inverted the samples onto micro-

scope slides in 0.020 mL of water and sealed them by

ringing the glass with fingernail polish (Stevenson

et al. 2002). We counted at least 500 algal units (i.e.,

cells, coenobia, colonies, and filaments of at least

100 lm length) in each sample at

10009 magnification using a compound light micro-

scope. We identified the algae observed to the lowest

possible taxonomic unit (genus, species, or variety)

using Prescott (1962), Komárek and Hindak (1975),

and Komárek and Anagnostidis (1986, 1989, 1999).

We calculated algal biovolume by measuring *20

cells covering the size range of each taxon and

applying geometric formulas representative of the

different shapes of the taxa observed (Hillebrand et al.

1999); we then estimated relative biovolume (%) for

each taxon.

Data analyses

To investigate changes in cumulative (community-

level) dominance of algae in the Everglades, we used

Fig. 1 Map of the sampling

sites in the Florida

Everglades. LKO Lake

Okeechobee, LOX

Loxahatchee, Out_ENP out

of Everglades National Park,

WCA Water Conservation

Area, ENP Everglades

National Park
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three indicators, calculated from count and biovolume

data: (1) the relative biovolume (%) of the top 5 taxa—

hereafter top 5 biovolume (%); (2) the number of taxa

comprising 95% of the biovolume—hereafter N

taxa = 95% biovolume; and (3) the identity and

frequency of the single most dominant taxa (i.e., those

with the highest relative biovolume). In addition, we

calculated Shannon Evenness, a complement of dom-

inance widely used in diversity studies (Magurran and

McGill 2011), to identify its key drivers and verify

that, as expected, evenness decreased when domi-

nance increased. To identify statistically significant

differences of mean algal dominance between sam-

pling sites, we divided P and hydrology gradients into

quartiles (Table 1). Our TP classes are rather similar to

those identified by Gaiser et al. (2006) (high TP:

[172.8 lg g-1, see Table 1, as compared to

250 lg g-1 in Gaiser et al. 2006). To assess the

influence of limiting nutrient levels and desiccation on

the life-history strategies of dominant taxa, we clas-

sified the 26 taxa most dominant in at least one site

according to six morphological and functional traits

(Table 2): coccoid, epiphytic, unicellular motile, fil-

amentous producing scytonemin, filamentous not

producing scytonemin, and unicellular non-motile

(Wehr et al. 2015).

To illustrate the relationship between environmen-

tal stressors, we graphed TP concentrations in the

benthic mats in relation to desiccation stress (i.e.,

DSLD and ANDD) by quartiles in scatterplots in

SPSS� (version 20). To identify statistically signifi-

cant differences in algal dominance across P and

hydrology gradients, we used parametric tests (one-

way ANOVA and Tukey’s HSD) and nonparametric

ones (Kruskal–Wallis and Mann–Whitney U) when

the assumptions of normality and homogeneity of

variance were / were not met (assessed via the

Kolmogorov–Smirnov and Levene’s tests), respec-

tively. We graphed dominance changes across P and

desiccation gradients via box plots using the package

ggplot2 in R (RStudio Team 2015). To quantify and

compare the influence of P scarcity and hydrology/

desiccation stress on algal dominance, we ran linear,

quadratic, and cubic univariate models. By means of

multiple linear regressions, we assessed the influence

of alternative hydrological variables—water depth,

hydroperiod, days since last dry (DSLD), and annual

number of dry days (ANDD), and of the water

chemistry variables mat TP, water pH, and conduc-

tivity on the response variables top 5 biovolume (%),

N taxa = 95% biovolume, and Shannon Evenness. To

avoid multicollinearity, we evaluated the correlations

between hydrological and water chemistry predictors

and the variance inflation factors (VIF) prior to fitting

the models with the candidate explanatory variables

(Zuur et al. 2007); we used the recommended max-

imum VIF value of 10 to retain the models (Marquardt

1970; Hair et al. 1995). We chose the best univariate

and multiple regression models (Tables 4, 5) on the

basis of the highest R2
adj, while also checking the

Akaike information criterion for model selection

(AIC; Johnson and Omland 2004). For the multiple

linear regressions, we visually assessed whether the

distributions of the residuals of our twelve models

were stationary (i.e., the residuals oscillated above and

below 0), in relation to the hydrological predictor

defining each model (see Table 5). We conducted all

the regression analyses in R (RStudio Team 2015). To

assess the contribution of adaptive traits to the

dominance of specific taxa, we analyzed their trait

occurrence frequency in relation to P and desiccation

gradients.

Results

Mat TP was significantly lower at Everglades sites

that, prior to sampling, had been wet for a shorter time

(i.e.,\154 days since last dry; DSLD) and/or had been

dry for a longer period on an annual basis (i.e., ANDD

Table 1 Measured values of the explanatory variables grouped by quartiles

Variable (unit) (1) Very low (2) Low (3) High (4) Very high

TP (lg g-1) \95.8 95.8–172.8 172.8–352.8 [352.8

DSLD (days) 0–116 116–154 154–538 [538

ANDD (days) \12 12–40 40–105 [105

Mat TP total phosphorus, DSLD days since last dry, ANDD annual number of dry days
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[36 days) than in sites that had been wet for a longer

time and/or had been dry for a shorter period (Fig. 2).

Our indicators were about 5–50% higher/lower where

mat TP was lower and desiccation stress higher

(Figs. 3, 4). Top 5 biovolume (%) was higher where

mat TP was lower (Fig. 3A), DSLD lower (Fig. 3B),

and ANDD higher (Fig. 3C). N taxa = 95% biovol-

ume and Shannon Evenness were lower (i.e., higher

dominance) with lower mat TP (Figs. 4A, 5A) and

with lower DSLD (Figs. 4B, 5B), and higher ANDD

(i.e., higher desiccation stress; Figs. 4C, 5C). All the

hydrological variables considered (depth, hydrope-

riod, DSLD, ANDD) were highly correlated with one

another (Table 3). The response variables were also

highly correlated (Table 3); where top 5 biovolume

(%) was higher, N taxa = 95% biovolume and

Shannon Evenness were lower, and vice versa.

On a univariate basis, according to highest R2
adj

values, often corresponding to the lowest AIC values,

mat TP explained, on average, 32% of the variance of

top 5 biovolume (%), N taxa = 95% biovolume, and

Shannon Evenness, as compared to 20% for pH, 17%

for hydrological variables, and 13% for conductivity

(Table 4). Apart from depth and pH, which best

predicted our response variable via quadratic models,

the other predictors mostly attained the best fit via

cubic models (Table 4). On amultivariate basis, due to

the high correlation coefficients between hydrological

predictors (mostly[0.8, as compared to\0.4 between

these and the other variables; see Table 3), we created

competing models to explain the three response

variables, each including TP, conductivity, and pH,

and each hydrological predictor in separate models

(Table 5). We did not observe any multicollinearity,

as all the VIF values of our models were \10

(Table S1). According to the models R2
adj values, often

corresponding to the lowest Akaike information

criterion (AIC) values, among the hydrological vari-

ables used, ANDD best predicted top 5 biovolume

(%), N taxa = 95% biovolume, and Shannon Even-

ness. Models with ANDD had higher explained

variance (53%) than those with hydroperiod (47%),

DSLD (42%), and depth (29%) (Table 5). The resid-

uals of our twelve models were stationary (Fig. S1).

When mean site-specific data are considered, the

filamentous cyanobacterium Scytonema sp. showed a

stable degree of dominance across the mat TP gradient

(Fig. 6a); by contrast, it was more frequently domi-

nant where a shorter time had passed since the last dry

conditions (i.e., lower DSLD; see ‘producing Scy-

tonemin’ group in Fig. 6b), and where annual dry

periods were longer (i.e., higher ANDD; Fig. 6c).

Overall, coccoid, epiphytic, motile, and unicellular

non-motile taxa were less dominant than filamentous

ones (producing scytonemin or not; Fig. 6). Coccoid

taxa were slightly more dominant in low P and

desiccation-prone sites, and motile taxa were slightly

more dominant with intermediate mat TP concentra-

tions and DSLD (Fig. 6a, b). When all the dominance

data by sample are considered, a total of 26 taxa (9

cyanobacteria, 8 Bacillariophyta, 8 Chlorophyta, and 1

Xanthophyta) were the single most dominant ones in

at least one site (4 coccoid, 1 epiphytic, 7 filamentous

not producing scytonemin, 1 filamentous producing

scytonemin, 8 motile, and 5 unicellular taxa; Tables 2,

6). Over 84% of these dominant taxa were filamentous

and coccoid cyanobacteria and filamentous taxa not

producing scytonemin (e.g., Schizothrix sp. and a few

Table 2 Classification of dominant taxa by morphological traits and ability to produce the scytonemin pigment

Trait Taxa

Coccoid Aphanothece sp.; Chroococcidiopsis sp.; Gloeothece sp.; Gomphosphaeria sp. (cyanobacteria)

Epiphytic Stipitococcus sp. (Xanthophyta)

Filamentous—no

scytonemin

Fischerella sp.; Johannesbaptistia sp.; Lyngbya sp.; Schizothrix sp. (cyanobacteria); Mougeotia;

Oedogonium sp.; Unknown green filament (Chlorophyta)

Unicellular motile Amphora sulcata; Brachysira brebissonii; B. serians; Diadesmis confervacea; Encyonema ftsp02;

Mastogloia lanceolata; M. calcarea; Nitzschia serpentiraphe (Bacillariophyta)

Filamentous—

scytonemin

Scytonema sp. (cyanobacteria)

Unicellular non-motile Cosmarium calcareum; Pleurotaenium minutum var. attenuatum; P. minutum var. excavatum; Staurastrum

longebrachiatum; Triploceras sp. (Chlorophyta)
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Chlorophyta; Table 6). Scytonema sp. was more

frequently dominant with lower mat TP (63% in

quartiles 1 and 2), whereas filamentous taxa not

producing scytonemin, such as Mougeotia and

Schizothrix, were more dominant with higher TP and

lower ANDD (Table 6). Aphanothece sp., the most

frequently dominant coccoid cyanobacterium, was

more frequently dominant with higher mat TP

(Table 6). Unicellular Chlorophyta and Bacillario-

phyta were more dominant with higher TP; unicellular

Chlorophyta were also more dominant with lower

ANDD (Table 6).

Discussion

In the Everglades, mean algal dominance increased

with oligotrophy and desiccation stress, as evidenced

by the increase of top 5 biovolume (%) and the

decrease of N taxa = 95% biovolume and Shannon

Evenness with lower TP and drier conditions (Figs. 3,

4, 5; Tables 4, 5). This means that changing nutrient

loads and water availability can substantially reshape

algal communities over space and time and that

environmental conditions favoring dominant native

taxa need to be preserved to ultimately enhance

ecosystem functions, such as the provision of habitat

for consumers.

Algal dominance increases with oligotrophy

The proportion of biovolume accounted for by

dominant taxa, as measured by top 5 biovolume

(%), increased with P scarcity and was[60% in all

the sites (Fig. 3). Changes of mean algal dominance

across space significantly increased with oligotrophy,

i.e., lower mat TP concentrations (Tables 4, 5). In

other benthic systems, reduced P has been also shown

to increase dominance by diatoms and/or cyanobac-

teria that tolerate oligotrophy (Horn 2003; Bothwell

et al. 2014). In the case of Didymosphenia geminata,

P additions have even been suggested to limit its

blooms (James et al. 2015). In the Everglades,

freshwater drainage, canalization, and impoundment

for agricultural and urban development purposes

historically caused P to increase downstream of the

Everglades Agricultural Area (Fig. 1). This has

caused substantial impacts on periphyton mats

(Gaiser et al. 2006), but other areas have preserved

their ecological character, such as the marl prairie

further south. Scenarios of increasing freshwater flow

and thus potentially higher P load to the Everglades

marshes are likely to favor heterotrophic bacteria

Fig. 2 Relationship between mat TP concentrations and:

A days since last dry (DSLD): Kruskal–Wallis (p\ 0.05): v2:
19.088; Mann–Whitney U (p\ 0.05); B annual number of dry

days (ANDD): one-way ANOVA (p\ 0.05): F = 5.096;

Tukey’s HSD (p\ 0.05). Statistically significant differences

are indicated by different letters
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with abundant fatty acids and more edible green algae

and diatoms (which contain more lipids than

cyanobacteria); thus, consumers may benefit from a

higher nutritional quality of periphyton (Bornhoeft

2016; Naja et al. 2017). However, enforcing stringent

P load and concentration criteria while restoring

Fig. 3 Top 5 biovolume (%) in relation to quartiles ofAmat TP

(one-way ANOVA, O.W.A.: F = 90.63; p = 2 9 10-16***;

Tukey’s HSD: p\ 0.05); B days since last dry (DSLD; O.W.A.:

F = 23.27; p = 3.53 9 10-6***); and C annual number of dry

days (ANDD; O.W.A.: F = 8.640; p\ 0.001; Tukey’s HSD:

p\ 0.05). Statistically significant differences are indicated by

different letters; the y axis does not start at 0
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freshwater flow to the Everglades (Naja et al. 2017)

remains crucial for the preservation of cohesive

periphyton mats with native algal species adapted to

low P (Gaiser 2009; Gaiser et al. 2011).

Looking at the occurrence of the dominant taxa, we

found that filamentous cyanobacteria were more

dominant than eukaryotic algae in oligotrophic sites

(see Table 6; Fig. 6) likely due to their ability to store

Fig. 4 N taxa = 95% biovolume in relation to quartiles of

A mat TP (O.W.A.: F = 122.8; p = 2 9 10-16***; Tukey’s

HSD test: p\ 0.05); B days since last dry (DSLD; one-way

ANOVA, O.W.A.: F = 19.06; p = 2.4 9 10-05***); C annual

number of dry days (ANDD; O.W.A.: F = 3.178; p\ 0.026;

Tukey’s HSD: p\ 0.05). Statistically significant differences are

indicated by different letters
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P intracellularly by using phosphatases, enzymes that

hydrolyze phosphate from organic solutes (Carey et al.

2012). These cyanobacteria are known to be abundant

in oligotrophic sites with higher pH in the Everglades

(Gaiser et al. 2011). With increasing P, periphyton

mats break down due to heterotrophic bacteria rapidly

taking up this nutrient from the mats and thus lowering

the pH via CO2 release; this in turn causes the

Fig. 5 Shannon Evenness in relation to quartiles of A mat TP

(O.W.A.: F = 14.07; p = 3.25 9 10-8***; Tukey’s HSD test:

p\ 0.05); B days since last dry (DSLD; O.W.A.: F = 7.135;

p = 1.69 9 10-4***); C annual number of dry days (ANDD;

O.W.A.: F = 7.079; p = 1.88 9 10-4***). Statistically signif-

icant differences are indicated by different letters; the y axis

does not start at 0
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dissolution of calcium carbonate (Gottlieb et al. 2005;

Gaiser et al. 2011, 2015). Scytonema sp. was more

frequently the taxon with the highest relative biovol-

ume in oligotrophic sites (quartiles 1 and 2) than in

mesotrophic and eutrophic sites (quartiles 3 and 4;

Table 6). This and other cyanobacteria, such as

Schizothrix calcicola, thrive in low P areas and are

considered ecosystem engineers; they form compact

Table 3 Correlation coefficients (Spearman) between all the measured variables

Depth Hydroperiod DSLD ANDD pH Conductivity TP

Explanatory versus explanatory variables

Depth 1 0.8305** 0.8284** -0.7980** -0.2134** 0.2098** 0.3528**

Hydroperiod 1 0.9384** -0.8726** -0.3229** 0.1495 0.4306**

DSLD 1 -0.8877** -0.3292** 0.1932* 0.3942**

ANDD 1 0.3346** -0.1209 -0.3930**

pH 1 0.1628** -0.5983**

Conductivity 1 -0.0939

TP 1

Response versus explanatory variables

Top 5 biovolume (%) -0.4221** -0.5295** -0.5103** 0.5371** 0.3769** 0.2752** -0.5808**

N taxa = 95% biovolume 0.4131** 0.5131** 0.4939** -0.5226** -0.4228** -0.2788** 0.6442**

Shannon Evenness 0.2487** 0.4239** 0.3916** -0.3742** -0.3045** -0.2300** 0.4544**

Top 5 biovolume (%) N taxa = 95% biovolume Shannon Evenness

Response versus response variables

Top 5 biovolume (%) 1 -0.9244** -0.8329**

N taxa = 95% biovolume 1 0.8013**

Shannon Evenness 1

DSLD days since last dry, ANDD annual number of dry days, TP total phosphorus

In bold high correlation values: * p\ 0.01; ** p\ 0.05

Table 4 Parameters of univariate linear regression predictors of top 5 biovolume (%), N taxa = 95% biovolume, and Shannon

Evenness

Predictors (best modela) Top 5 biovolume (%) N taxa = 95% biovolume Shannon Evenness

[Regression parameters] [b] [P] [R2
adj] [b] [P] [R2

adj] [b] [P] [R2
adj]

Depth (Q, Q, Q) -0.2980 2.34 9 10-5 0.109 0.120 4.41 9 10-5 0.103 0.0019 0.0034 0.055

Hydroperiod (C, L, C) 0.0453 1.31 9 10-9 0.227 0.0133 1.96 9 10-8 0.192 0.0032 5.12 9 10-7 0.186

DSLD (C, C, C) -0.0196 2.36 9 10-8 0.219 0.0075 6.21 9 10-7 0.181 0.0002 1.92 9 10-6 0.169

ANDD (C, Q, C) 0.0933 3.27 9 10-8 0.226 -0.0191 6.05 9 10-8 0.205 -0.0008 9.55 9 10-5 0.126

pH (Q, Q, Q) 148.05 1.74 9 10-10 0.228 -51.098 1.81 9 10-12 0.269 -0.9784 8.30 9 10-5 0.097

Conductivity (C, C, C) 0.0235 6.06 9 10-6 0.135 -0.0095 1.02 9 10-6 0.154 -0.0002 0.0004 0.089

TP (C, C, C) -0.0277 3.68 9 10-16 0.350 0.0128 2.20 9 10-16 0.401 0.0002 2.01 9 10-8 0.193

For each response variable, bold indicates the predictor with the highest R2
adj and underlined are the predictors with the second highest

R2
adj

n.s. not significant, b first-order regression coefficient, P p value
a First column: in brackets are indicated the models with the highest R2

adj;: L linear, Q quadratic, C = cubic
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Table 5 Results of multiple linear regression models explain-

ing dominance in relation to hydrology predictors (i.e., annual

number of dry days, ANDD; hydroperiod, days since last dry,

DSLD, and depth), pH, conductivity, and mat TP; p\ 0.05;

n.s. not significant b = first-order regression coefficient;

P = p value. In bold the most significant models and predictors

and the relative results

Model (‘response variable_hydrology predictor’) Predictors b P R2
adj

AIC

Top 5 biovolume_ANDD ANDD 0.022 7.07 9 1027 0.621 688.5

pH 4.951 0.0001

Conductivity 0.007 0.0009

TP -0.012 2.13 9 10-6

Top 5 biovolume_Hydroperiod Hydroperiod -0.023 2.47 9 1026 0.519 787.7

pH 3.089 0.0220

Conductivity 0.008 0.0005

TP -0.012 1.08 9 10-5

Top 5 biovolume_DSLD DSLD -0.011 0.0003 0.476 805.4

pH 4.167 0.0257

Conductivity 0.007 0.0014

TP -0.013 3.67 9 1026

Top 5 biovolume_Depth Depth -0.058 0.0219 0.390 985.1

pH 5.900 1.25 9 1025

Conductivity 0.003 0.0283

TP -0.004 0.0003

N taxa = 95% biovolume_ANDD ANDD -0.079 1.70 9 10-6 0.676 429.2

pH -1.936 8.8 9 10-5

Conductivity -0.024 0.0024

TP 0.006 4.08 9 10210

N taxa = 95% biovolume_Hydroperiod Hydroperiod 0.008 1.32 9 10-5 0.599 496.0

pH -1.234 0.0132

Conductivity -0.003 0.0007

TP 0.006 8.42 9 10210

N taxa = 95% biovolume_DSLD DSLD 3 9 10-4 0.0115 0.552 514.9

pH -1.615 0.0017

Conductivity -0.003 0.0030

TP 0.007 3.05 9 10210

N taxa = 95% biovolume_Depth Depth 0.021 0.0025 0.346 672.8

pH -2.760 6.1 9 1028

Conductivity -0.001 0.0028

TP 0.001 0.0009

Shannon Evenness_ANDD ANDD -2 9 10-4 0.0022 0.295 2461.2

pH -0.030 n.s.

Conductivity -6 9 10-5 n.s.

TP 8 9 10-5 0.0131

Shannon Evenness_Hydroperiod Hydroperiod 3 9 10-4 1.5 9 1025 0.295 -499.5

pH -0.005 n.s.

Conductivity -8 9 10-5 0.0048

TP 8 9 10-5 0.0086
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layers of filaments and secrete extracellular polysac-

charide (EPS) where P and water are stored (Swift and

Nicholas 1987; Hagerthey et al. 2011). Epiphytic

green algae, such as Mougeotia, Oedogonium, and a

few unicellular desmids, were more frequently dom-

inant with higher TP (Table 6), consistent with

established knowledge of their ability to successfully

compete for P in oligotrophic–mesotrophic conditions

(Reynolds 2006). In these deeper sites with higher TP,

for example in Water Conservation Areas (Fig. 1), pH

tends to be lower, which favors desmids (Table 6), as

previously observed in the Everglades (see, e.g.,

Bellinger et al. 2010). A less clear trend is shown by

the coccoid cyanobacterium Aphanothece, which was

the taxon with the highest relative biovolume more

frequently where TP was higher (Table 6), whereas it

is usually widespread in this wetland (Gleason and

Spackman 1974).

Algal dominance increases with desiccation stress

We demonstrated that higher dominance, especially of

cyanobacteria, was caused by desiccation stress,

alongside mat TP, in a globally important wetland

(Tables 4, 5). Drier conditions (i.e., higher ANDD,

shorter hydroperiod, and lower depth and DSLD),

alongside higher pH, significantly increased top 5

biovolume (%) and reduced N taxa = 95% biovol-

ume, and Shannon Evenness (Tables 4, 5). This means

that, in the Everglades, the combined stress of nutrient

and water scarcity is best tolerated by a few dominant

benthic taxa, especially cyanobacteria (Table 6).

Cyanobacteria were also found to dominate in other

wetlands with receding water levels, for example in

various shallow lakes in South America (Huszar and

Reynolds 1997; Kosten et al. 2012; Brasil et al. 2016).

Chase (2007) observed similar trends in experimental

ponds where green algae, tolerant to desiccation,

dominated following drought, while more diverse

algal (and plant) assemblages were dominant in the

absence of drought. In this study, algal dominance was

also predicted by increasing water pH (Tables 4, 5)

that causes calcium carbonate to dissolve from lime-

stone and to be re-precipitated by algae that use

bicarbonates, rather than carbon dioxide (Hagerthey

et al. 2011). Although high pH might favor cyanobac-

teria dominance per se (Caraco and Miller 1998), in

our dataset pH was positively correlated with ANDD

(Table 3) so that higher desiccation stress and pH

jointly increase algal dominance (Tables 4, 5). The

dominance of filamentous cyanobacteria with higher

pH is not surprising; contrary to eukaryotic algae,

these organisms favor low concentrations of metals,

such as manganese, which become less soluble as pH

increases (Patrick et al. 1969).

Cyanobacteria, such as Scytonema sp., dominated

this wetland’s prairies and marshes (Fig. 6; see the

‘filamentous producing scytonemin’ group), consis-

tent with previous observations (Gleason and Spack-

man 1974; Swift and Nicholas 1987; Gaiser et al.

2011). Although we did not measure scytonemin, the

capability to produce this pigment that protects

photosystem II (Potts 1994) likely contributes to the

dominance of Scytonema sp. in 63% of our samples

(Table 6). The mean frequency of the most dominant

traits by site was more variable across the desiccation

gradient (Fig. 6b, c) than the P gradient (Fig. 6a)

indicating that the production of scytonemin may be

the most important adaptation in this wetland. Further

research aimed to measure this pigment is however

needed to confirm this interpretation of our findings.

Previous work concluded that desiccation contributes

Table 5 continued

Model (‘response variable_hydrology predictor’) Predictors b P R2
adj

AIC

Shannon Evenness_DSLD DSLD 1 9 10-5 0.0025 0.239 -491.9

pH -0.002 n.s.

Conductivity -7 9 10-5 0.0139

TP 1 9 10-6 0.0040

Shannon Evenness_Depth Depth 5 9 10-4 0.0017 0.131 -510.6

pH -0.038 0.0092

Conductivity -7 9 10-6 n.s.

TP 3 9 10-5 0.0217
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Fig. 6 Mean frequency of

the most abundant algal

traits by site (%) in relation

to quartiles of a mat TP;

b days since last dry

(DSLD); c annual number of

dry days (ANDD). No

significant differences

(p\ 0.05)
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to algal community structure changes in the Ever-

glades (Gleason and Spackman 1974; Swift and

Nicholas 1987; Gaiser et al. 2011) and other

periodically dry ecosystems, such as savannahs (Wil-

liams et al. 2014). The ability to store water and

nutrients in EPS (Hagerthey et al. 2011) allows several

Table 6 Frequency of the single most dominant taxa (highest relative biovolume by sample) and their key trait in relation to mat TP,

days since last dry (DSLD), and annual number of dry days (ANDD) by quartiles

Traits/phylum Top 1 taxa % by TP quartile % by DSLD quartile % by ANDD quartile N

samplesa

1 2 3 4 1 2 3 4 1 2 3 4

Coccoid 6 14 29 56 8 28 52 3 29 14 21 22

Cyanobacteria Aphanothece sp. 6 6 17 72 33 11 6 11 17 6 33 18

Cyanobacteria Chroococcidiopsis sp. 100 100 1

Cyanobacteria Gomphosphaeria sp. 100 100 100 1

Cyanobacteria Gloeothece sp. 50 50 100 50 50 2

Epiphytic

Xanthophyta Stipitococcus sp. 1 5 4 6 19 13 25 19 25 13 19 19 16

Filamentous—no

scytonemin

4 23 20 53 1 36 8 18 22 20 6 8 260

Cyanobacteria Fischerella sp. 25 25 50 25 13 38 38 13 25 8

Cyanobacteria Johannesbaptistia sp. 100 100 1

Cyanobacteria Lyngbya sp. 100 100 100 1

Chlorophyta Mougeotia sp. 11 9 36 44 27 13 22 22 40 13 13 18 55

Chlorophyta Oedogonium sp. 50 50 17 33 33 17 6

Cyanobacteria Schizothrix sp. 15 30 30 25 14 19 23 36 43 11 16 14 188

Chlorophyta Unknown green filament 100 1

Filamentous—

scytonemin

Cyanobacteria Scytonema sp. 34 27 22 17 25 25 24 19 33 8 17 29 597

Unicellular motile 3 3 94 20 3 16 7 23 20 3 14

Bacillariophyta Amphora sulcata 100 100 100 1

Bacillariophyta Brachysira brebissonii 100 1

Bacillariophyta Brachysira serians 100 100 100 1

Bacillariophyta Diadesmis confervacea 100 1

Bacillariophyta Encyonema ftsp02 100 33 33 33 33 3

Bacillariophyta Mastogloia calcarea 25 25 50 25 25 25 25 50 25 25 4

Bacillariophyta Mastogloia lanceolata 100 2

Bacillariophyta Nitzschia serpentiraphe 100 1

Unicellular non-

motile

5 20 77 27 10 33 15 60 11 7 7 32

Chlorophyta Cosmarium calcareum 100 100 100 1

Chlorophyta Staurastrum

longebrachiatum

100 100 100 1

Chlorophyta Pleurotaenium minutum

var. attenuatum

50 50 25 50 25 25 25 4

Chlorophyta Pleurotaenium minutum

var. excavatum

10 50 50 18 27 14 27 41 14 18 9 20

Chlorophyta Triploceras sp. 17 83 17 50 33 17 17 6

a Total number of samples in which each taxon was the most dominant one
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taxa to dominate at numerous sites: filamentous (e.g.,

Schizothrix sp.; 188 sites) and coccoid cyanobacteria

(e.g., Aphanothece sp.; 18 sites), as well as filamentous

green algae (e.g., Mougeotia; 55 sites; Table 6).

Future environmental scenarios indicate that warmer

temperatures, caused by global warming, may com-

pound with the possibility of more frequent and/or

longer droughts (Obeysekera et al. 2015) in changing

species distribution and dominance patterns across

ecosystems. As these adaptive traits have evolved over

very long periods of time to counter nutrient scarcity

and/or drying, these likely confer resilience to benthic

primary producer communities. Experimental studies

testing which adaptive traits best support the viability

and productivity of dominant algae are therefore

needed to better understand how benthic mats will

react to ongoing environmental changes.

Using the Everglades as a model ecosystem

to predict dominance patterns

In the interior of the Everglades, P tends to be scarce

and desiccation stress high, especially in shallow sites

that are frequently dry (Gaiser et al. 2011); in this

wetland we found that algal dominance is high

(Figs. 3, 4) and taxon richness is low, compared to

other subtropical wetlands, such as the more pristine

Okavango Delta (Marazzi et al. 2017). Diverse

phytoplankton communities in a shallow lake in

New Zealand were observed to have enough species

to compensate for the loss of dominant taxa impacted

by salt intrusion (Flöder et al. 2010). By contrast, rare

species in the Everglades are likely not sufficiently

numerous to compensate for the performance loss of

dominant ones with possibly even drier conditions in

the future (Obeysekera et al. 2015). However, dom-

inant/ecosystem engineer cyanobacteria tolerate des-

iccation, high temperatures, and UV radiation in

aquatic ecosystems (Gaiser et al. 2011; Karsten and

Holzinger 2014; Brasil et al. 2016). In lakes and

estuaries that are becoming warmer, more polluted,

and/or more saline, the dominance of microscopic

primary producers is also likely to increase (Carey

et al. 2012; Kosten et al. 2012; Paerl and Otten 2013).

In biological soil crusts limited by water scarcity, early

succession cyanobacteria are becoming more domi-

nant than late succession primary producers, such as

mosses and lichens (Ferrenberg et al. 2015). Domi-

nance was also observed to increase in tundra shrub

under experimental warming (Walker et al. 2006).

Further research using our indicators could evaluate

whether nutrient scarcity (or excess) and desiccation

stress may be increasing (decreasing) the occurrence

of dominant taxa with adaptive traits in prairie

wetlands (Johnson et al. 2010), lakes (Paerl and Otten

2013), floodplains (Finlayson 2013; Brasil et al. 2016),

and peatlands (Fenner and Freeman 2011).

Dominance patterns of other organisms in the

Everglades and elsewhere can be interpreted with the

approach we eveloped. For example, primary produc-

tion in this wetland’s oligotrophic marshes is domi-

nated by sawgrass (Cladium jamaicense) and spike

rush (Eleocharis cellulosa), while muhly grass (Muh-

lenbergia filipes) prevails in its marl prairies (Gun-

derson 1994). These species have been subject to the

encroachment of other plants tolerating high soil P,

notably cattail (Typha sp.; Osborne et al. 2014) as well

as the advancement of mangroves due to higher

salinity caused by sea-level rise (Teh et al. 2008). In

other ecosystems facing environmental threats, algae

and/or plants also dominate benthic mats (Fenner and

Freeman 2011; Johnson et al. 2010; Muster et al.

2015). The impacts of nutrient load changes and

drought in these landscapes may change the domi-

nance structure of various primary producers, a topic

that warrants further research.

Conclusions

We demonstrated that phosphorus scarcity and des-

iccation stress increase the occurrence of dominant

taxa and their prevalence in biovolume terms in

benthic communities in the Everglades, a globally

important wetland. More oligotrophic and drier

habitats host communities with fewer taxa monopo-

lizing higher shares of algal biovolume than habitats

with higher P and deeper waters. Our indicators and

approach for analyzing dominance can support

predictions of community structure changes in other

ecosystems subject to oligotrophic and dry condi-

tions. This can in turn help devise conservation

decisions; depending on the level of anthropogenic

impacts, ecosystem management requires a focus on

biodiversity and/or ecosystem services (see, e.g.,

Schneiders et al. 2012). On the one hand, maintain-

ing/restoring the natural flood pulse in subtropical

wetlands may enhance diversity-mediated resilience
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to environmental changes (Marazzi et al. 2017).

However, dominant taxa with adaptive traits are often

key for ecosystem functioning and provide resilience

to environmental changes such as eutrophication

(Grman et al. 2010), oligotrophication (Horn 2003),

and droughts (Brasil et al. 2016). Therefore, both

species diversity and dominance should be assessed

to better understand how and why communities

change. In aquatic ecosystems subject to nutrient

limitation and droughts, conservation should not only

protect threatened and charismatic species, but also

preserve shallow habitats hosting crucial micro-

scopic primary producers. As some of the most

dominant taxa perform an ecosystem engineer role

(e.g., Scytonema sp.), this will likely benefit organ-

isms with evident cultural, recreational, and eco-

nomic value (e.g., fish and birds) that rely on healthy

microbial mats for food, nutrients, habitat, and/or

oxygen.
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lake (Lago Batata, Pará, Brasil): responses to gradual

environmental change. Hydrobiologia 346:169–181

James DA, Bothwell ML, Chipps SR, Carreiro J (2015) Use of

phosphorus to reduce blooms of the benthic diatom Didy-

mosphenia geminata in an oligotrophic stream. Freshw Sci

34:1272–1281

Johnson JB, Omland KS (2004) Model selection in ecology and

evolution. Trends Ecol Evol 19:101–108

Johnson WC, Werner B, Guntenspergen GR, Voldseth RA,

Millet B, Naugle DE, Tulbure M, Carroll RWH, Olawsky

C (2010) Prairie wetland complexes as landscape func-

tional units in a changing climate. Bioscience 60:128–140

Jones CG, Lawton JH, Shachak M (1994) Organisms as

ecosystem engineers. Oikos 69:373–386

Jordan F, Coyne S, Trexler JC (1997) Sampling fishes in veg-

etated habitats: effects of habitat structure on sampling

characteristics of the 1-m2 throw trap. Trans Am Fish Soc

126:1012–1020

Junk WJ (2002) Long-term environmental trends and the future

of tropical wetlands. Environ Conserv 29:414–435

Karsten U, Holzinger A (2014) Green algae in alpine biological

soil crust communities: acclimation strategies against

ultraviolet radiation and dehydration. Biodivers Conserv

23:1845–1858
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