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Resumo

Compreender como as comunidades sao distribuidas no espaco e tempo é um dos temas mais
estudados em ecologia. Além disso, diante das intensas acdes antropogénicas na natureza, € de
interesse do ecologo entender como as diferentes espécies respondem a esses distdrbios. Um
dos principais impactos que estd mudando a paisagem natural é o uso da terra para agricultura,
pecudria e habitacdo. Os diferentes usos da terra afetam ecossistemas terrestres e aquaticos
moldando esses habitats e a distribuicdo dos organismos nesses sistemas. Nosso objetivo
principal foi testar se ha relacdo entre o uso da terra, condi¢des fisico-quimicas da agua e
variaveis espaciais e analisar como elas atuam sobre a diversidade taxonémica e funcional do
fitoplancton em riachos de cabeceira e de veredas. NOs hipotetizamos que (i) 0 uso da terra tem
efeito direto e significativo sobre as caracteristicas limnologicas; (ii) o uso da terra e as variaveis
limnoldgicas sdo estruturadas espacialmente e (iii) somente as variaveis ambientais (uso da
terra e limnoldgicas) atuam sobre os indices de biodiversidade sendo essas ndo estruturados
espacialmente. As amostragens foram realizadas em 41 habitats (rios de cabeceira e veredas)
do bioma Cerrado durante a estacdo de seca de 2016 e 2017. Para estimar a diversidade
taxondmica usamos riqueza de espécies, densidade, indice de Shannon-Wiener e biovolume. A
riqueza funcional (FRic), dispersdo funcional (FDis), uniformidade funcional (FEve) e a média
ponderada dos tracos da comunidade (CWM) foram utilizados para medir a diversidade
funcional. Construimos um modelo de equac&o estrutural (SEM) para avaliar os efeitos diretos
e indiretos nas variaveis abioticas (limnoldgicas, uso do solo e espaciais) e o efeito delas nas
variaveis bidticas (indices de diversidade taxonémica e funcional). Entre as variaveis de uso da
terra, apenas a mudanca anual do uso da terra, foi selecionada no modelo, enquanto a
condutividade foi a Unica selecionada entre as variaveis limnoldgicas. Em geral, o uso da terra
foi estruturado espacialmente enquanto que o limnolégico e o bioldgico ndo foram afetados
diretamente pelo espaco, porém a diversidade foi indiretamente afetada pelo espaco por meio
da mudanca de uso do solo. Da mesma forma, o uso do solo também néo teve impacto detectado
nas variaveis limnolédgicas. O modelo de estruturado explicou a maior parte da variavel
taxondmica (r%g = 0,8) e funcional (r%. = 0,78). No entanto, a mudanca de uso da terra
representou a maior parte dessa variacao deixando de lado as variaveis espaciais e limnoldgicas.
Nossos resultados destacam a importancia das varidveis de uso da terra, especialmente as
mudancas no uso de um ano para outro, tenham repercussao na diversidade, afetando a
diversidade taxondmica e funcional do fitoplancton.

Palavras-chaves Conservagéo. Diversidade. Veredas. Riachos. Tragos. SEM.



Abstract

Understanding how communities are distributed across space and time is one of the most
studied subjects in ecology. Due to the intense anthropogenic actions on nature, it is crucial to
understand how the different species respond to those anthropogenic doing. Land use is one of
the main anthropogenic impact that is changing nature, which effects on both terrestrial and
aquatic ecosystems. Our main goal was to test whether and how the land use, and physical and
chemical conditions of the water respond to the spatial variables and verify how those acts upon
phytoplankton taxonomic and functional diversity in headwater streams and palm swamps
habitats. We hypothesize that (i) land use would have a direct and significant effect on the
limnological features; (ii) that both land use and limnological variables would be spatially
structured and also (iii) that only environmental variables (land use and limnological) would
act upon the biodiversity indexes and that space would not demonstrate such effect. To test our
hypothesis we sampled 41 habitats (headwater streams and palm swamps) from the Cerrado
biome during the dry season in 2016 and 2017. To estimate the taxonomic diversity we used
species richness, density, Shannon-Wiener index and biovolume. Functional richness (FRic),
functional dispersion (FDis), functional evenness (FEve) and the community-weighted mean
trait (CWM) were the components used to measure the functional diversity. We constructed a
structural equation model (SEM) to evaluate the direct and indirect effects within abiotic
variables (limnological, land use, and spatial) and the effect of them on the biotic variables
(taxonomic and functional indexes). Among the land use variables, only land use change,
through a timespan of one year, was selected in the model while conductivity was the only one
selected among the limnological variables. In general, the land use was spatially structured
while neither the limnological nor the biologic were affected directly by space, even though the
biodiversity was indirectly affected by space through use change. Similarly, the land use also
had no impact detected on the limnological variables. The structure model explained most of
the taxonomic (r%¢= 0.8) and functional diversity (r%g= 0.78). However, land use change
accounted for most of that variation leaving aside the spatial and limnological variables. Our
results highlight the importance that land use variables, especially the shifts in use from one
year to another, have on the stream biota, affecting both taxonomic and functional diversity of
phytoplankton.

Keywords Conservation. Diversity. Palm swamps. Headwaters. Traits. SEM.
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Introdugéo

O bioma Cerrado apresenta uma malha hidrica que abriga nascentes de rios que dao
origem ou alimentam as principais bacias hidrograficas do pais (Moreira, Pott, Pott, &
Damasceno-Junior, 2011). Os rios de cabeceiras (riachos) tém importante papel nesse contexto,
pois constituem a maioria dos sistemas aquéticos e alimentam sistemas aquéaticos de maior
ordem (Thorp, Thoms, & Delong, 2006; Wantzen, Siqueira, Cunha, & Pereira de S4, 2006). As
veredas, também atuam alimentando os rios do Cerrado (Ramos et al., 2006). Nesse sentido,
rios de cabeceiras e veredas constituem o habitat permanente e temporario de inimeros grupos
de organismos (Brasil, Vieira, de Oliveira-Junior, Dias-Silva, & Juen, 2017; Costa-Milanez,
Lourengo-Silva, Castro, Majer, & Ribeiro, 2014; Dunck, Nogueira, & Felisberto, 2013;
Guimardes, Araujo, & Corréa, 2002; Pacheco & Vasconcelos, 2012; Tubelis, 2009; Valente-
Neto, Saito, Siqueira, & Fonseca-Gessner, 2016) constituindo ambientes muito importantes

para a manutencdo da biodiversidade das comunidades do Cerrado.

No entanto, a agdo antropogénica tem provocado altera¢des significativas na dindmica
da biota e funcionamento dos ecossistemas (Matthews, Cottee-Jones, & Whittaker, 2014). Esses
ecossistemas sofrem profundas alteracbes como resultado de perturbagdes resultantes da acao
humana (Souza & Fernandes, 2009). Avaliar a diversidade de comunidades biolégicas em
ecossistemas sujeitos a distarbios antropicos € fundamental para elaborar estratégias de
conservacao e protecdo de habitats (Magrini et al., 2011), pois a perda de biodiversidade tem
sérias implicacdes, como a diminuicdo da resiliéncia, resisténcia a disturbios, além da perda de
integridade ecoldgica e servigos ecossistémicos (Tscharntke et al., 2005; Cardinale et al., 2012).

Uma das comunidades biolégicas com papel fundamental no funcionamento dos
ecossistemas é o fitoplancton (Hébert et al., 2017). Esse grupo de organismos esta presente em
diferentes ambientes aquaticos, desde o marinho aos dulciaquicolas (Graham, 2009). O
fitoplancton abrange organismos microscopicos que vivem suspensos na coluna d’agua de
grande importancia no funcionamento e produtividade dos ambientes aquaticos, devido sua
posicdo chave nas cadeias troficas aquaticas, como produtores primarios, e na dinamica de
nutrientes (Keister et al., 2012; Jose et al., 2015). Além disso, sdo comumente usados como
bioindicadores da qualidade ambiental (Abdul et al., 2016).

Geralmente o conhecimento sobre a biodiversidade para elaboracdo de estratégias de

conservacao é baseado na composicao e riqueza de espécies (Batista et al., 2016). Entretanto,
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pesquisas recentes em ecologia tém utilizado além de medidas tradicionais de diversidade,
como riqueza e abundancia, medidas de diversidade funcional (Katsiapi et al., 2012).
Abordagens baseadas em tracos funcionais sdo utilizadas para quantificar e predizer os efeitos
de mudancas ambientais sobre as comunidades bioldgicas (Mc Gill et al., 2006). Quantificar a
diversidade funcional com base nos tracos funcionais das espécies pode levar a melhores
ligagdes entre dirigentes ambientais e composi¢do das comunidades (Litchman & Klausmeier
2008). Essa premissa é suportada por meio do corpo crescente de estudos mostrando que tracos

mudam através de diferentes gradientes ambientais (Edwards, 2013).

Tracos funcionais sdo caracteristicas morfoldgicas, fisioldégicas ou fenoldgicas
mensuraveis, em nivel de individuo, que afetam o desempenho das espécies no ecossistema,
devido aos efeitos no seu crescimento, reproducdo ou sobrevivéncia (Violle et al., 2007).
Muitos tracos funcionais de espécies aquaticas sdo utilizados para predizer a resposta das
comunidades biologicas e resiliéncia dos ecossistemas a diferentes variaveis ambientais ou
perturbacdes antropicas (Capoane et al., 2015). Diante da importancia do fitoplancton para as
comunidades aquaticas e de tracos funcionais. O objetivo do projeto é estudar se e como a
comunidade fitoplanctdnica se comporta, taxonomicamente e funcionalmente, em ambientes
aquaticos sujeitos a diferentes niveis de impactos antropicos (intensidade de uso do solo). Além

de verificar a influéncia de varidveis ambientais nas métricas de diversidade da comunidade.
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Objetivos

O artigo intitulado “Phytoplankton diversity: direct and indirect role of shifts in land use
across head water streams and palms wamps.” possuem citacOes e referéncias formatadas
de acordo com as normas da revista cientifica “Hydrobiologia”.

e Caracterizar 0s ambientes de veredas e riachos de cabeceiras de acordo com suas
variaveis ambientais (limnoldgicas, morfométricas e de uso do solo) e bioldgicas
(indices de diversidade taxondmica e funcional);

e Determinar através de modelos de equacéo estruturada as principais variaveis preditoras
das diversidades taxonémica e funcional das comunidades fitoplanctonicas.

Hipdteses

H1: Atividades de uso de solo afeta as varidveis limnolégicas e morfométricas, aumentando
condutividade e fluxo, diminuindo oxigénio dissolvido e profundidade dos ambientes.

H2: InformacGes ambientais (uso de solo, limnoldgicas e morfométricas) sdo espacialmente
estruturadas, com ambientes mais proximos apresentando caracteres similares quando
comparados aqueles habitats mais distantes.

H3: As informagdes de uso da bacia a montante do local amostrado juntamente com as variaveis
ambientais locais (limnol6gicas e morfométricas), atuam determinando a distribuicdo dos
indices de diversidade taxonémica e funcional nos ambientes amostrados. Os indices de
diversidade aumentam com o aumento da intensidade de uso do solo e a condutividade.
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Abstract

Our main goal was to test whether and how the land use, and physical and chemical conditions
of the water respond to the spatial variables and verify how those acts upon phytoplankton
taxonomic and functional diversity in headwater streams and palm swamps habitats. To
estimate the taxonomic diversity we used species richness, density, Shannon-Wiener index and
biovolume. Functional richness (FRic), functional dispersion (FDis), functional evenness
(FEve) and the community-weighted mean trait (CWM) were the components used to measure
the functional diversity. We constructed structural equation models (SEM) to evaluate the direct
and indirect effects within abiotic variables (limnological, land use, and spatial) and the effect
of them on the biotic variables (taxonomic and functional indexes). In general, land use was
spatially structured while neither the limnological nor the biological variables were affected
spatially. Similarly, land use also had no impact detected on the limnological variables. The
structure model explained most of the taxonomic (r?.= 0.8) and functional diversity (r?.g=
0.78). However, land use change accounted for most of that variation leaving aside the spatial
and limnological variables. Our results highlight the importance that land use variables,
especially the shifts in use from one year to another, have on the stream biota, affecting both
taxonomic and functional diversity of phytoplankton.

Keywords Conservation. Diversity. Palm swamps. Headwaters. Traits. SEM.

Introduction

Species distribution across different spatial and temporal scales is governed by
numerous factors that affect and interact directly and indirectly throughout many possible
pathways. Understanding how these factors work together shaping biodiversity distribution has
been of interest of ecologists through time (Leibold et al., 2004). Among the investigated
factors that act on biodiversity, anthropogenic activities, such as land use, have received much
attention due to their direct influence in the carbon cycle and climate change (Matson et al.,
1997). In addition, intense and unplanned land use leads to a loss of biological biodiversity and
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important ecosystem services in both terrestrial and aquatic systems (Pimm & Raven, 2000). In
the context of aquatic systems, land use leads to direct consequences for changing hydrological
flow (e.g., use for irrigation, damming) and indirectly for the loss of water quality (e.g., nutrient
and pollutant inflow) (Bennett et al., 2001; Houghton & Hackler, 2001; Schiesari & Grillitsch,
2011).

The land use has been impacted one of the most diverse biome in the World, the Cerrado,
which has lost its natural area, mainly due to agriculture and livestock activities (Nepstad et al.,
1997; Batlle-Bayer et al., 2010). These activities fragment, modify and destroy the terrestrial
environment, besides affect indirectly limnological and biological composition in aquatic
ecosystems (Leboulanger et al., 2011). Indeed, agricultural activities are associated with loss in
riparian  vegetation, increase in turbidity, conductivity, cyanobacteria density
(Schiesari&Corréa, 2016), nitrogen levels and changes in macroinvertebrate and fish
communities (Maloney, 2011).

Ecosystem recovery from land use activities can take centuries, and these recovering
ecosystems are compositionally and functionally different from undisturbed areas (Maloney et
al., 2008). In streams, for example, woody debris and sediment can be centuries-old remnants
of past catchment conditions (May & Gresswell, 2003; Walter &Merritts, 2008). Water
chemistry recovers relatively faster than physical characteristics, but depending on how intense
the disturbance is the effects on water quality may persist for decades (Swank et al., 2001). The
effects of land use can also be observed in stream biological communities, because stream biota
is strongly controlled by chemical and physical characteristics. Phytoplankton tends to respond
rapidly to a degree of intensity of land use, especially indicating an increase in the productivity
of environments under intense exploration, mainly due to the high input of nutrients through
the intense use of land for agricultural purposes (Correll, 1998).

However, studies that evaluate land use effects in streams have examined only
individual components of a stream and have only tested direct relationships (Burcher et al.,
2007), leaving aside, for example, indirect effects in both biotic and within-stream variables. In
addition, only certain aspects of biodiversity, related to richness and density, are analyzed
(Borics et al., 2014). These more traditional ecological diversity indexes in ecology fails to
account for functional information of the species (Tilman, 2001; Violle et al., 2007). To
overcome these issues and look at the complex webs of relationships, both direct and indirect,
incorporating functional information (e.g., traits), in this paper, we analyze how the stream

environments respond, within the scope of their environmental variables, to the use of the soil.
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In addition, we intend to verify if and how the functional and taxonomic diversity of

phytoplankton respond to loss of natural areas in palm swamps and headwaters streams.

We expect that land use around the aquatic environment have an immediate impact on
the limnological variables, as result of either increasing the input of dejects from human
activities (e.g., Agrochemicals, sewage) or increasing inorganic matter (soil) that comes from
land disturbances (Wantzen et. al., 2012). In addition, we expect that both land use and
limnological variables respond to a spatial gradient (distance), which means that near sites
would be under similar conditions of land use and would have similar limnological
characteristics. As for the biological diversity indexes, we expect that they would not respond
to the spatial gradient but would respond, in fact, to land use and limnological variables. Yet,
we expect that the functional diversity indexes would be more suitable to monitoring the studied

environments due to their better response to land use activities.

Materials and methods

Study site

The study area consists of 41 habitats (25 headwaters and 16 palm swamps) located in
an upper section of the Rio das Mortes Basin in the state of Mato Grosso, Brazil. The sampling
occured during the dry season (June to August) from 2016 and 2017. The sampling area is in
a drainage area that covers approximate 936.28 km? in the Cerrado biome. Agricultural and
livestock activities are the predominant anthropic uses in this region (Fig.1).
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Figure 1 - The sampled environments used in this study, headwaters (red) and palm swamps (blue), were
collected in an upper section of the Rio das Mortes basin. This river is one of the most important
tributaries of the Araguaia-Tocantins basin (green shape), which is one of the largest in the country.

Sampling and identification of phytoplankton

The data of the phytoplankton community were obtained by collecting samples in the
sub-surface in 100 ml amber flasks and fixed with acetic Lugol solution (Bicudo& Menezes,
2006). The species were then identified according to Utermohl (1958) using sedimentation
chambers ranging in volume from 2ml to 10ml. The species density was calculated using APHA
(2005) and was expressed as individuals.mL™, and biovolume was calculated based on
Hillebrand et al. (1999) and expressed as um®.mL. The algae from as many random fields were
counted as necessary to stabilize the number of species. In other words, there was not more
species added per field (e.g., species accumulation curve, species versus number of fields

counted).

Phytoplankton identification was performed at the species level or at the lowest possible
taxonomic level. During the process of identification of the community, functional traits were
collected through bibliographic search. Specifically, for each species identified, the follow
functional traits were collected: the maximum axial length (MDA), body shape (unicellular,
coenobium, colonial and filamentous), and the presence of morphological and physiological
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specializations (toxins, aerotopes, heterocyts, flagella, mucilage, presence of silica, body

extensions and nutrition) (Table 1).

Table 1 - Functional traits sampled during the biological identification process or through the literature
used to calculate the functional diversity.

Ecological role

Traits Scale Resource

Reproduction S Avoidance
acquisition

Biovolume Continuous X X X
Maximum axial length Continuous X X X
Body shape Categorical (4 categoriest) X X X
Flagella Binary (presence/absence) X X
Body extensions Binary (presence/absence) X X
Mucilage Binary (presence/absence) X X
Silica Binary (presence/absence) X X
Heterocyts Binary (presence/absence) X X
Aerotopes Binary (presence/absence) X X
Toxin? Binary (presence/absence) X X
Nutrition Binary? X X

'Filamentous, unicellular, colonial, coenobium.

2 As toxin we considered both metabolic products that avoid predation (e.g. cyanotoxins) and those that inhibits other
species proliferation (e.g. allelopathy).

3Autotrophic (0), Mixotrophic (1).

Sampling of environmental and spatial data

The environmental variables were sampled in situ using a U-50 Horiba multiparameter
probe. As for the source of land use/land cover data, we used the data from the years 2015, 2016
and 2017 that were generated from downloaded Sentinel 2 imagery from United States of
America Geological Service (USGS). The images used were already with level 2 of processing
(orthorectified and atmospheric correction). The drainage was obtained through the digital
processing of Shuttle Radar Topography Mission (SRTM) images, obtained from the Ministério

da Agricultura, Pecuéria e Abastecimento.

To classify the images, we used Mahalanobis distance algorithm, a supervised method.
This method has the property of minimizing the distance between the pixel and the class
average, which is calculated based on the region of interest for each class (Meneses & Almeida,
2012). Mahalanobis is faster than other algorithms since it assumes that the variance in the
classes are the same. To evaluate the state of the classification of the images we used the
accuracy index (threshold of 95%), which measure how many pixels (%) have been corrected
classified. Also we looked at the Kappa value (0,9572) that represents the quality of the
classification (Landis & Koch, 1997). The imagery was processed using QGIS 2.18.13, and

layer stacking, image subsetting, and land use/land cover classification were undertaken in
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ENVI 5.0 software. Five land use classes were identified: agriculture, livestock, exposed soil,
water, Cerrado vegetation.

Using the classified images, we were able to calculate four land use variables used in
our analysis. (i) River basin area; (ii) remaining natural area, which represents the undisturbed
area in the watershed upstream the sampled point; (iii) percentage of remaining natural area,
which indicates how great the human impact is when compared to the complete drainage area,
and (iv) the land use change, which represents the percentage of vegetation lost (or earned)
throughout one year in the drainage area. We selected a one-year-period for detecting the
vegetation change due to limitations in data (image), because the availability for sentinel-2 to
make imagery classification is impossible for longer period. With geographic coordinate, we
measured the distance among the sampled points, both directional distance (connection through

watercourse) and non-directional (based on Euclidean distance — see below) (Dray et al., 2006).

Data analysis

For each sample, we calculated species richness (S), density (Dens), biovolume (Biov)
and Shannon diversity index (1-D) using taxonomic classification. To calculate the functional
diversity indexes we use all the 11 functional traits sampled (Table 1). First, with the traits
matrix, we calculated a distance matrix between the points using the Gower distance, which is
recommended for mixed data (e.g., quantitative, binary and qualitative) (Gower, 1971; Podani,
1999). Then, the distance matrix calculated was used to perform a Principal Coordination
Analysis (PCoA), of which axes were used to calculate the functional richness (FRic),
Functional Uniformity (Feve) and functional dispersion (FDis) indexes (Villéger et al., 2008;
Laliberté & Legendre, 2010). All indexes were calculated using the software R (R Development
Core Team, 2017) using the FD package (Laliberté & Legendre, 2010) and Picante (Webb et
al., 2008).

Using the sampled traits, we also calculated the mean value of the Community-
Weighted Mean trait (CWM), in which the density of the species weighted the presence of each
trait where it is present (Garnier et al., 2004). CWM represents the functional composition of
the community (“functional identity™) (Laliberté & Legendre, 2010). Resulting in a matrix with
14 CWMs one for each trait, except for body organization that was decomposed into 4 (one for
each type of organization). Then, these 14 CWMs were summarized in axis through a Principal

Component Analysis (PCA), which were used as response variables. In all, 08 diversity indices
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of which 06 are density based (Dens, Biov, 1-D, FEve, Fdis, CWM), and 02 are based on

richness (S, Fric).

The spatial matrix consists of a Principal Coordinates of Neighborhood Matrix (PCNM)
generated from the coordinates of the environments sampled, according to the methodology
described in Dray et al. (2006). Spatial matrices of PCNM are suitable for investigating spatial
structures in lotic environments (Blanchet et al., 2008). For this study were selected the vectors
of PCNM through a forward selection analysis. The analyses were performed using software R
(R Development Core Team, 2017).

We used structural equation models (SEM) to investigate links among independent
factors (spatial variables, land use variables and limnological variables) and the dependent
variable (biodiversity). Thus, we created latent variables based on the observed variables (Table
02). Structural equation models (SEMs) are multivariate regression models. However, unlike
the more traditional multivariate linear models, the response variable in SEM regression may
appears as a predictor in another equation (Menéndez et al., 2007). In addition, variables in a
SEM may influence one another reciprocally, either directly or through other variables as
intermediaries (Arhonditsis et al., 2006).

Table 2 - Latent variables and observed variables that were sampled in situ (limnological and biological)
or obtained through either geoprocessing or statistical methods (Space and Land use variables).

Latent Observed

variable variable Spatial scale Details
Directional distance Basin Distance among sampled points through
watercourse.
Space
Non-directional distance Basin Euclidian distance among sampled points.
Basin area (km?) Basin Drained area above sampled point.

Remaining natural area . Remaining natural area in the drained area
Basin .
(km2) above the sampled point.

Undisturbed area in the drained area above
Undisturbed area (%) Basin the samples point. Calculated as:

Land Use (Remaining natural area /Basin area).
Landscape change (%) Basin Shift that oc_curred in the vegetation over
one-year-period.
Riparian forest (m?) Local Amount of riparian forest that surrounds the
sampled point.
. . Depth (cm) Local Limnological variables from the sampled
Limnological

Dissolved oxygen (mg/L) Local points.
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Latent Observed

variable variable Spatial scale Details
Conductivity (mS/cm) Local
Flow (m/s) Local
Temperature (°C) Local
pH Local
Width (m) Local
Richness (S) Local
Taxonomic Density (ind/ml) Local
- Diversity  Bjovolume (L) Local
;.’3 Shannon Local Biologic variables measured for the
S Functional Richness Local sampled points. See text for more details.
®© Functional  Functional Evenness Local
Diversity  Functional Dispersion Local
CWM Local

For analysis, we first built an initial analytical basic model based on our hypothesis (Fig.
2), where land use variables and limnological variables were used as intermediate latent
variables, and the previously mentioned spatial variables (directional and non-directional) as
independent latent variable. This initial model includes all potential links between the latent
variables. We then considered a number of alternatives, testing nested models sharing the same
causal structure as the basic model but eliminating some of the paths and variables that were
not significant. To reject or accept a model we used the goodness of fit (chi-square: X2) and two
information criterion indexes: Comparative Fit Index (CFI; Garver & Mentzer, 1999) and Root
Mean Square Error of Approximation (RMSEA; Steiger, 1990). The RMSEA is a population-
based index that relies on the noncentral X2 distribution, which is the distribution of the fitting

function when the fit of the model is not perfect.
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Land use

Figure 2- Initial analytical basic model showing the tested relationships. Variables in circles represent latent
variables. Observed variables corresponding to each latent variable are listed in Table 2. Arrows indicate
hypothesized direction of causality. Dashed lines indicate paths expected to be non-significant.

Results

The sampled sites are localized in a region which mainly land use activity consists in
livestock (52.74%) followed by Cerrado vegetation (34.97%), exposed soil (10.76%),
agriculture (1.40%) and water (0.12%). The sampled habitats are, in general, shallow and
narrow with wide riparian vegetation (see Table 3). The limnological parameters are consistent
with good water quality environments. We also found higher conductivity values in stream
environments that presented slower flow, when compared to palm swamps environments. Palm
swamps environments suffer less from anthropic actions when compared to headwater streams,

which present less riparian forest and less remaining natural area (Table 3).

Regarding the biological variables, we identified 148 species, distributed in 13 classes.
Among them, Bacillariophyceae, Chlorophyceae and Cyanophyceae were the most
representative (45, 23 and 21 species respectively). On average, the environments presented
low richness (~ 5 species.point™). The density and biovolume, although showed a low average
in general, were higher in the streams when compared to the palm swamps (Table 03). In
general, functional diversity indexes presented low values (<0.5), and only functional

uniformity index (FEve) was higher.
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Table 3 - Characterization of headwater streams and palm swamps environments according to biological
variables (diversity indexes), environmental and land use parameters. Values in parentheses represent
the standard deviation (sd). FRic (functional richness); FEve (functional uniformity); FDis (Functional
Dispersion).

Headwaters (n=25) Palm swamps (n=16)
] Confidence Confidence interval
Variables Mean (sd) interval (95%) Mean (sd) (95%)

Lower  Upper Lower —;oser limit

limit limit limit
Richness 6.16 (2.8) 2 12 4.88 (2.4) 1 10
Density (ind.mL%) 97.9 (130.7) 8.2 529.3  44.5(66.3) 2.4 274.1
Biovolume (pl) 49.3 (16.2) 4 75 49.3 (21) 0 70
Shannon (H) 1.42 (0.47) 0.6 2.1 0.98 (0.67) 0 2.2
FRic 0.09 (0.08) 0 0.24  0.11(0.08) 0 0.22
FEve 0.65 (0.18) 0 091  0.77(0.15) 0 0.99
FDis 0.31 (0.09) 0.07 041  0.26(0.15) 0 0.43
Conductivity (mS/cm) 0.07 (0.2) 0.002 0.78  0.01(0.01) 0.002 0.04
pH 5.8 (1) 3.4 8.6 4.83(0.8) 33 6.3
Temperature (°C) 22.7 (2.1) 18 25.7 24.8 (2) 21.29 28.38
Depth (cm) 29.5 (17.5) 10.4 74.3 29 (15.7) 2.8 61.8
Flow (m/s) 11.3 (13.5) 2.4 7018  12(12.7) 0 56
Canal width (m) 43(3.2) 15 18 9 (19.6) 0.75 80
Linear riparian forest (m) 31.4(23.2) 2 100 50 (27.8) 10 100
Basin area (km?) 32.14(26.62) 556  106.59 8.30(15.41) 0.08 61.62
Remaining natural area (km?) 12.81 (11.73) 0.75 48.76 1.56 (3) 0.01 12.61
Proportion of undisturbed area 0.39 (0.13) 0.09 0.7 0.25 (0.18) 0.07 0.71
Latest use change (%) 0.97 (0.49) -0.58 1.4 0.71(0.64) -0.68 1.26
Soil type 43% Latosols; 57% Neosols 17% Latosols; 83% Neosols

The land use variables had a significant effect on both taxonomic and functional
diversity. Regarding land use change, the land use accounts, significantly, for most of the
variability of species richness (r%q = 0.68; p = < 0,001; Fig. 3A).. The land use change also
significantly explained the variability in Shannon diversity (r%g = 0.65; p < 0.001; Fig. 3C)
and Density (r%qj= 0.50; p < 0.001; Fig. 3B). The biovolume was the only variable not directly
related to any land use tested (r?.qj = 0.084; p = 0.06; Fig. 3D).
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Figure 3 - Simple regression analysis of the main components of the taxonomic diversity measured. Response of
the phytoplankton species richness (A); species density (B); Shannon (C) and biovolume (D) to the latest change
in the drainage area above the sampling points. Biologic variables are log transformed.

The functional diversity indexes respond similarly to that relationship between
taxonomic and land use change, however, the functional diversity showed slighter variation
explained by that land use change. Functional dispersion (FDis) showed most of its variability
explained by the use change (r?.=0.42; p-value=0.000; Fig.4C), followed by Functional
richness — Fric (r?4=0.39; p-value=0.000; Fig.4B), Functional evenness - FEve (r?.=0.35; p-
value=0.000; Fig.4A).

The first two PCA axis with the CWM parameters together explained 43.07% of the
variation of the community's traits. Some of the variables were positively related to the first
axis (28.29%), such as unicellular body form, presence of silica and autotrophic nutrition. The

first axis also was negatively related to colonial body form, presence of mucilage, aerotopes,
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toxin and more body volume. This first axis was negatively related to the latest land use
(r%agi=0.14; p-value=0.01; Fig.4D). Therefore, showing a reduction of traces such as unicellular
body shape, silica use, small size and autotrophy along the intensity of soil use. In addition,
along the gradient of use, there was a favoring of traits such as colonial body shape, mucilage,

aerotopes, presence of toxin and a bigger body size.
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Figure 4 -Simple regression analysis of the main components of the functional diversity measured. Response of
the phytoplankton Functional evenness - FEve (A); Functional richness — Fric (B); Functional Dispersion — Fdis
(C) and Community-weighted mean trait - CWM (D) to the latest change in the drainage area above the sampling
points.

Between the land use and limnological variables, only the use change, conductivity and
non-directional distance were selected in the structured model; other variables did not show
direct and indirect significant effect on the biological indexes. Among the functional indexes
tested, CWM had a low not significant representation of the latent variable and, therefore,

removed. Anthropogenic land use activities (use change) are directly associated with spatial
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variable, closer watershed have similar use (Ragj=0.44; p-value= 0.001). However, limnological
and biodiversity variables do not respond the same way (p values varying between 0.56 and
0.7) (Fig. 5). On the other hand, the landscape change has a significant direct effect on
taxonomic diversity (p-value=0.0001) and indirect on functional diversity (Fig. 4). Among the
limnological variables, only conductivity presented a direct effect on biodiversity (p-
value=0.05).
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Figure 5 -Structure equation modeling analysis indicating all tested paths. Variables in circles represent latent
variables, observed variables are represented by squares. Numbers above the lines indicate standardized path
coefficients (slope). Bold number next to the variables indicate the coefficients of determination (rag;); for the
biologic observed variables bold numbers mean its contribution for the latent variables. Observed variables not
showing were not selected in the model. Dashed arrows are not significant at p=0.05; thin arrows 0.05>p>0.001;
thick arrows p < 0.001.

The structural equation model (SEM) explained most of the taxonomic diversity (r?ag=
0.8; p-value=0.04) and functional diversity (r?a= 0.78). Therefore, variables other than use
change, explained a small fraction. Regard to the direct and indirect effects, we noticed that
distance show a negative effect, in module, for taxonomic and functional diversity. On the

other hand, conductivity showed low effect on the biodiversity, as is the case of functional
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indexes. As for the land use we observed that an overall high effect over the biotic indexes
(Table 4).

Table 4 - Total standardized effect (slope) of the land use and conductivity on the biological variables.
For the total effect, only significant relationships were considered. And overall determination coefficient

(r%.qj) for the different diversity measures. i = only indirect effects observed; d = only direct effect
observed.
Space Conductivity Land use Overall determination coefficient

Biovolume -0.17 0.06¢ 0.26¢ 0.12

Shannon -0.421 0.15¢ 0.64¢ 0.66

Richness -0.46' 0.16¢ 0.7¢ 0.72

Density 0.4 0.14¢ 0.61¢ 0.52

Fric -0.3 -0.04¢1 0.45' 0.50

Feve -0.3 -0.05¢1 0.46' 0.51

Fdis -0.32! -0.0541 0.48 0.43

I = indirect effect; d = direct effect

Discussion

Among the variables sampled only conductivity was selected as important for the
biodiversity indexes. The same variable has been demonstrated as an important feature for
aquatic organisms elsewhere (Borges et al., 2015; Maria et al., 2016). However, unlike what
we expected, that land use would influence the limnological variables sampled, we have found
no evidences of that in our analysis. Conductivity is thought to be greatly affected by the land
use, especially in agricultural areas (Schiesari & Corréa, 2016) and urban areas (Souto, Facure,
Pavanin, &Jacobucci, 2011) being used then as an indirect measure of the concentration of
pollutants in water surrounded by those uses. In our study area, however, the main anthropic
use consists in livestock others limnological variables would demonstrate a better correlation
with that use activity. Besides, limnological variables are the ones in aquatic habitats that first
respond to land use but also they are the first ones to recover when the disturbance is ceased
(Swank et al., 2001).

We expected that the conversion of natural vegetation to the different anthropogenic
land use and patterns in limnological features would follow a spatial pattern. In other words
that grouped sites would be under similar patterns of shifts in land use. For land use change we
observed that a spatial gradient explains a good fraction of the use. Since land use disturbance
is widespread not having natural boundaries such as watershed (Nepstad et al., 1997) barely

respecting legal boundaries (Castelo, 2015), the use have been observed as a spatially structured
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while the fragments (undisturbed vegetation) are not (Silva, Farinas, Felfili, & Klink, 2006).
On the other hand, we could not find a spatial relationship for the limnological (conductivity)

across the sampled sites.

Phytoplankton communities, considering both taxonomic and their functional diversity,
were more similar among closer sites, because niche conditions play the main role in shaping
phytoplankton, not because dispersal is favored among nearby communities (Huszar, Nabout,
Appel, & Santos, 2015). Phytoplankton are microscopic organisms with a wide roll of dispersal
strategies (see Santos, Silva, Branco, &Huszar, 2015). Although it is known that conductivity
is mainly led by the entrance of ions coming from the adjacent terrestrial environment (Haase,
Tonkin, Stoll, & Ja, 2016), we find no evidence that use change might influence that loading of
ions, suggesting that riparian forest might play a role maintaining water characteristics (Vieira,
Dias-Silva, &Pacifico, 2015).

Among the biotic variables tested (taxonomic diversity, functional diversity and CWM),
we can observe that both the taxonomic and functional diversity metrics are associated with
recent changes in the structure of the drainage basin upstream the collected points. In other
words, recent changes (<1 year) alter the composition of the phytoplankton community by
changing the composition of the community from both a taxonomic and functional point of
view. This synchronized dynamic suggests that these metrics respond similarly to the impact
that occurs when the environment favours multiple traits in different species (Weithoff et al.,
2015).

The overall low observed taxonomic and functional indexes are normally related to
oligotrophic habitats, such as the headwater streams and palm swamps, in these habitats the
population of phytoplankton and its metrics are limited due to resource and niche limitation
(Rose, Posa, Wijedasa, & Corlett, 2011). Thus, changes in the in the trophic state (enrichment)
are estimated as the main factors to affect patterns in plankton community (Anneville, Dur,
Rimet, &Souissi, 2017). However, even though, plankton might benefit taxonomically and
functionally from enrichment in oligotrophic habitats, they are also the first ones to fade
whenthat environment become eutrophic; mainly due to rises in competition rate among species
performing similar ecologic role (Ang, Wezel, Vallod, &Qertli, 2014; Arthaud, Vallod, Robin,
&Bornette, 2012).

The CWM (functional identity) showed how the traits varied along the gradient of land

use. We can observe that the most undisturbed environments, naturally more protected against
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the entry of allochthonous nutrients, presenting a smaller amount of available resources (Junk
et al.,, 1989; Towsand, 1996); the presence of unicellular organisms of small volume,
mixotrophic nutrition and using silica were the dominant species. These features are known to
offer advantages for survival and establishment of species under such conditions. For example,
single cell organisms have a higher surface-to-volume ratio when compared to other forms of
body organization of the same size (e.g., filament, colony, and cenobium). This relationship has
been observed as one of the main traits that are important for algae to get nutrients under

resource limitation (Leonilde et al., 2017).

Under low environmental stress, autotrophic organisms are more successful, since with
the low input of allochthonous organic matter (common in headwater streams), autotrophy
gives advantage in providing independence from the adjacent terrestrial environment (Striebel,
Behl, &Stibor, 2009). On the other hand, anthropogenic environments with greater input of
nutrients mixotrophic nutrition becomes a trait that brings advantages to the survival and
establishment of these organisms in the community (Litchman, de Tezanos Pinto, Klausmeier,
Thomas, &Yoshiyama, 2010). Other traits that have also become present in environments with
a greater recent impact (colonies, mucilage, aerotopes, toxins and higher volume) are traits that
already provide advantages for environments that have a greater input of allochthonous
nutrients and consequently more productive ones (Maria et al., 2017). In addition, these traits
are characteristic of groups known to be good competitors/colonizers in high trophic conditions
because they exhibit rapid growth, high lipoprotein, inhibition of herbivory (toxins) and
competitors (allelopathy) (Weithoff&Gaedke, 2016). Organisms with these traits, mainly
Cyanophyceae and Chlorophyceae, are known for high causing blooms in environments with a
high anthropic state and with nutrient inputs (Carrick, 2011; Davis, Berry, Boyer, &Gobler,
2009)

Studies linking functional diversity with loss of ecossystemic services in disturbed
environments exemplifies the importance of having such metrics beyond the taxonomic facet
(Jurotich, Dougherty, Hayford, & Clark, 2017). In our study we observed that both taxonomic
and functional diversity respond similarly to recent disturbances, similar results were found by
Cardoso et. al. (2017) in Amazonian floodplain lakes. The low functional richness, as observed
in this study, represents that the resources (niche) potentially available to the individuals in the
community are not used in their entirety, which for aquatic environments reduces productivity

(Petchey & Gaston, 2006). Low functional uniformity, also observed in this study for stream
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environments, indicates that some parts of the available niche for the species are sub utilized
(Mason &Mouillot, 2005).

Conclusion

In summary, limnological variables (conductivity) was not affected by neither use
change nor the distance among the sampled habitats, unlike our expectations. Considering the
distance we found that it affects the dynamic in use shifts across landscape, which confirm our
expectations at this matter. We found that both use change and conductivity had a direct and
indirect affect in diversity (taxonomic and functional). Distance also played an important role
in shaping biodiversity by its influence in the land use change. Also, diversity indexes respond
similarly to the anthropogenic actions except for the CWM, which tells how the traits in
phytoplankton change across the habitats, going from single-cell-silicous-small organisms
(Bacillariophyceae) in undisturbed areas to big colonies, mucilaginous and toxin products

organisms (Chlorophyceae and Cyanophyceae) in disturbed areas.
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Consideracdes finais

Nesse estudo, sobre o efeito do uso do solo tanto nos caracteres limnologicos quanto
biolégicos, encontramos que as variaveis limnoldgicas (condutividade) ndo foram
significativamente afetadas pela mudangca de uso nem pela distdncia entre os habitats
amostrados, ao contrario de nossas expectativas iniciais. Por outro lado, confirmamos que a
mudancga no uso e a condutividade teve efeito direto e indireto na diversidade (taxondmica e
funcional). A distancia também desempenhou um papel importante, indiretamente, na formacao
da biodiversidade por sua influéncia da dindmica do uso do solo. Com esses resultados
suportamos a ideia de que o estado de uso da paisagem nas adjacéncias dos ambientes aquaticos
é um importante fator para o entendimento da dinamica interna desses sistemas, atuando direta

e indiretamente na comunidade fitoplanctonica.



