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• Phytoplankton community structure
and composition do not absorb reser-
voirs impact.

• Phytoplankton and environmental vari-
ables show spatial discontinuities and
river fragmentation.

• There is a strong neighbor influence on
the longitudinal river dynamics of envi-
ronmental variables.

• An adaptive response of the phyto-
plankton taxa and rapid colonization of
opportunist species after reservoirs is
observed.
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The longitudinal structure of the environmental and phytoplankton variables was investigated in the Ebro River
(NE Spain), which is heavily affected by water abstraction and regulation. A first exploration indicated that the
phytoplankton community did not resist the impact of reservoirs and barely recovered downstream of them.
The spatial analysis showed that the responses of the phytoplankton and environmental variables were not uni-
form. The two set of variables revealed spatial variability discontinuities and river fragmentation upstream and
downstream from the reservoirs. Reservoirs caused the replacement of spatially heterogeneous habitats by ho-
mogeneous spatially distributed water bodies, these new environmental conditions downstream benefiting
the opportunist and cosmopolitan algal taxa. The application of a spatial auto-regression model to algal biomass
(chlorophyll-a) permitted to capture the relevance and contribution of extra-local influences in the river
ecosystem.
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1. Introduction

River networks have an asymmetrical configuration which deter-
mines unidirectional physical and chemical processes (Frissell et al.,
1986). The imposed downstreamdirection in environmental conditions
greatly determines the biological structure of river (Vannote et al.,
1980; Wehr and Descy, 1998), though geomorphological complexity
s an open access article under
configures non-linear connections (Delong and Thorp, 2006). So forth,
neighboring sites are not independent one from the other, and this
can be reflected both in the hydrological and environmental conditions
as well as in the composition and relative abundance of biological as-
semblages (Amoros and Bornette, 2002; Tockner et al., 1999; Ward
and Stanford, 1995). This complex pattern is further complicated
when hydraulic infrastructures (dams, weirs, channels) occur in the
river (Lobera et al., 2017). Largely regulated rivers show alterations of
the water regime and its chemical quality, which affect biological as-
semblages (Dynesius and Nilsson, 1994; Nilsson et al., 2005). The
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regulation capacity of reservoirs is one of the strongest causes for river
discontinuity (Ward and Stanford, 1983), but their impact on environ-
mental and biological variables is not necessarily analogous (Bunn and
Arthington, 2002). It is unknown yet if the ability to resist regulation ef-
fects, and the ability to recover after them, is parallel between ones and
the others.

One of the most sensitive elements in large river ecosystems is phy-
toplankton. The phytoplankton community plays a central role as pri-
mary producers in the functioning of large rivers (Dale, 2001; Wehr
and Descy, 1998). River phytoplankton occurs as a balance result of
the advective forces occurring in flowing waters and the in situ popula-
tion growth rates (Reynolds, 2006). In this delicate balance, river phyto-
plankton is affected both by local environmental factors (light and
nutrient availability, water temperature, grazing pressure) as well as
by the upstream influence of continuous seeding and hydrological and
chemical conditions. Here we use the phytoplankton community com-
position and its associated biomass (planktonic chlorophyll-a) as the bi-
ological receptors to be tested in the river because of regulation, and
compare their changes in structure with those occurring in the environ-
mental variables.

In that context, the Ebro River offers a suitable case study to explore
the spatial structure of an ecosystem impacted by man-made perturba-
tion. The Ebro River is one of the largest rivers in the Iberian Peninsula,
strongly regulated by dams since the 1940s'. Around 190 dams are
spread across the whole basin, impounding 57% of the mean annual
runoff (Romaní et al., 2011). The location of the three large reservoirs
(Mequinenza, Ribarroja and Flix) in the middle-lower section of the
river causes a large disruption to the sites downstream. These reservoirs
causewater thermal alteration downstream (Prats et al., 2010), contrib-
ute to retain sediments (Batalla and Vericat, 2011), and disrupt the bio-
geochemical nutrients cycles and the phytoplankton community
structure (Sabater et al., 2008; Tornes et al., 2014). Since the basin is
subjected tomultiple human activitieswhich produce impacts like inor-
ganic and organic pollution and water abstraction (Batalla et al., 2004;
Lacorte et al., 2006; Navarro-Ortega and Barceló, 2011), effects might
be complex on both water quality and phytoplankton assemblages.
The size and position of these reservoirs offer a good setting for the anal-
ysis of the phytoplankton and environmental variables responses to the
impact, showing in which way their respective spatial patterns differ or
resemble.

In order to do so, we apply an analogous approach to that used on
trophic webs and metapopulations analysis, able to deal with complex
systems in which different constituents (“nodes”) interact (“links”) to
each other (Nordstrom and Bonsdorff, 2017; Wallach et al., 2017). We
use this as starting point to capture the river topology and connections
among neighboring nodes, where variables were measured (monitor-
ing sites) and the anthropogenic effects on this arrangementwere eval-
uated by using appropriate tools commonly used in the spatial analysis
(Fischer and Wang, 2011; Ginebreda et al., 2018). Whereas either time
or spatial data series could be in principle equally used in autocorrela-
tion modeling of phytoplankton indicators, their performance depends
on (a) the connectivity and heterogeneity of the area under study,
(b) the spatial and temporal scales of the variable considered and
(c) the easiness of monitoring. Spatial autocorrelation works better on
heterogeneous environments, and its analysis takes into account the
connectivity (Dakos et al., 2010). On the other hand, the timescales
that govern phytoplankton succession (weeks) require of an extensive
monitoring effort far beyond the one required for a spatial study.
Based on that, the spatial analysis approach is a convenient alternative
to time series when available data are not sufficiently complete. In this
paper we implement a method to analyze and compare the spatial pat-
terns of environmental and biological variables in rivers systems sub-
mitted to regulation. The identification of ‘stability’ properties
(resistance and resilience), and thus, the interpretation in terms of con-
nectivity and longitudinal patterns are aimed to test the hypothesis that
regulation produces uncoupled responses on the environmental and
phytoplankton variables, further compromising the ability of phyto-
plankton community to resist and recover. While the longitudinal dy-
namics of environmental variables supposedly has a strong neighbor
influence, the response of phytoplankton is likelymore complex as a re-
sult of conjoint local and extra-local influences. The spatial dimension
may then provide understanding on how the different elements of
river ecosystem respond to regulation.

2. Material and methods

2.1. Study area

The Ebro basin is located in the Northeastern part of the Iberian Pen-
insula occupying a total surface of 85,362 km2. Themain river is 910 km
length and flows from the Cantabrian mountains to the Mediterranean
sea (Romaní et al., 2011). In the Ebro mainstream there is a system of
three consecutive large reservoirs, Mequinenza (1500 × 106 m3),
Riba-roja (210 × 106 m3) and Flix (11 × 106 m3) that regulate the hy-
drology of the lower part (Prats et al., 2010). These reservoirs cause
major changes in the hydromorphological dynamics by altering floods
peaks (López-Moreno et al., 2002) as well as by retaining sediments
(Buendia et al., 2016).

2.2. Data collection

For this study we used data from several published studies (Artigas
et al., 2012; Sabater et al., 2008; Tornes et al., 2014), as well as public
data from the Confederación Hidrográfica del Ebro webpage (http://
www.chebro.es). Using these sources, we selected data from twelve
sites located in the mid-lower course from Zaragoza to the proximity
of the river mouth (Fig. 1). Six of the sites (Zaragoza, EB01; Pina Ebro,
EB02; Quinto, EB03; Zaida, EB04; Sástago, EB05; Escatrón, EB06) were
located upstream of the Mequinenza, Riba-roja and Flix reservoirs.
One site (Almatret, EB07) was placed between the first two dams, and
the remaining five (Flix, EB08; Ascó, EB09; Móra d'Ebre, EB10;
Benifallet, EB11; Xerta, EB12) were located downstream to the
reservoirs.

We collected some data on abiotic and biotic variables to character-
ize the ecosystem response to regulation. Regardingbiological variables,
we used metrics on the phytoplankton biomass (biovolume and
chlorophyll-a concentration) and community structure (Shannon-Wie-
ner diversity, cell density). Both biovolume and chlorophyll-a concen-
tration have been used as surrogate of biomass (Hillebrand et al.,
1999); while the Shannon diversity index (H′) characterizes the taxo-
nomic diversity in a community. The selected physical and chemical
variables includedwater temperature, conductivity, water flow and nu-
trients. NH4

+ and NO3
− were considered together as dissolved inorganic

nitrogen (DIN), comparable to, soluble reactive phosphorus (SRP), Dis-
solved Inorganic Carbon (DIC), Dissolved Organic Carbon (DOC) and
Dissolved Organic Nitrogen (DON).

Phytoplankton and environmental data covered eighteen sampling
campaigns between 2008 and 2013. The dataset included samples
from different hydrological conditions, low waters and high water pe-
riods, occurring in the river (Artigas et al., 2012). Therefore, the data
we used accounted for 350 km of the main river axis over 5 years
(Table S1a and b).

2.3. Data analysis

The sequence of analysis is summarized in Fig. 2. Briefly, the stress
effect of reservoirs into phytoplankton was analyzed by means of two
stability properties, i.e., resilience and resistance (Grimm and Wissel,
1997). These are dynamic properties largely dependent on the connec-
tions of the ecosystem (Pimm, 1984); resilience is the capacity of the
system to return to a reference state after a disturbance, while resis-
tance refers to staying essentially unchanged despite the perturbation

http://www.chebro.es
http://www.chebro.es


Fig. 1. The Ebro river basin. The reservoirs are highlighted and the sampling points are numbered.
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(Holling, 1973). To that end, appropriate indexes quantifying these
properties are proposed.

In a second phase of the analysis, we examined the spatial distribu-
tion of the biological and environmental variables, separating the vari-
ability in the river sections upstream and downstream the reservoirs.
We further explored the spatial connectivity of these variables using
spatial autocorrelation indicators (i.e., global and local Moran autocor-
relation index and correlation lengths) based on the observed data.
The degree of connection between consecutive neighboring sites for
each measured variable was also analyzed in order to obtain a
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2.3.1. Quantification of resistance and resilience
We quantified the stress effects of reservoirs into phytoplankton

community by defining its resistance and resilience. The calculation of
phytoplankton community resistance and resilience were performed
comparing values taken upstream (not regulated) and downstream
the reservoirs (regulated). In order to better capture the phytoplankton
pattern of upstream sites, we used the mean of sites EB04, EB05 and
EB06 named as XUP, because of their proximity to the reservoirs. We
therefore considered the mean of the upstream sites as the control on
which to compare the sites impacted by regulation (Griffiths and
Philippot, 2013).

Resistance is an indicator of the capacity of minimal change andwas
calculated as the difference between the variable measured immedi-
ately downstream reservoirs (site EB08) and the corresponding variable
measured in upstream sites (XUP).

Resistance %ð Þ ¼ XEB08=XUP
� �

� 100 ð1Þ

where X stands for the phytoplankton variables measured (biovolume,
cell density, chlorophyll-a and diversity) at the site indicated by the
superscript.

Resilience indicates the ability of phytoplankton to return to initial
levels (recovery) after disturbance. Resilience was estimated on the
downstream reservoir sites using the following ratio:

Resilience %ð Þ ¼ XDOWN=XUP
� �

� 100 ð2Þ

DOWN indicates the different sites in downstream section (from
EB08 to EB12 sites).

2.3.2. Spatial structure analysis using singular value decomposition (SVD)
The spatial structure of the phytoplankton community and environ-

mental variables was analyzed by means of singular value decomposi-
tion (SVD). This is a technique of data dimensionality reduction and
may be seen as a generalization of eigenvalue decomposition for rectan-
gular matrices. It consists of a decomposition of rectangular matrix into
a product of three matrices which help to interpret the data structure.

Briefly, we constructed a dataset for everymeasured variable consti-
tuted by tables of space × time. These are handled as rectangular matri-
ces M ofm columns (m: number of spatial sites) and n rows (n: number
of campaigns). M matrix can be conveniently factorized in its time and
space components using the SVD. Briefly, matrix M is factorized as M
= U · Σ · VT, where U is an m × m unitary matrix, Σ is a m × n rectan-
gular diagonal matrix with non-negative real numbers on the diagonal,
and V is an n × n real or complex unitary matrix. The diagonal entries σi

ofΣ are known as the singular values ofM. The columns of U and the col-
umns of V are called the left-singular vectors and right-singular vectors
of M, which in our case captured the time and space contributions re-
spectively. Furthermore, U vectors are the eigenvectors of MMT and V
vectors are the eigenvectors of MTM. The non-zero singular values of
M (the diagonal entries ofΣ) are the square roots of the non-zero eigen-
values of both MTM and MMT.

Contribution ci of each site i to the spatial variability can be calcu-
lated using the right singular vectors V, according to the following ex-
pression:

ci ¼
Pn

j¼1 σ jV
2
ijPn

j¼1 σ j
ð3Þ

where vij is the component i of the of the j right-singular vector. The sum
in the denominator normalizes the weight of the singular values σj so
that their sum equals unity, and taking into account that V vectors are

normalized (i.e.,
Pn

j¼1 V
2
ij ¼ 1); altogether

Pn
i¼1 ci ¼ 1.
2.3.3. River network analysis
Network analysis was used to explore the structural properties

of the set of items (nodes, sites) and the connections between
them (links). We characterized each sampling site as the node i
linked with a neighbor node j. Its network structure can be cap-
tured by means of the adjacency matrix A, known as spatial-
neighborhood matrix, defined as Aij = 1 if nodes i and j are
connected, Aij = 0 otherwise. Also, we considered that a given
node was not affected by itself, so Aii = 0. This implies restricting
the neighbors' influence to those nodes directly linked to the one
considered. In our case, we assumed that the adjacency matrix A
associated to the river was not symmetrical since measured vari-
ables under concern could only run downstream on the direction
of river flow. Thus, the adjacency matrix is assumed to be low-
triangular (i.e., a node can be only affected by those located up-
stream). Therefore, for two connected nodes i,j Aij = 1 if i N j and
Aji = 0 otherwise. Hence, this implies that the end nodes are con-
sidered closed and their measured values taken as boundary condi-
tions (Ginebreda et al., 2018).

2.3.4. Spatial correlation: the Moran index
We explored the continuity and the degree of connection between

neighboring sites and identified the influence of neighbors and local fac-
tors into the variability of the phytoplankton variables bymeans of spa-
tial autocorrelation indexes (global and local Moran indexes). We used
theMoran index to obtain a first picture of the continuity patterns of the
environmental and biological variables of the Ebro. The Moran index
(Moran, 1950) is widely used as a measure of spatial autocorrelation
in exploratory analyses (Li et al., 2007), and is defined as the two-
point correlation for all pairs of consecutively connected sites or lag-1
correlation:

Moran I ¼ n
Pn

i¼1
Pn

j¼1 Aij xi−μð Þ xj−μ
� �

Pn
i¼1

Pn
j¼1 Aij

� � Pn
i¼1 xi−μð Þ2

� � ð4Þ

where xi is the observation of variable x at site i, μ its mean and n the
number of monitoring sites (Chen, 2013; Moran, 1950). Since Moran_I
calculation requires the use of a symmetric adjacency matrix, here we
used 1/2(AT + A) as a symmetrized version of matrix A. Furthermore
it is row-standardized (i.e., rows sum up to 1) (Li et al., 2007). Moran_I
was conveniently calculated following (Chen, 2013). This author
showed that Eq. (4) is equivalent to:

Moran I ¼
X
i

X
j

Aijziz j ¼ zTAz ð5Þ

where z=(x− μ) / σ (x standardized) and Ā is a normalized version of
A, so that Aij ¼ Aij=

X
ij

Aij and
X
ij

Aij ¼ 1.

The Moran_I indicates the correlation between neighboring spatial
observations of a given variable, and so forth it is ameasure of spatial as-
sociation. Spatial autocorrelation among similar neighbor sites results
on positive values of Moran_I and conversely, lack of similarity is
reflected on negative Moran_I. For the absence of correlation, the ex-
pected Moran_I value is given by the expression −1 / (n − 1) (n =
number of sites), which is close to zero for high n values.

Moran_I can be disaggregated into local node contributions giving
way to the so called “Local Indicator of Spatial Association” (LISA) or
in short, Local Moran_I (Anselin, 1995):

Ii ¼ zi
X
j

Aijz j ð6Þ

with Moran I ¼
X
i

Ii ð7Þ



Table 1
(a) Resistance and (b) resilience of studied phytoplankton variables.

a

Resistance %

Biovolume 32.3
Cell density 24.8
Chlorophyll-a 17.3
Diversity 113.5

b

Resilience % Distance 1
(EB08)

Distance 2
(EB09)

Distance 3
(EB10)

Distance 4
(EB11)

Distance 5
(EB12)

Biovolume 32.3 39.1 34.7 21.4 20.1
Cell density 24.8 21.9 23.3 8.6 10.1
Chlorophyll-a 17.3 19.4 15.6 14.8 13.5
Diversity 113.5 104.9 108.9 100.1 105.2
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Moran's local measures assess the spatial autocorrelation associated
with one particular area unit (Fischer and Wang, 2011) which is well
suited to do an exploratory analysis of the spatial structure of the river.

2.3.5. Correlation lengths
The correlation length ℓ can be interpreted as the distance thresh-

old, from which a site no longer has influence on the next one
(Ginebreda et al., 2018). In order to study how much the spatial corre-
lation between nodes (sites) varieswith the separation distance, we cal-
culated Moran_I at higher lags up to 4 (note that at distance 0 Moran_I
equals 1). This requires the use of appropriate lower-triangular adja-
cency matrices A(d) (d = 2, 3, 4) describing the topology at the respec-
tive distances. These matrices can be readily obtained multiplying A
(actually A(1)) by itself the required number of times, i.e., A(2) = A · A;
A(3) = A · A · A= A(2) · A, and so on. The so-called ‘correlation length'
ℓ is the distance at which Moran_I = 0, and it was estimated from the
linear fit of Moran_I as a function of the topological distance (Dakos
et al., 2010) taking it as the intercept with the x-axis. Topological dis-
tances can be approximately converted to real distances (in km) multi-
plying by themean separation distance (km) between consecutive sites
(Ginebreda et al., 2018). This was calculated for phytoplankton and en-
vironmental variables.

2.3.6. Quantifying local and neighbor contributions
For a given variable the effect of neighbor sites on each site can be

generally described using a simple spatial autoregression model
(SAR). This can be simply expressed by means of the spatial autocorre-
lation Eq. (8) (Fischer and Wang, 2011):

xi ¼ ρ �
Xn

j¼1

Aij � xj þ εi ð8Þ

where xi can be a measured variable at node i and ρ an autocorrelation
parameter to be determined. Written in compact matrix form:

x ¼ ρ � Axþ ε ð9Þ

where A is the above-mentioned adjacency matrix, x is an n-dimension
vector (n=number of nodes) of measurements of the variable consid-
ered, ε is an n-dimension vector reflecting the local effects and ρ is a cor-
relation coefficient to be determined. The two terms in Eqs. (8) and (9),
capture respectively the neighbors' and local influences. The correlation
parameter ρ was calculated by both ordinary least squares (OLS) and
maximum likelihood estimation (MLE), being the latter considered
the most reliable method (Fischer and Wang, 2011).

The relative contributions of both neighbors and local sources on the
variables can be quantified at the river network scale. To do so, Eq. (9)
was left multiplied by xT and both terms were divided by xTx:

1 ¼ ρ � x
TA x
xTx

þ xTε
xTx

ð10Þ

The first and second terms respectively provide quantitative estima-
tions of the overall neighbor influence and of the local contributions
normalized to unity for the variable under study at the river stretch
level (Ginebreda et al., 2018). In the present study Eq. (10) was applied
to the phytoplankton and environmental variables.

2.3.7. The spatial autoregression model (SAR model)
We performed a spatial autoregression model (SAR) to take into ac-

count neighbor effects and local contributions of environmental vari-
ables to algal biomass (chlorophyll-a). The SAR model can be
generalized by combination with a conventional linear regression
multivariate model (Fischer and Wang, 2011), as per equation:

xi ¼ ρ �
Xn

j¼1

Aijx j þ
Xm

q¼1

βqyiq þ εi ð11Þ

where yiq (q=1…m) is a vector of independent variables associated to
site i, βq are the corresponding coefficients, and εi an error term.Written
in compact matrix form, Eq. (11) reads:

x ¼ ρ � Axþ yβ þ ε ð12Þ

We analyzed the relationship between chlorophyll-a (dependent
variable) and nutrients, temperature, conductivity andwater flow as in-
dependent variables using the above SAR model (Eqs. (11), (12)). Pa-
rameters ρ and βq were determined by regression.

We first developed models for the whole river section and later we
explored separate models for upstream and downstream stretches to
check for differences between the two. Therefore, separate models
were calculated for (a) sites upstream the dams (sites EB01 to EB06);
(b) sites downstream the dams (sites EB07 to EB012) and (c) all sites.
Best independent variables were selected by step-wise regression.

All calculations were carried out in a spread sheet using Excel
(Microsoft®) and graphs were performed using SigmaPlot 13.

3. Results

3.1. Spatial indicators of phytoplankton's response to stress: resistance and
resilience

The resistance of chlorophyll-a to the reservoirs impact was low
(17.3%) while phytoplankton diversity showed a substantially larger re-
sistance (N100%). Biovolume resistance accounted for 32.3% and cell
density for 24.8% (Table 1a).

The resilience, that is, the rate of recovery for the phytoplankton var-
iables, was incomplete for biovolume, cell density and chlorophyll-a.
The maximum recovery with respect the mean of the previous up-
stream sites (EB04, EB05 and EB06) ranged 19.4–39.1% (Table 1b). The
distance needed by biovolume and chlorophyll-a to reach the newmax-
imum after the reservoirs impact was at the Ascó site (EB09), while the
maximum achieved by cell density was shorter (Flix site, EB08). Con-
trastingly, diversity completely recovered and even increased slightly
after the reservoirs.

3.2. River spatial structure of environmental variables

The spatial pattern of environmental variables (conductivity, tem-
perature, water flow and nutrients) was captured by singular value



973L. Sabater-Liesa et al. / Science of the Total Environment 642 (2018) 968–978
decomposition (SVD) analysis of the corresponding datamatrices using
V vectors (right singular vectors). The first two vectors (Fig. 3a–f)
accounted for ca. 80% of the data variability (conductivity 93.1%; tem-
perature 89.1%; water flow 85.8%; SRP 73.4%; DIN 80.9% and DON
70.7%). The analysis indicated that for all these variables the upstream
sites were well separated from the downstream sites. The Almatret
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Conductivity, DIN, and DON had a major contribution in the first six
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upstream sites (61.6–62.3%). Temperature, water flow and SRP in the
six upstream sites contribution amounted to 44%. In general, for a
given river section (upstream or downstream) sites have a similar con-
tribution to the variability of the environmental variables.

3.3. River spatial structure of phytoplankton variables

The spatial pattern of phytoplankton (biovolume, cell density,
chlorophyll-a, and diversity) captured by the SVD analysis showed
that the first two vectors accounted for ca. 70% of the data variability
(biovolume 70.6%; cell density 80.1%; chlorophyll-a 72.5% and diversity
68.8%, Fig. 4). The upstream sites were separated from the downstream
sites for all the considered variables. The Almatret site (EB07), located in
between the dams, was grouped with the downstream sites for
chlorophyll-a and diversity, but close to sites upstream for cell density
and biovolume. The first right singular vector (V1) separates upstream
and downstream sites for biovolume, cell density, and chlorophyll-a,
while discrimination in the case of diversity was related to the second
singular vector (V2). The first six upstream sites were themain contrib-
utors to variability (65.2–80.2%) in biovolume, cell density, and
chlorophyll-a (Fig. S2). However, diversity variability was evenly di-
vided among all sites (mean per site: 8.3%; upstream and downstream
sites had a similar contribution of ca. 50%).
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3.4. Longitudinal variations of phytoplankton taxa

In terms of abundance, diatoms dominate the upstream sites while
green algae prevailed in the downstream section. Phytoplankton com-
position of themore abundant taxa (Table 2) upstream of the reservoirs
(Skeletonema potamos, Limnothrix planctonica, Micractinium pusillum
and large centric diatoms) differed from that downstream of the reser-
voirs (Aphanocapsa sp. and Oscillatoria sp.).

3.5. Spatial correlation and connectivity

Spatial autocorrelation (Moran_I) for phytoplankton (biovolume,
cell density, chlorophyll-a and diversity) and environmental variables
(conductivity, temperature, water flow, SRP, DON, and DIN) was calcu-
lated taking the variables' mean value for each site averaged from the
respective time series. The global Moran_I (Figs. 5a and 6a) indicated
a positive spatial autocorrelation for all environmental variables
(range: 0.52–0.72, the lowest value corresponding to SRP, and the
highest to temperature) as well as for chlorophyll-a, biovolume and
cell density (range: 0.57–0.73), but negligible correlation for diversity
(0.09).

The global Moran_I disaggregated into their local site contributions,
that is the local Moran_I, showed a sharp decrease of spatial correlation
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Table 2
The average abundance values (cells/ml) of phytoplankton taxa in the upstream (EB01–
EB06) and the downstream (EB07–EB12) sections of all sampling campaigns. The table in-
cludes the more abundant taxa from both sections.

Taxa Upstream Downstream

Skeletonema potamos 570 4
Large centric diatoms 180 14
Limnothrix planctonica 109 57
Micractinium pusillum 107 5
Planktothrix agardhii 85 36
Small centric diatoms 76 6
Aulacoseira granulata var. angustissima 71 6
Actinastrum hantzschii 43 0
Oscillatoria sp. 37 61
Pseudanabaena sp. 31 10
Aphanocapsa sp. 6 123
Cocconeis cf. placentula 6 19
Large volvocales 2 17
Planktothrix sp. 2 31
Coelosphaerium sp. 0 29
Pediastrum simplex 0 19
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roughly coincident with the dams' occurrence (EB06 and EB07),
followed by a progressive recovery downstream (sites EB09–EB12) for
both variables (Figs. 5b and 6b). Biovolume shifted from 0.102 to
−0.002, cell density from 0.12 to 0.017 and chlorophyll-a from 0.085
to−0.017. The Shannon-Wiener diversity showed erratic values along
the studied section.

The spatial correlation of conductivity, temperature,waterflow, DIN,
and DON decreased in Escatrón (EB06) close to 0, indicating lack of sim-
ilarity between consecutively connected sites (EB05 and EB07). The
spatial correlation of conductivity, DIN and DON decreased further in
Almatret (EB07) followed by a recovery downstream (Fig. 5b). SRP pre-
sented a smooth positive spatial correlation (0.02–0.04) along the up-
stream sites (EB01 to EB06), and reached a minimum at Almatret
(EB07), followed by an increase up to 0.14 from Flix (EB08) to Benifallet
(EB11). Sites EB01 and EB12 are considered end nodes (i.e., without ex-
ternal connections) implying that their measured values provide
boundary conditions. These results on spatial correlations slightly de-
creased with respect to their immediate internal neighbors. This situa-
tion was observed, for instance, in Xerta (EB12) with respect to
Benifallet (EB11) for all the aforementioned environmental variables.
 a                                                                                                b
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The distance threshold (based on the correlation lengths) at which a
site has no influence on the next site downstreamwas calculated in to-
pological units (TU). Even though monitoring sites are not evenly dis-
tributed along the river, one might consider the mean distance
between sampling sites (30.5 km) to be roughly equivalent to a
topologic distance of 1. Hence, the correlation lengths can be readily
transformed into real distances (km) after multiplying by this factor.
Correlation lengths of phytoplankton and environmental variables
were lower (2.0–4.3 TU) when the whole river section was considered
than when river sections were considered separately (2.8–16.5 TU, up-
stream; 2.4–17.2 TU, downstream), with the only exception of SRP
(Table 3, Figs. S3 and S4). The distances of environmental variables
were within the range 3.4–17.2 TU, slightly higher than those of phyto-
plankton variables, 2.0–13.4 TU.

The correlations lengths of environmental variables (except SRP)
were about four topologic units (120 km) in the whole river. The corre-
lation length of the two sections (upstream and downstream) showed
high values for all variables, being DIN (13.5–17.2 TU) the highest, and
SRP (3.1–3.6 TU) the lowest. Conductivity, temperature, and DON pre-
sented higher values in the upstream section while water flow, SRP
andDINwere higher in the downstream segment (Table 3a and Fig. S1).

Regarding the correlation lengths of phytoplankton variables,
biovolume, cell density and chlorophyll-a were about three topologic
units (90 km), while diversity showed a lower value (60 km) when all
river sites were considered. Diversity had lower values (2.8–2.4 TU)
and chlorophyll-a the highest (up to 8.3 TU) upstream, and increased
up to 13.4 TU, downstream. As a matter of fact, the downstream section
showed the maximum values, with the exception of diversity (Table 3b
and Fig. S2). In all cases, values of r2 ranged from 0.75 to 0.99.

3.6. Local and neighbor contributions

The respective contributions of neighboring vs. local factors were
over 60% in environmental variables. The highest extra-local contribu-
tion was for temperature (86%) and water flow (87%), while nutrients
(62–79%) and conductivity (70%) had a lower neighbor contribution
(Fig. 7a). The neighbor's contribution of phytoplankton variables was
ca. 30% for biovolume and diversity, 63.3% for cell density and 55.4%
for chlorophyll-a (Fig. 7b). The results indicated that phytoplankton
variables had greater local contribution than environmental variables.
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3.7. Algal biomass spatial autoregression model

The longitudinal distribution of algal biomass (chlorophyll-a) was
analyzed using spatial multilinear regressions together with the most
closely related environmental variables (nutrients, temperature, con-
ductivity and water flow). The best models for the whole river section
and for the upstream and downstream sections are summarized in
Table 4. The obtained correlation coefficients (r2) were good for the
whole river and the upstream section (0.60 and 0.83 respectively) and
poor for the downstream section (0.26), but statistically significant in
the three cases. The F-value was high for the upstream section
(173.34), which gave extra confidence on the r2 value.

Chlorophyll-a appeared positively related with conductivity and
negatively correlated with soluble reactive phosphorus (SRP) when
the whole river section was considered. When only the upstream sec-
tion was considered, chlorophyll-a appeared negatively related to SRP
and water flow. Chlorophyll-a in the downstream stretch was negative
related to conductivity and DON.
Table 3
Estimation of correlation length (L) expressed in topological units (TU) for
(a) environmental variables and (b) phytoplankton variables, considering the whole river
and the upstream and downstream sections.

a

All sites Upstream Downstream

Conductivity 3.7 16.5 5.6
Temperature 3.9 15.8 6.9
Water flow 4.3 6.3 9.2
SRP 3.4 3.1 3.6
DIN 3.7 13.5 17.2
DON 4.0 7.6 5.0

b

All sites Upstream Downstream

Biovolume 3.3 3.6 3.7
Cell density 2.8 2.9 4.2
Chlorophyll-a 3.3 8.4 13.4
Diversity 2.0 2.8 2.4
The inclusion of the neighbor effects contributed positively to all
models improving the correlation between chlorophyll-a and environ-
mental variables. So forth, the upstream stretch was more influenced
by neighbors (coefficient 0.97) than those in the downstream section
(coefficient 0.13).

4. Discussion

Chlorophyll-a and its associated biomass variables biovolume and
cell density were affected by the reservoirs presence, showing a low re-
sistance as well as a poor recovery downstream. However, diversity
even increased downstream of the reservoirs; the substantial loss of
biomass contrasted to the increase of species diversity, possibly a result
of species replacement by means of some opportunistic algae which
took advantage of the new environmental conditions imposed by the
reservoirs (Petraitis et al., 1989).

Not only the phytoplankton variables were affected by the reser-
voirs; also the environmental variables were affected on their spatial
variability, which showed a clear separation between the sites located
upstream (sites EB01 to EB06) versus those downstream (EB08 to
EB12) the reservoirs. The reservoirs, therefore, fragmented the river
(Dynesius and Nilsson, 1994) in both the biological and environmental
compartments of the river ecosystem. The separate analysis of the dif-
ferent environmental variables reflected the higher contribution to var-
iability patterns in the upstream sites, especially for conductivity and
nitrogenous forms (DIN and DON) as well as a more homogenous pat-
tern downstream. The large reservoirs in the Ebro, interrupt the ex-
change of nutrients between the two river sections (Friedl and Wüest,
2002; von Schiller et al., 2016), which were not so obvious in the
water flow and temperature which show more homogeneous patterns
in the two river sections. The conductivity and nutrient fluctuations
could co-occur with the spatial distribution of the phytoplankton vari-
ables, which also showed higher variability pattern in the upstream
sites. The hydraulic regulation in the downstream stretch probably
was behind the decrease of this conjoint variability. Overall, there was
a higher spatial variability in the upstream section, a reflection of the
heterogeneous structure of the river, which potentially allowed rapid
ecosystem reorganizations and interactions (Petraitis et al., 1989). How-
ever, the downstream stretch increased in local homogeneity, as said,
mostly reflected in the patterns of biovolume, cell density, and
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chlorophyll-a, but not in the diversity patternwhichwas evenly distrib-
uted among the sites of the two sections.

The difference between phytoplankton variables associated with
biomass (biovolume, cell density, chlorophyll-a) with respect to those
describing the community structure (diversity) was also highlighted
by the spatial analysis. As previously suggested, diversity remains
steady because species replacement rather than the decrease in the
number of species is the operating mechanism. This follows the adap-
tive response or autogenic changes of the phytoplankton taxa
(Peterson and Stevenson, 1992) to the different environmental condi-
tions occurring in each river section. The phytoplankton community in
the Ebro is strongly affected in its composition by the reservoirs
(Sabater et al., 2008; Tornes et al., 2014), in a similar way as it occurs
in other systems elsewhere (Billen et al., 1994; Istvanovics et al., 2010;
Picard and Lair, 2005). On the other hand, the variations in biomass
are guided by local factors (i.e. nutrient availability, light, temperature)
whichdetermine the growth and success of phytoplankton assemblages
(Reynolds, 2006).

The respective site's contribution (Local Moran I) to the spatial var-
iability highlights the existence of an increasing spatial correlation up-
stream the dams and a decrease in between the reservoirs. The loss in
spatial correlation in the environmental and phytoplankton variables
in this area can be attributed to the effects that reservoirs produce
both on the immediate river upstream site (EB06, Escatrón) as well as
in the site placed in between (EB07, Almatret). This pattern confirms
the extent that the hydrological river fragmentation shaped the
Table 4
Multilinear spatial autoregression models relating the planktonic chlorophyll-a (Chl-a) to
environmental factors. The number of observations/cases (n), correlation coefficient (r2),
data variability (F) and significance (p-value) are given. A is the adjacency matrix; the
product A·Chl-a captures the neighbor effect (Eq. (10)); SRP, soluble reactive phosphorus;
Cond, conductivity; DON, Dissolved Organic Nitrogen; WF, water flow.

Relationships n r2 F-value p-Value

The whole river
Chl-a = −2.47 + 0.64 A·Chl-a + 0.01
Cond-0.09 SRP

228 0.60 110.18 7.50E−44

Upstream section
Chl-a = 10.4 + 0.97 A·Chl-a-0.01 WF-0.10 SRP 114 0.83 173.34 1.57E−41

Downstream section
Chl-a = 8.41 + 0.13 A·Chl-a-0.004 Cond-0.001
DON

114 0.26 13.03 2.42E−07
longitudinal structure of environmental conditions and phytoplankton
variables.

The topological distance threshold at which a site had no influence
on the next downstream was longer for environmental than for phyto-
plankton variables. This difference highlights the fact that most of the
sensitivity of river ecosystems is constrained within the framework of
the physical-chemical conditions. This accounts for the increase in con-
nectivity which can be seen when considering separately the upstream
and downstream sections emphasizing their functioning as two distinct
rivers. The reason for this difference lies in the evidence that the longi-
tudinal dynamics of environmental variables have a strong neighbor in-
fluence, stronger than the phytoplankton variables. The longitudinal
dynamics of these are more complex and results of a mixture of local
and neighbor influences. In particular, cell density and chlorophyll-a
were more influenced by the contiguous river stretches (or neighbors)
than diversity which was seemingly more affected by local factors be-
cause of the rapid colonization of opportunist species after the
reservoirs.

The application of spatial multivariate auto-regression models to
chlorophyll-a patterns, allowed separating the contribution of the spa-
tial autocorrelation term aswell as the relevance of local environmental
variables (nutrients, water flow, temperature, and conductivity) as in-
dependent explanatory variables. Both the overall river as well as the
separated two river segments showed that neighbors' effect on the
chlorophyll-a was positive, that is, that values in each river sites were
influenced by upstream ones. However, that influence of neighbor
sites decreases considerably downstream of the dams, leading to indi-
viduality. Planktonic chlorophyll-a correlated differently with environ-
mental variables in upstream or downstream sections. The soluble
reactive phosphorus (SRP) contributed negatively to the upstream
part, meaning that this nutrient was in deficit because of the large
growth of phytoplankton and the associated depletion of this nutrient.
This is a common situation observed elsewhere (Smith, 1984), which
might lead even to the activation of enzymatic extracellular packages
to use organic phosphorus (Artigas et al., 2012). Whereas, conductivity
and dissolved inorganic nitrogen (DON) were negatively related to the
phytoplankton biomass in the downstream section.

Our analysis shows that effects of dams cause river fragmentation in
terms of the structure and functioning of environmental characteristics
and phytoplankton community. The presence of dams caused a disrup-
tion of the spatial autocorrelation as well as a decrease in the natural
connectivity. Our study highlighted a clear separation between the
river segments upstream and downstream the dams which is reflected
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in the spatial characteristics of phytoplankton and environmental vari-
ables. Even though phytoplankton and environmental variables are
tightly related, the dynamics of the two is complex and does not follow
linear patterns.
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