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Abstract Phytoplankton communities are structured

by factors acting over temporal and spatial scales.

Identifying which factors are driving spatial patterns in

aquatic communities is the central aim of ecology. In

this study, data sets of phytoplankton communities and

environmental data of two Portuguese reservoirs types

(lowland ‘‘riverine reservoirs’’ and higher altitude

‘‘artificial lake reservoirs’’) were used to determine the

importance of environmental variables at different

spatial (geographical, regional and local) and time

scales (seasons, years) on the community structure. In

all the data sets, the multivariate ordination technique

Canonical Correspondence Analysis (CCA) showed

that regional and local scales explained the majority

(9–18% and 13–19%, respectively) of the taxa vari-

ance. However, for ‘‘riverine reservoirs’’, time

variables were more important, explaining 27% of

the variability in phytoplankton assemblages. Variance

partitioning was used to assess the individual impor-

tance of the three spatial scales and time for the

community structure of the two reservoir types. The

majority of among-site variability (5.9–21.4%) was

accounted for by time variables, with local, regional,

and geographical scale variables accounting for 3.3–

5.6%, 3.7–4.5% and 2.6–2.9%, respectively. The

effects of different spatial scales on phytoplankton

communities were clearly interrelated; thus, implying

that phytoplankton assemblages are capable of detect-

ing stress from catchment to site scales.
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Introduction

The quality and availability of freshwater is one of the

most essential determinants for the health of ecosys-

tems and human societies worldwide. Human

activities have exploited this resource heavily, and

consequently severely deteriorated freshwater ecosys-

tems. Hydrological changes, physical disturbances,

point and non-point sources of pollution, from both

rural and urban activities, are all examples of processes

responsible for the large-scale deterioration of fresh-

water systems and lentic waters, such as, for instance,

reservoirs (Dziock et al., 2006; Brazner et al., 2007;

Danz et al., 2007). Reservoirs are artificial lentic water

bodies, generally, associated with multiple objectives

for human benefits such as water supply, irrigation,

hydroelectric power and recreation. Land-use changes

in the watershed, overlapping in space and time, may

have considerable effects on the reservoirs, and may

lead to the disruption of the structure and functioning

of these man-made systems (Reynolds & Petersen,

2000; Vasconcelos, 2001). For effective conservation

strategies, large-scale management, incorporating the

importance of ecosystem scale and connectivity, is

essential. Not surprisingly, integrating pattern and

scale is a central theme in ecology and a topic that has

received considerable attention during the last few

years (Dziock et al., 2006; Brazner et al., 2007; Danz

et al., 2007). Indeed, recognition of which factor(s)

structure reservoir and lake ecosystems has evolved

from single to multiple variables and from control at

the habitat scale to involving factors at the global scale

(Li et al., 2001). Much interest in the importance of

scale-related factors for community composition has

been derived from the need to better understand how

organism groups or assemblages are linked with their

immediate habitat and the surrounding landscape.

This information is also of interest to managers

aiming to design more robust monitoring pro-

grammes. For example, although not always clearly

stated, the idea that organisms respond differently at

different levels of spatial scale is often embedded in

many monitoring designs. Fish communities are often

considered to be responsive to large scale (e.g.

catchment level) alterations in land use and cover,

while benthic invertebrate and diatom communities

are thought to respond to more local alterations in

habitat quality (Johnson et al., 2007). Knowledge of

scale-related responses, if present, could be used to

design more robust monitoring programmes. In

Europe, as worldwide, there is a long history of

using biological indicators to monitor the integrity of

lentic ecosystems (e.g. Moss et al., 2003). Building

on this long tradition of using organisms in monitor-

ing and assessment programmes, the European

Commission issued a directive mandating the use of

different organism groups to monitor the integrity of

inland waters and coastal regions (European Com-

mission, 2000). The Water Framework Directive

requires the use of different organism groups such as

fish, invertebrates, macrophytes and benthic diatoms,

either singly or together, in assessing the ecological

status of reservoirs ecosystems.

In this article, the phytoplankton communities

were used as ecological indicator, since they repre-

sent the basis of lake and reservoir food webs and

respond fast to stresses and perturbations (Çelik &

Ongun, 2007). Therefore, in this study, we investi-

gated how phytoplankton communities from two

different types of Portuguese reservoirs, located in

the North and Centre of Portugal, respond to

different spatial factors and time. For this, we used

a relatively large data set, where phytoplankton was

sampled using the standardized methodology, over a

long period of time (9 years) and across a gradient

of land cover types in which agriculture was the

predominant stressor. Using this data set, it was

analysed how the variability in species composition

of reservoir’s phytoplankton communities was

related to geographical, regional and local scale

environmental factors. The objective was to assess

the importance of environmental variables at differ-

ent spatial (geographical, regional and local) and

time scales (seasons, years) in structuring reservoirs

communities and consequently determined if phyto-

plankton response would be related differently to

large-scale, regional variability or local factors.

With this information, the predictions of how human

alterations affect lentic water ecosystems and here-

with the planning and implementation of

conservation and management programmes can be

improved.
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Materials and methods

Study area

This study was carried out using data from 34 reservoirs

in six catchments located in central and northern

Portugal. The catchments were: Ave (1 reservoir),

Cávado (6 reservoirs), Mondego (5 reservoirs), the

Portuguese part of the international basins of Lima (2

reservoirs), Douro (11 reservoirs) and Tagus (9 reser-

voirs). The main purpose of all these reservoirs is to

provide hydroelectric power, although some secondary

uses, such as navigation, irrigation, water supply and

recreation are also common. This extensive geographic

area represents a wide range in physical and chemical

characteristics, soil use and anthropogenic pressure,

including both good and poor water quality conditions.

A recent analysis of these data showed that phytoplank-

ton community composition differed markedly between

high altitude and lowland reservoirs (Cabecinha et al.,

2009); hence, these two reservoir groups were analysed

separately here. The two groups comprise: Type 1—

lowland ‘‘run-of-river’’ reservoirs located in the main

rivers (Douro and Tagus), with a very short residence

time (n = 10); Type 2—deeper high altitude reservoirs,

largely located in tributaries, with long residence time

(n = 24) (Fig. 1). Lowland reservoirs ranged from 39�
to 41� N latitude and 6� to 8� W longitude, while higher

altitude reservoirs ranged from 39� to 42� N latitude and

from 7� to 8� W longitude (Table 1). ‘‘Run-of-river

reservoirs’’ were generally situated at lower altitudes,

had larger catchments, lower residence time and were

higher in mineral content (hardness and conductivity),

than higher altitude reservoirs (Table 1). In addition,

Type 1 reservoirs were more nutrient rich (total

phosphate and nitrates) than Type 2. Catchment land

use and cover were quite different between the two

reservoirs groups. Type 2 reservoirs had, on average, a

higher percentage of their catchments classified as

natural areas than lowland reservoirs, whereas catch-

ments of lowland reservoirs consisted more of extensive

agriculture and intensive (Table 1).

Environmental parameters and chlorophyll a

From 1996 to 2004, the environmental and biological

parameters were measured by the Laboratory of

Environment and Applied Chemistry (LABELEC)

four times per year, corresponding to spring (April/

May), summer (July/August), autumn (October/

November) and winter (January/February). The sam-

pling periodicity was carried out on an annual base

for 58% of the reservoirs. The remaining reservoirs

were visited biannually (27%) and triennially (15%)

(Cabecinha et al., 2009). All the samples were

collected at 100 m from the reservoirs’s crest, at

two different depths: (a) near the surface (approxi-

mately 0.5 m depth); and (b) near the bottom (2 m

above bottom, only for environmental parameters and

chlorophyll a). Water samples were analysed follow-

ing standard procedures (APHA, 1995).

The environmental data set (78 variables) was

divided into four categories: spatial or geographical

(G) (site coordinates; 9 variables), regional (R) (9

variables, e.g. catchment land use/cover), local (L) (26

variables, e.g. hydro-morphological) and time vari-

ables (T) (all sampling dates, i.e. interaction between

sampling year and season) (see Table 2). The geo-

graphical coordinates of the sampling sites were

expanded into third order polynomial terms to allow

for non-linear responses (Legendre & Legendre,

1998). Including such a spatial component in the

analysis allows for capturing large-scale spatial struc-

tures in the data set (Meót et al., 1998). The constructed

spatial component explains patterns in the species data

that are not shared by any of the measured environ-

mental data; this spatial pattern could be caused by

some biological process or by environmental factors

affecting the assemblage structure, but not explicitly

measured in the study (Borcard et al., 1992). This also

allows for testing of complex spatial trends in the data

set (Økland & Eilertsen, 1994). The spatial variables

were calculated by including all the terms for a cubic

trend surface regression (i.e. x, y, x2, xy, y2, x3, x2y, xy2

and y3), with x (latitude) and y (longitude) being the

geographical co-ordinates of the sampling site (Bor-

card et al., 1992; Meót et al., 1998).

To determine the ecological status of the reser-

voirs’ watersheds, a geographic information system

database was created (ESRI, ArcGIS 9.0), with 12

spatial variables. These variables were classified into

four categories of anthropogenic stress measures that

are prominent in the study area:

(i) Land cover—six land use/land cover variables

derived primarily from the Corine Land Cover

(CLC, 1990 and 2000; Instituto Geográfico do

Exército (Geografic Military Institute), 2006).
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Road density (Km ha-1 basin) and proportions

for the predominant CLC classes in the basin

(urban areas, intensive and extensive agricul-

ture, natural and semi-natural areas and burned

areas) were determined;

(ii) Organic contamination load—two variables repre-

senting human population pressure (g BOD5

hab.eq.day-1 by ha basin) and domestic animal

pressure (g BOD5 animal.eq.day-1 by ha basin);

(iii) Industrial contamination load—three variables

representing point sources pollution, including

number of quarries, mines and transformation

industries in the basin (number of sources ha-1

basin); and

(iv) Hydrometric variations—yearly water level

changes were determined by the differences

between relative average water level and max-

imum theoretical water level.

All the variables were expressed, when possible, on

a per-unit area basis. Points (ii) and (iii) were

determined based on data from INE (2006). A 5-score

scale was established for all the variables (from 1-High

status to 5-Low status). Therefore, the sum of these

Fig. 1 Location of the two

Portuguese reservoirs types

studied and their

distribution through six

catchments: Ave, Cávado,

Mondego and the

Portuguese part of the

international basins of

Lima, Douro and Tagus.

Triangles and circles

represent reservoirs of Type

1 and Type 2, respectively
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5-score scales reflects the final ecological status of the

reservoir’s watershed and was classified in the follow-

ing classes: I\18; II 18–22; III 22–26; IV 26–30 and

V [30. In this study, class I and II were grouped to

represent reference reservoirs, and class III, IV and V

were grouped to represent impaired sites.

Table 1 Characterization of the 34 studied reservoirs, sampled from 1996 to 2006

Variables Units Code Type 1 (n = 160) Type 2 (n = 473)

Mean ± SD Min.–max. Mean ± SD Min.–max.

Local variables (L)

Total Coliforms N/100 ml TColf 1018 ± 2244 1.00–21000 1892 ± 8958 0.00–102000

Faecal Coliforms N/100 ml FColf 78.2 ± 419 0.00–4550 25.7 ± 238 0–5000

Chlorophyll a mg/m3 Chl_a 3.35 ± 7.34 0.04–53.4 6.31 ± 9.97 0.04–86.0

Surface water temperature 8C Temp 16.00 ± 5.45 5.9–26 16.88 ± 5.3 5–28

Turbidity NTU Turb 3.87 ± 7.15 0.20–77.0 1.73 ± 2.68 0.20–40.0

pH units pH 7.92 ± 0.57 6.80–9.40 7.27 ± 0.93 5.70–10.2

Dissolved oxygen mg/l DO 9.35 ± 2.76 1.30–18.8 9.38 ± 1.81 2.50–15.0

Conductivity lS/cm Cond 356 ± 123 168–802 49.3 ± 33.5 8.40–243

Hardness mg CaCO3/l Hard 138 ± 45.1 63.0–260 10.0 ± 7.86 0.80–48.6

Ammonia-N mg/l NH4 0.15 ± 0.14 0.05–0.86 0.14 ± 0.44 0.05–8.60

Nitrate-N mg/l NO3 5.69 ± 3.03 0.16–17.0 1.18 ± 1.28 0.01–8.90

Phosphate mg/l PO4 0.25 ± 0.21 0.01–1.22 0.04 ± 0.09 0.01–1.12

Total phosphorus mg/l TP 0.38 ± 0.22 0.10–1.42 0.38 ± 2.15 0.01–20.0

Fe mg/l Fe 47.2 ± 52.9 3.00–500 44.6 ± 60.7 3.00–710

Mn mg/l Mn 14.5 ± 13.4 2.00–65.0 14.1 ± 16.5 2.00–230

Cl mg/l Cl 19.8 ± 11.9 7.50–74.0 5.44 ± 3.46 1.20–24.2

Chemical oxygen demand mg O2/l COD 8.73 ± 5.14 0.10–26.3 7.13 ± 6.23 0.40–50.2

5-day Biochemical oxygen demand mg O2/l BOD5 1.86 ± 1.13 0.10–7.90 1.52 ± 1.46 0.00–12.8

Dissolved reactive silica mg/l DRSi 3.77 ± 2.83 0.20–14.1 4.24 ± 2.74 0.10–15.0

Secchi disk depth m SD 3.22 ± 3.54 0.10–20.8 3.38 ± 1.87 0.30–10.0

Chlorophyll a in the hypolimnium mg/m3 Chl_a-Hp 2.05 ± 7.08 0.04–84.9 2.48 ± 5.54 0.04–52.9

Water temperature in the hypolimnium 8C Temp-Hp 14.9 ± 4.73 5.00–25.0 12.5 ± 3.55 5.00–24.0

Dissolved oxygen in the hypolimnium mg/l DO-Hp 6.81 ± 3.50 0.05–13.8 5.70 ± 3.54 0.05–13.0

Time of residence days TimRes 3.61 ± 2.88 0.60–12.4 108 ± 148 1.70–729.

Altitude m Alt 182. ± 197 13.2–528 411 ± 370 50.00–1600

Mean dam depth m Depth 17.4 ± 8.39 5.61–31.9 21.6 ± 9.14 8.36–42.8

Regional variables (R)

Catchment area Km2 A 74962 ± 13528 60000–92050 943 ± 1029 5.00–3252

Slope % Slope 6.00 ± 1.00 5.00 –7.00 11.0 ± 4.00 4.00–22.0

Precipitation mm PP 66.0 ± 13.3 53.4–90.4 135 ± 49.0 66.6–245

% Urban area % Urban 0.75 ± 0.35 0.30–1.39 0.49 ± 0.47 0.00–1.68

% Intensive agriculture % Int_Agr 16.1 ± 10.4 4.04–47.0 5.22 ± 5.68 0.00–19.8

% Extensive agriculture % Ext_Agr 33.2 ± 12.9 19.9–69.0 18.9 ± 11.3 0.00–40.7

% Natural areas % Natural 48.4 ± 17.6 13.8–71.9 72.4 ± 14.7 40.5–93.9

% Burned areas % Burned 0.68 ± 0.87 0.00–3.09 0.62 ± 1.14 0.00–5.2

% Water % Water 0.89 ± 0.58 0.21–2.77 2.40 ± 3.51 0.00–18.8

Geographical variables (G)

Latitude 8N Lat (x) 40.8 ± 0.74 39.5–41.5 40.9 ± 0.83 39.5–41.9

Longitude 8W Long (y) 7.47 ± 0.83 6.26–8.49 7.94 ± 0.36 6.89–8.35
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Table 2 Number of taxa, samples and sites, total inertia and conditional effects (lambda) of spatial (G, R and L) scales and time on

phytoplankton assemblages for all, type 1 and type 2 reservoirs

All sites Type 1 Type 2

Gradient length (DCA) 5.236 3.369 5.362

Number of taxa 157 146 157

Number of samples 633 160 473

Number of sites 34 10 24

Total inertia 6.824 4.063 6.973

Transformation k P pCCA k P pCCA k P pCCA

Local variables (L)

TColf ln (2x ? 1) 0.04 ** X 0.03 * 0.06 ** X

FColf ln 2x ? 1) 0.06 * 0.03 n.s. 0.05 *

Chl_a None 0.08 ** X 0.17 * 0.07 ** X

Temp None 0.03 * 0.04 n.s. 0.05 *

Turb None 0.03 n.s. 0.02 n.s. 0.05 n.s.

pH None 0.13 ** X 0.03 n.s. 0.11 ** X

DO None 0.02 * 0.04 ** X 0.02 n.s.

Cond None 0.23 ** VIF [ 20 0.07 * 0.21 ** X

Hard None 0.25 ** X 0.04 ** X 0.21 ** X

NH4 ln (44.4x ? 1) 0.07 ** X 0.08 * 0.09 ** X

NO3 ln (200x ? 1) 0.06 n.s. 0.04 * 0.07 ** X

PO4 ln (333x ? 1) 0.06 ** X 0.12 n.s. 0.09 ** X

TP ln (333x ? 1) 0.27 ** X 0.15 n.s. 0.13 ** X

Fe ln (0.67x ? 1) 0.18 ** X 0.10 * 0.08 n.s.

Mn ln (x ? 1) 0.20 ** X 0.11 ** X 0.08 ** X

Cl ln (1.67x ? 1) 0.22 ** X 0.19 ** X 0.21 ** X

COD None 0.10 ** X 0.10 n.s. 0.13 *

BOD5 None 0.04 n.s. 0.03 n.s. 0.06 n.s.

SiO2 ln (20x ? 1) 0.03 ** X 0.07 n.s. 0.04 ** X

SD None 0.05 * 0.06 * 0.11 ** X

Chl_a-Hp None 0.05 n.s. 0.12 * 0.06 *

Temp-Hp None 0.05 * 0.04 * 0.06 *

DO-Hp None 0.05 ** X 0.05 * 0.06 *

TimRes ln (x ? 1) 0.11 ** X 0.22 * 0.07 ** X

Alt ln (x ? 1) 0.09 ** X 0.09 ** X 0.06 ** X

Depth ln (x ? 1) 0.09 ** X 0.24 ** X 0.08 ** X

Regional variables (R)

A ln (x ? 1) 0.15 ** X 0.16 ** X 0.09 ** X

Slope ln (x ? 1) 0.04 ** X excl 0.03 ** X

PP ln (x ? 1) 0.25 ** X 0.07 ** X 0.20 ** X

Urban arc sin (x/100)0.5 0.04 ** X 0.14 ** X 0.05 ** X

Int_Agr arc sin (x/100)0.5 0.07 ** X 0.09 ** X 0.10 ** X

Ext_Agr arc sin (x/100)0.5 0.05 ** X 0.19 ** X 0.07 ** VIF [ 20

Nat_areas arc sin (x/100)0.5 0.04 ** X 0.04 ** VIF [ 20 0.08 ** X

Burned areas arc sin (x/100)0.5 0.03 ** X 0.04 ** X 0.04 ** X

Water arc sin (x/100)0.5 0.05 ** X 0.06 ** X 0.05 ** X
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Phytoplankton analysis

Like the environmental parameters, phytoplankton

samples were collected from 1996 to 2004 at a depth

of approximately 0.5 m using a Van Dorn bottle.

Phytoplankton community composition was studied

through inverted microscopy, following Utermohl’s

method (Lund et al., 1958). For the quantification and

identification of phytoplankton, samples were fixed in

Lugol’s solution (1% v/v) and, when possible,

identified to the species level. The abundance of

each taxon was estimated on a 5-score ordinal scale

(0–20; 20–40; 40–60; 60–80;[80%). A minimum of

50 random visual fields, at least 100 cells of the most

common taxa were counted. Assuming that the cells

were randomly distributed, the counting precision

was ±10% (Venrick, 1978).

Statistical analysis

Direct gradient analysis (also known as constrained

ordination (ter Braak and Šmilauer, 2002), was used to

determine the effect of single and combined sets of

environmental variables on phytoplankton communi-

ties. Detrended correspondence analysis (DCA) of

species abundance, with detrending by segments and

nonlinear rescaling was used to determine the biolog-

ical turnover, or gradient length, of the species datasets.

Gradient lengths were then used to select the

appropriate model (ordination procedure) for the

constrained ordinations. DCA of taxonomic composi-

tion gave gradient lengths[3 standard deviations for

axes 1 and 2, indicating that a unimodal response

would adequately fit the species data (ter Braak, 1987).

Accordingly, canonical correspondence analysis

(CCA) was used in the ordination of taxonomic data

(ter Braak, 1986, 1987). In CCA, phytoplankton

species abundance data were not transformed because

they are already scored on an ordinal scale. Rare

species (less than four presences in each dam, for all the

samples) were omitted from statistical analyses (Negro

and De Hoyos, 2005). When necessary, environmental

variables were ln (ax ? 1) transformed. The factor a

was determined for each chemical separately accord-

ing to the procedure described in Van den Brink et al.

(2000) (see Table 2). We deviated from the usual

ln(x ? 1) transformation because the data set fre-

quently showed low or high values. We decided that

the factor a should make 2 by taking the lowest

abundance value higher than zero for x. A factor of two

was chosen to avoid false discrepancy between zero

concentration values and low concentration values

(Van den Brink & Kater, 2006). Percentage data like

land use variables were arc sin (x/100)0.5 transformed

in order to approximate normally distributed random

errors (Podani, 2000; Feld & Hering, 2007) (Table 2).

All the time variables (dummy variables) were not

transformed (Table 2).

Table 2 continued

Transformation k P pCCA k P pCCA k P pCCA

Geografical variables (G)

Lat ln (x ? 1) excl. excl. excl.

Long ln (x ? 1) 0.09 ** X 0.13 ** X 0.10 ** X

Lat2 ln (x ? 1) excl. excl excl

Lat*Long ln (x ? 1) 0.12 ** X 0.10 ** X excl

Long2 ln (x ? 1) 0.07 ** X 0.10 ** X 0.06 ** X

Lat3 ln (x ? 1) 0.17 ** X 0.09 * 0.23 ** X

Lat2*Long ln (x ? 1) 0.10 ** X 0.08 ** X 0.11 ** X

Lat*Long2 ln (x ? 1) 0.08 * 0.09 n.s 0.06 *

Long3 ln (x ? 1) 0.07 ** X 0.10 n.s 0.06 ** X

Time variables (T)

All sampling dates None 7.30 X 27.0 X 9.00 X

pCCA Explanatory variables used in pCCAs

excl. Variable excluded because of negligible variance

* P \ 0.05; ** P \ 0.001; n.s., P [ 0.05
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A Person correlation matrix was performed a priori

from the CCA forward selection and all the variables

with correlation coefficients higher than 0.7 were

eliminated from posterior analysis. Most of the

hypolimnium parameters were eliminated, except

temperature, DO and Chl a.

CANOCO’s forward selection procedure (999 per-

mutations) was used to choose the environmental

variables that represented the major gradients, but did

not correlate strongly with each other in explaining

variability among phytoplankton assemblages. This

procedure is used to remove collinear environmental

variables. Environmental variables were run separately

on each spatial scale (geographical, regional and local)

to identify collinear variables with a variance inflation

factor (VIF)[20. Therefore, conductivity (data set1),

% of natural areas (data set 2) and % of extensive

agriculture (data set 3) were subsequently excluded

from the respective environmental data set (Table 2).

The significance of the environmental variables was

tested with 999 Monte Carlo permutations.

A partial constrained ordination, a direct gradient

analysis using co-variables can be used to partition

the variance, i.e. estimate the fraction of variance in

community composition explained by a set of envi-

ronmental variables separately (e.g. Borcard et al.,

1992). Partial CCA (pCCA) was used to evaluate the

relationships between four categories of explanatory

variables (geographical, regional, local and time) and

community composition of phytoplankton (ter Braak

and Šmilauer, 2002). Using pCCA, we partitioned the

total variation of the biological response variables

into: (i) the non-shared variation for a specific set of

explanatory variables, (ii) shared variation by all the

measured variables and (iii) random error. The use of

partial constrained ordination allowed us to test the

degree of correlation or, in particular, the uniqueness

of the relationships between variables at varying

spatial scale and community composition of phyto-

plankton in the two types of reservoirs. Only

significant (P \ 0.001) variables were included in

the aggregations of environmental variables used in

the partial constrained ordinations. All the time

variables were included, since they are orthogonal,

i.e. they all explain a unique part of the variance.

Table 2 shows the variables included in the three

spatial categories (geographical, regional and local)

as well as the variance explained by the individual

variables (k1 or marginal effects). Using these data,

pCCA was run for phytoplankton community com-

position of lowland and high altitude reservoirs

according to Borcard et al. (1992) and Liu (1997).

Three steps were used to partition the variance in the

reservoir phytoplankton data among the three levels

of spatial scale and time, i.e. geographical (G),

regional (R), local (L) and time (T).

First, canonical ordination with no covariables (i.e.

CCA) was used to estimate the total amount of variance

explained (as sum of canonical eigenvalues) in the

phytoplankton communities attributable to all the

explanatory variables (GRLT) and the total unex-

plained variance (1 - GRLT). A second series of

ordinations with covariables (i.e. pCCA) was used to

calculate variance explained by the unique effects of

each category (G, R, L or T). In this step, ordinations of

individual explanatory categories were run (e.g. G)

with the remaining three categories as covariables (e.g.

R ? L ? T). Thirdly, a series of partial canonical

ordinations were used to calculate the shared effects by

the selected predictors (e.g. R ? L ? T - G) by

running the interaction term of interest as explanatory

(R ? L ? T) and removing the effect of the term not

of interest (e.g. G) by running these variables as

covariables. All the ordinations were run using

CANOCO 4.5 (ter Braak and Šmilauer, 2002).

Results

Phytoplankton composition

In the 633 phytoplankton samples a total of 250 taxa

were identified. From these, 93 taxa occurred less

than four times in each reservoir and were excluded

from the dataset (see methods). The remaining 157

taxa belonged to six divisions. Most important in

terms of number of taxa were Chlorophyta (41% of

the taxa), Bacillariophyta (29%) and Cyanobacteria

(20%). There were eight taxa of Crysophyta (5%) and

Fig. 2 Canonical correspondence analysis (CCA) of phyto-

plankton assemblages in Portuguese reservoir in the ordination

space of first and second axis; (A) in all the studied reservoirs; (B)

in 10 reservoirs of Type 1 and (C) in 24 of Type 2. (A, B and C)

ordination of sampling sites, (A1, B1 and C1) ordination of

phytoplankton taxa. Only significant and independent environ-

mental variables are shown. Full environmental variable and

phytoplankton taxa names are given in Table 1 and Appendix

1—Supplementary material, respectively
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three taxa of Dinophyta as well as of Euglenophyta

(representing each 2% of the total taxa).

Environmental gradients and their relation

to phytoplankton taxa (CCA models)

The CCA models with all the selected environmental

variables explained 27, 28 and 50% of the variance in

phytoplankton reservoirs communities in data set 1

(with all reservoirs), data set 2 (Type 1) and data set 3

(Type 2), respectively (Fig. 2, Table 3). In the three

data sets, the CCA models run separately on each

spatial scale explained 6.6–13% by geographical

variables (G), 9.3–19% by regional variables (R), 13–

19% by local variables (L) and 7.3–27% by Time (T)

of the variance in the reservoirs communities

(Table 3). In general, local and regional scales

explained the majority of the variance in the studied

phytoplankton communities, although less pro-

nounced for Type 1 reservoirs. In these lowland

reservoirs, time variables explained the largest part of

the variation in species composition (Table 3).

In data set 1, the separation between the two types

of reservoirs results mainly from the environmental

variables correlated with the first CCA axis (Fig. 2A).

Type 1 reservoirs were positively correlated with axis

1, mostly related to a perturbation gradient due to

organic pollution (COD), nutrients concentration (TP,

PO4
3- and NH4

?), Cl- and pH. In general, these

reservoirs presented larger watersheds dominated by

agriculture, with significant urban and burned areas

(Fig. 2A). Both reservoir types were clearly domi-

nated by Bacillariophyta and Chlorophyta. Cyclotella

meneghiniana, Fragilaria capucina, Diatoma vulga-

ris, Pediastrum duplex, P. boryanum, Navicula

rhynchocephala, N. cryptocephala, Cocconeis pla-

centula and the Cyanobacteria Aphanizomenon flos-

aquae, Microcystis flos-aquae and M. aeruginosa,

were positively correlated with Type 1 reservoirs and

the perturbation gradient, i.e. with the first CCA axis

(Fig. 2A1).

Type 2 reservoirs were negatively correlated with

the first CCA axis and positively with precipitation,

% of natural areas, slope, altitude, residence time,

geographical variables and depth. The separation

between reference and impaired sites of Type 2

reservoirs results mainly from the environmental

variables correlated with the second axis, namely

dissolved oxygen of the hypolimnium (OD-HP),

chlorophyll a and DRSi (Fig. 2A). Therefore, related

with impaired sites of Type 2 reservoirs and nega-

tively correlated with first axis and positively with the

second axis were Fragilaria crotonensis, Asterionella

formosa, Synedra spp., Cyclotella stelligera, Sph-

aerocystis schroeteri. Contrarily, Tabellaria

fenestrata, T. flocculosa, Aulacoseira distans, Rhizo-

solenia eriensis, Crucigenia tetrapedia, Dinobryon

sp., D. bavaricum and Aphanocapsa elachista were

related with reference sites of Type 2 reservoirs and

negatively correlated with first and second CCA axes,

i.e. negatively correlated with the pollution gradient

(Fig. 2A1).

In Type 1 reservoirs, the separation between the

impaired and less-disturbed reservoirs results mainly

from the environmental variables correlated with the

first axis (Fig. 2B). Less-disturbed reservoirs of Type

1, namely Belver, was positively correlated with

longitude and Cl- and negatively to depth and

precipitation gradients, whereas impaired reservoirs

were negatively correlated with axis 1 and positively

Table 3 Results of multivariate regression models of taxa (CCA) with environmental variables at different spatial scales

All sites Type 1 Type 2

GRLT G R L T GRLT G R L T GRLT G R L T

No. environmental of total variables 78 9 9 26 34 78 9 9 26 34 78 9 9 26 34

No. environmental variables selected 65 6 9 16 34 51 4 7 6 34 63 5 8 16 34

% Variance explained by the

environmental variables

27 7.9 11 13 7.3 50 13 18 19 27 28 6.6 9.3 13 9.0

% Variance of species-environment

relationship explained by axes 1 and 2

32 71 64 53 31 38 77 71 72 27 27 72 58 43 32

% Variance of species data explained

by axes 1 and 2

9 6 7 7 2 16 10 12 13 7 8 5 5 5 3
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with depth, % of urban and agricultural areas,

catchment area and altitude. In general, these most-

perturbed reservoirs presented larger watersheds,

belonging to international basins like Douro and

Tagus, dominated by agriculture and having signif-

icant urban areas (Fig. 2B). Associated with Belver,

were Fragilaria capucina, Aulacoseira distans, Syne-

dra pulchella, S. utermohlii, Cyclotella stelligera,

Surirella biseriata, Closterium aciculare, Staura-

strum sebaldi, Mougeotia sp., Radiococcus

nimbatus and Limnothrix tenuis. (Fig. 2B1). Most-

impaired sites of Type 1 reservoirs were negatively

correlated with axis 1, i.e. positively associated with

an anthropogenic pressure gradient and associated

with meso-eutrophic to hypereutrophic taxa (Van

Dam et al., 1994; Tavassi et al., 2004), namely

Diatoma vulgaris, Aulacoseira ambigua, Cyclotella

meneghiniana, Navicula cryptocephala, Synedra

ulna, S. acus and Limnothrix planctonica (Fig. 2B1).

As in Type 1, in higher altitude reservoirs (Type 2)

the separation between reference and impaired sites

results mostly from the environmental variables

correlated with the first axis (Fig. 2C). Sites on the

right side of the first CA axis lay in densely

populated, industrialized or agricultural areas, receiv-

ing high inputs of organic matter and industrial

discharge. Therefore, these sites were positively

correlated with water mineral content (Cl, hardness

and conductivity), nutrients (P and N) and organic

pollution gradients (Fig. 2C). In general, these dis-

turbed sites were clearly dominated by tolerant taxa

of Bacillariophyta and Chlorophyta, mainly associ-

ated from meso-to-hypereutrophic states of water

bodies (Van Dam et al., 1994; Tavassi et al., 2004):

Diatoma vulgaris, Synedra ulna, Navicula crypto-

cephala, Nitzschia palea, Cocconeis placentula,

Fragilaria crotonensis, Aulacoseira granulata, Pe-

diastrum simplex and P. duplex. These taxa appear

associated with Cyanobacteria belonged mostly to

genera whose ability to produce toxins that can affect

a variety of organisms, including humans is known,

like Microcystis aeruginosa, Aphanizomenon flos-

aquae and Anabaena spp. (Dokulil & Teubner, 2000;

Vasconcelos, 2001) (Fig. 2C1). Reference sites of

Type 2 were negatively correlated with the first CCA

axis and positively with precipitation, geographical

variables (latitude3, longitude3, longitude, lati-

tude2*longitude), % of natural areas, slope, altitude,

Secchi depth and depth (Fig. 2C). Negatively

correlated with axis 1 and associated with reference

sites were mainly intolerant taxa, Diatoma hiemale,

Tabellaria fenestrata, T. floculosa, Aulacoseira di-

stans, M. italica, Rhizosolenia eriensis, Gomphonema

sp., Crucigenia tetrapedia, Spondylosium planum,

Dinobryon sp. and D. bavaricum (Fig. 2C1).

Relative importance of spatial versus time factors

Variance partitioning—CCA

The marginal or individual variances explained by

single environmental variables (with no covariables)

are shown in Tables 2 and 3. In general, local variables

explained a large amount of the among-reservoirs

variance in both lowland and higher altitude reservoirs.

In lowland reservoirs (Type 1), local variables were

only exceeded by the time variables. Regional vari-

ables explained a similar amount of the total variance

as local variables, while geographical variables

explained less (Table 3). The single best predictors

of phytoplankton communities in Type 1 reservoirs

were depth, % of extensive agriculture, longitude and

sampling dates, in local, regional, geographical and

temporal scales, respectively (Table 2).

In general, environmental variables explained less

of the among-reservoir differences in community

types of higher altitude compared with lowland

reservoirs. Local variables explained the largest part

of the variance, followed by regional, time and

geographical factors (Table 3). Similar results were

obtained with data set 1, with all the studied

reservoirs (Table 2). The best predictors of phyto-

plankton assemblages in Type 2 reservoirs were

conductivity, hardness and Cl, precipitation, latitude3

and sampling dates, in local, regional, geographical

and temporal scales, respectively (Table 2).

Variance partitioning—pCCA

Analysis of CCA models and the variance explained

by single predictor variables showed the importance

of geographical, regional, local and time factors on

among-site differences in phytoplankton communi-

ties. However, this approach does not provide

information on the unique effect or shared variance

(conditional effects) among the different types of

predictor variables. The three categories of spatial

scale and time (G, R, L, T) explained 50% of the
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among-site variance in community composition of

lowland reservoirs (Table 3, Fig. 3A). For higher

altitude reservoirs, the amount of variance explained

was smaller; 28% (Table 3, Fig. 3C). Partial con-

strained ordination (pCCA) of lowland and higher

reservoir communities showed that the unique effect

of geographical, regional and local variables was

similar among the two types studied, explaining

slightly more variance in Type 2 (Table 3, Fig. 3A,

C). However, time variables assumed a major

importance in explaining among-site differences in

phytoplankton community composition, namely in

Type 1 reservoirs.

Geographical variables explained 2.6% for lowland

reservoirs and 2.9% for higher altitude reservoirs.

Regional variables explained slightly more of the

among-site differences in community composition.

The amount of variance explained by local-scale

variables ranged from 3.3% (in Type 1) to 5.6% (in

Type 2 reservoirs). By contrast, time variables

explained substantially more of the among-site vari-

ance in community composition (Fig. 3A, C). The

amount of shared variance accounted by the three

levels of spatial scale and time also varied markedly

between reservoir groups. The total shared variance

explained substantially more, of the variance in

phytoplankton communities, in type 1 than in type 2

reservoirs (Fig. 3A, C). The role of shared (condi-

tional) effects is even clearer if separately calculated at

each scale (Fig. 3B, D). In lowland reservoirs (Type 1),

at geographical, regional and local scales, shared

effects were much higher than unique effects (see

Fig. 3B). In higher altitude reservoirs at these spatial

scales (G, R and L) unique and shared effects were

similar. Contrarily, the fraction of the total variance

attributed to time variables was 21.4% in lowland sites

and 7.3% in higher altitude sites (Fig. 3D). The value

of the shared effects for both reservoirs was much

smaller than the fraction of the variation explained

independently by covariables.

Not all the species are equally well explained by the

same set of environmental variables. The fit for species

can be used as a measurement to find out which species

are well represented and the percentage of variance fit by

each set of explanatory variables. The percentage of

variance explained by the three spatial factors and time

with respect to the unconstrained variance differs among

the different species (Appendix 1—Supplementary

material). In Type 1 reservoirs, all the taxa are best

explained by time factors, especially Pseudanabaena
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partitioning of

phytoplankton communities

(pCCA) in reservoirs of
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variables at three spatial
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catenata, P. limnetica. Limnothrix planctonica and

Microcystis flos-aquae. In Type 2 reservoirs, Scene-

desmus spp. had their distributions mostly explained

by the geographical factors. Scenedesmus opoliensis,

Asterionella formosa, Cyclotella meneghiniana and

Tabellaria floculosa were amongst the most related to

the regional group of variables (Appendix 1—Sup-

plementary material). Local variables explained

mostly the distribution of Stephanodiscus hantschii,

Anabaena spp, Limnothrix limosa, Pediastrum

duplex, Rhizosolenia sp, Anabaena spp, Cocconeis

placentula. Gomphonema constrictum, Microcystis

pulverea, M. aeruginosa and Aulacoseira varians

were amongst the most related to time variables in

higher altitude reservoirs. Finally, Aulacoseira di-

stans, Diatoma vulgaris and Fragilaria crotonensis

were mostly explained by the three spatial factors

(Appendix 1—Supplementary material). Figure 4

presents the taxa most well represented (higher fit)

in each set of explanatory variables (G, R and L) for

both reservoir types. In Type 1, independently of the

scale in general, impaired sites were clearly domi-

nated by tolerant taxa of Bacillariophyta and

Chlorophyta, mainly associated from meso-to-hype-

reutrophic states of water bodies. Contrarily,

reference sites were dominated by oligotrophic to

meso-eutrophic taxa (Fig. 4). In Type 2, disturbed

reservoirs were also dominated by tolerant taxa of

Bacillariophyta namely Fragilaria capucina and

Navicula cryptocephala and Chlorophyta, mostly

Scenedesmus sp. and Cyanobacteria. Regarding ref-

erence sites of Type 2, dominant taxa were mainly

intolerant (oligotrophic to oligo-mesotrophic), Ta-

bellaria fenestrata, T. flocculosa, Asterionella

formosa, and Rhizosolenia sp (Fig. 4).

Discussion

Several studies have addressed the role of spatial

and temporal scales in river and lake environment—

community relationships (Pan et al., 2004; Leira &

Sabater, 2005; Feld & Hering, 2007; Jonhson et al.,

2007; Holopainen et al., 2008). However, only few

phytoplankton studies considered spatial factors

explicitly (see Soininen, 2007), especially in reser-

voirs (Sabater & Nolla, 1991; Negro and De Hoyos,

2005; INAG, 2006). Multivariate analyses allowed

defining the importance of environmental variables

at different spatial scales (geographical, regional and

local) and time in structuring phytoplankton com-

munities in different types of surface waters from

North and Centre of Portugal. From the studied 34

hydroelectric-power reservoirs, it was possible to

identify two types of dammed water bodies. Type

1—represent lowland reservoirs located in the main

rivers (Douro and Tagus) characterized by higher

concentrations of nutrients and water mineral con-

tent. This ‘‘riverine reservoirs’’ Type more

resembles a river than a lake with short hydraulic

retention times, good mixing and relatively high

water velocities, never or rarely affected by strati-

fication phenomena. In general, it lay in densely

populated, industrialized or agricultural areas,

receiving high inputs of organic matter and indus-

trial discharge;

Type 2—represent deeper high altitude ‘‘artificial

lake reservoirs’’, largely located in tributaries, with a

high residence time where water storage and release

cycles are long and operate on at least seasonal cycles

but generally on multi-year cycles, therefore are

strongly affected by stratification phenomena.

This study has identified distinct gradients along

which phytoplankton assemblage structure changes

within hydroelectric Portuguese reservoirs. The differ-

ences detected among reservoir phytoplankton

communities indicated that taxa compositions were

differentially structured by factors related to geographic

location, catchment land use, hydromorphological

variables and time. Given the broad spatial gradients

studied here, it was expected that constrained ordination

and CCA models showed a larger importance of

geographical (latitude, longitude) variables in explain-

ing among-site differences in community composition.

On the other hand, there was only a little amount of

variance explained by geographical factors and only one

single spatial coordinate (or combination thereof) was

among the best predictors of phytoplankton assemblage

(Tables 2 and 3). Local and regional (e.g. land use)

factors explained a larger part of the among-site

variance in phytoplankton community composition.

The best predictors were: depth, residence time, Cl-,

chlorophyll a and nutrient gradients at local scale (L)

and % of extensive agriculture, % of urban area and

catchment area at regional scale (R), for Type 1

reservoirs. Conductivity, hardness and Cl- and TP

gradients (L), precipitation, % of intensive agriculture

(R) and latitude and latitude2 (at a geographical scale)
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were shown to be strong predictors of community

structure in Type 2 reservoirs.

Conductivity, hardness, N and P concentrations

were strongly related to agricultural activity this was

not too surprising given the wide range of agricultural

land use in both the lowland and higher catchments,

namely extensive (19% and 33%, in Type 2 and type

1, respectively) and intensive agriculture (5.2% in

Type 2 and 16% in Type 1). The importance of local

and, to some extent, even regional variables agrees

with a number of previous studies, even for different

organisms. For example, earlier studies have shown

changes of nutrient concentration, habitat and flow

regime, often associated with changes in catchment

land use/cover, to be good predictors of fish (e.g.

Snyder et al., 2003; INAG, 2006), macroinvertebrate

(e.g. Statzner et al., 2001; Death & Joy, 2004),

macrophyte (e.g. INAG, 2006) and benthic diatom

(e.g. Lim et al., 2007) communities.

The influence of land use on water quality in

streams and reservoirs is scale dependent and varies in

time and space (Buck et al., 2004). Numerous studies

have found the landscape structure to be the main

factor influencing the nutrient and organic matter

runoff from watersheds. This has been shown at the

global scale, as well as at the regional and local scales

for catchments of dominatingly agricultural use, for

forested areas and for heterogeneous multifunctional

landscapes (Chen et al., 2002; Buck et al., 2004).

Many reservoir researches have traditionally

focussed on the effects of species interactions at small

spatial scales (e.g. Lancaster & Belyea, 2006). How-

ever, in recent years there has been a growing interest

in better understanding of landscape-level effects on

ecosystem structure and function; an interest fuelled in

part by managers wanting to design more effective

monitoring and conservation programmes.

Reservoir’s communities are structured by processes

operating over multiple spatial scales (e.g. Negro and De

Hoyos, 2005). These interactions between scale-related

processes are, however, often correlated and predictable

which has resulted in a number of hierarchical frame-

works (Frisell et al., 1986).

The variance decomposition technique used in this

work (pCCA) allowed us to determine the unique

effect of geographical, regional and local level (as

well as time variables) descriptors on community

composition by running spatial and time factors as

co-variables.

The unique variance explained by geographical

variables (G) was similar among the two reservoir

types (3%, approximately), regional-level factors

explained slightly more in Type 2 (3.7–4.5%), since

this higher altitude reservoirs were distributed across

a broader latitudinal gradient than lowland reservoirs.

Local scale factors explained slightly more of the

variance in community structure among sites (3.3%

and 5.6%, in Type 1 and 2, respectively). These

results lend support to a number of previous studies

(e.g. Leira & Sabater, 2005; INAG, 2006; Lim et al.,

2007; Soininen, 2007). By contrast, time factors

explained the highest amount of variance in commu-

nity structure among sites (from 7.3 to 21%), but

surprisingly as single predictors sampling dates only

explained 0.2–1.5% in Type 1 and even less in Type

2 (0.1–0.6%). This could be related to the higher

number of time variables used in the analysis (34)

when compared to other variable factors (4–5 vari-

ables in G, 7–8 in R and 6–16 in L factor). This is

corroborated by the fact that after accounting for time

effects (by running this variable as covariable), the

spatial factors (G, R and L) explained a similar

amount of variance in Type 1 reservoirs (21% and

22% explained by time and spatial scales, respec-

tively). In Type 2, spatial factors together explained a

larger amount of variance in phytoplankton compo-

sition among sites than time, 19% vs. 7.3%,

respectively). Nevertheless, with the same number

of variables used in the analysis, time explained much

more of the variance in community structure in Type

1 than in Type 2 reservoirs, probably related to the

management of reservoirs. ‘‘Run-of-river’’ reservoirs

(Type 1), with very low residence time (days),

presenting lesser stability conditioned by meteoro-

logical or hydrological conditions (directly associated

with variations along the year and to seasons), than

reservoirs which are explored as true reservoirs (Type

2), with relatively high residence time (GIG, 2007).

Regardless of how different sets of variables are

classified, our results and those of earlier studies are

Fig. 4 Partial Canonical Correspondence Analysis for the two

types of reservoirs, with 157 taxa and environmental variables

at three different spatial scales: geographical (G), regional (R)

and local (L). 1 and 2 refer to reservoirs of type 1 and 2,

respectively. Full environmental variable and phytoplankton

taxa names are given in Table 1 and Appendix 1—Supple-

mentary material, respectively. Only taxa with higher fit and

best correlated with axis one are shown
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consistent with hierarchy theory; namely that species

composition at a site is the product of environmental

filters operating at successive spatial scales (Poff,

1997). Frisell et al. (1986), defined the ‘‘hierarchical

concept of landscape’’, where spatial scales are

related or even interdependent, at least unidirection-

ally from large to small spatial scales. This was

reflected in our study by the strong shared effects of

spatial scales in both the reservoir types. The amount

of shared variance accounted for by the three levels

of spatial scale and time varied markedly between

reservoir groups. The total shared variance accounted

for 18% and 7.6%, in Type 1 and Type 2, respectively

(Fig. 3). The role of shared (conditional) effects is

even clearer when separately calculated at each scale

(Fig. 3). For G, R and L factors, shared effects were

much higher than unique effects in Type 1 and very

similar in Type 2. Contrarily, for time variables, the

percentage of the total variance explained was 21%

and 7.3% on Type 1 and 2, respectively. Since the

value of the shared effects for both reservoirs was

much smaller than the fraction of the variation

explained independently by co-variables, we can

conclude that time variables were primarily explain-

ing unique variation in species composition.

A number of recent publications have stressed that

phytoplankton communities seem to be relatively

strongly spatially structured across multiple spatial

scales (Fallu et al., 2002; Clarke et al., 2005; INAG,

2006; Soininen, 2007). According to these studies,

pure spatial factors account for an important amount

of the community variation at geographical and

regional scales. This important fraction of variation

probably can not be explained by local abiotic factors

(Soininen, 2007).

Not all species are equally well explained by the

same set of environmental variables, as shown in this

study (see Appendix 1—Supplementary material).

The fit for species can be used as a measurement to

find out which species are well represented and the

percentage of variance fit by each set of explanatory

variables (Leira & Sabater, 2005). Nevertheless,

phytoplankton composition responds to a clear dis-

turbance gradient. In general, disturbed sites were

clearly dominated by tolerant taxa of Bacillariophyta

and Chlorophyta. Therefore, in both reservoirs, meso-

eutrophic-to-hypereutrophic taxa (Van Dam et al.,

1994; Tavassi et al., 2004), namely Cocconeis

placentula, Cyclotella meneghiniana, Diatoma

vulgaris, Aulacoseira ambigua, Navicula cryptocep-

hala, Nitzschia palea, Synedra ulna and S. acus were

positively associated with an anthropogenic pressure

gradient. Contrarily, the taxa associated with reference

sites were mainly intolerant (oligotrophic to oligo-

mesotrophic) taxa: Diatoma hiemale, Tabellaria fene-

strata, T. floculosa, Aulacoseira distans, M. italica,

Rhizosolenia eriensis and Gomphonema constrictum

(Van Dam et al., 1994; Tavassi et al., 2004).

Disagreements regarding which factors are directly

related to reservoirs communities might emanate in

part from the study design, as studies at different

spatial and temporal scales are prone to give different

answers (Wiley et al., 1997) or be an artefact of how

the various studies have classified variables of spatial

scale.

Not only scale-related effects, but a number of

other factors should be considered when selecting

response variables or organism group(s) to monitor

the effects human-induced stress on reservoirs integ-

rity (e.g. Rosenberg & Resh, 1993). Ideally, focus

should be on selecting response variables that are

related causally and/or strongly associated (proximate

indicator) with the type and degree of perturbation to

be monitored (e.g. Downes et al., 2002). Phytoplank-

ton seem to be a good indicator for multi-scale and

cumulative disturbance effects with a view to inte-

grate future worldwide monitoring in reservoirs.

However, we must point out that there is a lack of

information for a great number of phytoplankton

species, namely concerning individual autoecology

(Tavassi et al., 2004; Tolotti et al., 2006). Neverthe-

less, great efforts have been made in this direction

(Reynolds et al., 2002; Borges et al., 2008; Çelik &

Ongun, 2008; Padisák et al., 2006, 2009). With this

study, we try to contribute to the understanding of

species-environmental relations and ecological

responses of phytoplankton communities in aquatic

ecosystems, namely in artificial water bodies.

Conclusions

Combining conceptual models and empirical data is a

cost-effective means of designing robust monitoring

programmes. Here, we studied the phytoplankton

communities commonly used in monitoring pro-

grammes across Europe as well as elsewhere to

determine their response to three levels of spatial
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scale and time. The effects of different spatial scales

on phytoplankton communities were clearly interre-

lated; thus, implying that phytoplankton assemblages

are capable of detecting stress from catchment to site

scales. Scaling of hydromorphological stress and

relation to the reservoir phytoplankton community

are current topics in applied aquatic ecology. In

Europe, WFD has led to increased efforts to develop

reservoir quality assessment systems. These assess-

ment systems are an integral part of future River

basin Management plans, which aims at rehabilitating

and/or maintaining the biological and functional

integrity of rivers, and respective reservoirs. A

fundamental understanding of community function

is needed to meet these objectives. Our findings of the

importance of local and regional scale factors on

community structure of reservoirs lend support to

earlier studies, namely on the growing body of

literature arguing on the importance of habitat and

large-scale (landscape) factors on reservoir ecosys-

tems. Additional studies are required to understand

the relation between phytoplankton community and

human impact, particularly with respect to hydrolog-

ical stress, directly related to the management of

reservoirs.
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