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Abstract

Ensuring water is available for human use usually requires dams and reservoirs that severely affect
river ecosystems. Hydrological alteration by river damming represents one of the most prominent
human impacts on freshwater ecosystems. This paper presents a methodological approach to
assessing the natural patterns of flow variability and hydrological alterations in Mediterranean
rivers. The methodology first defines the admissible range of flow variability under a natural flow
regime. Then, the methodology measures the environmental impact of flow regulation according to
the inferred hydrological alteration and classifies rivers into homogeneous groups according to the
magnitude, frequency, duration and seasonality of the impacts. This paper applies the proposed
methodology to thirty-three river segments below large reservoirs located in the three largest
Spanish watersheds (Duero, Ebro and Tajo). For each segment, this study evaluates the general
impoundment characteristics and geographical contexts and calculates the flow impacts and the
divergence between the circulating flows and the reference area of admissible flow variability on a
daily basis for the period 2000-2010. This assessment of dam regulation impacts provides a
reference to plan measures for mitigating these impacts. The advantages of this flow regulation
impact analysis over other analyses are discussed in terms of the implementation of environmental
water costs as suggested by the European Water Framework Directive. This approach expands the
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current understanding of water environmental costs and represents a practical management tool
for decreasing the environmental impacts of flow regulation and for increasing water-use efficiency.
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1. Introduction

Hydrological alteration due to river damming represents a worldwide environmental impact that
seriously modifies the magnitude and timing of natural flow regimes and threatens the biodiversity
of fluvial ecosystems at the global scale (Poff et al., 2007; Doll et al., 2009). In Mediterranean
regions, river damming has long been used to cope with the natural seasonality of precipitation
(Hooke, 2006). In these regions, precipitation and runoff are out of phase with water demand, and
rivers tend to be more heavily impounded than rivers in humid regions, resulting in artificially
reduced flood peaks and increased summer base flows (Kondolf and Batalla, 2005; Grantham et al.,
2013). Strong reductions in discharge and significant spatial and temporal extension of non-
perennial streams have been observed in many Mediterranean basins because of intensive
regulation of natural flows (Ludwig et al., 2009; Skoulikidis et al., 2017). In Spain, flow regulation has
intensified during the second half of the last century, when more than 1,300 large dams were
constructed (MMA, 2006), inducing serious changes in the magnitude of flows and reversals of
natural seasonal patterns in the rivers (Batalla et al., 2004; Grindlay et al., 2011; Lorenzo-Lacruz et
al., 2012).

The environmental effects of flow regulation in river ecosystems, and more particularly in
Mediterranean streams, have been widely reported (e.g., Kondolf and Batalla, 2005; Hooke, 2006;
Gonzalez del Tanago et al., 2015). Water stored in Mediterranean reservoirs is primarily used for
irrigation, resulting in a reduction in winter flows when dams store water and an increase of summer
flows when dams release water for crop irrigation (Kondolf and Batalla, 2005). Inadequate
circulating flows downstream from dams commonly amplify the effects of a variety of other
stressors occurring in Mediterranean basins, such as intensive water abstraction, pollution and
reduction of river runoff due to climate change (Vorosmarty et al., 2010; Skoulikidis et al., 2017). In
general, artificial alterations of flow regimes affect the health and sustainability of river
communities. River damming has led to fragmentation of most rivers that flow into the
Mediterranean Sea (Tockner et al., 2009). Major declines in native fish diversity in many Spanish
rivers have resulted from habitat alteration by dam construction (Aparicio et al.,, 2000).
Furthermore, the reduction in hydrological variability and sediment supply downstream from dams
has changed the geomorphic patterns of rivers and encouraged vegetation encroachment that
inhibits the natural dynamic succession of riparian zones (Gonzélez del Tanago et al., 2015; Lobera
et al., 2015).
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While the ecological and geomorphic effects of flow regulation have been extensively documented
(e.g., Poff and Zimmerman, 2010), much less research has directly measured the hydrological effects
of dams and reservoirs in quantitative terms. Magilligan and Nislow (2005) and McManamay (2014)
evaluated hydrological shifts in impounded rivers covering a wide spectrum of flow regulation
across the United States, highlighting the significant changes that occurred in minimum and
maximum flows over different durations. In general, dams are hypothesized to homogenize flows
across distinct biogeographic regions (Poff et al., 2010), but alterations in the seasonal magnitude,
duration, frequency and timing of flows seem to be site specific and depend on not only the dam
operation but also the regional hydrological context (McManamay et al., 2012).

The loss of hydrologic variability in rivers due to dam operations is one of the major environmental
effects of dams and leads to a loss of habitat variability, homogenization of river fauna and a
significant decrease in biodiversity (Moyle and Mount, 2007; Poff et al., 2007). Flow variability is one
of the main drivers of ecosystem processes (Cid et al., 2017) and has an essential role in the interplay
of river structure, physical processes and ecological patterns (Naiman et al., 2008; Wohl, 2012).
Releasing spring spawning flows for fish communities (Marchetti and Moyle, 2001) or seasonally
appropriate high and low flows for successful recruitment of riparian species (Mahoney and Rood,
1998; Hall et al., 2009; Stromberg et al., 2010) requires prior knowledge of the natural patterns of
flow variability to which native species are adapted. Thus, identifying the general trends of natural
flow variability and seasonality in each basin is essential to delineating environmental flows that
preserve the health of river ecosystems.

The natural flow regime paradigm has been widely accepted as the most useful model for defining
the variability in functional flows and for estimating year-round sustainable water withdrawals (Poff
et al., 1997; Richter et al., 2012; Yarnell et al., 2015). Many authors (Landres et al., 1999; Keane et
al., 2009) have extended this paradigm to the management of ecosystems in a manner consistent
with their natural functioning using the historical range of variability as a benchmark or reference
to represent natural conditions.

Moreover, the implementation of the European Water Framework Directive (WFD) (EC, European
Commission, 2000) has introduced new concepts and procedures for river management and EU
water policy. Following WFD rules, current flow conditions must be assessed in relation to
theoretical reference conditions, and the managed flow of regulated rivers within a paradigm of
maintaining the ecology of rivers systems should be derived from the natural flow regimes (Poff et
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al., 1997; Bunn and Arthington, 2002). Additionally, the WFD requires an economic analysis of water
use and encourages the recovery of the full costs of water use to foster a more environmentally
sensitive water policy across the EU countries (WATECO, 2003). Water costs include the
‘environmental costs’, which are defined as the costs of damage that water use imposes on the
environment and ecosystems. Thus, fulfilling the requirements of the WFD requires new approaches
to assessing the relation of current flow conditions to natural flow regimes that are aligned with
new methods that link hydrological alterations with environmental costs. The economic aspects of
flow regulation impacts have traditionally been less important or partially hindered by social factors
(e.g., Bithas, 2008), but in the context of the WFD, they have to be highlighted and included in the
decision-making processes of water-use planning (Cooper et al., 2014).

In this context, it is worth exploring the degree and patterns of flow regulation in Mediterranean
rivers and inferring the major natural (e.g., climatic conditions) and anthropogenic (e.g., land use,
water demands) factors that contribute to the intensity of flow regulation, its environmental impact
and its potential environmental costs. To achieve these goals, this paper has elucidated general
patterns of natural flow variability and evaluated the hydrological impact of flow regulation in the
main river basins of Central and Northern Spain. The methodology proposes a novel approach for
assessing the hydrologic impact of flow regulation (i.e., deviation from the natural flow regime),
which could be subsequently used to estimate potential environmental costs.

This study has two major objectives. The first objective involves quantifying the hydrologic impact
of flow regulation in Spain using flow data from the main Iberian river basins. In this case, we aimed
to explore general patterns of flow regulation impacts in Mediterranean regions by analysing the
degree of regulation (i.e., deviation from the natural flow regime) with respect to natural flow
regime drivers (e.g., climatic conditions) and major human water uses (e.g., irrigation demands).
The second objective involves applying the methodology of the hydrological impact assessment
previously proposed by Garcia de Jalon et al. (2017a) to 1) identify regional patterns in natural flow
variability as a scientific basis for environmental flow design and 2) to quantify hydrological impacts
across different geographical contexts to support further economic analyses, specifically in the
appraisal of the environmental costs of flow regulation by dams and reservoirs.
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2. Data and methods

2.1. Case studies of the Duero, Ebro and Tajo river basins

This study uses daily flow data from thirty-three river gauging stations distributed over the three
largest basins in Spain (the Duero, Ebro and Tajo river basins, see Figure 1). The studied locations
corresponded to river segments downstream from dams. The requirements for selecting the river
gauging stations were 1) there were continuous daily flow data recorded prior to the beginning of
dam operation and 2) data were available for the considered period after dam operation.
Monitoring stations that met these requirements within the Duero, Ebro and Tajo basins were
selected (http://ceh-flumen64.cedex.es/anuarioaforos). All the data referred as “post-dam” come
from water releases from the dam, taken directly at the outlet of the reservoir or in the river channel

shortly below the dam. Water abstractions usually take place further downstream from the dam in
the case of irrigation purposes, whereas they can be located immediately below the dam when
water is piped for domestic supply. The studied gauging stations are located in upper and middle
river reaches. As in all rivers apart from the evaluated dams there are other dams upstream and
downstream, a number of water abstraction points are located in both upstream and downstream
the selected gauging stations.

Two time periods were considered in the flow analysis: the pre-dam period (before the construction
of the dam) and the post-dam period (after the construction of the dam). The pre-dam period was
used to define the hydrological variability in the natural flow regime. The post-impact period,
assigned to the period 2000-2010, was utilized to assess the environmental impacts of flow
regulation. Table S.1 summarizes the characteristics of the dams and reservoirs, basin areas, mean
annual flows, main water use and flow regulation index (i.e., the ratio between the volume of
reservoir storing capacity and the volume of natural runoff) of the thirty-three studied river gauging
stations. Reservoir volumes ranged from 2 hm?3 to 2,649 hm?3, and mean annual river flows were
between 0.1 m3stand 42.9 m3s™. Main water uses along the river reaches were irrigation, domestic
supply and hydroelectricity. Overall, providing water for irrigation was the main purpose of dam
construction. However, the goal of hydroelectricity generation was combined with the goal of
supplying irrigation water in many cases.


https://dx.doi.org/10.1016/j.jenvman.2018.12.049
http://creativecommons.org/licenses/by-nc-nd/3.0/
http://ceh-flumen64.cedex.es/anuarioaforos

This document is the Accepted Manuscript version of a Published Work that appeared in final form in:

Garcia de Jalén S., Gonzdlez del Tdnago M., Garcia de Jalén D. 2019. A new approach for assessing natural
patterns of flow variability and hydrological alterations: The case of the Spanish rivers. JOURNAL
OF ENVIRONMENTAL MANAGEMENT. 233. 200-210. DOI (10.1016/j.jenvman.2018.12.049).

© 2018 Elsevier Ltd

This manuscript version is made available under the CC-BY-NC-ND 3.0 license
http://creativecommons.org/licenses/by-nc-nd/3.0

Water demands for irrigation in Spain typically take place from May to the end of August, largely
covering the summer months, and they normally represent the total amount of water availability of
the reservoirs. Overall, irrigation demands represent more than 80 % of the total water storage at
national scale in Spain. Water demand for domestic use is much more uniform along the year. It
may show some seasonality, being slightly increased in the warmer months to attend demands
related to irrigation of urban parks, street cleaning, swimming pools, pollution dilution, etc. but the
magnitude of the seasonality is much lower than in agricultural irrigation. The magnitude of
demands for domestic supply is very variable across regions but as an average they represent less
than 15 % of the water storage in Spain.

Water in Spain, as in many other areas within the Mediterranean region, is a scarce resource with
multiple uses and strong demands. The attendance of water demands and criteria driving dam
operations are adapted to water availability, which may vary considerably across years. In case of
drought periods, prioritization criteria are typically regulated by law, with the following order: 1)
water supply for domestic consumption, 2") environmental flows, 3™) industrial use, and 4%)
irrigation. For irrigation, the prioritization usually takes into account the type of crop, water use
efficiency of irrigation and the damage costs of not irrigating.

< INSERTE FIGURE 1 >

2.2. Analytical methods

2.2.1. Assessing the admissible range of flow variability

The first methodological step of our approach was to define the admissible range of flow variability
under natural flow regimes. This range was calculated by using data from the non-regulated period
(pre-dam) for each river. The admissible range of flow variability was based on the assumption that
flow variability is an intrinsic attribute of the natural flow regime that should be preserved in
regulated flows (Poff et al., 1997). Based on the range of daily flows throughout a year within the
non-regulated period, an annual hydrograph can be created, and a reference area of natural flow
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variability may be devised (see lower graphs in Figure 2 as an example). This reference area of flow
variability was used to calculate the environmental impact of flow regulation. Hence, any variation
in the daily flows within this range was considered ‘admissible’, and any variation outside of the
admissible range was considered an environmental impact. An exception to this rule is the low-
frequency peak values associated with natural and extraordinary floods or droughts with long return
periods, which were identified using precipitation records. Although these flow disturbances can
exceed the reference range, we argue that they should not be considered environmental impacts,
as they occur under natural conditions, preserve the natural disturbance pattern of the flow regime
and have multiple environmental benefits (Bunn and Arthington, 2002).

2.2.2. Measuring the environmental impact of flow regulation

The following step of our approach aimed to measure the environmental impact of flow regulation
according to the inferred hydrological alteration (changes in magnitude, timing and duration of
flows). This was calculated by quantifying differences between current circulating flows and their
admissible range of variability (see Garcia de Jaldn et al., 2017a for further information).

The environmental impact was calculated for each day during the evaluated post-impact period
(2000-2010) as the divergence between the current circulating flows and the reference admissible
flow variability. Thus, the estimated environmental impact could be due to either discharges higher
than the upper limit of the admissible area (high-flow impacts) or discharges lower than the lower
limit (low-flow impacts) (see upper graphs in Figure 2).

Equations 1 and 2 show how high-flow and low-flow impacts (HFl;: and LFl;;, respectively) were
calculated for a given river reach i at time instant t. Both impacts were calculated as the distance
from the high and low limits of the admissible area of discharge. To normalize the estimated HFl/ and
LFI, the difference between the current flow (CF) value and the reference flow value was divided by
the maximum flow value.

CFi,t - HRFl,t
HFlp = —= ——= ¢h)
it
LRF',t - CF',t
LFI;; = —2 o : (2)
it
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where HRF is the upper limit of the reference area of admissible flows and LRF is the lower limit of
the reference area.

The environmental impact assessment considered changes in not only the magnitude and timing of
flows but also the flow duration. Moving averages of daily discharges for three, seven and thirty
consecutive days were calculated, and high-flow and low-flow impacts were calculated as the
average of the estimated impacts for one, three, seven and thirty days, respectively. The
environmental impact of flow regulation was calculated as the sum of these average values of high-
flow and low-flow impacts.

< INSERTE FIGURE 2 >

Both calculations — the admissible range of flow variability based on pre-dam data and the
environmental impact of flow regulation based on post-dam data — were calculated in the thirty-
three river locations using the R package ‘FlowRegEnvCost’ (Garcia de Jalén et al., 2017b) in R
software (R Core Team, 2013).

2.2.3. Assessing types of flow variability, environmental impact and seasonal distribution

The next methodological step of our approach aimed to sort the thirty-three rivers into groups, or
‘clusters’, that were internally homogeneous (i.e., the natural flow variability or environmental
impacts in each cluster were closely related) but distinct from the other groups. In doing so, the
estimated admissible range of flows in natural regimes (pre-dam period) and flow impacts during
2000-2010 (post-dam period) were separately classified using a hierarchical cluster analysis
technique (MacQueen, 1967; Anderberg, 1973). The R software package ‘stats’ (R Core Team and
contributors worldwide, 2013) was used for the computation of clusters and the visualization of
results.

Hierarchical clustering algorithms typically use a defined ‘distance’, which is a measure of the
similarity of two elements (x, y) between objects, in a dataset to quantify the strength of
relationships (Lindsey et al., 2018). In this study, the Euclidean distance was used to compute the
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dissimilarity matrix (Equation 3). The Euclidean distance is the ordinary straight-line distance in
parameter space between two points (Rencher and Christensen, 2012).

Aoye(x,y) = 3

where x and y are two vectors of length p.

Hierarchical cluster analysis uses the distance between objects to create a tree-based
representation of the relationships between objects, known as a dendrogram. By cutting the
dendrogram at a desired similarity level, observations can be subdivided into groups. In this study,
the objects were the river segments at the gauging stations, and the attributes were the values of
the admissible area of river flows and the estimated flow regulation impacts on a daily basis. Each
object occupies a mutually exclusive position in the dendrogram (Everitt and Holthorn, 2010). The
separation or distance between the branches of the dendrogram indicates the closeness or
remoteness of a relationship. To compute the hierarchical clustering and to define the groups, a
Ward's minimum variance method was used. The criterion in Ward's method was to minimize the
total within-cluster variance and was calculated using a Lance—Williams algorithm within the family
of agglomerative hierarchical clustering algorithms.

Subsequently, the identified groups of patterns in flow variability and flow regulation impacts were
compared and characterized according to differences in hydrologic regime (i.e., magnitude, duration
and seasonality of the impacts) and main water use. A MANOVA test was used to determine whether
admissible ranges of flow variability and low-flow and high-flow impacts differed among the river
basins and among the identified clusters. Then, an ANOVA test was used to determine whether
significant differences existed among flow variability, low-flow impacts, high-flow impacts and total
flow impacts. We followed the ANOVA with Tukey's honestly significant difference (HSD) test to
determine whether each pairwise comparison had a significant difference.

10
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3. Results

3.1. Admissible range of flow variability in the Duero, Ebro and Tajo river
basins

Firstly, the admissible range of flow variability was calculated on the basis of the variability in the
daily river flows during the pre-dam period. The resulting estimated admissible range of variability
in the thirty-three studied flow-gauging stations can be found in the supplementary material of this
manuscript (see Figures S.1, S.2 and S.3 for the monitoring stations in the Duero, Ebro and Tajo river
basins, respectively). Although the estimated admissible range of river flows varied among the river
segments, it was generally relatively broad from late October to early June and very narrow from
July to September. This pattern is characteristic of Mediterranean basins, where precipitation can
be highly variable between late autumn and late spring and is very low during the summer months
(de Luis et al., 2010; Deitch et al., 2017).

From the hierarchal cluster analysis results, a ‘dendrogram’ (Figure 3) and a ‘scree plot’ (Figure S.4)
were calculated. The dendrogram illustrates the arrangement of the clusters produced by
hierarchical clustering, and the scree plot shows the sum-of-squares as a function of the number of
clusters. From these plots, 3 clusters that represent three distinct hydrologic regime patterns were
selected.

The first identified cluster (i.e., Type | in Figure 3) includes rivers exclusively from the Ebro basin and
is representative of a fluctuating nivo-pluvial regime, with snowmelt peak flows in late spring, two
secondary high-flow periods during rainfall seasons in autumn and late winter, and a short window
of summer drought (Figure 4). The second cluster (Type ll) is largely dominated by rivers from the
Duero basin, with three additional river locations from the Ebro basin and one from the Tajo basin.
This group contains rivers with much higher runoff than the first cluster and can be characterized as
a seasonal, pluvio-nival (autumn-winter) regime, having an extended period of relatively constant
high flows from early November to May and a short period of low flows during the summer months.
Finally, the third cluster (Type Ill) includes most of the rivers from the Tajo basin (eight of nine rivers),
although it also includes five rivers located in the middle or lower reaches of the Duero basin and
two small rivers in the Ebro basin. As a whole, this group of rivers roughly covers most of the
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southern and dry sub-basins in the studied area and reflects a strongly seasonal, pluvial (winter)
hydrologic regime. Most high-flow pulses are concentrated in a short window between February
and early March, and low flows extend across the warmer months between early June and early
October (Figure 4).

< INSERTE FIGURE 3 >

< INSERTE FIGURE 4 >

3.2. Flow regulation impact

Figure 5 shows the distribution of low-flow and high-flow impacts in the studied river locations,
grouped by river basins. The boxplots show the range of values of daily low-flow and high-flow
impacts between 2000 and 2010. The bottom and top whiskers indicate minimum and maximum
impact values, respectively. The bottom and top lines of the boxes indicate the values of the 25"
percentile and the 75 percentile, respectively, and the line within each box represents the median
values.

Low-flow impacts are presented in the three graphs on the left side of Figure 5. For 87.9% of the
thirty-three gauging stations, there was no low-flow impact for more than 50% of the studied days
in 2000-2010 (median value equal to zero). In the Barrios de Luna, Linares del Arroyo, Reinosa and
Tejera reservoirs, low-flow impacts occurred on more than 50% of the days. The 75th percentile was
equal to zero for 42.4% of the monitoring stations, which indicated that there was no low-flow
impact for more than 75% of the studied days. Overall, rivers in the Tajo basin had the greatest low-
flow impact, followed by the Duero and Ebro basins (see Table S.2 in the supplementary material
for more detailed information).

High-flow impacts are shown on the right side of Figure 5. For all monitoring stations, there was no
high-flow impact for more than 50% of the days in 2000-2010 (median value equal to zero) as high-
flow impacts are typically more concentrated in the early summer when water needs for irrigation
are higher. More than 75% of the studied days had no high-flow impacts at 51.5% of the monitoring
stations. In the Duero basin, only the Pontén Alto station had 75% of the studied days with no high-
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flow impact. Rivers in the Duero basin had the greatest high-flow impact followed by rivers in the
Tajo and Ebro basins (Table S.2).

A MANOVA, with low-flow and high-flow impacts comprising a single multivariate response variable,
revealed a statistically significant difference (P < 0.001) among the three river basins (Table S.2).
ANOVA tests revealed that low-flow, high-flow and total flow impacts differed significantly among
the three basins (P < 0.001). Tukey's HSD tests showed that the three basins were significantly
different from each other (P4 < 0.001).

< INSERTE FIGURE 5 >

Further correlation analyses between hydrological impacts and the potential explanatory variables
shown in Table S.1 (i.e., elevation, volume capacity, drainage area, and impounding ratio) were
conducted and revealed very weak (statistically insignificant) relationships across the studied sites.

3.3. Types of flow regulation impacts and seasonal distribution

Figure 6 shows the dendrogram developed to illustrate the arrangement of the clusters according
to the estimated daily flow regulation impacts in the post-dam period (2000-2010). The first
identified cluster was named ‘constant low-intensity’ and included three gauging stations from the
Duero basin (42.9%), one from the Ebro basin (14.3%) and three from the Tajo basin (42.9%). The
second cluster was named ‘seasonal’ and included two monitoring stations from the Duero basin
(11.8%), ten from the Ebro basin (58.8%) and five from the Tajo basin (29.4%). The last cluster was
named ‘constant high-intensity’ and included seven stations from the Duero basin (77.8%), one from
the Ebro basin (11.1%) and one from the Tajo basin (11.1%).

< INSERTE FIGURE 6 >
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Once the three types of flow regulation were identified, the seasonality of the impacts were
compared. Figure 7 shows daily mean values of low-flow (red and downwards bars) and high-flow
(blue and upwards bars) impacts of all gauging stations within each cluster in the post-dam period.
The cluster ‘constant low-intensity’ includes rivers in which both low-flow and high-flow impacts are
typically not very large in magnitude, or if they are large, then the duration and/or the frequency of
the impact is relatively short. Although they can be produced at any time of the year, high-flow
impacts are often produced from July to early September, and low-flow impacts occur during the
rest of the year. Rivers with ‘seasonal’ impacts are those in which there is a clear difference between
the months with high-flow impacts and the months with low-flow impacts. During the summer
months, high-flow impacts are rather strong, and low-flow impacts are produced very rarely. The
period of high-flow impacts is notably longer in rivers with ‘constant low-intensity’ impacts and
usually lasts from late June to late October. Rivers with ‘constant high-intensity’ impacts are a
combination of ‘constant low-intensity’ and ‘seasonal’ rivers. Low-flow impacts can be produced at
any time of the year; nevertheless, they are typically generated between late September and June.
High-flow and low-flow impacts are relatively strong from November to April and from July to
August, respectively.

< INSERTE FIGURE 7 >

Table 1 shows the means, standard deviations and various statistical tests used to assess differences
among the identified types of flow regulation impacts (rivers with constant low-intensity impact,
rivers with seasonal impact and rivers with constant high-intensity impact). The MANOVA test, with
low-flow and high-flow impacts comprising a single multivariate response variable, revealed
statistically significant differences (P < 0.001) among the identified types of flow regulation impacts.
Subsequently, the ANOVA tests showed that low-flow, high-flow and total flow impacts differed
significantly among the three clusters when assessed separately by impact (P < 0.001). Tukey's HSD
tests showed that the three types of flow regulation impacts were significantly different from each
other (all cases have a Pqq < 0.001 except seasonal-constant low-intensity with P, = 0.002).

< INSERTE TABLE 1 >
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4. Discussion

4.1. Natural patterns of admissible range of flow variability

The methodological approach used in this research allowed the identification of different patterns
of natural flow variability across the studied rivers (Figures 3, 4). The results roughly represent an
integrated response to distinct geographical contexts. In the studied rivers, the durations and
seasonal distributions of high flows and low flows throughout the year resulted in three different
types of hydrologic regimes (Figure 4). The resulting hydrologic types are probably associated with
spatially distinct areas. In the dendrogram (see Figure 3), the first differentiated aggregation (cluster
Type 1) corresponds to rivers emerging from the Pyrenees and that belong to the Ebro basin. These
rivers exhibit typical nivo-pluvial regimes with primarily high flows derived from snowmelt
alternating with periods of low flow corresponding to periods of snowfall and dry summer months
during the year. The second cluster (Type Il) mostly contains north-western rivers belonging to the
Duero basin. These rivers collect larger amounts of runoff from the Cantabrian Mountains than
rivers in the Tajo basin and have a mixed hydrologic regime with a long period of high flows from
rainfall and snowmelt and a relatively short period of low flows. The third cluster in the dendrogram
(Type Ill) roughly corresponds to rivers in Central Spain, mainly located in the Tajo basin, where
most of the natural runoff comes from rainfall. These rivers display a typical pluvial regime with a
short period of high flows and a relatively long period of low to medium flows. The characterization
of these flow regime types is illustrated by their natural patterns of flow variability throughout the
year. Overall, this characterization represents a suitable framework for classifying flow regime types
and assessing flow regulation impacts derived from the augmentation or the depletion of flows
outside the admissible boundaries. The resulting flow regime classification, primarily based on
magnitude, duration and seasonal distribution of high and low flows, offers hydrologic support for
developing scientifically based environmental flow guidelines at a regional scale (Arthington et al.,
2006; Poff et al., 2010). Our findings may help in regionalizing the natural patterns of flow variability
in rivers of Central and Northern Spain and could serve as a reference for the acceptable range of
temporal fluctuation patterns of regulated flows to mimic geographical variability and prevent the
homogenization of flows.
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For the Duero basin, Moran-Tejeda et al. (2011) analysed precipitation and flow regime conditions
throughout the basin and provided a flow regime classification according to rain-based versus snow-
based runoff and timing of annual peak flows. This classification was similar to that obtained in our
research but without its potential use in the quantification of hydrological impacts. For the Ebro
basin, Solans and Poff (2012) classified the natural flow regimes using a wide range of hydrologic
parameters based on monthly flows. Up to 54 hydrologic variables representing magnitude,
frequency and duration components of flow were used in their research to classify six different types
of flow regime, mainly based on differences in climate and watershed characteristics (i.e., ranging
from pluvio-oceanic in the western part of the Ebro basin to Mediterranean in the eastern part).
The procedure followed by these authors used previous statistical analyses to address scale effects,
correlation between variables and stepwise and canonical discriminant analysis in order to identify
significantly distinct flow regime types. In our case, a spare-parameter approach provided similar
findings for a natural flow regime classification at the regional scale, with relevant advantages of
delineating boundaries (i.e., admissible range of flow variability) in which the thresholds of
magnitude and seasonal distribution of daily flows may be established to inform environmental
flows procedures.

Arthington et al. (2006) and Poff et al. (2010) encouraged the identification of the natural trends in
flow variability for the design of environmental flow rules that mimic components of pre-dam
hydrologic regimes. For this purpose, many other authors have also advocated for the classification
of natural flow regimes to inform regional water resources planning (Baeza and Garcia de Jalén,
2005; Snelder et al., 2009; Bejarano et al.,, 2010; Olden et al., 2012; Pefias et al., 2016). Our
methodological approach has demonstrated to be very useful for visualizing the continuum of the
natural flow variability during the year and for identifying classes of streams in which the magnitude
and seasonal distribution of daily flows may be established and flow regulation patterns and
hydrological impacts can be properly calibrated.

4.2. General trends in flow regulation impacts in a Mediterranean context

In the evaluated rivers, three significantly different types of patterns of flow regulation impacts were
identified with distinct intensities but similar seasonal distributions of impacts (Figures 6 and 7). The
irrigation demand for water is the main use in most of the studied river reaches and its seasonality
strongly influences the Low- and High-flow impacts. Low-flow impacts were the most frequent and
occurred between October and June. This period corresponds to the months when reservoirs are
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being filled from direct runoff driven by precipitation, and water demands are reduced. High-flow
impacts took place during a much shorter period between July and September and corresponded to
large water releases from the reservoirs, primarily for agricultural irrigation. These results showed
that flow regulation impacts do not reflect differences in natural flow variability previously identified
across regional areas but directly depend on patterns of water demand. First, the assessment of the
admissible range of flow variability identified some differences across regional areas (see Section
3.1). Second, the river reaches within the clusters identified according to natural flow variability
(pre-dam period, Figure 3) considerably differ with the clusters identified according to flow
regulation impacts (post-dam period, Figure 6). Third, flow regulation impacts of river reaches
notably vary within each basin which indicates that the region is not an important determinant of
the impact. This is reflected in Table S.2 which shows that the standard deviation of the impacts of
the river reaches in each basin is considerably greater than the mean. Nevertheless, additional
information on water uses and water demands from each reservoir, which remain out of the scope
of our research, could provide a better basis and evidences for our arguments.

McManamay et al. (2012) evaluated patterns of hydrologic alteration due to dams in rivers of the
south-eastern United States and found that the magnitude and direction of dam effects on stream
flows were strongly influenced by previously identified flow regime classes. Besides, the widely
accepted ELOHA approach (Poff et al., 2010) suggested ecologically based limits of hydrologic
alteration based on previous regionalization of natural flow regimes. It can be hypothesized that
patterns of admissible hydrological alteration should be linked to patterns of natural variability in
flows to guarantee that regulated rivers preserve their intrinsic hydrologic signatures. The results
shown in Figure 5 indicate that classes of hydrologic impacts are not influenced by local climate and
geomorphological conditions; instead, they strongly depend on dam operation and water demands.
Our results suggest that in Mediterranean regions, most dammed rivers show similar patterns of
hydrologic alteration, with depletion of flows during winter and spring and enhancement of flows
during summer months, with little regard to their respective natural flow regime typologies (Kondolf
and Batalla, 2005; Moran-Tejeda et al., 2011; Lorenzo-Lacruz et al., 2012). Such a water resources
management approach overrides the different natural conditions of rivers and homogenizes their
flow patterns.

The rivers in the Ebro basin seem to be the least impaired by damming, the rivers in the Duero basin
are the most altered by high flows, and the rivers in the Tajo basin are the most altered by low flows
(Figure 5). Overall, it seems that rivers in the Duero basin suffer the strongest seasonal flow
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regulation impacts. This result could be explained by the fact that without any environmental costs
and/or social constraints, as in the case of Spanish water policy, environmental impacts of flow
regulation may be higher for the Duero basin rivers because of their higher natural runoff (i.e., they
are able to store more water in large reservoirs, e.g., the Riafio, Barrios de Luna, and Vegamian
dams, than other rivers, allowing them to release higher flows in summer). These higher flow
regulation impacts do not seem to be due to higher agricultural production or urban demands. In
contrast, the rivers in the Tajo basin have flow regulation impacts associated with limited runoff
availability and high urban and industrial demands. Thus, introducing the environmental costs of
water use into water resources management and policy, as the WFD requires to achieve the full-
cost recovery of water use, is an unavoidable task in the reduction of hydrological impacts and the
promotion of better trade-offs between environmental impairment and water regulation benefits.

4.3. Potential of the methodological approach

The approach used in this study differs from other methodologies widely used for assessing flow
regulation impacts. Traditionally, the hydrologic shifts associated with river damming have been
frequently assessed using 32 indicators of hydrological alteration that were initially proposed by
Richter et al. (1996), further reviewed by Olden and Poff (2003), and completed by other authors
(e.g., McManamay et al., 2012). These 32 indicators were developed because of their close
association with ecological functioning, and the indicators refer to the magnitude of monthly flows,
magnitude and duration of extreme conditions, timing of annual extreme conditions, frequency and
duration of high and low pulses and rate and frequency of changes in conditions. The application of
Richter’s indices to pre-dam and post-dam flow conditions provides a complete description of
hydrologic changes that are due to flow regulation. This information is referred to as discrete flow
regime attributes (e.g., average monthly discharge, 1-day annual maximum, rise rate, and reversals),
which are typically calculated as average values over a period of years. Although together these
indicators largely characterize the regulated flow regime, this methodology does not combine the
intensities of hydrologic alterations into single parameters able to be translated into economic
terms, nor can the results be graphically visualized on a daily basis in an annual hydrograph. This
graphical limitation inhibits the design of better daily flow regulation options and hinders
communication with stakeholders.

The approach followed in this research overcomes the aforementioned limitations. It enables the
quantitative and graphical definition of the admissible range of flow variability during a year and
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encompasses the natural diversity of flow conditions (i.e., the range between the 10™ and 90%
percentiles, which was also proposed by other authors to encompass historical range and variability
[e.g., Keane et al., 2009]). Additionally, the visualization of this range of admissible variability in the
annual hydrograph helps the discussion with stakeholders of potential proposals of regulated daily
flow seasonality that preserve critical functional flows in terms of magnitude, duration and timing
while coping with water demands. By using admissible boundaries of flow variability that have been
previously estimated and graphically represented, agreements on the total amount of water to be
impounded, in both in-channel and off-channel structures, and ways for water to be released by
dams in a more environmentally based seasonal distribution during a year may be more easily
achieved.

The methodology encompasses the natural flow hydrograph and represents a practical tool for
exploring flow regulation options that minimize deviations from the admissible range of flow
variability. However, the rationale of the methodology strongly depends on the selection of a pre-
dam period that will be considered a “reference”. Difficulties in obtaining reference data in the pre-
dam period arise from not only the availability of flow-gauging stations with sufficient data but also
potential changes in climate and land cover and uses at the catchment scale, which could induce
hydrologic shifts over time (Moran-Tejeda et al., 2011; Garcia-Ruiz et al., 2011) and increase the
complexity of assigning reference flow conditions for comparison.

These limitations could be overcome by using hydrological models to generate historical flow series
from current climate and watershed conditions, from which the admissible range of flow variability
could be derived. Furthermore, the hydrological modelling approach could also be used to generate
predicted future flow series under different scenarios of climate change.

As occurs with other flow analysis approaches, having consistent recorded historical flow data is
essential for finding representative results. Deficiencies in the number of gauging stations and the
length of data records could reduce the validity of the conclusions, which highlights the importance
of extending river gauging stations in Spanish rivers to properly understand current river
hydrological functioning. The scarcity of gauging stations with complete and continuous data for
long time periods hinders assessing how far the impacts (i.e., High- and Low-impacts) occur along
the river reaches downstream. Nevertheless, taking into account the frequent inadequacy of
available data, we argue that our methodological approach is very efficient in providing basic
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information about flow regimes and hydrological impacts and, at the same time, is appropriate for
transparent communication with stakeholders.

Finally, this methodological approach offers new perspectives for the design of environmental flows
and for economic assessments of flow regulation impacts in a simple and practical way. In terms of
environmental flows, our approach is similar to the “sustainability boundary approach” of Richter
(2010), in which limiting water withdrawals to a fixed proportion of natural flows is proposed. In our
case, we explicitly identify the range of natural variability in an annual hydrograph and quantify the
environmental impacts when flow regulation deviates from its natural range. In terms of economic
issues, which are necessary to improve water-use efficiency and need to be included in water
policies according to the WFD and the Environmental Liability Directive (EC, 2004), our methodology
enables the calculation of environmental costs proportionally to environmental impacts. In
communication processes with stakeholders, distinct, potential regulation options may emerge that
address the same amount of stored water but with different seasonal release times, with the aim
of fitting within previously defined admissible range of flow variability. This could be implemented
by storing water in off-channel reservoirs which would be filled during the rainy season to minimize
hydrological impacts. This solution has started to be implemented in certain areas of the Segura
River (South east of Spain), that are strongly dependent on water transfers from other basins in
which water availability is not fully guaranteed every year.

5. Conclusions

This study presents a methodology to characterize the natural patterns of flow variability and to
define the admissible range outside of which the hydrological impacts of flow regulation can be
quantified, in terms of high-flow impacts above the admissible range and low-flow impacts below
the admissible range. The methodology has been applied to 33 river sites below dams. Differences
in flow magnitude, duration and timing have been used to classify natural river flow variability types,
which roughly correspond to distinct geographical areas under different climatologic contexts.
However, the seasonality of hydrological impacts has been found to be very similar for all river
groups, responding to the primary water demands in Mediterranean regions typically associated
with irrigation. High-flow impacts are often produced from July to early September, and low-flow
impacts are produced during the rest of the year. This temporal distribution of hydrological impacts,
with little influence from their respective natural flow regime typologies, could be considered typical
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in most dammed rivers in the Mediterranean region. The depletion of flows during winter and spring
and the rising of flows during summer months imply the loss of natural Mediterranean flow
variability, promoting the homogenization of river hydro-morphological conditions.

Our approach substantially differs from other hydrological alteration assessment procedures. It
considers deviations from the admissible range of natural flow variability on a daily basis and allows
the quantification of impacts under different water release scenarios in an easy and flexible way.
This study has demonstrated that this approach is very useful for regionalizing the natural flow
regimes as a first step to guide environmental flow standards. The approach also allows the
identification of differences in the magnitude of hydrological impacts, which can be translated to
environmental costs in monetary terms. Thus, this methodology offers a new spare-parameter
approach for assessing the hydrological impacts of flow regulation that corresponds well to the
requirements of the Water Framework Directive and should be tested in other regions. Overall, this
methodology facilitates communication and agreements with stakeholders and represents a
practical management tool for decreasing the environmental impacts of flow regulation and
increasing efficiency in water use.
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Table 1. Mean (and standard deviation) for low-impact, high-impact and total-impact in constant high-
intensity, constant low-intensity and seasonal rivers and results of MANOVA, ANOVA and Tukey's HSD tests
used to detect differences among the three clusters of rivers.

Low Impact HighImpact Total Impact

Cluster

Mean (SD) Mean (SD) Mean (SD)
Constant high-intensity 0.31(0.38) 0.17(0.31) 0.49 (0.37)
Constant low-intensity 0.09 (0.2) 0.04 (0.12) 0.12(0.22)
Seasonal 0.08 (0.19) 0.19(0.31) 0.27 (0.31)
MANOVA (P) <0.001 <0.001
ANOVA (P) <0.001 <0.001 <0.001
Tukey's HSD (P)
Constant low-intensity-constant high-intensity <0.001 <0.001 <0.001
Seasonal-constant high-intensity <0.001 <0.001 <0.001
Seasonal-constant low-intensity 0.002 <0.001 <0.001
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Figure 1. Location of the studied rivers in the Duero, Ebro and Tajo basins in Spain. See identification numbers
(ID) in Table 1 to see river and reservoir names and characteristics.
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Figure 2. Example of the estimated admissible area of flow variability in the Luna River (Spain) (light-green
area) and low and high impacts of flow regulation in 2000 (left graph) and 2001 (right graph). The lower graphs
show the circulating flows during the respective years (black line) over the estimated reference admissible
range of flow variability. The upper graphs show the estimated low-flow (dark-green solid line) and high-flow
(blue dashed line) impacts calculated as the deviation from the reference admissible area.
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Figure 3. Dendrogram of the hierarchical cluster analysis using the ‘Ward’ method, according to the estimated

admissible range of flow variability (pre-dam period).
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Figure 4. Standardized admissible area of flows (difference between the upper and lower limit of the
admissible area) in the identified types of rivers according to their natural flow regimes shown in Figure 3.
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Figure 5. Daily environmental impact values from flow regulation in rivers in the Duero, Ebro and Tajo basins

during the period 2000-2010. For the Itioiz and Atance Rivers, the flow impact was estimated from 2003 to

2010 and from 2001 to 2010, respectively. The bottom and top whiskers indicate minimum and maximum

values, respectively, and the bottom and top line of the boxes indicate values of percentile 25 and percentile

75, respectively, and lines within boxes indicate median values.
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Figure 6. Dendrogram of the hierarchical cluster analysis using the ‘Ward’ method, according to the estimated
daily flow regulation impacts in 2000-2010 (post-dam period).
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Figure 7. Daily impacts in rivers with constant and low-intensity impacts, rivers with seasonal impacts and
rivers with constant and high-intensity impacts. Red and downward-facing bars indicate low-flow impacts and
blue and upward-facing bars indicate high-flow impacts.
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