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Abstract

Environmental flow assessments (EFAs) are widely researched and applied worldwide. However, model-based frameworks
integrating the flow requirements of multiple ecosystem components have been primarily developed for perennial water-
courses, being inherently inapplicable in intermittent rivers (IR), which are common worldwide and may dominate arid,
semi-arid and mediterranean-climate regions. In this study, we conceptualized and pilot-applied a model-based EFA in a
naturally intermittent Mediterranean river reach (Evrotas, southern Greece), guided by two fundamental principles: (1)
environmental flows in IR should be delivered during specific aquatic states (AS) and (2) baseflows should be provided dur-
ing prolonged dry periods to prevent artificial deviation from the natural AS-sequence. The habitat preferences of benthic
macroinvertebrates and of three endemic fish species were evaluated, and a two-dimensional hydrodynamic-habitat model
was applied to simulate habitat suitability at various discharges. We modelled the baseflow required to maintain discon-
nected water pools during dry periods and the optimal baseflow required to ensure the presence of suitable habitats after flow
resumption. The results show that baseflows at the 25th percentile of the abundant-riffles state can provide adequate habitat for
the IR-specific communities. During prolonged dry periods, surface—groundwater interactions should be also considered for
robust predictions. We highlight the use of hydrodynamic-habitat models in IR-based EFAs as a key-tool to estimate the AS
timing and duration and, consequently, the timing-duration of the respective environmental flow components. Future studies
should, inter alia, (1) include the aquatic-riparian vegetation to provide information on high flows-floods, and (2) incorporate
groundwater models to account for surface—groundwater interactions towards a widely accepted IR-specific EFA framework.
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Introduction

Environmental flow assessments (EFAs) are implemented
worldwide to evaluate the quantity, timing and quality of
the water flows required to sustain freshwater ecosystems
and the services they provide (Brisbane Declaration 2007).
Among the numerous EFA methods available (Tharme
2003), hydrodynamic habitat models (HHMs) have long
been considered powerful tools for accurate environmen-
tal flow implementations (Ahmadi-Nedushan et al. 2006;
Lamouroux et al. 2010; WFD CIS 2015). HHMs typically
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integrate two modules, (1) a hydrodynamic module, which
evaluates the change in physical habitat as a function of flow
by predicting water depths (D) and depth-averaged flow
velocities (V) at multiple discharges, and (2) a habitat mod-
ule, which compares the simulated values of V and D with
the habitat preferences of aquatic biota to estimate habitat
suitability at each simulated discharge (Acreman and Dunbar
2004; Gopal 2013). The output of HHMs (habitat suitability
maps for each simulated discharge) provides water managers
with a comprehensive visual representation for the devel-
opment of environmental flow scenarios in hydrologically
altered river reaches.

HHMs, and EFAs in general, have been primarily focused,
evolved and applied in perennial watercourses (Waddle and
Holmquist 2011; Leitner et al. 2017; Papadaki et al. 2017),
neglecting intermittent rivers (IR), a large part of the earth’s
freshwater resources. These watercourses which naturally,
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periodically cease to flow (Datry et al. 2014) and may dry
completely, account for more than 30% of the total length
of the world’s river network (Schneider et al. 2017) and
dominate arid, semi-arid and mediterranean-climate regions
(Schneider et al. 2017; Stubbington et al. 2018a). In contrast
to their perennial counterparts, IR predictably experience
a sequence of flow-defined aquatic states (AS) throughout
the year (Gallart et al. 2012; Prat et al. 2014): (1) flood
(overbank) flows—with unusually high flow; (2) abundant
rifles—in which the riverbed is fully covered with water
(pools and riffles are fully connected); (3) connected pools—
a pool-dominated state, in which pools are connected with
flowing water; (4) disconnected pools—when pools are pre-
sent but isolated; (5) subsurface flow (interflow)—in which
the riverbed is dry but the hyporheic zone remains saturated
(6) dry, with no flow either at the surface or in the hyporheic
zone. As IR shift between these wet and dry phases, they
form a mosaic of aquatic and terrestrial habitats. The aquatic
communities of IR have adapted to this extreme but predict-
able hydrological variability by developing specific physio-
logical, behavioral, morphological and life-history strategies
(Lytle and Poff 2004; Datry et al. 2014). Thus IR host very
diverse—and often unique—aquatic, semi-aquatic and ter-
restrial communities, providing valuable ecosystem services,
which have been previously acknowledged and documented
(Stubbington et al. 2018b). Although IR-focused research
is highly active, there are still notable knowledge gaps that
need to be addressed (Datry et al. 2017; Stubbington et al.
2018b); delivering IR-specific environmental flows is cur-
rently a major relevant challenge (Costigan et al. 2017).

Riverbed drying and the persistence of pools in a dry
reach affect the persistence of biota, including fish (Whit-
erod et al. 2017). Thus, the primary aim of the few avail-
able IR-based EFAs has been to maintain the minimum
water discharge required to ensure the persistence of pools
during periods of riverbed drying (Bernardo and Alves
1999) (hereafter referred to as dry periods), also emphasiz-
ing stakeholder participation (Conallin et al. 2018). Still,
a naturally-occurring ‘predictable’ dry period may favor
the establishment of IR-specific in-stream communities
but prolonged human-induced dry periods, or by contrast,
prolonged periods of flowing water (hereafter referred to
as periods of flow permanence—Datry et al. 2007, 2017)
may substantially degrade their structure beyond recov-
ery (Chakona et al. 2008; Béche et al. 2009; Bogan et al.
2015). These findings imply the importance of delivering
environmental flows in IR during specific aquatic states to
assist their flow-sensitive aquatic communities withstand
the near-dry and dry conditions (resistance) and success-
fully recolonize upon flow resumption (resilience) (Bogan
et al. 2017). Worldwide, however, EFAs in IR remain in their
infancy (Datry et al. 2017), with model-based frameworks
being currently absent.
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In this study, we conceptualized and piloted a model-
based, IR-specific EFA in an intermittent river reach (Evro-
tas, southern Greece), guided by the following principles:

1. Environmental flows in IR should be specifically deliv-
ered during the abundant-riffies state; their timing and
duration should be estimated and maintained based on
historical hydrological information.

2. In prolonged dry periods only, extending beyond the
predictable duration (before or after the normal dry
period) baseflows should be delivered to maintain a
disconnected-pools state for as long as this state would
occur within the normal-predictable drying-rewetting
sequence. This will ensure the ‘predictable’ presence
of disconnected pools of water, which serve as refugia
for fish and macroinvertebrate communities until flow
resumption (McDonough et al. 2011; Datry et al. 2017).

Within our application, we (1) simulated the habitat
preferences of benthic macroinvertebrates (BMs) and of
three Evrotas-endemic cyprinid fish species in multiple dis-
charges, (2) used hydrodynamic models to predict the base-
flow required to maintain disconnected pools of water during
dry periods, and (3) modelled the optimal baseflow required
to ensure habitat suitability for the BM and fish commu-
nities during the abundant-riffles state. A fully functional
aquatic community during the abundant-riffles state will
have increased resistance during the near-dry (disconnected
pools) state and an increased potential for successful recolo-
nization and recovery after flow resumption (resilience), as
implied-suggested by the findings of Fritz and Dodds (2004)
and Bonada et al. (2007). We additionally highlight the use
of HHMs as a key tool to predict the timing and duration of
the various aquatic states and, consequently, the timing and
duration of the respective environmental flow components,
the most crucial step in delivering environmental flows in
IR. We further explore shifts in fish habitat preferences from
perennial to intermittent reaches, and identify future chal-
lenges and research priorities towards a widely accepted,
common EFA framework adapted for intermittent rivers.

Materials and methods
Overview of the methodology

Our IR-specific EFA followed the steps outlined in Fig. 1
and summarized below:

(i) Estimation of the baseflow required to ensure ade-
quate habitat suitability for multiple aquatic ecosys-
tem components during the abundant-riffles state.
This step is comparable to EFAs in perennial rivers,
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Fig.1 The IR-specific environmental flow assessment framework conceptualized and applied in the study. The aquatic states in which environ-
mental flows should be delivered are grey-shaded. Q discharge

and aims to satisfy the habitat requirements of the (iv) Development of an IR-adapted annual environmental
aquatic communities, ensuring their ecological integ- flow regime based on the integration of the afore-
rity. mentioned steps.

(i) Estimation of the baseflow required to maintain dis-
connected pools of water during dry periods. Pilot study

(iii)) Estimation of the timing and duration of each aquatic

state. This step requires either continuous on-site  Our study area was located in southern Greece, in a 20-km
measurements to visually estimate the timing using  intermittent reach in the upper half of the Evrotas River
expert judgment, or the application of a hydrody-  (southeastern Peloponnese; Fig. 2). We selected this reach
namic model in combination with historical hydro-  because: (1) it has been studied previously during another
logical information (see the pilot study for details). IR-targeting project (MIRAGE; Prat et al. 2014), its hydro-

logical, topographical and ecological properties have been

well-investigated (Cazemier et al. 2011; Skoulikidis et al.
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Fig.2 a Location of the study area (Evrotas River, southern Greece).
b The study reach in the upper half of the Evrotas River. ¢ The riv-
erbed elevation, based on the Real-Time-Kinematic-GPS acquired
topography. R/ and R3 Perennial reference sites used for investigat-

2017a; Vardakas et al. 2017a) and (2) the area has a naturally
intermittent flow regime, in which the dry period has been
artificially prolonged during the past half century due to
increasing irrigation (Cazemier et al. 2011; Skoulikidis et al.
2011). Local pressures in the upper reaches are related to
irrigation of agricultural land, which results in unpredictable
(and unmonitored) deviations from the naturally-occurring
AS sequence, with artificially lowered flows during winter
(Dec—Jan—Feb) and spring (Mar—Apr—-May), and artificially
prolonged dry periods during summer (Jun—Jul-Aug) (Caze-
mier et al. 2011). The study reach is located at an elevation
of 227 m a.s.l., 22 km downstream of the main springs of
the Evrotas River. Land use in the upper reaches consists
of native coniferous forests and shrubs (67%), agricultural
areas, mainly olive groves and berry plantations (32.6%)
and urban areas (0.4%). The river bed consists primarily of
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ing fish habitat-preference shifts between intermittent and perennial
reaches. R2 Reference intermittent site used for the development of
the fish habitat suitability curves

alluvial sediments (cobbles and pebbles). Sand and silt is
mainly deposited in pool areas and the reach is character-
ized by dense submerged macrophyte beds, especially during
summer, before the dry period.

The fish species inhabiting the study reach are of high
conservation value, listed in the [IUCN Red List of Threat-
ened Species (IUCN 2017). The fish community includes (1)
the endemic Evrotas chub Squalius keadicus (Stephanidis
1971), classified as ‘endangered’, (2) the Spartian minnow-
roach Tropidophoxinellus spartiaticus (Schmidt-Ries 1943),
classified as ‘vulnerable’ and endemic to the southern Pelo-
ponnese peninsula and (3) the Evrotas minnow Pelasgus
laconicus (Kottelat and Barbieri 2004), classified as ‘criti-
cally endangered’ and confined to the Evrotas and Alphios
rivers (Vardakas et al. 2015).
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Topographic data

A 443 m-long reach (Fig. 2) was surveyed using a real-time
kinematic (RTK) GPS consisting of the Spectra Precision
SP60 GNSS Receiver and the MobileMapper 10 GIS—GPS
Receiver (Trimble Inc., USA). Channel topography was
mapped using 719 points recording longitude (X), latitude
(Y) and bottom elevation (H). Slope breaks and similar areas
with rapid relief changes were mapped with a higher density
of points, and fewer points were allocated in flat surfaces.
The topographic data (X, Y, H points) were then imported
into the Blue Kenue software (CHC 2011) to linearly inter-
polate channel topography and generate a triangular compu-
tational grid representative of the study reach.

Hydrodynamic simulation, calibration
and validation

Boundary and initial conditions were defined prior to run-
ning the 2D hydrodynamic simulation. Water discharge (Q)
was prescribed at the upstream boundary and water surface
elevation (Z) at the downstream boundary based on a stage-
discharge curve developed using hydrological information
from a permanent gauging station. The TELEMAC-2D v6.2
hydrodynamic model (Galland et al. 1991) was used to simu-
late water depths (D) and depth-averaged flow velocities (V)
in various Q scenarios. The TELEMAC-2D code applies the
finite element method (Hervouet 2007) to solve the shallow-
water St-Venant equations (conservation of mass, X-wise
momentum, y-wise momentum).

The hydrodynamic model was calibrated and validated
for three different discharges (0.008 m?s™',0.02m3 s ! and
0.5 m? s7!) using hydrological cross-sectional information
(V and D) for the study reach. The 0.02-m’ s~! Q was used
for calibration and the remaining discharges were used to
validate the model. Calibration—validation was applied by
properly adjusting the Manning’s roughness coefficient (n) at
different sections of the study reach, based on a preliminary
on-site visual assessment of the substrate types (S) accord-
ing to the categories defined by Schneider et al. (2010), until
an acceptable combination of R? values between the pre-
dicted and observed V and D was achieved. The validated
model was used to simulate 17 discharge scenarios ranging
from 0.008 to 9 m?® s~! for determining the environmen-
tal flow during the abundant-flows state, while additional
simulations were applied in lower discharges, ranging from
0.0001 to 0.005 m* s~! to determine the baseflow required to
maintain disconnected pools during the dry states.

Habitat suitability modeling

The habitat preferences of four biotic elements of the aquatic
ecosystem were used to model and map habitat suitability
(K) based on the results of the hydrodynamic simulation:
benthic macroinvertebrates and the three endemic cyprinid
fish species. For the Evrotas chub, two size classes were
recorded; large, total length (TL) <10 cm, correspond-
ing to juveniles and small, TL > 10 cm, corresponding to
adults. Size classes were not differentiated for the smaller-
sized Spartian minnowroach and the Evrotas minnow due
to the increased uncertainty in defining size-class-based
generations.

Fish

To account for the artificially altered, intermittent flow
regime of the study reach, fish data (the abundance of each
species) and associated habitat information (V, D and S)
were recorded in multiple microhabitats (approx. 4 m” each)
from an unimpacted, naturally-intermittent site upstream of
the study reach (R2, Fig. 2), to ensure sampling of well-
established, fully-functional fish communities. Samples were
collected in two campaigns, during abundant-flows states
(early summer in 2014 and 2015, before dry-phase onset).
Similarly to Vardakas et al. (2017b), we used an EFKO elec-
trofishing DC unit (Honda 7 kVA generator, 150 m cable,
1.5 m anode pole, 6 A DC output, voltage range 300-600 V)
following a modified point-abundance procedure (Copp
1989; Santos and Ferreira 2008). Sampling was applied in a
downstream-upstream direction and in a meandering man-
ner to sample all habitat types. In total, 101 microhabitat
samples (relating V, D and S with fish abundance) were col-
lected. Fish were identified to species level, counted, and
their size class recorded at 5-cm intervals, then returned
alive to the river.

Fish habitat preferences were assessed by developing
habitat suitability curves (HSCs) based on the approach of
Bovee (1986). We related the variables of the hydrodynamic
output (V and D) to the habitat suitability with an index
which ranged from O (unsuitable) to 1 (highly suitable).
Habitat suitability was directly related to fish abundance,
implying that the most suitable habitats were the ones with
higher abundance values. The influence of extreme values
was downweighted by log-transforming the abundance of
fish per microhabitat sample (Brosse and Lek 2000; Fukuda
et al. 2011). The process was implemented in R version 3.1.1
(R Core Team 2014) using the smooth.spline function which
fits smooth curves to the input data using 3rd-order polyno-
mials. Each polynomial allows for a turn within the adjusted
curve, to be coherent with the ecological gradient theory
(Austin 2007).
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Following the same approach, HSCs were also developed
for two reference perennial reaches (R1 and R3—Fig. 2),
upstream and downstream of our intermittent study reach,
using the microhabitat dataset of Vardakas et al. (2017b).

Benthic macroinvertebrates

The habitat preferences of benthic macroinvertebrates were
evaluated using the dataset collected in Theodoropoulos
et al. (2018a), which consists of 380 microhabitat observa-
tions that relate V, D and S to a community-metrics-based
calculation of habitat suitability (integrating number of fam-
ilies, number of Ephemeroptera, Plecoptera and Trichoptera
families, Shannon—Wiener diversity and total abundance).
The dataset covers a wide range of river types and, as indi-
cated in Theodoropoulos et al. (2018b), the use of a metrics-
based habitat suitability approach enables accurate replica-
tion of the process in river reaches with similar hydrological
and hydraulic properties, as the specific reach, despite the
possible spatial and temporal variation of the macroinver-
tebrate distribution.

A fuzzy-rule-based Bayesian algorithm (FRB), imple-
mented in the HABFUZZ software (Theodoropoulos et al.
2016), was trained and cross-validated using the data set.
In the FRB:

(i) The numerical values of V and D are converted to
overlapping, five-class, trapezoidal-shaped fuzzy
sets. The K values are classified (non-overlapping)
into five classes [(0, 0.2), bad; (0.2, 0.4), poor;
(0.4, 0.6), moderate; (0.6, 0.8), good; (0.8, 1), high;
Table 1].

(i) Each numerical value of V and D is assigned to
one or more fuzzy sets with a membership degree

(iii)

(@iv)

between zero and one (Table 1); in our application,
the type of substrate was treated as a crisp input and
classified based on Schneider et al. (2010).

The training dataset (benthos-GR), with a priori
calculated K values, is used to develop sets of data-
driven IF-THEN rules, relating the input fuzzy sets
with a specific K class. The fuzzy membership
degree (MD) of each input variable (V, D and S) is
considered as the probability of occurrence of the
particular fuzzy set, such as ‘IF V is low with a mem-
bership degree of 1 AND D is moderate with a MD
of 1 AND S is gravel with a MD of 1 THEN K is
high with a MD of 0.3 and good with a MD of 0.7°.

The IF-THEN rules are then combined using the
Bayesian joint probability, so that (referring to the
previous example) the probability of the specific
microhabitat’s K being high is the joint probability
that V is low AND D is moderate AND S is gravel
AND Kiis high (1 x1x1x0.3=0.3), while the prob-
ability of K being good is the joint probability that
V is low AND D is moderate AND S is gravel AND
Kis good (1x1x1x0.7=0.7). Based on a utility
function (Brookes et al. 2010), a score is assigned
to each K class (bad: 0.1; poor: 0.3; moderate: 0.5;
good: 0.7; high: 0.9) and the habitat suitability of
each microhabitat is predicted using the equation:

K= Z M;S;

where, K is the predicted habitat suitability.
M;; denotes the joint probability of occurrence
of each x class. S;; denotes the score of each k

Table 1 Fuzzy sets of the

. - Variable  Fuzzy set class  Fuzzy set parameters  Variable  Crisp set class Crisp set parameters
hydraulic variables and the
habitat suitability (adapted from K Bad (0,02}
Theodoropoulos et al. 20182) V(m)  Verylow {0,0,0.05, 0.1} Poor {0.2,0.4}
Low {0.05, 0.1, 0.15,0.2} Moderate {0.4,0.6}
Moderate {0.15,0.2,0.4, 0.5} Good {0.6, 0.8}
High {0.4,0.5,0.7,0.8} High {0.8, 1}
Very high {0.7,0.8, 0.8, 0.8}
S Boulders 0.070
Large stones 0.050
D (m) Very shallow {0, 0, 0.1, 0.15} Small stones 0.040
Shallow {0.15, 0.2, 0.3, 0.35} Large gravel 0.030
Moderate {0.3, 0.35,0.55, 0.6} Medium gravel  0.026
Deep {0.55,0.6,0.7,0.75} Fine gravel 0.024
Very deep {0.75,0.8, 0.8, 0.8} Sand 0.022
Silt 0.020

V, flow velocity; D, water depth; S, substrate; K, habitat suitability
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class. For the previous example, K equals to
0.7%0.9+0.3x0.7=0.84 (high).

Environmental flow selection

The output of the hydrodynamic model (D and V values) at
each simulated discharge, in combination with the visually
recorded substrate types, was used as input to the habitat
models of fish and BM, which calculated K at each node of
the computational grid, based on the above algorithms. The
habitat suitability of each biotic element at each simulated
Q was then visualized using the BlueKenue software (CHC
2011).

At each Q scenario, the Weighted Usable Area (WUA),
the area (m?) of the study reach that is being used by the
aquatic communities at each discharge, was calculated by
multiplying the K value of each cell of the computational
grid with its relevant cell area, aggregating all values and
depicting them in a discharge-WUA plot. Optimization
matrices were developed for 17 discharge scenarios for
each biotic element, according to the optimization criterion
of Bovee (1982), in which the discharge values are arrayed
across the top of the matrix and the WUA values for the
biotic elements are recorded accordingly. The minimum
WUA value is identified for each discharge and the envi-
ronmental flow is estimated based on the discharge with the
highest WUA value among all biotic elements (Bovee et al.
1998). Moreover, we normalized the WUA values in a 0-1
scale (nWUA) and applied a 5-class system, similarly to
Gillenwater et al. (2006) and based on the status classifica-
tion of the Water Framework Directive 2000/60/EC (WFD;
European Union Council 2000) (bad: 0 <nWUA <0.2, poor:
0.2 <nWUA <£0.4, moderate: 0.4 <nWUA <0.6, good:
0.6 <nWUA <0.8, high: 0.8 <nWUA < 1); all discharges
with a WUA higher than 0.6 (falling into the good and high
WED classes, indicating no or slight deviation from natural
conditions) were considered acceptable.

Environmental flow regime

Based on the results of the hydrodynamic simulation, we
estimated the Q values at which a shift between aquatic
states (AS) is observed. In combination with daily discharge
data for the study reach for the years 2010 and 2011, we
estimated the timing and duration of each AS and developed
an annually repeating AS pattern. This pattern was used to
propose the final annually repeating environmental flow
regime for the study reach.

Results
Computational grid properties

A computational grid consisting of 25,998 triangular cells
and 13,477 nodes with a 0.8 m spatial resolution was gen-
erated for the study reach. The R? coefficient between the
predicted and observed D and V values was >0.8 for both
the calibration and validation data sets (0.83-0.95); the cor-
relations were significant (p <0.01), suggesting acceptable
performance of the hydrodynamic model. Based on the
recorded substrate types, the Manning’s roughness coeffi-
cient in the validated model ranged from 0.028 to 0.045.
Depth values ranged from 0.1 mm to 54 cm for the lowest
discharge simulated (0.008 m? s™!) and from 1 mm to 5 m
for the highest discharge (9 m* s7!). V values ranged from
0.01 to 0.88 m s™! for the lowest simulated Q (0.008 m>s™")
and from 0.01 to 2.69 m s~ for the highest simulated Q
O m’s™).

Fish microhabitat preferences

In the perennial reaches, habitat suitability (K) values
for flow velocity peaked for the minnow, minnowroach
and small chub at 0.2-0.4 m s~! and for the large chub
at 0.6-0.8 m s~! (Fig. 3a, upper panes); in the intermit-
tent reach, K peaked at 0-0.1 m s~! for the minnow and
minnowroach, at 0.1-0.2 m s~! for the large chub and at
0.5-0.6 m s~! for the small chub (Fig. 3b, upper panes). For
depth, K values for the minnow and the large chub peaked at
1-1.2 m in both the perennial and intermittent reaches. For
the minnowroach, K peaked at 0.6-0.8 m in the perennial
reaches and at 1-1.2 m in the intermittent reach. For the
small chub, K peaked at 0.4-0.6 in the perennial reaches
(Fig. 3a, lower panes) and at 0.0-0.2 m in the intermittent
reach (Fig. 3b, lower panes).

Determination of environmental flows
during the abundant-riffles state

The habitat suitability values, mapped for the various dis-
charges (representing candidate Q scenarios for the abun-
dant-riffles state) at each node of the computational grid,
are depicted in Fig. 4a (large chub), Fig. 4b (small chub),
Fig. 5a (minnowroach), Fig. 5b (minnow) and Fig. 6 (benthic
macroinvertebrates). In addition, the weighted usable area
(WUA) of each biotic element, normalized in a 0—1 scale, is
illustrated in Fig. 7. The WUA of the large chub was accept-
able at discharges > 1 m® s~! and peaked above Q=9 m? s~!
(LC, Fig. 7). Large chub preferred high V and D values,
which were mostly found at the highest discharges (Fig. 4a).
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Fig.3 Habitat suitability curves for the endemic Evrotas chub Squa-
lius keadicus (two size classes: large, total length (TL) < 10 cm, cor-
responding to juveniles; small, TL > 10 cm, corresponding to adults),

The WUA of the small chub peaked at Q=1 m?®s~!, but
was acceptable at the lowest discharges simulated and
up to Q=3 m’ s~! (SC, Fig. 7). Most microhabitats with
good or high K were recorded between Q=0.8 m® s~! and
Q=2 m?s~!. Acceptable WUA for the Spartian minnow-
roach was recorded for Q values >1 m® s~!, peaking at
very high discharges (9 m® s™!) and remaining high at even
greater Q values (MR, Fig. 7). In a similar pattern, the WUA
of the Evrotas minnow was acceptable above 0.1 m* s™!,
peaking at the highest discharges (5 m® s™!) and remaining
stable at higher Q values (M, Fig. 7). The Spartian min-
nowroach was found at discharges higher than Q=1 m?> s™!
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the Spartian minnowroach Tropidophoxinellus spartiaticus and the
Evrotas minnow Pelasgus laconicus. a perennial reaches, b intermit-
tent reaches

(Fig. 5a) while most microhabitats with good/high K for
the Evrotas minnow were recorded between Q=0.1 m> s~!
and Q=0.5 m’ s~! (Fig. 5b). Acceptable habitat suitability
for benthic macroinvertebrates was recorded at Q values
between 0.8 and 4 m> s~! (Fig. 6), while discharges ranging
from 0.8 to 7 m> s~! resulted in an acceptable WUA (BM,
Fig. 7).

Based on both the WFD-oriented classification and the
criterion of Bovee (data not shown), the minimum accept-
able baseflow (environmental flow) during the abundant-

riffles state should be at least 1 m> s~".
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Fig.4 Habitat suitability mapping for the Evrotas chub in the various simulated discharges [a total length > 10 cm (large); b total length < 10
cm (small)]. Values > 0.6 are considered acceptable. Q discharge, K habitat suitability

Determination of the environmental flow
during the dry period

Based on the hydrodynamic simulation, very low flows were
capable of maintaining disconnected pools of water during
the dry period (Fig. 8). Discharges <0.001 m? s~! (5th per-
centile of mean daily discharge; 2-year period excluding
the dry states) resulted in scattered disconnected pools of
<0.7-m deep. Even at lower discharges (data not shown)
water filled these pools, resulting in similar depths. In higher
discharges (0.008 m> s™!), the number of pools slightly
increased but with no obvious differences; the existing pools
in Q <0.008 m® s~! became deeper and wider, being con-
nected with water in Q=0.5 m> s~

Determination of the timing and duration of aquatic
states

The magnitude of the environmental flow during the abun-
dant-riffles state was calculated as 1 m® s™!. The connected-
pools state initiates at Q=0.5 m® s~!, with the river flow

becoming disconnected at lower discharges (disconnected-
pools state; Fig. 8). The abundant-riffles state gradually
occurs at Q> 0.8-1 m? s~!, when the riverbed is almost
fully covered with flowing water. In combination with daily
discharge data from the study reach, the AS sequence is
the following: (1) abundant riffles: early January to early
May (or late April); (2) transition between connected- and
disconnected-pools states: middle May to late July; (3) dis-
connected-pools and dry states: late July to late November,
extending up to early January in extreme conditions (Fig. 9).

Development of an IR-adapted environmental flow
regime

Based on the integration of the hydrodynamic-habitat and
hydrological data, the annually repeating environmental flow
regime for the study reach is depicted in Fig. 9. A baseflow
of 1 m*s™! (minimum acceptable) should be delivered from
early January to early May (abundant-riffles state), gradu-
ally decreasing to <0.5 m® s~! from mid-May to early July,
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Fig. 6 Habitat suitability mapping for benthic macroinvertebrates in the various simulated discharges. Values > 0.6 are considered acceptable. Q
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(to maintain a connected-pools state, gradually transition-  early December (disconnected-pools, subsurface-flow and
ing to disconnected-pools) and reaching very low values  dry state).
(0.001 m® s™! or even zero) from late J uly to late November/
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Discussion

Methodological adaptations towards IR-specific
EFAs

Intermittent rivers, in contrast to their perennial counter-
parts, are characterized by considerable hydrological and
geomorphological variability (Cid et al. 2017; Skoulikidis
et al. 2017b), with intra- and inter-annually repeating tran-
sitions between aquatic and terrestrial conditions-habitats
(Larned et al. 2010; Stubbington et al. 2017). The aquatic
biota of natural IR have, in turn, been adapted to these com-
plex hydrogeomorphological patterns (Datry et al. 2017).
As a result, the principles, methods and tools, developed for

Water
depth (m)

0.06
M Bottom

Flow direction

Q(mds?) 0001  0.008 0.02 0.05 0.08 0.1

—_

Disconnected pools |

CcpP AR CP-DP DP-S-DR AR

2.0

18

16

14

Q(mis?)
-
5

e e R

— Winter —— Spring —— Summer ——— Autumn ——— Winter ——— Spring—

Fig.9 Timing and duration of aquatic states in the study reach. AR
abundant riffles, CP connected pools, DP disconnected pools, CP-
DP transition between CP and DP, DP-S-DR transition between DP,
and the dry states (subsurface-flow and dry). The flood-flows state is
included in AR. Dotted lines highlight the annual environmental flow
regime

and applied in perennial rivers need to be adapted, reformed
and re-evaluated for use in IR (Stubbington et al. 2018a).
To this end, we conceptualized and implemented a model-
based EFA adapted for IR, in which (1) environmental flows
are delivered only during the abundant-riffles state and (2)
baseflows are additionally delivered during prolonged dry
periods to maintain the natural-predictable duration of the
disconnected-pools state.

0.3 0.5 0.8 1 12 1.4

Connected pools | Abundant riffles

Fig.8 Water depth simulation to facilitate the discrimination between the different aquatic states
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Regarding the first principle, BM-oriented studies have
shown that Ephemeroptera, Plecoptera and Trichoptera
(EPT) are gradually outnumbered by Odonata, Coleoptera
and Heteroptera (OCH) under decreasing flow permanence
(Bonada et al. 2007; Sanchez-Montoya et al. 2007; Argyro-
udi et al. 2009; Kalogianni et al. 2017). The aforementioned
shifts should not be considered negative when resulting as an
adaptation to the natural IR flow variability. Unpredictably
decreased flow permanence in perennial rivers may com-
prise a stressor for the EPT-dominated BM communities,
but similarly, unpredictably prolonged flow permanence
from perennially-delivered environmental flows in IR, may
comprise a stressor for the OCH-dominated BM communi-
ties. This would result in a gradual replacement of the IR-
specific communities by more competitive, perennial taxa, in
a scheme completely inverse of that described for artificially-
intermittent perennial rivers (Coté and Darling 2010; Bogan
and Lytle 2011; Belmar et al. 2013). Consequently, our first
principle ensures that environmental flows of specific tim-
ing and duration will be delivered in IR to safeguard such
IR-specific community transitions.

The second fundamental principle is primarily based on
the responses of fish communities of IR, which, similarly
to the benthic fauna, have developed morphological, physi-
ological and life-history strategies to tolerate the high natu-
ral flow variability occurring in IR (Ferreira et al. 2007).
However, although physiological-morphological adaptations
have been reported for fish species in Australia, Africa and
North America, fish populations in Europe lack morpho-
logical traits (resistance mechanisms) to survive drying
habitats, based primarily on resilience strategies of early
maturity and high fecundity (Ferreira et al. 2007) to suc-
cessfully recolonize after flow resumption. In contrast, many
BM taxa show increased resistance to drying by utilizing
hemoglobin (Stanley et al. 1994), by developing specialized
gills (Boulton 1989) or by breathing oxygen directly from
the atmosphere (McDonough et al. 2011). Increased stress
however will be imposed on both communities during pro-
longed dry periods of unpredictable duration, amplified by
water abstractions. Consequently, providing low flows dur-
ing artificially prolonged dry periods will likely maintain the
necessary normal-predictable occurrence of pool habitats for
the local fish populations to ensure survival and recovery
after flow resumption.

Incorporating multiple aquatic ecosystem
components in the model

Our results showed that different components of the aquatic
ecosystem (benthic invertebrates and the three endemic fish
species) had varying but partially overlapping habitat suit-
ability optimums, with models predicting that the habitat

@ Springer

preferences of all target organisms can be satisfied during
the abundant-riffles state at Q=1 m? s~!. Most previous
studies implementing habitat models have focused on the
response of a single species to hydrological-hydraulic vari-
ation (Lamouroux et al. 2006; Daraio et al. 2010; Dunbar
et al. 2012); our application highlighted, inter alia, the fea-
sibility of implementing habitat models, which incorporate
multiple ecosystem components. With the inclusion of the
aquatic and riparian vegetation, the high flow-flood com-
ponents (Rivaes et al. 2017) of the hydrological regime can
be modelled towards more hydrologically and ecologically
holistic IR EFAs.

Incorporating historical hydrological information
in the model

IR-specific EFAs cannot be implemented in the absence
of historical hydrological information; we showed that
hydrological records of at least one-representative-year are
required to estimate the timing and duration of each AS
and, consequently, of the relevant environmental flows. This
highlights the previously acknowledged importance of estab-
lishing and maintaining hydrological networks for success-
ful hydroecological monitoring (WFD CIS 2015). However,
the lack of appropriate long-term hydrological information
has been an issue in hydroecological monitoring of fresh-
waters due to the costs of maintaining permanently operat-
ing gauging stations (Stewart 2015). In the era of climate
change, hydrological networks are in decline (Stewart 2015)
but as it has been previously suggested, and our study also
implies, the ecological integrity of intermittent rivers cannot
be ensured without, not only maintaining, but also extending
the hydrological networks to include IR, providing hydrolog-
ical records in the long term (Snelder et al. 2013; Beaufort
et al. 2018.; Ruhi et al. 2018). The limited hydrological data
available for our study reach (1.5 year—Fig. 9) may have
reduced the accuracy of our estimations, but this will rather
not be a problem in cases where longer hydrological records
are available, thus enabling an accurate representation of the
‘reality’ regarding the annual AS sequence.

Benthic macroinvertebrates

The results showed that optimal habitat for benthic macroin-
vertebrates can be provided by a wide range of baseflows,
from 0.8 to 4 m> s~ or 7 m? 57! (Figs. 6, 7). Lower dis-
charges result in unacceptable habitat suitability based on
the WFD requirements. In combination with the estimation
of the timing and duration of each aquatic state (Fig. 8) the
results showed that a healthy BM community can be ensured
in the lowest discharge required to maintain an abundant-
flows state (1 m®s™1).
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The metrics-based approach we used to assess the BM
habitat requirements has been previously proposed and
favored (Gore et al. 2001) but, worldwide, it has been rarely
applied in relevant environmental flow assessments (Waddle
and Holmquist 2011; Theodoropoulos et al. 2018c). Using
this approach, and within the limitations of our BM dataset
(Theodoropoulos et al. 2018a, b), the often contrasting habi-
tat preferences of the numerous macroinvertebrate taxa can
be incorporated into the model to develop overall commu-
nity optimums based on BM indicators commonly applied to
represent habitat quality-suitability (Englund and Malmqvist
1996; Monk et al. 2006; Waddle and Holmquist 2011). It
has to be noted though that a key-taxa analysis is of equal
importance in such community-based assessments to fine-
tune the environmental flow prediction to possibly favor rare
taxa of high conservation value (Armitage and Bass 2013).

Fish fauna

The results of the study showed similarities and differences
in the microhabitat preferences of the selected fish fauna
between the perennial and intermittent reaches at pre-dry
conditions. The limnophilic Spartian minnowroach occupied
deep, slow-flowing habitats (pools) in both perennial and
intermittent reaches. Also limnophilic, the Evrotas minnow
favored slow-flowing habitats in both perennial and inter-
mittent reaches, with a preference for shallower habitats
(glides) in intermittent reaches. The small chub retained its
preference for slightly higher velocities and lower depths
compared to the other two fish species, whereas for the large
chub, we observed a preference shift from deep faster-flow-
ing habitats (runs) to deep slower flowing ones (pools) in
the intermittent reach.

Smaller bodied limnophilic species, i.e. the minnow and
the minnowroach, and to a lesser degree the small chub,
continue to exploit the increasingly available pool habitats
in the intermittent reach. The more rheophilic large chub,
however, actively shifted from the fastest flowing deep runs
to pools, despite the availability of deep and faster flow-
ing habitats. During river drying, refuge-seeking behavior
for the large chub has been previously-documented (Var-
dakas et al. 2017a). Our results may also imply that adult
chubs, on some unknown cue (a possible velocity change?),
‘prepare’ for drying by moving to pool habitats during the
abundant-riffies state, before these habitats become the only
ones available (obviously to avoid being stranded in a dry-
ing habitat). Studies on fish cognition, focusing on spatial
learning and memory at various scales, have indicated that
fish habitat selection may involve learning processes, with
individual sensitivity, experience, and perception of not only
current but also past environmental conditions influencing
habitat selection (Braithwaite and Burt De Perera 2006; Pat-
ton and Braithwaite 2015). This is particularly important in

IR, suggesting a future focus of IR-specific EFAs on sea-
sonally varying environmental flow scenarios. Recently,
Capra et al. (2017), modeling fish microhabitat preferences
in a hydropeaking river, showed that fish avoided frequently
dewatered habitats, thus implying that ‘environmental his-
tory’ also informs habitat selection. Despite the cognitive
and other adaptations of biota inhabiting highly variable
environments such as IR, it is important to deliver care-
fully-designed, IR-adapted environmental flows during the
abundant-riffles state and baseflows during prolonged dry
periods, in order to maintain disconnected pools of water.
Such designs may ensure the integrity of the fish communi-
ties of IR, promoting their ability to resist drying and suc-
cessfully recolonize the dry habitats after flow resumption,
from adjacent perennial reaches.

Future challenges

Useful outcomes were derived from the current study, and
a first solid step has been made, but considering that most
projects focused on IR are currently ongoing, there are yet
many challenges that need to be addressed towards a widely
accepted common methodology for IR-based EFAs. Issues
to be considered:

1. Timing and duration of environmental flows during
dry periods We favored the provision of baseflows in
prolonged dry periods in order to re-establish the water
pools required for fish survival. Such practice needs
further research and discussion, because it changes the
dry conditions to near-dry ones. The drivers for the tim-
ing and duration of such extended-dry-phase flows may
be diverse and should be considered on a case-by-case
basis (Acreman et al. 2014). For example, dry-phase
flows could be delivered only when the duration of the
dry period surpasses a certain time limit (either at the
beginning or at the end). The presence of an endangered
species may also be the primary driver for a differently
adjusted scheme. The temperature increase above a
given limit in the water pools, or the relevant decrease
in the dissolved oxygen concentration may be another
relevant driver.

2. Magnitude of environmental flows during dry periods It
has to be noted that, HHMs alone cannot provide accu-
rate environmental flow predictions during prolonged
dry periods. The extreme, unpredictable dry periods,
which may occur in IR, result in an enhancement of
evapotranspiration and increased water demands for
irrigation leading to groundwater depletion (Rossouw
et al. 2005; McDonough et al. 2011). In this case, the
baseflow calculated to maintain disconnected pools dur-
ing the dry period may need an upward re-evaluation
and adaptation in order to compensate for the extreme
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groundwater shortage (Ivkovic et al. 2009). Since hydro-
dynamic models do not account for surface—groundwater
interactions, the baseflow value is predicted upon satu-
rated hyporheic and groundwater zones. Consequently,
the additional use of groundwater models is of critical
importance to overcome this inefficiency and ensure
accurate predictions during extreme events (Rassam
et al. 2013). Surface—groundwater interaction is a major
determinant of the environmental flow regime in IR and
as Gardner (1999) rightfully indicates, ‘the two realms
can be considered as essentially one resource’, which
needs to be managed and protected as a whole.

3. High flow pulses, small and large floods Ideally, an envi-
ronmental flow regime must include baseflows during
the abundant-riffles and connected-pools states, addi-
tional baseflows during the disconnected-pools state,
as well as high-flow pulses, small and large floods of
specific timing and duration (O’Keeffe and Le Quesne
2009). Ecosystem-based predictions on the high flow-
flood components of the flow regime can be included by
incorporating aquatic macrophytes and riparian vegeta-
tion, which have recently been acknowledged as ideal
indicators for assessing-predicting the magnitude, tim-
ing and duration of the high-flow components of the
flow regime (O’Keeffe and Le Quesne 2009; Rivaes
et al. 2017). Interannually, this flow regime should
be manually adapted-adjusted to include years with
increased or decreased flood-magnitude based on avail-
able interannual historical hydrological records.

Conclusions

Our study showed that model-based, IR-adapted EFAs
should be conceptually differentiated from their perennial
alternatives. Environmental flows in IR should be specifi-
cally delivered during the abundant-riffles state to (1) ensure
optimal habitat conditions and increased community resist-
ance and (2) prevent unpredictable flow permanence, which
would gradually lead to a perennial-like community com-
position. Additional baseflows should be delivered during
prolonged dry periods to re-establish a normal-predictable
disconnected-pools state, ensuring community survival and
successful recovery after flow resumption. Relatively low
flows can provide optimal habitat conditions during the
abundant-riffies state, and extremely low flows are capa-
ble of maintaining disconnected pools during dry periods.
However, during prolonged dry periods, increased baseflows
should be delivered to compensate for the extreme ground-
water depletion and increased evapotranspiration. Historical
hydrological information should be additionally used for the
determination of the timing and duration of each aquatic
state, to facilitate the development of an annually-repeating
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environmental flow regime. In conclusion, IR-adapted EFAs
should provide the optimal habitat conditions necessary
to ensure increased community resistance and successful
recovery rates in an often extreme, but naturally variable
aquatic environment.
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