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Table S1. SPHY model (see Section “Scale and scenario setting”) input type and their values for the
generation of the surface runoff for the river network in the considered case study area.

Map Source

Dem Cantabrian Government/EU-DEM
Latitude European Space Agency (ESA)
Top soil Field capacity (SW1, ¢) HiHydroSoil Database

Saturated water content (SWy, sat)
Wilting point (SW1, pr3)
Permanent wilting point (SW1, pra.2)
Saturated conductivity (Ksat, 1)
Sub soil Field capacity (SW, ¢) HiHydroSoil Database
Saturated water content (SW5, sat)
Saturated conductivity (Ksat, 2)
Land use IHCantabria
Climate Precipitation IHCantabria

Temperature (min, mean, max)

Model parameter Physical meaning of model parameter Initial value

SW3, sat Saturated water content in groundwater zone (mm) 300

Ogw Delay in groundwater recharge (days) 119.697

BFiresh Minimum value for baseflow to occur (mm) 0

Olgw Parameter of baseflow days: alphaGw = 2.3/x (x = nr. Of 0.051
baseflow days)

vl Specific aquifer yield (m/m) 0.05

kx Recession coefficient of routing 0.5
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Table S2. Variation of the environmental parameters for the present (1980-2012) and future (2041-2070)
time periods considered in the study.

Basin P (mm/year) Tmean (2C) Kc ETa (mm/year) Qmean (M3/s)
1980-2012 1531 8.5 0.78 566 13.20
2041-2070 1387 10.1 0.84 614 9.90
Variation -9% 1.62C 8% 9% -25%

The hydrological model’s performance during calibration was analysed based on the Nash-Sutcliffe
efficiency (LOG NSE) between observed and simulated flow. The performance of the SPHY model in
the Pas catchment was done using the Puente Viesgo gauge station (period 01/01/1996 to
31/12/1998) and showed good calibration performance (log NSE =0.74). In addition, the model
validation was assessed based on the LOG NSE and the percentage of Bias (PBIAS) from the observed
mean flow. The validation analysis was done using the Puente Viesgo gauge station data for the period
01/01/1980 to 30/09/2007 and the results (LOG NSE = 0.75 and PBIAS = -7.28) confirmed the
validity of the parameter values established through the calibration process.

Table S3. Percentage cover for each class and each scenario considered in the optimization simulation.

Land cover type PR Baseline CC_BAU CC_BGIN
Broadleaf forest 16% 18% 25%
Coniferous forest 3% 3% 3%
Scrubs and Shrubs 45% 55% 48%
Pasture and grassland 29% 18% 19%
Agricultural land 4% 3% 2%
Denuded rock, bare land 0,5% 0,5% 0,5%
Urban areas & Human-derived activities 3% 3% 3%

Wetlands and water-associated ecosystems 0,5% 0,5 0,5%
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Table S4. Summary of the e-flow requirements (EFR) considered in the study. The EFR define the hydrological conditions to be conserved in the
river during the daily diversion operations throughout the year. The table shows the duration, the hydrological metric used and the month of the
year relevant for each EFR. Legend: %MMF = percentage value of mean monthly flow; Qm7 = 7 times the median annual flow; Q75 = the flow
value that is exceeded 25% of the time; %MYF = percentage value of the mean yearly flow.

Supporting ES EFR Duration Oct Nov | Dec Jan Feb | Mar | Apr | May | Jun Jul Aug | Sept
Provision of habitat .o ion Ria Month 35% MMF
conditions for fish
ES 2 events (1
R1b >Qm7
per month)
Spawning R2 Month
Hatching R3a Month 55% MMF
R3b 27 days <Qm7
Recruitment R4 Month
Life-supporting
conditions for
macroinvertebrates R5 5 events
ES
Primary
productivity ES R6 70 days
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Section B

S5. Human water supply objective

The aim of this objective Og, is the maximization of the yearly water supplied for human use. No limitation
to the water volume for human use has been set but rather the objective aims to identify the highest river
water volume that can be extracted, meaning the delivery capacity of the river can be assessed.

The condition is valid for each point in the basin, hence accounting for the local volumetric capacity at
each considered location in the basin. The objective function has hence been expressed as a minimization
function of the difference between the total water volume provided by the river and the total diverted

water from the river:

Os: min f(y) =V - VP (1)
Where:
VR total natural water volume per year that is available at a specific point z
in the river, in m3per year;
vp total diverted water volume in m? per year, represents the maximum

total abstraction volume per year at a specific point z (corresponding
with a RS).

The total volume of natural flow and diverted flow is defined as follows:

— 5
VR = ;'3:61(351' "T) (2)
VP =380 0 (3)
Where:

i€e{l,..,365} days of the year;

X; natural flow (m3/s) at day i of the year, x; € R{. Represents the value of the
natural flow (m3/s) in the river at day i and is defined by the input scenario. This
value doesn’t change throughout the optimization process;

Vi diverted flow (m3/s) at day i of the year, y; € R{. Represents the portion of river
flow (m3/s) that is diverted from the river. It is randomly generated at each
generation;

T constant, referring to the daily time-frame of diversion (considered 24 h);

Subject to:
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Daily diverted discharge limit
0<y; <x (4)

S6. Ecosystem services objectives

The ecosystem services (ES) objectives considered in this study: habitat conditions provisions for fish at
different life-stages ES (O%s), provision of conditions for macroinvertebrates taxa richness ES (0Z;) and
primary productivity ES (035) are represented by the aggregation of six optimization indicators (i.e. Ogq,
Ogr2, Or3, Oga, Ogs, Ogg). This section provides the description of the optimization functions defining the
optimization indicators. The optimization equations presented below are expressed as minimization
functions of the sum of the scores for each e-flow requirement. For modelling convenience each indicator
has been fragmented in sub-equations, hence the equations are presented as they were incorporated in

the optimization model.

Optimization objectives for habitat condition provision for fish life-stages ES ( 0,155)
Oks = Ogy + Oy + Ogz + Ogy (5)
Let q; == x; — y; be the residual water flow (m3/s) in the river (the difference between x; and y; and

represents the portion of the river flow that remains in the river after diversion), the Oy, optimization
objective for fish migration is defined as follows:

Ogi: min f(q) = Ogq + Of; + 034 (6)
1. _ 2™ wherei € a (7)
Or1: f1:1(q) = . 1
R1;1 0, Vi, if - ap>>0, i€
St =1 . (8)
t 235 otherwise
h
Where
st score value for the day i, when i € .77;
A set of days of the year relevant for R1;1;
a; subset of .77, containing Sl-Rl;1 > 0 values;
n number of days in the set a;, n € N*;
a,}s;s reference value for the discharge threshold (in m3/s) corresponding to the 35% of the mean

monthly flow value for the given hydrograph h.

n SRl;Z
Of1: fi2(q) = MTL where i € a, (9)
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R12 0, Vi, ifq—a®>>0,i€.2%
S =1 _a . (10)
L 235 otherwise
h
Where:
SiRl"Z score value for the day i, when i € .2%
73 set of days of the year relevant for R1;2;
a, subset of .3, containing SX%% > 0 values
n number of days in the set a,, n € N*;
01,5;5 reference value for the discharge threshold (in m3/s) corresponding to the 35% of the mean
monthly flow value for the given hydrograph h.
3 _ CR1;3 (11)
Ori: fi3(@) =S*"
GR13 _ { 0, Vi, if NRU3 > Bpi€ay 12)
Pn— o, otherwise
NR1;3 = Zilinﬁh l € /é (13)
Where:
SR1:3 score value for the R1;3;
NRL3 number of days i, resulting from the set . /% , that satisfy the condition;
73 set of days of the year relevant for R1;3;
as subset of .7z, containing SiRl;?’ values;
w max f[ az] is the maximum of the set a3;
I indicator function, takes the value of 1 or 0 respectively if the condition is satisfied or not;
By reference value for the discharge threshold (in m3/s) corresponding to seven times the
median annual flow value for the given hydrograph h;
Br constant, number representing the optimal occurrence of events for the promotion of R1;3,
Br € N7;
The Og, optimization objective for fish spawning is defined as follows:
Opz: min f(q) = Ok, + Ok, (14)
n gRz1 .
0}, : for(@) = MTL where i € by (15)
R21 0, Vi, if g —a;’>0, i€
St = qdi . (16)
t 50 otherwise
h
Where:
sz‘l score value for the day i, when i € 74;;
By set of days of the year relevant for R2;1;
by subset of 23;, containing SiRZ‘1 > 0 values;

n number of days in the set b;, n € N*;



Supplementary Materials - Section B

50

Where:

S-RZ;Z
73]
b,

n

a;®

reference value for the discharge threshold (in m3/s) corresponding to the 50% of the mean
monthly flow value for the given hydrograph h.

n R2;2

Y ,
Okz: fo(@) = ”TL where i € b, (17)
koo 0, Vi, if ¢ —a;’ >0, i € %
S0 = _ . (18)
50 otherwise

score value for the day i, when i € 73,;

set of days of the year relevant for R2;2;

R2;2

subset of ©4,, containing S; > 0 values;

number of days in the set b, n € N*;

reference value for the discharge threshold (in m3/s) corresponding to the 50% of the mean
monthly flow value for the given hydrograph h.

The Og; optimization objective for fish hatching is defined as follows:

Where:

R3;2
Si
&

C2

Ogs:  min f(q) = Ogs + Ofs + O3 + Oks (19)
1 i :
Orz: f31(q) = ==—— where i € ¢; (20)
R3;1 0, Vi, ifqi—a,515>0,ie?)l
Si T = _ qi i (21)
as® otherwise

score value for the day i, when i € @;

set of days of the year relevant for R3;1;

subset of @, containing SiR?"1 > 0 values;
number of days in the set ¢;, n € N*;

reference value for the discharge threshold (in m3/s) corresponding to the 55% of the mean
monthly flow value for the given hydrograph h.

n R3;2

Oks: fa2(q) = —i=1;i where i € c; (22)
2 _ [0 Vi, if G-y’ >0,i€7
a’ﬁs' otherwise

score value for the day i, when i € &,;

set of days of the year relevant for R3;2;

R3;2

subset of ‘@,, containing S > 0 values;

number of days in the set c,, n € N*;
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55

Where:
gR3:3

Where:
R3;4
Si+w

R3;4
Ni+w

“

~

B

reference value for the discharge threshold (in m3/s) corresponding to the 55% of the mean
monthly flow value for the given hydrograph h.

n R3;3

n .S .
033: fa33(q) ===+ — 1nl where i € c3 (24)
R3:3 0, Vi, ifqg—a;®>>0,i€ 7
SF33 = 4 . (25)
P otherwise

score value for the day i, when i € 3;

set of days of the year relevant for R3;3;

subset of 3, containing SLR3"3 > 0 values;
number of days in the set c3, n € N*;
reference value for the discharge threshold (in m3/s) corresponding to the 55% of the mean

monthly flow value for the given hydrograph h.

O3+ fau (@) =w.— S where i+ w € (26)
w £ NR3;4
St = { k3 Y NTE = we (27)
o {N i otherwise
NB* = 3w lain=pn i+we G, we{o,..,27} (28)

reference factor for fish hatching score;

number of days i, when i + w € @, that satisfy the condition;

set of days of the year relevant for R3;4 ;

indicator function, takes the value of 1 or 0 respectively if the condition is satisfied or not;
number of consecutive days representing the optimal time length for R3;4;

constant, target number of days for R3;4;

reference value for the discharge threshold (in m3/s) corresponding to seven times the
median annual flow (7mQ) for the given hydrograph h.

The Og,4 optimization objective for fish recruitment is defined as follows:

Where:
gR%1

Ops: min f(q) = Oks + OFy + OR4 + Ogs + Oy (29)
n gR41 ,
Ors: fan(@) = MTL where i € dq (30)
S =119 . (31)
> otherwise

score value for the day i, when i € &
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n
dy
n

o

Where:

R4;4
S:

N

set of days of the year relevant for R4;1;

subset of ¢/, containing Sf”"l > 0 values;
number of days in the set d;, n € N*;

reference value for the discharge threshold (in m3/s) corresponding to the 55% of the mean
monthly flow value for the given hydrograph h.

n R4;2

03,: fa2(q) = % wherei € d, (32)
R4z 0, Vi, ifq—a;°>>0,i€
St =441 _ . (33)
> otherwise

score value for the day i, when i € &;

set of days of the year relevant for R4;2;

R4;2

subset of &4, containing §; > 0 values;

number of days in the set d,, n € N*;

reference value for the discharge threshold (in m3/s) corresponding to the 55% of the mean
monthly flow value for the given hydrograph h.

n 584:3 )
ORe:  faz(@) = MTL where i € d3 (34)
R4;3 0, Vi, ifqi—a25>0,ie@3
ag® otherwise

score value for the day i, when i € Cs;;

set of days of the year relevant for R4;3;

R4;3

subset of ¢4, containing §; > 0 values;

number of days in the set d;, n € N*;

reference value for the discharge threshold (in m3/s) corresponding to the 55% of the mean
monthly flow value for the given hydrograph h.

4 ?—1584;4 [
Ofs: fra(q) ===L— where i € d, (36)
Riia 0, Vi, ifq—a;° >0, i€,
Si = a4 . (37)
a® otherwise

score value for the day i, when i € &J,;

set of days of the year relevant for R4;4;
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Where:
S_R4-;5

R4;4

subset of &, containing §; > (0 values;

number of days in the set d,, n € N*;

reference value for the discharge threshold (in m3/s) corresponding to the 55% of the mean
monthly flow value for the given hydrograph h.

5 Tl—15m;S .
Ora:  fas(q) ==— where i € ds (38)
R4;5 0, Vi, ifqi—a,§5>0, i € O
ST =91-9L ) (39)
as® otherwise

score value for the day i, when i € C;
set of days of the year relevant for R4;5;
subset of ¢/, containing SL-RA‘;5 > 0 values;
number of days in the set ds, n € N¥;

reference value for the discharge threshold (in m3/s) corresponding to the 55% of the mean
monthly flow value for the given hydrograph h.

Optimization objective for hydrological conditions for macroinvertebrates’ taxa richness ES ( 0,255)

The OZ; corresponds to the value of the Ogs:

Where:

sRs

Ogs: min f(q) =1 -5 i€ @ (40)
YR, i R5 > i € &
SRS fs(q) = {NRS N = VroL € (41)
’ otherwise
NRS = Zilqizyh l E % (42)

reference factor for R5;

number of days i, when i € < that satisfy the condition;

indicator function, takes the value of 1 or 0 respectively if the condition is satisfied or not;
set of days of the year relevant for R5;

constant, number representing the optimal occurrence of events for the promotion of R5,
Yr €N

reference value for the discharge threshold (in m3/s) corresponding to the 75-percentile
flow (Q25) value for the given hydrograph h.

Optimization objective for primary productivity ES ( O%s)

The 03, corresponds to the value of the Ogg:
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R6
Situ

Ope: min f(q) =1—= itue. 7 (43)
R
OR, H NR6 > P c g
SE fe(@) = { VRS YNz opitue s (44)
’ otherwise
NR6 = Zilqi+uza,{° i+ue . uef0,..,70} (45)
Where:
RS, reference factor for R6;
NRe total number of days i, when i + u € .7 that satisfy the condition;
I indicator function, takes the value of 1 or 0 respectively if the condition is satisfied or not;
u range of days representing the optimal time length for R6;
T set of days of the year relevant for macrophytes seedling survival;
OR constant, number representing the optimal number of days for the promotion of primary
producers density and growth, oz € N*;
aﬁo reference value for the discharge threshold (in m3/s) corresponding to the 10% of the
average yearly flow calculated from the historical flow record.
s t=850
t=900
101 ..
— t=1000 (*)
Af
100 .
0 -
0 200 400 600 800 1000
Generation

Figure S1. The Running Metric Indicator (Blank & Deb, 2020) for a test RS simulation. The Af indicator measures the convergence
of the objective space at each generation.
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Figure S2. Maps showing the spatial distribution of the optimization objective scores for the Habitat condition provision for fish life-stages ES under each considered scenario.
Values closest to zero indicate best achievement of the objective at a specific RS. The classification scheme follows the quantile chromatic classification approach: Red shades =
highest scores (worst results), light-green shades = lowest scores (best results). Note: each map presents min-max values that differ from each other as figure aim is to highlight
scenario-specific spatial variation of the scores.
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Figure S3. Maps showing the spatial distribution of the optimization objective scores for the life-supporting conditions for Macroinvertebrate taxa richness ES under each
considered scenario. Values closest to zero indicate best achievement of the objective at a specific RS.
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Figure S4. Maps showing the spatial distribution of the optimization objective scores for the Primary productivity ES under each considered scenario. Values closest to zero indicate
best achievement of the objective at a specific RS. The classification scheme follows a quantile chromatic classification approach: Red shades = highest scores (worst results), light-
green shades = lowest scores (best results). Note: each map presents min-max values that differ from each other as figure aim is to highlight scenario-specific spatial variation of
the scores.
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Figure S5. Monthly averaged optimized instream flow for the PR scenario (2006) using the quantile (25-100%) classification method: yellow=low discharge values; dark green=high

discharge values).
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Figure S6. Monthly averaged optimized instream flow for the CC_BAU 2041 scenario using the quantile (25-100%) classification method: yellow=low discharge values; dark
green=high discharge values).
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Figure S7. Monthly averaged optimized instream flow for the CC_BGIN 2041 scenario using the quantile (25-100%) classification method: yellow=low discharge values; dark
green=high discharge values).
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Figure S8. Monthly averaged optimized instream flow for the CC_BGIN 2070 scenario using the quantile (25-100%) classification method: yellow=low discharge values; dark
green=high discharge values).
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Figure S9. Monthly averaged optimized instream flow for the CC_BAU 2070 scenario using the quantile (25-100%) classification method: yellow=low discharge values; dark
green=high discharge values).
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Figure S10. Heatmap showing the average optimized discharge (in m3/s) value (on the x-axis) for each month (on the y-axis) for
the 2041 BGIN_CC scenario. On the right-hand side of the box a colour-based classification of the frequency of appearance of
each value range; on top of the box a regular box-plot shows the yearly quartiles, extremes and outliers.
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Figure S11. Heatmap showing the average optimized discharge (in m3/s) value (on the x-axis) for each month (on the y-axis) for
the 2041 BAU_CC scenario. On the right-hand side of the box a colour-based classification of the frequency of appearance of each
value range; on top of the box a regular box-plot shows the yearly quartiles, extremes and outliers.
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Figure S12. Heatmap showing the average optimized discharge (in m3/s) value (on the x-axis) for each month (on the y-axis) for
the 2070 BGIN_CC scenario. On the right-hand side of the box a colour-based classification of the frequency of appearance of
each value range; on top of the box a regular box-plot shows the yearly quartiles, extremes and outliers.
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Figure S13. Heatmap showing the average optimized discharge (in m3/s) value (on the x-axis) for each month (on the y-axis) for
the 2070 BAU_CC scenario. On the right-hand side of the box a colour-based classification of the frequency of appearance of each
value range; on top of the box a regular box-plot shows the yearly quartiles, extremes and outliers.
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Figure S$14. Location of the representative points in the
basin elicited for results presentation and discussion.
Complete optimization results available at
https://doi.org/10.6084/m9.figshare.19636449.v4
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Figures S15-S16. Flow series showing the daily profile of the discharge (in m3/s) optimized for diversion (light blue thin line) plotted with respect to the river natural discharge
(purple background shape) for the each of the four RS locations analyzed under the Baseline 2006 (PR) scenario (top) and 2041 BAU_CC scenario (bottom). More pronounced
differences between the lines indicate the highest trade-off periods between the natural discharge and water for municipal use.
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Figure S17-S18. Flow series showing the daily profile of the discharge (in m3/s) optimized for diversion (light blue thin line) plotted with respect to the river natural discharge
(purple background shape) for the each of the four RS locations analyzed under the 2070 BGIN_CC (top) and 2070 BAU_CC scenario (bottom). More pronounced differences
between the lines indicate the highest trade-off periods between the natural discharge and water for municipal use.
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