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Abstract: Wetlands, which are greatly associated with intensive ecological services and high rates of biological diversity and 
ecological reserve, depend very much on prevailing flow conditions and hydrologic alterations in river systems that 
supply water to the wetland area. Alterations in flow regimes due to changing climatic conditions and/or 
anthropogenic impacts (e.g., damming, regulated water release, changing land uses, etc.) make diverse and 
considerable impacts on ecosystem sustainability for wetlands, thus need to be quantified for unfolding the observed 
(or predicted) degrees of connected changes in ecological flow conditions. This quantification is, however, 
problematic for stream reaches with inadequate or no records of measured flows. The presented study implements a 
holistic approach for comparing ecological flow conditions and detecting alterations between subsequent time periods 
for a number of wetlands along the Mediterranean transect of Turkey, which primarily lack flow measurements in 
associated stream reaches. In the approach, time series data of monthly flows for ungauged locations, which are 
selected at stream entrance points for different wetlands, are first generated by employing the logic that is behind the 
Massachusetts Sustainable-Yield Estimator (MA-SYE) tool and is based on a number of regression relationships with 
a defined set of catchment characteristics and also between different flow quantiles. Synthetic time series for monthly 
flows are later used in computing monthly series of environmental flows through a desktop estimation approach. 
Inter-periodic comparisons for environmental flow series between subsequent and equi-length time periods help 
display observed alterations in ecological states of the investigated set of Mediterranean wetlands. 
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1. INTRODUCTION  

Wetlands in regards to their ecological functioning accommodate significant rates of ecological 
biodiversity and involve intensive ecological services. This normally makes these areas 
substantially dependent on hydrologic/hydraulic conditions in the catchments and alterations in the 
hydrology of rivers feeding these wetland systems. Major changes in the river hydrology may result 
normally from a changing regional climate or be the consequence of anthropogenic interventions 
over the river system. They are greatly associated with substantial impacts on ecosystem 
sustainability. In this respect, there are strong needs toward the identification and quantification of 
such variations from on-going hydrologic conditions also with the aims of estimating the connected 
changes in ecological conditions. 

This quantification is, however, not straightforward for many rivers due to inadequacy or lack of 
flow measurements. The presented study implements a holistic approach first for generating 
synthetic time series of river flows at ungauged locations and then assessing ecological flow 
conditions through estimations of environmental flows for the wetland systems investigated. The 
process of generating synthetic flow series depends on the similarities of catchment characteristics 
in the region and the representativeness of the flows recorded in the reference stations, which are 
distinguished from a wider set of stream flow monitoring locations marked with sufficiently long 
gauge records. 
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2. CASE-STUDY, SOFTWARE AND DATA SOURCES 

The study for assessing ecological conditions of wetland systems in terms of environmental flow 
quantities received by these systems was conducted on the case-study sites selected from the 
Mediterranean region in Turkey, including the river basin systems in West Mediterranean, Antalya 
and East Mediterranean Basins (Figure 1). The significance of the Mediterranean wetlands 
originates from the foresights involved in climate change related assessments that describe the 
Mediterranean transect of Turkey with high concerns in relation to the expected negative impacts 
under the changing climate conditions. 

 

Figure 1. Case-study basins (West-, East-Mediterranean and Antalya) in the Mediterranean region of Turkey. 

Monthly discharge data on river flows for 28 monitoring stations (6 in West Mediterranean, 9 in 
Antalya and 13 in East Mediterranean basin systems) (see Figure 2) were acquired from the data 
yearbooks previously published by the Electric Power Resources Survey and Development 
Administration (EIE, partly assigned under the State Hydraulic Works as of the year 2011). Land 
cover data for computing stocks of different land cover types inside drainage basins were obtained 
from the Corine Land Cover (CLC) dataset produced by the Turkish Ministry of Environment and 
Urbanization. Software tools which were employed for performing the intended study mainly 
included the Global Environmental Flow Calculator (GEFC) software, which was developed in 
collaboration of the International Water Management Institute (IWMI) and the University of New 
Hampshire, ArcGIS software by ESRI and the Excel software of the Microsoft Corporation. 

3. METHODOLOGICAL FRAMEWORK AND APPLICATION  

3.1 Estimation of monthly stream flow for ungauged stream locations 

For generating estimates of monthly flow time series, the methodological rationale and the 
analytical approach described for/embedded in the Massachusetts Sustainable-Yield Estimator 
(MA-SYE) tool was utilized (Archfield et al., 2009). First, a number of physical and meteorological 
basin characteristics, which included, among few others, the sizes of drainage areas upstream of the 
monitoring stations with gauged flow information, the maximum, minimum and mean elevations 
inside these areas, slope averages, geospatial coordinates for the stations, drainage area centroids, 
outlets, the relative shares of forested and open water land covers, average annual precipitation, 
average maximum temperature, etc. (Figure 2), were calculated through convenient spatial 
operations (Table 1). Stream flow quantiles associated with the 0.000062, 0.01, 0.05, 0.2, 0.4, and 
0.8 probabilities of exceedance in the flow duration curves of the gauged stream flow monitoring 
locations were regressed against this set of basin characteristics. As described in the MA-SYE 
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approach, natural-log transformations of the stream flow quantiles (each obtained separately from 
the 28 gauged stations) as dependent variables and physical/meteorological basin characteristics 
(grouped sets for the gauged stations) as independent explanatory variables were employed for 
definitions of multivariate linear regression relationships between the variables. Table 2 indicates 
the sets of independent variables and the associated regression coefficients defined separately in 
equations for each of the stream flow quantiles that were investigated in the first round.      

 

  
 (a) (b) 

Figure 2. (a) River systems and drainage areas associated with the flow monitoring stations selected in the East-
Mediterranean Basin and (b) forested areas isolated for the drainage areas in Antalya Basin. 

After the six quantiles for stream flows were regressed against physical and climate basin 
characteristics (Figure 3a), eleven additional quantiles on corresponding flow duration curves were 
estimated for providing physical consistency and increasing the graphic precision by including 
intermediate data points for the quantile estimates (Figure 3b). This process was implemented by 
generating regression relationships in a recursive manner, by relating one quantile to another 
between two values which are assumed to be mostly relevant. For example, the stream flow quantile 
at the 80-percent exceedance probability was initially obtained by solving a quantile-based 
regression equation that is a function of basin characteristics. Then, the stream flow quantile at the 
85-percent exceedance probability was obtained by using the relation between the stream flow 
quantiles at the 80- and 85-percent exceedance probabilities. The total set of equations that allowed 
estimations for the additional data points on the flow duration curves are listed below: 

ln(Q15) = 0.16345 + 0.99465 * ln(Q20)  (1) 

ln(Q10) = 0.27214 + 0.97449 * ln(Q15)  (2) 

ln(Q30) = 0.30510 + 0.98962 * ln(Q40)  (3) 

ln(Q50) = -0.28431 + 0.99944 * ln(Q40)  (4) 

ln(Q60) = -0.29922 + 1.00662 * ln(Q50)  (5) 

ln(Q70) = -0.43962 + 1.04648 * ln(Q60)  (6) 

ln(Q85) = -0.15462 + 1.01351 * ln(Q80)  (7) 

ln(Q90) = -0.19844 + 1.02271 * ln(Q85)  (8) 

ln(Q95) = -0.16981 + 1.00446 * ln(Q90)  (9) 
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ln(Q99) = -0.54721 + 1.12050 * ln(Q95)  (10) 

ln(Q100) = -0.24125 + 1.06296 * ln(Q99)  (11) 

Table 1. Physical and meteorological drainage area characteristics computed for the gauged stream flow stations 

Parameter / Station 808 809 811 812 815 818 902 ... 
Drainage area, in square kilometers 2,175.50 551.48 3,852.72 5,004.22 2,477.45 285.55 1,948.14 
Mean basin elevation, in meters 1,559.78 1,537.44 1,291.40 1,260.91 1,082.54 1,232.71 1,315.84 
Maximum basin elevation, in meters 3,070 2,707 2,576 2,576 2,982 2,982 2,988 
Minimum basin elevation, in meters 362 1,129 668 148 19 68 134 
Percent of basin with highlands 100 100 100 100 91 98 100 
Elevation at the outlet of the station, in 
meters 

362 1,129 668 148 19 68 134 

Slope, in percent rise 25.96 21.73 20.58 23.54 27.79 28.91 35.16 
X-coordinate at the station, in meters 647,316 602,702 562,621 547,264 577,953 581,733 749,491 
Y-coordinate at the station, in meters 4,454,928 4,494,710 4,527,808 4,508,148 4,443,682 4,453,831 4,523,718 
X-coordinate at the center of the basin, 
in meters 

632,133 
 

613,683 599,794 591,312 593,325 594,432 749,986 

Percent of basin that is forested 
... 

6.96 2.40 19.75 25.76 28.55 50.14 28.42 

 

Table 2. Coefficients of the regression relationships between quantile estimates and drainage area characteristics 

Basin Independent Variables Exceedance Probability 
0.00062 0.01 0.05 0.2 0.4 0.8 

Constant term -849.619 -529.790 -705.079 -898.909 -951.449 -1397.27 
Drainage area (km2) 0.524 0.854 0.650 0.542 0.534 - 
Maximum basin elevation (m) - -6.416 - - - - 
Minimum basin elevation (m) - - - -0.367 -0.440 - 
Slope (%) - - - - - -3.864 
X-coord. at the station (m) - - 2.066 1.532 1.355 - 
X-coord. at the center of the basin (m) 2.017 - - - - 2.343 
Y-coord. at the center of the basin (m) 51.635 34.986 41.729 55.706 59.245 85.732 
Average annual precipitation (mm) 4.093 6.735 5.709 3.967 4.043 6.440 
Average min. temperature (oC) - -0.850 - - - -0.469 
Average max. temperature (oC) 1.984 - - - - 9.215 
Percent of basin that is open water - - - -0.180 -0.220 - 

 
The starting point of the intended study was to allow environmental flow assessments for the 

wetlands receiving water from the ungauged river systems. The rationale behind this approach was 
to generate synthetic flow time series for a number of virtual monitoring locations identified in the 
upstream to the wetlands of interest through certain defined relationships, with a set of reference 
monitoring stations available with flow records, based on geographic representativeness and similar 
basin characteristics. For this purpose, a selection of a number of candidate locations for positioning 
the virtual stations was performed (Figure 4) and the corresponding physical and meteorological 
basin characteristics were obtained from the spatial analyses conducted in the drainage catchments. 
This allowed computing the first six quantile points on the flow duration curve for each individual 
virtual location. The additional quantiles were then recursively generated by using the inter-quantile 
regression equations as defined in Figure 3b.  

In the next step before translating flow duration curves of the virtual stations into the time series 
by the use of reference monitoring stations which relate most to the virtual locations, Pearson 
correlation coefficients were computed mutually between all possible pairs of the gauged stations to 
obtain point correlations in each layer that indicate correlation values of any selected gauged 
monitoring point to the rest. These point layers for each individual gauged station were then 
spatially interpolated into correlation surfaces. The values in a virtual station were then queried in 
all computed correlation surface layers for assigning a gauge station that is mostly correlated to the 
virtual location to each of the virtual stations. In Figure 5, the point location of the virtual station 1, 
for example, received the highest correlation value from the correlation surface valid for the station 
809 (computed r value as 0.926). In this manner, all virtual locations were paired with a gauged 
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station that proved to be mostly correlated. 
 

  
 (a) (b) 

Figure 3. (a) Quantile data points regressed against basin characteristics, and (b) the points densified through inter-
quantile regressions. 

 

Figure 4. Locations of the selected virtual stations with respect to the actual gauged stations. 

Following these designations, monthly virtual time series of the virtual stations were generated 
by using the QPPQ method (Fennessey, 1994; Hughes and Smakhtin, 1996; Smakhtin, 1999; 
Smakhtin and Masse, 2000; Mohamoud, 2008). In implementing the method, each individual data 
value on the graph of monthly discharges for the gauged reference station was considered for 
computing the corresponding probability of exceedance from the flow duration curve for the 
reference station. From the curve previously estimated for the virtual station, the discharge value 
associated with the same exceedance probability were extracted and placed as a new data point over 
the time series generated for the virtual location. The process was repeated until each monthly value 
is placed in the time series (Figure 6).  

 

 

Figure 5. An example for the mutual correlation degrees computed for the virtual station 1 assigned for the Golhisar 
lake wetland. 
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Figure 6. Implementation of the QPPQ approach for generating monthly discharges of the virtual station for Golhisar 
lake wetland by using the discharges recorded at the selected reference station 809. 

3.2 Estimating environmental flow capacities for ungauged stream locations 

Virtual time series for monthly discharges at ungauged locations are useful for investigating 
environmental flow capacities which are necessary for preserving biodiversity and sustaining 
ecosystem functioning of the wetlands systems analyzed. These assessments were implemented 
with the so-called desktop approach through the use of the GEFC software. In GEFC, it is possible 
to define targeted or predicted degree of environmental management in forms of environmental 
management classes (EMCs). EMCs can be explained as prescribed or negotiated conditions in 
which wetland ecosystems are desired to be maintained or upgraded to (Acreman and Dunbar, 
2004). EMCs differ in six classes ranging from class A to represent pristine conditions or minor 
modifications in habitat to class F to indicate critical modifications in the ecosystem with almost 
total loss or natural habitat and biota. In the presented study, capacities of environmental flows for 
the investigated wetland systems were estimated in forms of environmental flow monthly time 
series, considering all six EMC classes to provide assessments in a wide range of environmental 
conditions. Figure 7 shows the monthly river flow series, which were estimated for the virtual 
station 4 close to Dalyan wetlands based on the gauge records of the river station 812, as well as the 
environmental flow series that consider different management strategies for the wetland area. 
Although the figure displays the conditions only for two EMCs, the same analysis was implemented 
for all six different strategies of environmental management and for all wetland systems studied in 
the paper. It is apparent in the case of the Dalyan wetlands that there are decreases in environmental 
flow potentials in accordance with the decreasing river discharges between the subsequent periods.   

The analyses were extended to assess alterations in environmental flow potentials estimated for 
different periods through changes in long-term averages for the months of a year. Figure 8 shows 
the changes in long-term monthly averages computed for the three wetland systems in the 
Mediterranean region. In parallel to the change indications over the periodic mean flows for Dalyan 
wetlands system as in Figure 7, a distinguishable decrease pattern is also visible in Figure 8 where 
more considerable changes associate with the months of greater flow potentials estimated for the 
within-year period from December to May. A similar decrease pattern is visible for the Golhisar 
lake, but with a comparably bigger decrease after the period 1961-1970. Some of the wetlands like 
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the Avlan lake shows rather ambiguous change patterns between the subsequent periods but again 
indicating the most limited potentials in the most recent period 1991-2000 analyzed.  

 

 
(a) 

 
(b) 

Figure 7. (a) Monthly series of environmental flow, considering (a) EMC-A and (b) EMC-B for Dalyan wetlands, 
displayed against the river flow monthly discharges . 

      
    (a) (b) (c) 

Figure 8. Graphic displays of monthly mean environmental flows computed in the 10-year periods 1961-1970,         
1971-1980, 1981-1990 and 1991-2000 for the case-study wetlands: (a) Dalyan, (b) Golhisar lake, and (c) Avlan lake. 

4. CONCLUSIONS  

Turkey’s wetlands are in general subject to substantial risks in terms of environmental flow 
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supplies due to climatic and anthropogenic impacts. Assessments for risk identification and 
reduction depend very much, however, on the availability of gauge records collected from the 
monitoring stations that sufficiently help to unfold wetland hydrology and ecosystem sustainability. 
Since the data needs are not fully satisfied for all wetland systems, or environmentally-protected 
areas in a much general sense, there are strong needs for making estimations in ungauged locations 
for providing a complete picture while performing assessments. The presented study employed a 
hydro-spatial methodology, which originated from the MA-SYE approach, for generating estimated 
series of river flows in such locations, and then the assessments were extended also to address 
ecosystem sustainability from the hydrologic point of view while providing inter-periodic 
comparisons for revealing the changes experienced.  
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