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Abstract 
 
Quantification of water quality (WQ) is an integral part of scientifically based water resources management. 
The main objective of this study was comparative analysis of two approaches applied for quantitative as-
sessment of WQ: the trophic level index (TLI) and the Delphi method (DM). We analyzed the following 
features of these conceptually different approaches: A. similarity of estimates of lake WQ; B. sensitivity to 
indicating disturbances in the aquatic ecosystem structure and functioning; C. capacity to reflect the impact 
of major management measures on the quality of water resources. We compared the DM and TLI based on 
results from a series of lakes covering varying productivity levels, mixing regimes and climatic zones. We 
assumed that the conservation of aquatic ecosystem in some predefined, “reference”, state is a major objec-
tive of sustainable water resources management in the study lakes. The comparison between the two ap-
proaches was quantified as a relationship between the DM ranks and respective TLI values. We show that 
being a classification system, the TLI does not account for specific characteristics of aquatic ecosystems and 
the array of different potential uses of the water resource. It indirectly assumes that oligotrophication is iden-
tical to WQ improvement, and reduction of economic activity within the lake catchment area is the most ef-
fective way to improve WQ. WQ assessed with the TLI is more suitable for needs of natural water resources 
management if eutrophication is a major threat. The DM allows accounting for several water resource uses 
and therefore it may serve as a more robust and comprehensive tool for WQ quantification and thus for sus-
tainable water resources management. 
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1. Introduction 
 
The most challenging problem of modern theoretical and 
applied hydroecology is to understand the fundamental 
principles of ecology for its application in effective ma- 
nagement of water resources for both hydrological avai- 
lability and water quality [1]. Quality is not absolute; the 
terms “good” or “poor” water quality have meaning only 
in relation to the use of water and the assessment of the 
user. Quantification of water quality (WQ) aims at de-
scribing the condition of a water body with reference to 
human needs. Investigations of the eutrophication phe-
nomenon in the 1960s and 1970s, resulted in quantifica-
tion of a trophic classification system [2,3]. WQ has been 

considered synonymous with ‘trophic status’ in many 
cases [4-6]. Further progress in WQ assessment is asso-
ciated with implementation of optimization approaches 
to establishment of the natural resource sustainable 
management policies contributing to conservation of 
aquatic ecosystems within some desired reference condi-
tion [1,7]. We analyze and compare two key approaches 
to WQ quantification in relation to the increasing need 
for natural water resources management. The approaches 
include:  

1) Quantitative modification of the expert panel me-
thod developed by Horton [8] and Ott [9] and integrated 
into the Delphi method (DM [10]). In the DM, the WQ 
ranking is completely defined by the needs of the water 
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resources uses and management [11]. DM has been im-
plemented to WQ assessment for several natural water-
bodies in the USA [12,13], New Zealand [14], Belarus 
[15] and Israel [16]; 

2) The trophic classification method [2] and its modi-
fication, the Trophic Level Index [4] (hereafter termed 
‘TLI’). This approach involves ranking lakes according 
to their productivity and nutrient regimes and thereby 
evaluating WQ changes based solely on trophic state 
responses to various forcing factors (e.g., nutrient load-
ing), the TLI in many cases serves as a monitoring tool 
[17-19]. 

Comparative studies of the Delphi and TLI approaches 
to WQ assessment for water resources management are 
not available in the literature. In this study, we compare 
the DM and TLI using a quantitative WQ assessment 
based on results from a series of lakes covering varying 
productivity levels, mixing regimes and climatic zones. 
The lakes include Kinneret (Israel), Stechlin (Germany), 
Naroch Lakes (Belarus) and Rotorua Lakes (New Zea-
land), all of which have extensive databases, are major 
focal points for regional lake management. We will 
search for a reply to the following questions: Do these 
conceptually different approaches provide similar esti-
mates of lake WQ? Do these approaches successfully 
indicate disturbances in the aquatic ecosystem structure 
and functioning? How well do these approaches reflect 
the impact of major management measures on the quality 
of water resources?  

 
2. Material and Methods 

 
2.1. Water Quality Assessment for Water 

Resources Management Purposes 
 

Quantitative assessment of WQ should be based on the 
following principles [11]:  

1) WQ system consists of water quality indices (WQI), 
and their permissible ranges corresponding to acceptable 
WQ.  

2) The following functional correspondences should 
be established: between the ecological values of the WQI 
(e.g. nutrient concentration or Secchi depth) and some 
numeric rating value (R): R = f(WQI); between WQI and 
the intensity of the management measures (MM. e.g., 
economic activity in the watershed and water supply): 
WQI = Φ(MM). These two relationships allow estab-
lishment of a direct relationship between WQ and the 
management measures: R = F(MM)  

3) Any system of WQ is subjective, reflecting a com-
promise between different stake holders and partners in 
water resources use and management. 

4) An established WQI system should serve as a com-
mon language for all partners using a water resource, and 
in this sense, it is a tool for water resources management. 
Quantified WQ should also serve as a management tar-
get. 
 
2.2. Brief Description of Study Lakes 
 
Lake Kinneret (Israel) is a subtropical meso-eutrophic 
lake located at about an altitude of -210 m (i.e., below 
mean sea level). The lake water level depends on cli-
matic inputs and withdrawal for water supply. Limnol-
ogy of the lake is well documented [20]. The WQ system 
for conservation of L. Kinneret was assessed with the 
Delphi method [16]. The major environmental threat to 
the conservation of the lake ecosystem is the progressive 
lowering of its water level. The most critical issue for 
lake ecosystem stability and WQ is the progressively 
increasing proportion of cyanobacteria amongst the algal 
assemblage [21] and increase of water salinity above an 
assigned acceptable level of 240 mg Cl l-1. 

The Naroch Lakes (Belarus) consist of three connected 
lakes: Batorino (eutrophic), Miastro (meso-eutrophic) 
and Naroch (oligo-mesotrophic). The Naroch Lakes has 
been intensely studied [22]. The WQ system for the 
Naroch Lakes was also established based on the Delphi 
method [15]. 

Lakes Rotorua and Rotoiti are two lakes that form part 
of a complex of volcanic lakes known collectively as the 
Rotorua Lakes, in the North Island of New Zealand. A 
Trophic Level Index is assigned from routine monitoring 
conducted in the Rotorua Lakes [19] and is used as a 
basis for the implementation and assessment of man-
agement actions for the lakes [4]. An attempt to assess 
WQ has also been made using the Delphi method for 
Lakes Rotorua and Rotoiti (Hamilton and Parparov, un-
published data). 

Lake Stechlin (Germany) is one of the few remaining 
oligotrophic clear-water lakes in Germany’s South-Baltic 
Lake District. Long-term monitoring indicates significant 
changes in the structure and function of the lake ecosys-
tem especially throughout the past two decades. The 
changes relate to a decrease in oxygen concentration in 
the deeper hypolimnion accompanied with substantial 
increase of hypolimnetic phosphorus concentration, and 
a trend of increasing of chlorophyll a concentration 
[23,24]. An attempt to assess WQ based on the Delphi 
method for Lake Stechlin has recently been completed 
(Kasprzak, unpublished data).  

Relevant limnological properties of the study lakes are 
summarized in Table 1. In this study we use the follow-
ing data sets: for Lake Kinneret - 1991 to 2008, Naroch  
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Table 1. Limnological variables for the study lakes. For the Naroch Lakes, the first value relates to the period from 1979 to 1982 and 
the second to the period from 1988 to 2000. 

Lakes 

Naroch Lakes† Rotorua Lakes£ Parameters 
Kinneret₪ 

Naroch Miastro Batorino Rotoiti Rotorua 
Stechlin€

Surface area, km2 160 79.6 13.1 6.3 33.5 80 4.3 

Average depth, m 22-24* 8.9 5.3 2.8 31.5 10.5 22.8 

Secchi depth, m 2.3 5.1/6.1 1.7/3.8 0.8/1.1 5.3 2.4 8.5 

Total Nitrogen mg l-1 0.6 0.9/0.4 1.1/0.7 1.6/0.9 0.3 0.3 0.45 

Total Phosphorus µg l-1 20 28/16 52/34 84/44 26 32 10 

Chl a, µg l-1 18.0 4.9/2.0 20.0/4.9 50/31 6.7 11.7 1.0-4.0 

Primary production,  
g C m-2 yr-1 

650 78/81 142/218 140/200 431 800 110-205 

*- depending on climate conditions; ₪ - [20,30]; † - [22]; £ - [31,32]; € - [23,24] 
 
Lakes - 1979 to 2008, Rotorua Lakes - 1990 to 2005, and 
Lake Stechlin - 1992 to 2006.  
 
2.3. Methodology of Trophic Level Index and 

Delphi Methods of Water Quality  
Assessment 

 
In the DM, WQ has five grades: from “very bad” (Rating 
0 to 20) to “excellent” (Rating 80 to 100) [10,14]. The 
correspondence between the ecological values of WQI 
(e.g., nutrient concentration or Secchi depth) and some 
numeric Rating value (0 < R < 100) was established in a 
form of a rating curve. Long-term monitoring data, in-
cluding frequency distributions, means and standard de-
viations of limnological parameters in the studied lakes 
were provided to separate expert panels for each lake. 
The experts assessed the “reference state” for each lake 
as a set of variables corresponding to time periods when 
lake water resource was suitable for all purposes (e.g., 
domestic water supply, recreation, fisheries). The panels 
were asked to choose about 10 parameters most indica-
tive of WQ in the studied lakes, and to construct rating 
curves for each parameter, spanning the entire range of 
values observed in the lake. “Acceptable ranges” for the 
separate water quality indices were restricted to the range 
60-100. Rating curves from individual panel members 
were averaged for each index. Piece-wise approxima-
tions of ratings and parameter values were used to con-
struct graphic presentations of the temporal dynamics of 
the WQIs [16]. 

In the TLI, lake trophic state is classified by seven 
types: from “ultramicrotrophic” (rank 1) to “hypertro-
phic” (rank 7) [2,4]. Traditionally, the users of the TLI 
establish a correspondence between trophic status and 
water quality, i.e., by default oligotrophic lakes are con-
sidered to be of “good” water quality, and eutrophic 
lakes of “bad” water quality. Initially, the TLI system 
included three indices: Secchi depth (SD), concentrations 

of total phosphorus (TP) and chlorophyll a (Chl) [2]. 
This system has subsequently been supplemented with 
total nitrogen (TN) concentration [4]. The correspon-
dence between ecological and Trophic Level values for 
individual indices (TLi) was established in the form of a 
logarithmic function connecting the TL to four “trophic” 
parameters [2,4]: 

TLi = ai + biLOG(Pari)          (1) 

where ‘i’ varies from 1 to 4, Pari means SD, TN, TP and 
Chl, and ‘a’ and ‘b’ are coefficients. 

For the objectives of this study, the TL varies from a 
value of 2 (oligotrophic = “excellent”) to 7 (hypertrophic 
= “very bad”) (we omitted the grade of 1, ‘ultramicro-
trophic’, as irrelevant for this study). A similar corre-
spondence in the DM is described by the rating curve R 
= f(WQI), in which the values of the WQ rating vary 
from 100 (“excellent”) to 0 (“very bad”). The compari-
son between two systems was quantified as a relationship 
between the DM ranks and respective TL values:  

R[TL] = 140 – 20*TL          (2) 

The permissible range of the WQI can then be defined 
from the following expression: 60 ≤ R[WQI] ≤ 100 

We assumed that the conservation of aquatic ecosys-
tem in some predefined, “reference”, state is a major 
objective of sustainable water resources management in 
the study lakes. For the objectives of this study we used 
an operational definition of “sustainable management” 
suggested earlier [15], where water resources manage-
ment should allow use of water resources while main-
taining the quality of the resource in question within de-
fined permissible ranges, i.e.,  
{WQIL < WQI < WQIH}{MML < MM < MMH}   (3) 

where ‘L’ and ‘H’ correspond to the lower and upper 
permissible values of the WQ index and Management 
Measure, and  means correspondence. The set of 
management measures corresponding to (3) forms the 
basis for a “sustainable management policy”.  
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In the TLI, an aggregated WQ (TLI) is calculated as 
an arithmetic mean of four “trophic” indices [4]: 

TLI = (TLChl+ TLSD +TLTP+TLTN)/4      (4) 
Accounting for (2) and (4), the TLI was transformed 

into rating values as follows: 
R[TLI] = 140 – 20*TLI           (5) 

We also compared R[TLI] with a similar arithmetic 
mean value obtained for the same trophic indices as-
sessed with the DM: 

R[DM] = (R[Chl] + R[S] + R[TP] + R[TN])/4  (6) 

where R[Chl], R[S], R[TP] and R[TN] are the rating 
values of Chl, SD, TP and TN, respectively, assessed 
with the DM. For some of the studied lakes with suitable 
databases (Kinneret, Stechlin and Naroch Lakes), R[TLI] 
was also compared with the values of the composite wa-
ter quality index (CWQI) calculated for entire set of 
WQIs established with the DM according to the formula 
[11]: 

CWQI = Σ(Ri*(R0−Ri)/Σ(R0−Rk))        (7) 

where R0 = 100, and Ri,k are the rating values for WQI i 
or k (i, k = 1, 2,…n) from the WQ system established 
with the DM.  

 
3. Results 
 
3.1. Effects of Water Resource Uses and  

Environmental Threats on Water Quality  
Assessment 

 
The multiple-use nature of water resources and the wide 
range of environmental threats require significant expan-
sion of the variables included in the conventional TLI 
system, even for the objective of diagnosing a change in 
the lake trophic state. Therefore, at the initial stage of 
WQ assessment, the expert panel, using the DM, sup-
plemented the WQI systems in all of the study lakes with 
additional WQIs beyond the four “trophic” indices in the 
TLI system. These expanded systems allowed for indica-
tions of WQ changes due to specific major water re-
source uses and associated environmental threats. The 
additional variables could be categorized generally as 

- eutrophication: given by the percentage of cyano-
bacteria in algal biomass (Lakes Kinneret and Rotorua 
and Naroch Lakes); percent of oxygen saturation in the 
near bottom water layer (Naroch Lakes and Lake Stech-
lin); total phosphorus at the end of stratification period in 
the deepest water layer (Lake Stechlin); percent of oxy-
gen saturation in surface water (Naroch Lakes); volumet-
ric hypolimnetic oxygen demand (L. Rotorua); 

- pollutants indicative of organic pollution or relevant 
to human health: number of coliform bacteria (Lake Kin-
neret and Rotorua Lakes) and BOD5 test (Naroch Lakes); 

- food supply for fishes: zooplankton biomass (Naroch 
Lakes, Lake Kinneret, Lake Stechlin and Lake Rotorua); 

- increase in salinity above accepted drinking water 
supply standards (240 mg l-1): chloride concentration 
(Lake Kinneret); 

- recreation: pH and area occupied by emergent vege-
tation (Naroch Lakes). 
 
3.2. Rating Curves and Permissible Ranges of 

WQI in DM and TLI Methods 
 
We illustrate the differences between DM and TLI by 
comparing the rating curves for Chl established for 
oligotrophic Lake Stechlin and meso-eutrophic Lake 
Kinneret (Figure 1). In the TLI, lowering of a lake tro-
phic status (i.e., decrease in Chl) is equivalent to gradual 
improvement of WQ. In contrast to this, the DM shows 
that both an increase and a decrease of chlorophyll out-
side of some ‘permissible’ range (which varies between 
lakes) should be interpreted as WQ deterioration. Similar 
distinctions could be revealed for other WQIs under con-
sideration (TN, TP and Secchi depth). This basic differ-
ence may lead to contrasting values for the permissible 
ranges for individual WQIs and management measures. 

In the DM, permissible ranges for ecological values of 
individual WQIs can be described by the following equa-
tion: 

{WQIL ≤ WQIc ≤ WQIH}60 ≤ R[WQI] ≤ 100    (8) 
where WQIC is the current value of the index; WQIL and 
WQIH are the lower and upper permissible value of the 
index, and  means “correspondence”. 

The TLI provides a threshold value, which can be de-
scribed for TN, TP and Chl as follows: 

{WQIc ≤ WQIH}60 ≤ R[WQI] ≤ 100      (9) 
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Figure 1. Rating curves of chlorophyll a assessed with the 
DM for Lakes Kinneret (round symbols) and Stechlin 
(dashed line), and calculated for the TLI (R[TLchl], solid 
line) from ((4) and (8)). The horizontal line (R = 60) repre-
sents a boundary between acceptable and unacceptable WQ. 
Note logarithmic scale on X-axis. 
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For Secchi depth, this ‘threshold’ value is: 
{WQIc > WQIL}60 ≤ R[WQI] ≤ 100     (10) 

The main features of the two approaches can be illus- 
trated using permissible ranges for chlorophyll (Chl) 
established for the study lakes (Figure 2). In the TLI, 
minimization of concentrations of TN, TP and Chl is 
indirectly considered as the desirable objective. An in-
crease in Chl would therefore be taken as a sign of eu-
trophication, and therefore, of WQ ‘deterioration’. Ac-
cording to this approach, the concentration limit of Chl 
for acceptable WQ (R[Chl] ≥ 60) is one-sided (dashed 
line in Figure 2), represented by the oligotrophic cate-
gory of Chl ≤ 5.2 µg l-1 and is identical for all lakes. In 
the DM, one-sided rating curves are established only for 
pollution variables (e.g., densities of fecal coliform bac-
teria), or other components where 

increases will always be undesirable (e.g., percentage 
of cyanobacteria in Lake Kinneret). For most WQIs, the 
DM gives a two-sided, lake-specific permissible range. 
For example, the desirable Chl ranges are 0.8 to 2.1 µg 
Chl l-1 for oligotrophic Lake Stechlin, 13.0 to 34.0 µg 
Chl l-1 for Lake Miastro, and 7.0 to 27.0 µg Chl l-1 for 
eutrophic Lake Batorino.  

Similar distinctions between the TLI and DM exist in 
the case of use of total phosphorus (TP) as a WQI (not 
shown). The TLI gives a single-sided permissible limit of 
TP ≤ 20 g l　 -1 (identical for any lake), with concentra-
tions higher than 20 g l　 -1 considered to represent dete-
rioration in WQ. The DM defines a two-sided permissi-
ble range for TP: 7 < TP < 19 g l　 -1 for oligotrophic 
Lake Stechlin and 30 < TP < 100 g l　 -1 for eutrophic 
Lake Batorino.  

 
3.3. Compatibility of Aggregated Estimates of 

WQ 
 
Conceptual differences in approaches to WQ quantifica 
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Figure 2. Comparison of permissible ranges for Chl a as-
sessed with the DM (vertical lines) and TLI. The horizontal 
line represents the threshold values assessed with the TLI: 
5.2 μg Chl l-1 The lakes on the X-axis are sorted according 
to their trophic state: from the lowest chlorophyll values in 
oligotrophic Lake Stechlin to the highest in eutrophic Lake 
Batorino. 

tion cause distinctions in the aggregated WQ estimates 
obtained from the same sets of ecological values. The 
relationship between R[TLI] and R[DM] in all three 
Naroch lakes is non-linear (bell-shaped curve). The TLI 
qualifies as ‘acceptable’ WQ only for oligo-mesotrophic 
L.Naroch and a few values from L. Miastro, while WQ 
in eutrophic L. Batorino is ranked as ‘unacceptable’ 
(Figure 3). The DM qualifies most of the aggregated 
WQ values in all three Naroch lakes as ‘acceptable’. 

Monitoring of temporal dynamics of WQ is one of the 
tasks of WQ quantification [15]. Comparison of the dy-
namics of the calculated aggregated estimates (R[TL], 
R[DM] and CWQI; ((4) to (7)) indicates different sensi-
tivities in their representation of change over time. For 
oligotrophic L.Stechlin, the dynamics of both R[TLI] and 
R[DM], calculated for the four ‘trophic’ indices ((5) and 
(6), respectively), do not indicate significant changes in 
WQ of these lakes over the last 15 years (Figure 4). In 
contrast, the aggregated WQ calculated as CWQI, from 
an expanded set of WQ variables (7), indicates clear-cut 
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Figure 3. Scatter plots of the relationships between aggre-
gated WQ estimates in the DMi and TLI (R[DM] and 
R[TLI]), respectively, for the Naroch Lakes (annual aver-
age values for 1978-2008). The lines represent best-fit re-
gression lines. For the TLI, the acceptable WQ corresponds 
to areas to the right of the vertical line given by R[TLI] = 60. 
For the DM, acceptable WQ corresponds to areas above the 
horizontal line given by R[DM] = 60. 
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Figure 4. Time series of annual average estimates of aggre-
gated WQ for L.Stechlin: R[TLI] (4&5), R[DM] (6) and 
CWQI (7). 
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trend in WQ deterioration. For L. Kinneret (not shown), 
the TLI indicates that WQ remains close to the boundary 
value that defines the difference between ‘good’ and 
‘intermediate’ WQ. Conversely, the CWQI dynamics for 
L. Kinneret indicates gradual WQ deterioration from 
‘good’ to ‘intermediate’. Note that WQ deterioration in 
these lakes (as indicated by the CWQI dynamics) is as-
sociated primarily with the in-lake processes usually con-
sidered as signs of eutrophication: disruptions of phos-
phorus and oxygen regimes in hypolimnetic water (Lake 
Stechlin) and an increase in cyanobacteria abundance (L. 
Kinneret). 
 
3.4. Relationships between WQ and  

Management Policy 
 
Existing models (e.g., [25,26]) relate TP loading to TP 
concentrations in a lake. Here we applied the model of 
Rekhow [27] to L. Kinneret as this model specifically 
includes the potential addition of an internal P load asso-
ciated with an anoxic hypolimnion. Assuming stability of 
the average lake depth and hydraulic turnover rate, for L. 
Kinneret, the following relationship can be established: 

Pload [g m-2 yr-1] = 15.7*TP [mg l-1]    (11) 

Permissible ranges for total phosphorus for L. Kin-
neret are as follows: TP ≤ 20 g l-1 (as obtained with the 
TLI from (8) and (10) and 7.5 ≤ TP ≤ 36 g l-1 (from the 
DM, [16]).  

Substituting these values into (11) allows for an esti-
mate of the permissible ranges of the external phospho-
rus load (Pload). The estimated maximum allowable 
Pload (based on TLI allowable TP values) is Pload ≤ 
0.31 g m-2 yr-1 (Figure 5), which, given the TLI under-
lying assumptions, is universal for any lake, independent 
of its use as a water resource. In contrast, the permissible 
range of Pload into Lake Kinneret, based on the DM and 
its acceptable range of TP, is 0.12 to 0.58 g m-2 yr-1 (Fig-
ure 5). Management of Lake Kinneret due to Pload regu-
lations within this established permissible range should 
allow sustaining and conserving the Lake Kinneret eco-
system.  

For L. Kinneret, the relationship between aggregated 
WQ (as R[TLI] and CWQI) was established for the lake 
water level under the assumption that the water level is 
predominantly determined by the volume of water 
pumped from the lake and thus is a management deci-
sion . In a water level range of -210 to -214 m of, there 
was no significant relationship between R[TLI] and lake 
water level (Figure 6). Consideration of the aggregated 
WQ based on the expanded WQ system (CWQI) indi-
cated a statistically significant (at P < 0.05) tendency for 
deterioration of the lake WQ with water level lowering 
(Figure 6). This dependence allowed estimation of a  
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Figure 5. Relationship between management measure 
(phosphorus loading, Pload) and rating values of WQI (to-
tal phosphorus, TP): R[TLTP] – obtained from (11) for L. 
Kinneret with the TLI (solid curve); R[TP] – obtained with 
the DM (dotted curve). The arrows indicate permissible 
ranges for Pload as regards to TP concentration (corre-
sponding to R ≥ 60). Horizontal line corresponds to R = 60. 
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Figure 6. Scatter plots of the relationships between L. Kin-
neret water level lowering (WLL) as a management meas-
ure, and aggregated WQ: R[TLI] and CWQI (solid trian-
gles and open circles, respectively). The best fit regression 
of R[TLI] vs WLL (dashed line) is not statistically signifi-
cant (R2 = 0.12, P>0.05), while the regression of CWQI vs 
WLL (solid line) is statistically significant (R2 = 0.28, 
P<0.05). The block arrow indicates the permissible range of 
the lake water level lowering estimated with the DM. 
 
threshold water level value of approximately -213 m. 

 
4. Discussion 
 
The problem of WQ quantification is equivalent to the 
quantitative solution of the task of “qualification”, i.e., 
the terms like “good/bad”, “improvement/deterioration” 
should be expressed in measurable units. This task is 
principally different from the task of “classification” (e. 
g., lake classification according to their mixing or trophic 
status). The developer of the quantitative trophic classi-
fication [28] warned: “An unfortunate misconception 
concerning trophic state is that the term is synonymous 
with the concept of water quality. Although the concepts 
are related, they should not be used interchangeably.” 
Despite this warning, the trophic system of classification,  
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Table 2. WQ ranks in Delphi and TLI-system (modified from (4) and (14)). 

Delphi TLI 
Water Quality 

Rank Descriptor Rank Descriptor 

Excellent 80-100 Eminently usable for all purposes 2-3 Oligotrophic 

Good 60-80 Suitable for all uses 3-4 Mesotrophic 

Intermediate 40-60 Main use and/or some uses may be jeopardized 4-5 Meso-eutrophic 

Bad 20-40 Unsuitable for main and/or several uses 5-6 Eutrophic 

Very bad 0-20 Totally unsuitable for main and/or many uses 6-7 Hyper-eutrophic 

 
under various forms, is widely used as a system of water 
quality [4-6,17,18].  

Freshwater ecosystems are the objects of intense mul-
tipurpose use [29]. The use of the water resource in 
question is key to the DM (Table 2). In this study, we 
assumed that the objective of sustainable water resources 
management is conservation of the lake ecosystem in 
some predefined, “reference”, state (3). The TLI ap-
proach does not consider the intended use (Table 2), and, 
therefore, the system of WQ indices assessed with this 
approach tends to be absolute, independent of the uses of 
the water resource in question, and associated hy-
droecological problems, Presumably, implementations of 
the TLI are based on an indirect assumption that eutro-
phication (caused by excessive entry of nitrogen and 
phosphorus) is the main hydroecological threat to wa-
terbodies under WQ assessment. This is the underlying 
distinction between the DM and TLI as regards to WQ 
quantification, clearly illustrated in Figures 1 and 2. The 
respective rating curves of almost all WQIs in the DM 
are bell-shaped curves (Figure 1). As a consequence, the 
ecological values of parameters such as S, Chl, TN and 
TP should be sustained within limits, (permissible ranges, 
(8)); excessive increase and decrease of the respective 
variables should be ranked as WQ deterioration. There-
fore, the WQ sets assessed with the Delphi method are 
more suitable for the needs of sustainable water re-
sources management. Note that differences between per- 
missible ranges assessed with the TLI and Delphi tend to 
increase with the lake trophic status, especially for Chl 
(Figure 2). In the TLI, the rating value is a monotone 
function of the concentration of Chl, TN and TP and S 
(1). It should be noted however, that monotone rating 
curves are possible also in the DM, usually assessed for 
pollutants (e.g., E. coli in the Rototua Lakes) or cyano-
bacteria (%Cyano) in L. Kinneret. However, in some 
cases, assessment of the monotone rating curves for basic 
ecosystem parameters may lead to paradoxical results 
resembling those based on the TLI. According to the 
monotone rating curves for TN and TP assessed with the 
TLI for transitional Mediterranean waters [6], the best 
WQ should correspond to TN, TP and Chl concentrations 
close to zero (Figure 1 in [6]). This means that complete 

distrophication of transient water ecosystems is consid-
ered, at least formally, as WQ improvement. This, basic, 
distinction, is a direct reason for the discrepancies among 
the relationships between aggregated WQ and manage-
ment measures. The differences in estimates of the per-
missible Pload values for L. Kinneret (Figure 5) have 
obvious consequences when translating them to man-
agement objectives and measures: the DM allows more 
intense economic activity in the lake watershed (ex-
pressed in terms of Pload), than possible according to the 
TLI, without unacceptable damage to the lake WQ. The 
discrepancies between the water level lowering effects 
on aggregated WQ have a significant impact on the en-
tire process of decision-making in practical water re-
sources management: acceptance of the TLI approach 
would mean that water level lowering of Lake Kinneret 
below −214.0 m does not affect lake WQ. In contrast to 
this, the DM indicates that the lake water level lowering 
below −213.0 m leads to unacceptable WQ deterioration 
(Figure 6). Similarly to WQ sets, we may conclude that 
the permissible ranges for management measures as-
sessed with the DM better correspond to contributions of 
the sustainable water resources management. Respective 
“threshold” values of the management measures assessed 
with the TLI (or similar) approach are more suitable for 
the needs of a management which main objective is pre-
venting of undesirable hydroecological consequences of 
the anthropogenic effects (e.g., eutrophication) without 
accounting for the needs of water resource management. 

Comparison of the aggregated WQ dynamics obtained 
with the TLI and DM shows that the simplest average 
estimates (as R[DM] and R[TLI]) may lead to contrast-
ing values of lake WQ (Figure 3). In some cases, a WQ 
system based on the TLI is not suitable for diagnostics of 
the eutrophication processes. The TLI approach does not 
indicate WQ deterioration (as shown by the CWQI dy-
namics, Figure 4) associated with the in-lake processes 
usually considered as signs of eutrophication: disruptions 
of the phosphorus and oxygen regimes in hypolimnetic 
water (L. Stechlin) and an increase in cyanobacteria 
abundance (L. Kinneret).  

Decades of struggle against eutrophication have been 
expressed in the form of a paradigm linking between lake 
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trophic status and water quality. This misconception can 
result in a direct threat to the ecosystems of naturally 
eutrophic waterbodies, while producing a misleading 
understanding of the possibility of managing water qual-
ity based only on regulating activities according to the 
lake’s trophic state. Accounting for the eutrophication 
problem only, and neglecting of requirements for water 
resources management prevents the trophic classification 
system from serving as a “common language” for com-
munication between partners in management 

5. Conclusions 

In this study, we evaluated the suitability of the different 
water quality systems for the needs of sustainable water 
resources management. We compared two approaches 
used for quantitative assessment of water quality in na- 
tural waterbodies: the trophic level index and the Delphi 
method.  

Comparative analysis of the assessed water quality 
systems allows us to draw the following conclusions:  

1) The basic distinction between the Delphi and Tro-
phic Level based approaches to quantification of water 
quality lies in the form of correspondence between the 
ecological and rating/trophic index values of the water 
quality index. In the trophic based system, the rating 
value is a strictly decreasing function of the concentra-
tion of Chl, TN and TP (increasing function of S). The 
respective rating curves of almost all water quality indi-
ces in the Delphi method account for the needs of sus-
tainable management. Therefore they are bell-shaped 
curves, i.e., the ecological values of such parameters as S, 
Chl, TN and TP should be sustained within limits (per-
missible ranges) that otherwise could result in WQ dete-
rioration. In the trophic state based system, the accept-
able limits for all water quality indices are one-sided and 
are taken by default to be applicable to all lakes. The 
Delphi method gives a two-sided, lake-specific limit 
within which sustainable water resources management 
will be possible. 

2) The aggregated estimates of WQ with the Delphi 
and TLI approaches give comparable estimates for oligo- 
to mesotrophic lakes only. The differences between the 
two approaches increase with lake trophic state: the tro-
phic status based system always valuate WQ in eutrophic 
lakes as “bad”, independently on water resource uses. 

3) The trophic state based system is a classification 
system, and therefore its implementation does not ac-
count for specific characteristics of aquatic ecosystems 
and the array of different potential uses as a water re-
source. The trophic state based system assumes reduction 
of economic activities in catchment areas as the most 
expedient mean to improve water quality. Therefore, 
water quality systems assessed with the trophic state 

based system are more suitable for needs of natural water 
resources management if eutrophication is a major threat. 
The Delphi method allows accounting for several water 
resource uses and therefore it may serve as a more robust 
and comprehensive tool for WQ quantification.  
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