
ORIGINAL ARTICLE
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Abstract This study aims to introduce the robust opti-
mum (RO) method as an alternative to the classical
weighted averaging (WA) method for estimating the
ecological optimum as well as the optimum and tolerance
ranges of a taxon with respect to an environmental var-
iable in limnological studies. The RO method is based on
robust location and scale estimates rather than on the
mean and the standard deviation used by the WA
method. The results of our study support the well-known
fact that the presence of outliers and the asymmetry of
the distribution of the environmental variable might
cause a significant effect on the WA-calculated ecological
optimum as well as on tolerance ranges. We compared
both methods through the identification of potential
biological indicators of global warming. Biological data
included several benthic, oligostenotherm macroinver-
tebrate families inhabiting the Júcar River Basin (JRB,
eastern Spain). The results of this comparison suggest
that the RO method is more appropriate for estimating
the distribution of taxa and, consequently, that it pro-
vides more realistic information for identifying potential
sentinels of global warming in running aquatic systems.
Currently, the identification of such sentinels is a goal for
several environmental protection laws, such as the
European Union Water Framework Directive.

Keywords Ecological optima Æ Optimum range Æ
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Introduction

The ecological optimum can be defined as a certain
combination of environmental variables that is optimal
for the existence, development, growth and reproduction
of a taxon (Verbitsky and Verbitskaya 2007). This def-
inition is therefore very similar to that proposed by
Hutchinson (1957) for the term ecological niche. Each
environmental variable constituting the ecological opti-
mum can be plotted on an axis and can be thought of as
a dimension in a space (Wetzel 2001). Hence, in one
dimension, the ecological optimum can be defined as the
value of the environmental variable in which the taxon
thrives best (Ter Braak and van Dam 1989). However, in
natural ecosystems, the ecological optimum includes not
only a single point, but also the oscillations of the
environmental variable around this point, i.e. the opti-
mum range or the effective ecological epicentre. Fur-
thermore, for each environmental variable, there are
lower and upper limits, below and above which, the
taxon cannot survive because the environmental condi-
tions are unfavourable. These limits constitute the tol-
erance range of the taxon. Close to its tolerance limits,
the taxon goes into a physiological stress area (Huggett
2004). Tolerance ranges are usually characterised as
narrow or broad. The narrower the range, the more
specialised the taxon (Smith and Smith 2009).

To compute and represent the ecological optimum
and the tolerance range of a specific taxon in one
dimension, the weighted averaging (WA) method (Ter
Braak and Barendregt 1986) has been traditionally used.
This is a probabilistic method that consists of studying
the distribution of the potential values that the envi-
ronmental variable can take in the population of a
specific taxon. The idea behind the WA method is to
define the ecological optimum as the central value of the
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distribution and the tolerance range as the dispersion
measured with the standard deviation. The WA method
has been utilised commonly in paleolimnology to esti-
mate past conditions using transfer functions (Oksanen
et al. 1988; Birks et al. 1990; Bradshaw et al. 2002;
Miettinen et al. 2005; Holden et al. 2008), as well as for
assessing the trophic state of lakes and reservoirs
(Schoenfelder et al. 2002; Negro and de Hoyos 2005;
Yang et al. 2008).

The first objective of this work was to introduce a
new method for computing and representing ecological
optima as well as tolerance ranges and optimum ranges
of taxa. The new method is called the robust optimum
(RO) method and should be considered as an alternative
to overcome the well-known limitations of the classical
WA method for estimating the ecological optimum and
the tolerance range of a taxon with regard to an envi-
ronmental variable.

The second objective of this work was to compare the
WA method with the RO method by calculating and
representing ecological optima, optimum ranges and
tolerance ranges for several families of benthic macro-
invertebrates inhabiting the Júcar River Basin (JRB,
eastern Spain) with respect to real water temperature
data as well as to four simulated increases in water
temperature. The comparison through a simulation of
increases in water temperature will allow identifying
potential biological indicators of global warming among
the families of benthic macroinvertebrates. Currently,
the identification of potential biological indicators of
global warming constitutes an important goal in many
environmental protection laws and programmes, mainly
because there is a high confidence that observed changes
in freshwater ecosystems and their biological commu-
nities are associated with rising water temperatures
(IPCC 2007; Woodward et al. 2010). In fact, freshwater
systems in general, and rivers in particular, are probably
the most threatened systems of all (Abell 2002). A good
biological indicator is a biological element that should
respond rapidly and clearly to natural and anthropo-
genic disturbances and stressors (Ter Braak and Loo-
man 1986; Cairns et al. 1993; Wright et al. 2006). Since a
reliable biological indicator must have both a well-de-
fined ecological optimum and a narrow tolerance range
(Reed 1998; Negro and de Hoyos 2005), it is absolutely
essential to assess the correctness of both methods (WA
and RO) for estimating accurate values of ecological
optima, optimum ranges and tolerance ranges. This
knowledge will improve the prediction of the potential
impacts of global warming on aquatic systems, accord-
ing to the objectives established by the European Union
Water Framework Directive (EU-WFD) (EC 2000).
This improvement would allow preventing further eco-
logical deterioration provoked by natural and anthro-
pogenic disturbances and stressors, while at the same
time protecting and enhancing the ecological status of
aquatic ecosystems and, with regard to their water
needs, of terrestrial ecosystems and wetlands depending
directly on aquatic ecosystems.

Materials and methods

Study area

The JRB in eastern Spain is managed by the Júcar River
Basin Authority (JRBA), and is made up of a group of
different small river basins covering a total area of
around 43,000 km2 (Fig. 1) (Estrela et al. 2004). The
Spanish authorities selected the JRB as the pilot river
basin pursuant to the EU-WFD (EC 2000). The JRB,
due to its landscape, is characterised by diverse climates
and landforms. Its major geomorphic features include
several mountain ranges, a continental plateau and a
coastal plain. The orography of the territory favours the
discharge of water into the Mediterranean Sea and thus
the formation of small river basins. All the rivers within
the JRB therefore flow into this sea. A mountain range
called the Iberian System runs northwest to southeast
across the JRB. The highest peak in the JRB is located in
this range [2,012 m above sea level (m a.s.l.)]. The Ibe-
rian System is very important for the water resources of
the JRB because it acts as a barrier for ocean fronts,
forcing humid clouds to rise towards upper, colder lay-
ers of the atmosphere. Once the air is lifted and cooled,
the moisture falls as rain. A small part of another
mountain range, called the Betic System, extends over
the southeast territory of the JRB. This mountain area
plays an important role in the water supply of the
southern part of the JRB. The continental plateau is
characterised by having a relatively flat surface with an
average height of 650 m a.s.l., and is located in the
western part of the JRB between the aforementioned
mountain ranges. A large aquifer system is located in
this plateau. The aquifer and the JRB highly influence
each other in terms of draining and recharge. The
coastal plain is an alluvial platform along the strip coast.
This plain has the Iberian System in the northwest part,
the continental plateau in the west and the Betic System
in the south. The coastal plain provides a very rich soil
that supports the vast majority of agriculture production
in the JRB. Although the climate of the JRB is pre-
dominantly Mediterranean, with hot, dry summers and
mild winters, certain continental climatic features can be
found in areas located far from the coastline. The long
periods of sunshine, along with the circulation of hot air
masses, give rise to high temperatures, with mean annual
values of 9 �C in mountain areas and 18 �C in the
coastal plain. Rainfall in the JRB shows a high spatial
and temporal variability. The mean annual precipitation
in the basin is 504 mm, ranging from 300 mm in the
driest years to 700 mm in the wettest. Mean annual
rainfall values in the JRB vary from 250 mm in the
south to 900 mm in the north. This is because the basin
is located between two different climatic regions, the
European and the North African, which generates dif-
ferentiated responses in the behaviour of the weather
within the JRB. Rainfall occurs primarily between
October and April. However, severe rainfall events can
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occur during late summer, generating high flows in
ephemeral creeks located in the southeast part of the
basin. According to the UNESCO climatic index, there
are three types of climatic regions in the JRB: semiarid,
sub-humid and humid. Carbonate and evaporative
materials clearly dominate over siliceous materials in the
JRB. Calcarenites and marls dominate the JRB, though
significant proportions of limestone and alluvial mate-
rial are also found, mainly in the areas close to the
mouths of the main rivers. Land uses have changed over
time. Currently, the area of the JRB features well-pre-
served forest and wetlands along with agricultural crops
and urban and industrialised zones. The dominant land
use is forest and semi natural areas, which cover 50 % of
the territory. This use is followed by agricultural non-
irrigated and agriculture-irrigated areas of the territory,
which cover 40 % and 8 % of the area, respectively.
Urban and industrial zones cover 1.8 % of the territory,
with wetlands covering just 0.2 % of the JRB.

Sampling stations, macroinvertebrate data and water
temperature data

Three hundred and ten sampling stations were sampled
during a 7-year period (1999–2006) (Fig. 1). The sam-
pling stations are managed by the staff of the JRB and
were used previously, along with other sampling stations
located throughout Spain, to describe specific physical,
chemical and geomorphological properties of different
bodies of running waters present in the country,

according to the objectives established by the EU-WFD
(EC 2000). The general characterisation of these bodies
was the first step toward classifying them into several
types. A total of 32 river types were defined in Spain, 9
of which are found in the JRB (type numbers 5, 9, 10, 12,
13, 14, 16, 17 and 18) (MARM 2008). The number and
the name of the type of river, as well as the ranges and
thresholds of several variables that specifically define the
different types of rivers found not only in the JRB but
also in other Spanish river basins, are summarised in
Table 1. Finally, it is important to note that not only
sampling stations ranked at least as ‘good’ were used in
this study. We also used sampling stations included in
one out of the four other categories of ecological status
established by the EU-WFD (EC 2000).

Data on aquatic macroinvertebrate families were
obtained from the 310 sampling stations managed by the
staff of the JRB (Fig. 1). At least 170 out of the 310
sampling stations were sampled seasonally (spring and
autumn) during a 7-year period (1999–2006). Each
sampling station is representative of its stretch of the
river and includes all the habitats characteristic of the
stream where it is located. Biological samples were taken
following the methodology described by Jáimez-Cuéllar
et al. (2002). Briefly, by using a hand net (500 lm mesh
size), all available habitats per site (100-m long stations)
were sampled until no more families were identified
in situ. This methodology was developed to achieve the
objectives established by the EU-WFD (EC 2000).
Aquatic macroinvertebrates were identified, classified
and counted (at least 200 organisms per sample were

Fig. 1 a Spanish River basin districts. b Sampling stations located in the Júcar River Basin (JRB)
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counted for absolute abundances) by the staff of the
JRB; 115 different families were found. Only family-level
macroinvertebrate data were used in this study, in
keeping with the Iberian Bio-Monitoring Working Party
(IBMWP) methodology adopted for the classification
and the assessment of the ecological status of Spanish
running waters, following the requirements established
by the EU-WFD (EC 2000).

The staff of the JRB measured the temperature of the
water (T) with a WTW 340i handheld multi-parameter
device (WTW, Weilheim, Germany, EU). During a
similar period of 7 years (1999–2006), T was previously
registered as a single measurement in the same sampling
stations, during simultaneous sampling of aquatic
macroinvertebrate families. Due to the considerable
number of water temperature records registered at each
sampling station during this 7-year period, variations in
the sampling time of day cover a wide range of daily and
seasonal temperatures, meaning that water temperature
records can be thought of as representative of the dif-
ferent stretches of the rivers.

Methods for estimating ecological optima and tolerance
ranges

The weighted averaging method

An estimate of the ecological optimum of taxon j with
respect to the environmental variable x, is the abun-
dance-weighted average, Mj, given by

Mj ¼
Pn

i¼1 AijxiPn
i¼1 Aij

; j ¼ 1; . . . ; J ; ð1Þ

where J is the number of different taxa, n is the number
of sampling stations, xi is the observed value of the
environmental variable at the sampling station i and Aij

is the abundance of taxon j in the sampling station i.
The estimate of the tolerance range of taxon j with

respect to the environmental variable x is the abun-
dance-weighted standard deviation, tj, given by

tj ¼
Pn

i¼1 Aij xi �Mj
� �2

Pn
i¼1 Aij

; j ¼ 1; . . . ; J : ð2Þ

It is difficult to discern if this tolerance alludes to the
tolerance range or to the optimum range. In any case,
without loss of generality, it is assumed that the opti-
mum range of taxon j, with respect to the variable x, is
the interval

Mj � tj; Mj þ tj
� �

; j ¼ 1; . . . ; J ; ð3Þ

whereas the tolerance range is the interval

Mj � 2tj; Mj þ 2tj
� �

; j ¼ 1; . . . ; J : ð4Þ

Typically, WA estimates are represented graphically
by means of error bars.T
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The robust optimum method

For a taxon j and a particular environmental variable x,
the RO method estimates the ecological optimum as the
abundance-weighted median, which is the median of the
sequence

x1 . . . x1|fflfflfflffl{zfflfflfflffl}
A1j

; x2 . . . x2|fflfflfflffl{zfflfflfflffl}
A2j

; . . . xn . . . xn|fflfflfflffl{zfflfflfflffl}
Anj

: ð5Þ

The abundance-weighted median is the value xk, such
that
P

xi\xk
Aij

Pn
i¼1 Aij

� 1

2
and

P
xi\xk

Aij
Pn

i¼1 Aij
� 1

2
: ð6Þ

The optimum range estimated by using the RO
method is the abundance-weighted interquartile range,
IR, given by

IR ¼ Q3 � Q1; ð7Þ

where Q1 and Q3 are the lower and upper quartiles of
sequence (5), respectively.

RO estimates are represented graphically by box-
plots. The use of box-plots provides a clear distinction
between the optimum range and the tolerance range.
The RO method estimates the tolerance range as the
range delimited by the lower and upper whiskers of an

abundance-weighted box-plot. The lower whisker ex-
treme is the first value of sequence (5) greater than Q1

1.5 IR, whereas the upper whisker extreme is the first
value of sequence (5) lower than Q3 + 1.5 IR.

An example of the estimates of the ecological opti-
mum, optimum range and tolerance range for water
temperature for the Rhagionidae family in the JRB as
determined by the application of the WA and RO
methods is outlined in Fig. 2.

Comparison of WA and RO methods for estimating
the ecological optima, optimum ranges and tolerance
ranges: identification of potential biological indicators
of global warming

Absolute abundances of families of aquatic macroin-
vertebrates found in the JRB were selected as data for
the identification of potential biological indicators of
global warming in this comparison. Specifically, we used
estimates of the ecological optima, optimum ranges and
tolerance ranges for water temperature to identify po-
tential biological indicators. All these estimates were
obtained using the WA and RO methods and were cal-
culated with both real data and simulated data from
probable global warming scenarios. This procedure
consisted of four steps:

First step

The water temperature ecological optima, optimum
ranges and tolerance ranges for 47 oligostenotherm
families of aquatic macroinvertebrates were estimated
using the WA and RO methods. Individuals of each
family were classified into one of the four zones of the
error bars (for WA estimates) and the box-plots (for RO
estimates) depending on water temperature data
(Fig. 3). The four zones were defined as follows:

Zone 1: lower stress zone The WA method defines zone 1
as the range between the abundance-weighted average
minus twice the abundance-weighted standard deviation
and the abundance-weighted average minus the abun-
dance-weighted standard deviation. The RO method
defines zone 1 as the range between the abundance-
weighted minimum overQ1 � 1.5 IR (the lower box-plot
whisker) and the abundance-weighted lower quartile.
Zone 2: lower half of the optimum range The WA method
defines zone 2 as the range between the abundance-
weighted average minus the abundance-weighted stan-
dard deviation and the abundance-weighted average. In
the RO method, zone 2 is the range between the abun-
dance-weighted lower quartile and the abundance-
weighted median (lower half box).
Zone 3: upper half of the optimum range The WA method
defines zone 3 as the range between the abundance-
weighted average and the abundance-weighted average
plus the abundance-weighted standard deviation. The
RO method defines zone 3 as the range between the

Fig. 2 Water temperature ecological optima, optimum ranges and
tolerance ranges for the Rhagionidae family in the JRB derived
using the weighted averaging (WA; left) and robust optimum (RO;
right) methods. River water temperature was used as the
environmental variable, while the absolute abundances of individ-
uals was the abundance at each sample point
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abundance-weighted median and the abundance-weigh-
ted upper quartile (upper half box).
Zone 4: upper stress zone The WA method defines zone 4
as the range between the abundance-weighted average
plus the abundance-weighted standard deviation and the
abundance-weighted average plus twice the abundance-
weighted standard deviation. In the RO method, zone 4
is the range between the abundance-weighted upper
quartile and the abundance-weighted maximum under
Q3 + 1.5 IR (the upper box-plot whisker).

Second step

The potential effect of global warming on aquatic
macroinvertebrates was simulated by increasing mea-
sured water temperature data by 0.5, 1, 1.5 and 2 �C,
thus covering four probable future global warming sce-
narios. The classification made in the first step was re-
peated for each different increase in water temperature
and for each macroinvertebrate family (each increase in
water temperature was treated independently, i.e. eight
new classifications were generated).

Third step

The effect of global warming was assessed. The original
classification of individuals in the 47 oligostenotherm
macroinvertebrate families obtained in step 1 was com-
pared with the new classification in step 2 for each water
temperature increase. The percentage of individuals that
changed with respect to the total number of individuals in
the family was calculated. Outliers, identified only with
the RO method, were not taken into account in any of
these calculations because this kind of data usually show
an atypical behaviour that can often be considered a result
of measurement errors. As a consequence, we think that
its use does notmake sense if the identificationof potential
biological indicators of global warming is the goal.
Moreover, under extreme conditions, it is more difficult
for aquatic macroinvertebrate families to establish per-
manent populations because water temperature is critical
to the life cycles of aquatic organisms (Allan 1995).

Fourth step

Potential biological indicators of global warming in the
JRB were identified. An oligostenotherm macroinver-

Fig. 3 Definition and graphical representation of the four different zones into which individuals of each family were classified following
the application of the WA (left) and RO (right) methods
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tebrate family was considered to be a potential bio-
logical indicator of global warming if it was ‘‘seriously
affected’’ by any of the increases in water temperature
examined above. A macroinvertebrate family was
considered to be ‘‘seriously affected’’ when at least a
75 % of its population changed its classification zone
in the box-plot or in the error bar due to the water
temperature increase. Macroinvertebrate families that
were considered as potential global warming biological
indicators in the WA and RO methods for any water
temperature increase were selected and the results
compared.

All computations, graphical representations and sta-
tistical analyses were performed with SPSS 15.0 for
Windows (SPSS, Chicago, IL).

Results

Estimates for the ecological optima, optimum ranges
and tolerance ranges for water temperature using the
WA and the RO methods on data from 47 oligosteno-
therm families found in the JRB are shown in Fig. 4.
Differences in the estimates are especially clear in some
families, such as Phryganeidae, Mesoveliidae, Calamoc-
eratidae, Planariidae, Lepidostomatidae, Capniidae or
Rhagionidae.

The results obtained after the simulation of different
global warming effects on the abundance of families, as
well as the potential biological indicators of water tem-
perature increases, are summarised graphically in Figs. 5

Fig. 4 Representation of water temperature ecological optima, optimum ranges and tolerance ranges for 47 oligostenotherm
macroinvertebrate families inhabiting the Júcar River Basin (JRB) obtained from the WA (a) and RO (b) methods
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and 6. Figure 5 shows the results obtained after applying
the RO method to the data. The percentage of individ-
uals that changed their classification from one zone to
another in the box-plots is represented for each family
and for each water temperature increment. The families
considered to be potential biological indicators of global
warming after using the RO method, for at least one of
the water temperature increases, are the first nine located
on the x-axis (Phryganeidae, Mesoveliidae, Calamocer-
atidae, Planariidae, Apataniidae, Lepidostomatidae,
Taeniopterygidae, Dixidae and Capniidae). Only these
nine families were taken into account as the best can-
didates for continuing with the comparison process in
this work.

The percentage of individuals that changed their
classification zone in the box-plots (ROmethod) or in the
error bar graphs (WA method) as a result of water tem-
perature increases of 0.5, 1, 1.5 and 2 �C is shown in
Fig. 6 for the nine families selected. With a hypothetical
water temperature increase of 0.5 �C, the Calamocerati-
dae and Mesoveliidae families were classified as potential
biological indicators of global warming after applying the
RO method. The use of the WA method did not identify
these families as potential biological indicators (Fig. 6a).
The Phryganeidae, Planariidae and Lepidostomatidae
families were not considered to be potential biological
indicators, although the number of individuals affected
after applying the ROmethod was by nomeans negligible
(Fig. 6a). Half of the individuals in the Phryganeidae and
Planariidae families were affected, compared to 42.1 % in
the Lepidostomatidae family. In contrast, with the WA
method, these percentages were lower, 16.6 % for
Phryganeidae, 6.2 % for Planariidae and 10.5 % for

Lepidostomatidae. For a water temperature increase of
1 �C, theCalamoceratidae andMesoveliidae families were
again described as potential biological indicators of glo-
bal warming using RO and WA methods. The Phryga-
neidae family was classified as a potential biological
indicator only when the RO method was applied (Fig. 6
b). Differences between the two methods in the percent-
ages of affected individuals were undoubtedly observed in
the Lepidostomatidae, Planariidae and Apataniidae fam-
ilies. For Lepidostomatidae, the WA method predicted
that 47.63 % of the population was affected by the water
temperature increase, in comparison to the 73.68 %
predicted by the RO method. For Planariidae, these
percentages were 25 % and 68.75 %, respectively, with
the WAmethod yielding 40 % and the ROmethod 55 %
for the Apataniidae family (Fig. 6b). For a water tem-
perature increase of 1.5 �C, the Calamoceratidae, Mes-
oveliidae and Lepidostomatidae families were classified as
potential biological indicators of global warming fol-
lowing the application of both methods. The Phryganei-
dae, Apataniidae and Planariidae families were described
as potential biological indicators only with the RO
method (Fig. 6c). Differences in the Capniidae and
Dixidae families appeared when the percentages of af-
fected individuals calculated with the RO method
(66.66 % and 66.07 %, respectively) were compared to
those estimated by using the WA method (25 % and
49.12 %, respectively). For a water temperature increase
of 2 �C, the Calamoceratidae, Mesoveliidae, Phryganei-
dae,Apataniidae,Lepidostomatidae andTaeniopterygidae
families were described as potential biological indicators
of global warming following the application of both
methods. In contrast, the Planariidae, Dixidae and Cap-
niidae families were classified as potential biological
indicators only after the RO method is used (Fig. 6d).

Finally, Fig. 7 shows real estimates (without any
water temperature increase) of water temperature eco-
logical optima, optimum ranges and tolerance ranges for
families described as potential global warming biological
indicators in at least one water temperature increase. RO
estimates were usually narrower than WA estimates
(Fig. 7). WA estimates are in many cases excessively
wide (Fig. 7). For instance, Fig. 7i shows how one out-
lier causes the overestimation of the tolerance range in
the Capniidae family with the WA method. The over-
estimation is particularly serious in the lower part, as
there were no individuals observed under 2.82 �C, even
though the lower limit of the tolerance range predicted
by the WA is �0.51 �C—an extremely cold value for
water temperature not measured in this study (Fig. 7i).

Discussion

The concepts of ecological optimum, optimum range and
tolerance range are used frequently in ecological studies
to describe how an environmental variable influences the
abundance and the geographical distribution of taxa
(Brodersen and Anderson 2002; Sterken et al. 2008). To

Fig. 5 Results obtained after applying the RO method to the data.
The percentage of individuals that changed their classification from
one zone to another in the box-plots is represented for each family
and for each water temperature increase (0.5, 1, 1.5 and 2 �C). The
families used in the study are on the x-axis. Families in which at
least 75 % of the individuals was affected, were considered to be
potential biological indicators of global warming
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prevent and partially mitigate the consequences of global
warming in ecological systems, it is very important to
find and describe biological indicators as early sensors of
climate change and global warming (Hodkinson 2005;
Rivers-Moore et al. 2005; Milner et al. 2009). In fact, the
environmental preferences of biological indicators, i.e.
their ecological optima as well as their optimum and
tolerance ranges, form the basis of climatic envelope
models. All habitat-suitability models are inherently
linked to the Hutchinsonian definition of the ecological
niche, and those based on the environmental envelopes
are its direct geometrical application (Hirzel and Arlettaz
2003). The potential impacts of projected climate change

and global warming on biological taxa are often assessed
by using single-taxa bioclimatic envelope models (Hei-
kkinen et al. 2006). The first tests of the predictive
accuracy of these models have been made by using past
taxa tolerance ranges (Araújo et al. 2005). Therefore, to
predict the possible impacts of global warming and cli-
mate change on lotic aquatic systems, it is crucial to
estimate, represent and understand the ecological opti-
ma, optimum ranges and tolerance ranges of biological
taxa with respect to environmental variables by means of
straightforward computational methods. This is equiva-
lent to estimating, representing and understanding the
realised niches of taxa in one dimension. It is thus

Fig. 6 Comparison between the percentage of individuals showing
changes after application of the WA and RO methods with
increases of a 0.5, b 1, c 1.5 and d 2 �C in water temperature. The
circles mark those families identified as biological indicators of
global warming as determined by the RO method but not the WA
method. The black line at the value of 75 % on the y-axis marks

the threshold in the percentage of changed individuals that a
family has to exceed in order to be considered as a potential
biological indicator of global warming (hence, the potential
indicator families are those whose percentage of individuals with
change is greater than 75 %)
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essential to have simple-to-use methods for calculating
the ecological optima and the optimum and tolerance
ranges, as well as to assess their accuracy and to compare
them with one another.

To the best of our knowledge, there are two main
classical approaches for calculating and representing the
concepts of ecological optimum, optimum range and
tolerance range in one dimension. Both approaches are

based on the observation that the relationships between
taxa abundance and environmental variables are often
unimodal (Birks 1995). The first method is the well-
known WA method (Ter Braak and Barendregt 1986).
The second method is called the maximum likelihood
calibration (MLC) method and uses Gaussian logit re-
sponse curves to fit the non-linear regression model be-
tween taxon abundance and the environmental variable.

Fig. 7 Estimates resulting from both methods (WA, left side of the subfigures, and RO, right side of the subfigures) for water temperature
(without increasing) ecological optimum, optimum range and tolerance range for the families identified as potential biological indicators
of global warming
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The ecological optimum is defined as the maximum of
the fitted curve, while the tolerance range, also called
ecological amplitude, is the curve width (Ter Braak and
van Dam 1989; Birks et al. 1990; Jeppesen et al. 2001).
Graphically, the tolerance range is the size of the curve
projection on the x-axis of the environmental variable.
The MLC method has been widely used in paleolim-
nology to reconstruct past lake-water pH conditions
(Birks et al. 1990). Ter Braak (1985) proved that esti-
mates of ecological optima and tolerance ranges using
both the WA and the MLC methods were similar if the
distribution of the environmental variable was uniform
over the whole range of occurrence of taxa. Ter Braak
and Looman (1986) compared the two methods for non-
uniform distributions of the environmental variable and
found that they are equally efficient for rare species with
a narrow ecological amplitude, but warned about the
bias estimates obtained with the WA method in other
situations. Ter Braak and van Dam (1989) asserted that,
in general, the more sophisticated MLC method per-
formed only slightly better than the WA method. As a
consequence, despite its limitations, the WA method has
been used broadly to estimate ecological optima due to
its simplicity. In fact, bearing in mind this simplicity and
how previous studies have noted the lack of significant
differences in the behaviour of both methods in the
presence of atypical data or asymmetrical distributions,
we selected the WA method instead of the MLC method
to calculate and represent ecological optima as well as
the optimum and tolerance ranges of taxa in this study.

The RO method is presented in this work as a robust
alternative to the classic and widely used WA method.
The features of the RO method were checked in the
present study. This work also contributes to clarifying
the still unsolved problem of having tools to search for
sentinels to monitor the impact of global warming on
aquatic systems through assessing the tolerance of
organisms to natural and anthropogenic disturbances
and stressors. We simulated stream water temperature
increases in the JRB and found nine oligostenotherm
families that could potentially be used as biological
indicators by applying the RO method (Fig. 5). The
higher the increases in water temperature, the higher the
percentages of individuals affected by global warming in
each family described and, therefore, the number of
families in an endangered situation, in agreement with
previous studies (Lehmkuhl 1972; Hogg and Williams
1996; Durance and Ormerod 2007; Chessman 2009).
When the WA and the RO methods are compared, the
RO method appears to be more accurate and ecologi-
cally significant in describing families as potential bio-
logical indicators of global warming than the WA
method for each of the water temperature increases
(Fig. 6). As previously determined (Ter Braak and
Looman 1986), we found that the WA method, and
consequently its estimates, is affected by at least two
well-known main computational problems: overestima-
tion of the optimum and tolerance ranges and bias in the
ecological optimum.

The first problem affecting the estimates obtained
with the WA method is caused by the presence of out-
liers and the asymmetry of the distribution of the envi-
ronmental variable. Both factors inflate the standard
deviation and, consequently, overestimate the optimum
and tolerance ranges of most families (Fig. 7). This
overestimation partially explains why the WA method is
less efficient than the RO method in detecting potential
biological indicators. The weight of the outliers and the
outliers’ distance from the box-plot whiskers (the limits
of the tolerance range predicted by the RO method)
affect the magnitude of the tolerance range overestima-
tion by the WA method. For example, the presence of
two upper outliers in the Apataniidae family (at 18.72
and 21.86 �C) causes a slight overestimate of the toler-
ance range due to the low weight of the outliers (Fig. 7f).
The abundance (number of individuals) of Apataniidae
at 18.72 �C is 1 and at 21.86 �C it is 2. In contrast, the
case of the Planariidae family is completely different.
The presence of an outlier with a high weight (40 indi-
viduals) at 24.9 �C, very far from the upper limit of the
tolerance range predicted by the RO method, 14.58 �C,
results in a heavy overestimate (>6 �C) (Fig. 7e).
Therefore, it is obvious that just one outlier can impair
the results yielded by the WA method. If there are no
outliers, the RO method would work in a similar way to
the WA method, as in the case of the Taeniopterygidae
family, with similar estimates resulting from the use of
both methods (Fig. 7g). Moreover, the overestimation
problem has another consequence. While the results
after the application of the RO method offer a warning
on how some families are affected by global warming
(e.g. Phryganeidae, Planariidae and Lepidostomatidae
after a 0.5 �C increment), the results from the applica-
tion of the WA method do not offer a similar warning
(Fig. 6a). This is usually the case for those families that
are not classified as potential global warming biological
indicators at low water temperature increases but show
major differences between the percentage of affected
individuals calculated using the WA method and the
percentage of affected individuals calculated using the
RO method. These families are usually described as
biological indicators at higher water temperature in-
creases by the RO method, whereas they are lost in this
context if the WA method is used. Consequently, dif-
ferences in the number of affected individuals between
the two methods are by no means negligible and the
information provided by the RO method seems to be,
ecologically speaking, more useful and accurate for
identifying potential biological indicators of global
warming.

The second, but no less important, problem with the
WA method is the abundance-weighted average bias.
Upper and lower outliers push the abundance-weighted
average up and down, causing a bias and, consequently,
displacing the ecological optimum. For instance, in the
Lepidostomatidae family the abundance-weighted aver-
age is biassed upward due to the presence of upper
outliers (Fig. 7c). In contrast, in the Taeniopterygidae
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family, the abundance-weighted average is not biassed
because there are no outliers (Fig. 7g). From an eco-
logical point of view, the displacement of the ecological
optimum is not desirable because a taxon can be con-
sidered as a potential indicator of global warming when
it really should not be.

The aforementioned problems do not become
apparent in the RO method. This is explained compu-
tationally by the robust properties of the abundance-
weighted median and the abundance-weighted inter-
quartile range (Huber 1964). In the simple model of
location, the median is the most robust estimator for any
fraction of contamination in terms of maximum bias (it
minimises maximum bias). The median has a breakdown
point of 50 %, while the mean has a breakdown point of
0 %. As a consequence, the RO method is less affected
by the presence of outliers and the asymmetry in the
distribution of environmental variables than the WA
method. Therefore, even with the presence of outliers,
the RO estimates provide narrower and more accurate
ecological tolerance ranges, a very useful aspect when
looking for potential biological indicators in limnologi-
cal studies (Reed 1998; Midgley et al. 2002; Meador
et al. 2008; Penning et al. 2008a; Penning et al. 2008b).
Hence, we propose that the RO method should be used
for estimating the environmental preferences of taxa
instead of the WA method and, consequently, for
identifying potential biological indicators.

We used a family-level taxonomic resolution in this
study, in keeping with the procedures adopted by
Spanish authorities for monitoring rivers to fulfill the
requirements of the EU-WFD (EC 2000). This taxo-
nomic resolution has also been chosen by others to rank
sites according to their conservation values and assessed
by the biodiversity patterns they exhibit (Heino and
Soininen 2007; Munné and Prat 2009). The efficient
management of freshwater resources, including the
conservation of aquatic ecosystem services and biodi-
versity, is one of the major challenges facing modern
society. Such management requires tools to assess the
ecological quality of sites and to detect and quantify the
effects of several natural and anthropogenic distur-
bances and stressors (Beketov et al. 2009). Among these
tools, the use of biological communities as sentinels or
indicators of change is widespread. There is an intense
debate in the literature on the taxonomic resolution that
must be used to assess the biodiversity and ecological
integrity of aquatic systems for conservation, manage-
ment and restoration purposes (Törnblom et al. 2011).
Although a discussion of this latter debate is beyond the
scope of this work, we are aware that intrafamilial var-
iation can be important when the main objective is to
accurately identify biological indicators, because the
higher the taxonomic resolution, the higher the level of
detection of biological change (Haase and Nolte 2008).
Consequently, the use of a lower taxonomic resolution is
recommended. However, when the diversity is not high
and the spatial scale of the study is large, the use of a
family-level taxonomic resolution can reproduce the

ecological patterns and properties shown by species-level
or genus-level taxonomic resolution approaches (Mar-
shall et al. 2006; Bates et al. 2007; Heino and Soininen
2007; Chessman 2012).

Finally, it is well known that every taxon is restricted
to a certain temperature range, although this does not
mean that water temperature should be considered the
ultimate determinant of where a taxon lives. In fact, it is
equally likely that other factors set range limits, and the
taxon has adapted to the conditions where it occurs. In
any case, temperature unquestionably sets limits on
where a taxon can live (Allan 1995). Nonetheless, this
study should be considered only as a theoretical
approximation to introduce a new method for comput-
ing and representing the ecological optima as well as the
optimum and tolerance ranges of taxa, and not as a
theoretical work to unravel the factors that best deter-
mine the distribution of taxa in running aquatic systems.
We consider this work only as a first step towards
experimental testing in the future of its conclusions on
the appropriateness of the RO method for identifying
potential biological indicators of global warming. By
carrying out a field experiment as a second step, we will
be able to assess the importance of the water tempera-
ture as a factor for controlling the range of taxa and,
consequently, the ranges of potential biological indica-
tors of global warming or, perhaps, the significance of
other factors that should also be considered in order to
achieve the goals established by the EU-WFD (EC
2000).

Conclusion

This study introduces the use of the RO method to
estimate ecological optima, tolerance ranges and opti-
mum ranges for taxa in limnological studies. By com-
paring these estimates in data for macroinvertebrate
families living in the JRB (eastern Spain) after the
application of the RO method and the classic WA
method, our results support the well-known fact that the
presence of outliers and the asymmetry of the distribu-
tion of the environmental variable negatively affect WA
method estimates and, consequently, can also affect the
predictions obtained after using this method, as already
proposed (Birks et al. 1990). The RO method is as
simple to implement as the WA method, is easy to rep-
resent graphically and is more robust for estimating
ecological optima, optimum ranges and tolerance ran-
ges. It also provides a more realistic representation of
the distribution of data than the WA method, particu-
larly in atypical situations. In addition, the box-plots
show a clear distinction between the optimum range and
the tolerance range, whereas the error bars do not. As a
consequence, the RO method seems to be a good alter-
native to the WA method in limnological studies.
Moreover, the higher efficiency in the detection of po-
tential biological indicators (sentinels) following the
application of the RO method could help predict the
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possible effects of global warming on freshwater eco-
systems, and hence, improve the management pro-
grammes designed to achieve a good ecological status of
water bodies according to the EU-WFD (EC 2000).
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