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Abstract (300 words)

1. The EU Water Framework Directive 2000/60/EC (WFD) defines the ecological
status of the aquatic systems as the deviation between their current biological state
and that which they ought to display in the absence of any major human
disturbance, referred to by the WFD as the Reference Condition (RC). It assumes
that their biotic composition should remain balanced and constant over time. In this
paper we have tested both assumptions against an analysis of the historical
distribution of the fish fauna in a large and highly disturbed Mediterranean basin. If
fish communities substantially change over time, it will mean that the validity of
the RC concept comes into question.

2. Using presence/absence data for historical native fish fauna from the Guadalquivir
basin, distribution changes among sub-basins were quantified by mapping between
the 19" century and today.

3. The range of two native species (Anguilla anguilla and Salmo trutta) has changed
significantly. In addition, diadromous species assemblage has practically become
locally extinct, with the exception of the eel. Finally, most Guadalquivir sub-basins
(94.7%) have suffered major changes in the composition of their fish communities,
either by losing native species or by adding new non-native species.

4. These results render the definition of any RC unlikely. In Mediterranean areas, the
WED objective of 'good' ecological status recovery based on the integrity of aquatic
communities is a theoretical rather than a real goal. Nonetheless, the WFD provides
an ecological guiding principle that can also be transferred to the conservation of
freshwater ecosystems.

5. As an alternative to the RC concept in Mediterranean lotic ecosystems, specific
multimetric indexes can be used, based on expert criteria, the metrics of which can
also relate to the conservation value of water bodies, and not only to their
ecological status.

Keywords: river; reservoir; stream; ecological status; distribution; Water Framework
Directive; fish; agriculture; alien species; impoundment.
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1. INTRODUCTION

The European Union (EU) Water Framework Directive 2000/60/EC (WFD) is widely
regarded as the most ambitious piece of European environmental legislation to date. At
the same time, through different management proposals from a global ecological
perspective which set the use of habitat and species as quality goals, the WFD has
served as a freshwater conservation tool on a pan-European scale (Boon and Lee, 2005).
However, some 20 years since its inception, the WFD has failed to deliver on its
objectives, and has gone from showing great promise to suffering implementation
problems (Moss, 2008; Voulvoulis et al, 2017; Ramos-Merchante and Prenda, 2017).
The Directive defines 'high' ecological status as the state of the system in the absence of
any anthropogenic pressures, or only slight biological deviation from what would be
expected under undisturbed conditions (Council of the European Commission, 2000).
There are two main assumptions implicit in the adoption of this definition: 1) it is still
possible to find aquatic European ecosystems undisturbed by human activities, and 2)
these ecosystems are static, their composition remaining balanced and constant over
time. The good status category is one of the main objectives of the WFD. Another
objective is 'no deterioration', so a water body that is at present at high status must not
be allowed to fall to good status.

Biotic integrity, originally considered an elusive legislative concept by its main
promoters (Karr et al., 1986), refers to the biological condition displayed by aquatic
ecosystems in which 'composition, structure, and function have not been adversely
affected by human activities' (Karr et al., 1986; Moore et al., 1999). The most common
assessment of biotic integrity is conducted through the well-known and widely-used
multimetric Index of Biotic Integrity (IBI) (Simon and Lyons, 1995; Aparicio et al.,
2011; Hermoso and Clavero, 2013; Ramos-Merchante and Prenda, 2018). One of the
main contributions of this approach relies upon the relative condition of the ecosystem
being evaluated with respect to a theoretical 'pristine’ status, or 'Reference Conditions'
(RC), free from human disturbance. These RC have been codified by the WFD for the
protection and improvement of the ecological condition of streams and defined by
Stoddard et al., (2006), as 'the biotic integrity or natural state for which long-term
variability is acceptable within relatively narrow limits'. The IBI thus measures the
deviation observed between the current biological state of the site and that which it
ought to display in the absence of any major human disturbance.

These RC, often considered in bioassessment methods (Bailey ez al., 1998), may serve
as a useful theoretical framework for the determination of ecological changes. The
characterisation of RC, in the case of biotic communities (e.g. fishes), has followed at
least three general approaches: (1) predictions from empirical models, (2) minimally
impacted sites, and (3) historical data. However, some studies have raised questions
about considering least impacted reference sites as 'natural’ conditions that arguably no
longer exist within contemporary landscapes (Hobbs et al., 2006; Aparicio et al., 2011;
Dallas, 2013; Labay et al., 2015; Ramos-Merchante and Prenda, 2018). Studies of
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bioassessment rely on benchmarks using pristine conditions (Karr, 1981), that are
becoming increasingly difficult to find in today's world, particularly in highly-changing
environments such as the Mediterranean (Geri et al., 2010; Aparicio et al., 2011).
Humans have distorted their supporting ecosystems throughout history, making any
definition of undisturbed reference states ambiguous, to say the least (Hobbs et al.,
2006; Connor et al., 2019; Manzano et al., 2019). Almost every ecosystem experiences
some form of human disturbance, sometimes deep and permanent. Consequently,
reference status sites are difficult to establish properly, a problem which is particularly
pronounced in the case of freshwater fish communities, one of the world's most
disturbed and poorly-known biological communities (Abell, 2002; Kottelat and Freyhof,
2007; Freyhof and Brooks, 2011). Most catchment landscapes have been greatly altered
during the last centuries (e.g. Boivin et al., 2016), directly influenced by multiple
anthropogenic factors, the consequences of which are difficult to classify (Hoffmann
2005, Dudgeon et al., 2006; Prenda et al., 2006). The Industrial Revolution of the late
18™ century precipitated this large-scale distortion, resulting in an unprecedented
increase in both anthropogenic changes and the use of natural resources (Steffen et al.,
2007; Kopf et al., 2015). As a result, very few, if any, of the world's rivers, retain their
original functional integrity (Jungwirth et al., 2002; Schletterer et al. 2014). The
definition of targets for the restoration of impacted ecosystems in a changing world is,
therefore, extremely challenging, if not impossible (Nijboer et al. 2004; Bouleau and
Pont, 2015).

The RC concept implicitly assumes that the composition of freshwater communities
remains stable through time. Does the species composition really persist more or less
unaltered for, say, decades or centuries? The use of a fixed list of components at any
given time is a futile exercise and does not consider the fundamental importance of
ecosystem variability (Moss, 2008). Over extremely long periods, fish communities can
vary greatly (e.g. Mufioz and Casadevall, 1997). Therefore, rather than identifying
potential reference sites in indiscernibly transformed landscapes, knowledge of major
influential factors on freshwater integrity may be achieved by taking data from previous
centuries and then building basic structure and function patterns for the species present
in those times (Clavero and Villero, 2014).

Historical survey data serves as an important source of information for the
reconstruction and identification of species distribution changes, facilitating the
knowledge of a freshwater fish status baseline prior to the generalised, large-scale
environmental changes that have occurred in recent decades (e.g. major land
transformation, industrialisation, construction of transversal barriers, and so forth.)
(Habit et al., 2010; Haidvogl et al., 2015a; Pont et al., 2015; Chakona et al., 2020).
Several studies have taken information from the last few centuries to create least
disturbed communities, to estimate RC, or to develop conservation programmes
(Aparicio et al., 2000; Filipe et al., 2009; Habit et al., 2010). Applied historical ecology
— the use of historical knowledge in the management of ecosystems — provides a
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baseline, or a picture of ecosystem health (Stoddard et al., 2006; Haidvogl et al.,
2015a). The historical ecology data must include chronological sequences of
observations of sufficient duration to detect significant changes in both populations and
dynamical behaviour and shifts in the main distributions patterns (Swetnam et al., 1999)
or alternatively by using molecular data (Chakona et al., 2020).

The Guadalquivir Basin in the Mediterranean area is one of the most highly-
transformed major river systems in the Iberian Peninsula, particularly since 1900, with
the commencement of generalised damming (Granado-Lorencio, 1991; Clavero et al.,
2004; Prenda et al., 2006). Furthermore, the Guadalquivir drainage network has been
greatly affected by recent industrialised agricultural practices (‘super-intensive' olive
groves, in particular) and by the manifold consequences of a dense human population
inhabiting a semiarid land (Ramos-Merchante and Prenda, 2018). However, as the
damage which has been caused by anthropogenic disturbances is not irreversible, the
WED assumes that the removal of these causes would mean a return to previous
conditions (Bouleau and Pont, 2015). As it is currently impossible to define any aquatic
location in the Guadalquivir Basin as pristine (see Ramos-Merchante and Prenda, 2017),
RC have to be assessed exclusively via the analysis of historical data or from other
rivers in the same ecoregion. Historical reference points are critical for the measurement
and interpretation of long-term changes, and for the establishment of meaningful targets
for management, restoration and recovery, such as the WFD RC concept. However, the
application of historical baselines to ecosystem management and conservation activities
must take into consideration the impossibility of restoring ecosystems to previous
historical ranges of variability (HRV). A contemporary perspective requires the
adaptation of conservation values to manage human-dominated ecosystems (Kopf et al.,
2015). But at the very least, historical trajectories are an essential element in
understanding the main systems to be conserved.

This study uses both historical and current data on the distribution of native fish
species to test the validity of the RC concept following the analysis of long-term
changes in the fish community of the Guadalquivir Basin.
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2. METHODS
2.1 Study area

The Guadalquivir River (S. Spain) (Fig. 1) has a drainage basin of 57,530 km”. The
catchment area comprises three geological units delimited by mountain chains with
altitudes ranging from 1,000 m to more than 3,000 m a. s. 1. The Guadalquivir Basin is
highly asymmetrical: geology, topography and human use vary between the left and
right sides of the basin. While the former, delimited by the Baetic System, one of the
main Spanish mountain ranges, is comprised of sedimentary flatlands, dominated by
intensive agriculture, with high to very high population density and few reservoirs, the
latter, delimited/bound by the Sierra Morena mountain range, comprised of old acidic
rock, is largely wooded and dominated by extensive dehesa (i.e., wooded meadow).
Unlike the left side of the basin, the main infrastructure consists of large reservoirs, with
relatively low population density, and although historically extensive livestock breeding
has been the main activity, agriculture is of minor importance today.

The Guadalquivir Basin is a semi-arid region (rainfall ~535 mm year™; range: 300-1100
mm) in which water repartition for environmental and human use is a significant and
controversial issue for water management (Martin-Ortega et al., 2008), involving many
challenges; (Rodriguez et al., 2007). The high temperatures, combined with a lack of
precipitation during summer, result in a marked water deficit (Robles et al., 2002),
typical of Mediterranean regions. Furthermore, years of extremely high or low
precipitation have tended to cluster together, compounding the effects of drought or
flood. Most of the human population (~4.1 million) is concentrated in the lower parts of
the basin where irrigated agriculture constitutes one of the most widespread activities
and is the main consumer of blue water (192 mm year’l) (Dumont et al., 2013).
Agricultural practices demand 87% of the water resources within the catchment area, an
amount far exceeding any other use, including urban and industrial. At present, the
basin's water resources are highly regulated.

Lately, the EU's common agricultural policy has precipitated a rapid evolution in
traditional farming methods. The most significant of these changes is the 'super-
intensive' cultivation of olive groves, which is highly demanding in terms of water
resources, promotes rapid hillside erosion and requires large amounts of 'inputs’,
(fertilisers, pesticides, etc.). The combination of these processes — irrigation + erosion +
external inputs — results in the significant alteration of most aquatic habitats due to a
permanent restriction of the water flow, with the scant water remaining containing a
high suspended solids load, plus pollution from fertiliser and pesticide use (Gonzélez-
Ortegén et al., 2010 , Hermosin et al., 2013, Carpintero 2015).
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2.2 Historical and current native fish fauna data

To assess distribution changes of the most prevalent native fish species, matrices to
historical and current period were developed.

The historical distribution (Thistorical data”) of fishes in the Guadalquivir Basin was
obtained using data from the 19" century work by Pascual Madoz (1846-1850), an
encyclopaedic dictionary with broad social and environmental information from every
Spanish place name structured in a fixed manner across the text (Clavero and Villero,
2014). We referred to the dictionary when describing 1) rivers and wetlands, and 2) fish
as a food source and game species. Citations of the common names of freshwater fish
were found using digitalised copies of the Madoz dictionaries available at
www.bibliotecavirtualdeandalucia.es, through the search tool in a pdf document reader
(Clavero and Hermoso, 2015). The total historical information included 229 place
names (henceforth 'locations'), across the Guadalquivir Basin, with 472 freshwater fish
records, 82 of which referred simply to 'fish', 42 to 'fishing' and 11 failed to meet the
criteria. A presence/absence matrix (fish x locations) of historical fish fauna was
developed using data that met the following criteria: 1) fishes were found in enough
sites for statistical analysis (usually more than five) and 2) data of freshwater native
species were available from both historical and current data. The species that fulfilled
the analysis criteria for historical period were European eel (Anguilla anguilla), brown
trout (Salmo trutta), Southern Iberian barbel (Luciobarbus sclateri), Iberian nase
(Pseudochondrostoma willkommii) and Iberian chub (Squalius pyrenaicus). So, the final
historical data set included data from 176 locations and 337 fish records (out of five
species).

Current distributions ("current data”) were determined through 225 extensive sampling
sites in the Guadalquivir Basin, surveyed in 2008. Different sampling methods were
used depending on the width and depth of the study site. Fluvial sites with low or
moderate salinity (<1.5 mS cm'l) and shallow depth (< 1.2 m) were electrofished by
wading upstream for an average period of 1 hour. Sites were electrofished for transects
of about 100-150 m in length (5-50 m channel widths), which included all geomorphic
channel units present in the reach (i.e. riffles, pools and runs), following the CEN - EN
14011:2003 standard protocol (UNE, 2003). Where electrofishing was impossible,
passive traps were used (two trammel nets, three pairs of fyke nets, fifteen minnow traps
and ten pairs of plastic minnow traps were set for a minimum of 8 h). After capture, the
fish were identified to species level, counted, measured for total length (TL, mm)
weighed (g), and then returned live to the stream. Presence/absence data matrix for all
freshwater fish species were generated exclusively from locations with catches. The
data set consisted of a total of 195 sampling locations in rivers (156) and reservoirs (39)
(Fig. 1). A total of ten native species were captured at the current period (Table 1).
Finally, only five species were selected for carrying out the analyses, the same as for the
historical analysis.



237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253

254
255
256
257
258
259
260

261
262
263
264
265
266
267
268
269

270
271
272
273
274
275
276

Historical and current fish distribution data were synthesised using sub-basins as
sampling units, as these represent a more appropriate natural body for the study of the
spatial distribution patterns of freshwater fauna and for the more accurate detection of
any changes (Abell et al., 2007; Hermoso et al., 2015). Presence/absence data from the
locations for both periods of time were transformed into sub-basins separately using
ArcMap software, ArcGis 10.1 (ESRI, Redlands, CA, USA). ArcHydro (Maidment,
2002) was used to divide the whole Guadalquivir Basin (total area) into 389 sub-basin
units from a 100-m Digital Elevation Model (DEM) of 1:25.000 scale. The distribution
of each of the five fish species selected was transposed from locations (historical place
names or current sampling sites) to sub-basins through overlapping polygons (using the
Select by tool in ArcMap). Historical names may refer to a specific location, that is just
one point in a sub-basin, but in some instances the name may designate a larger area
such as a municipality, which may imply more than one sub-basin. Finally, a total of
338 sub-basins out of 389 (86.2%) were selected from historical bibliographic sources.
Of these, 207 sub-basins contained a location with a reference to one or more of the five
fish species selected. Similarly, current data resulted in a total of 212 sub-basins (67.4%
of total sub-basins), of which 191 had fish catches.

To evaluate changes in the distribution range of the five native fish species selected,
only sub-basins with data available for both historical and current distributions were
incorporated into the analysis, so those with historical records which were not surveyed
in the current period were excluded. Current and historical data overlapped in 187 sub-
basins (60.9% of the total area).The aggregate distribution in the Guadalquivir basin for
each species among periods was calculated as the sum of all sub-basins occupied by
each species in the historical or current period individually.

To detect a general species distribution changes between the two periods, the
Guadalquivir Basin was divided into 6 evenly-sized sectors, 3 on the left side of the
basin and 3 on the right (see Fig. 1). A comparative approach of use/availability of
sectors in each period was tested through a statistical chi-square (y2) analysis, with the
null hypothesis stating there were no differences in the use of the different sectors by a
given species between the historical and the current period (see Grossman & Freeman,
1987 and Prenda et al., 1997). A matrix of presence-absence with a level of significance
of p<0.05 was analysed using the R project software version 3.2.3 (R Development
Core Team, 2016),

To examine the changes in the fish community composition for each sub-basin
between historical data and current data a gross fish community integrity index (FCI)
was developed. FCI was calculated as the native species lost (i.e. cited in the historical
data set, but not in current data) plus non-native species gained (number of added non-
native species captured during the current period). Native species lost was calculated
only on sub-basins with positive results (0-5 species) and using only sub-basins with
data from historical and current periods (see Eq. 1),
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FCi = (NnSp, — NnSp.) + (NnonSp,) Eq. 1,

where i is the sub-basin from 1 to 137; nSp = native species; nonSp = non-native
species; h = historical data; ¢ = current data; N = number.

Finally, in order to develop a complete framework for the historical fish community
from the Guadalquivir Basin, additional diadromous fish species (excluding the eel)
were checked-out through a literature review. Sixteen bibliographic sources, including
the Madoz dictionary (1846-1850), as well as scientific journals and historical
documents with information on these species from the mid-19™ (historical data) to the
21% (current data) century were consulted (Supplementary Data Table A and
Supplementary References).
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3. RESULTS
3.1 Historical changes in species distribution

Most sub-basins within the Guadalquivir basin have suffered major changes in the
integrity of the fish community, from the 19" century until present: 30 (21.9%), gained
and/or lost one species, 44 (32.1%), two species and 56 (40.9%), three to seven species
(Table 2). Local extirpations or species loss had a greater impact on these results than
species gain (Table 2). From here, it can be said that the Guadalquivir fish community
integrity is severely impaired at the long term. From the 137 sub-basins analysed, only 7
(5.1%), neither lost nor gained any fish species (Table 2).

European eel (A. anguilla)

The historical range of the European eel encompassed most of the Guadalquivir Basin
(74.8%), the species being present in approximately 86% of the total area analysed.
However, according to both general and overlapping data (Table 3), the species has
disappeared from 97% of its original area. There were significant differences in the use
of large sectors of the basin (Table 3). The eel has been extirpated from those sectors
most distant from the mouth of the river. Today the eel is confined to the lower parts of
the basin, the mouth of the main river and the Guadiamar river (Fig. 2; Fig. 3), the only
sites free from impoundments.

Brown trout (S. trutta)

The brown trout originally presented a scattered distribution pattern throughout the
Guadalquivir Basin. However, nowadays it has disappeared from some historically
occupied areas, particularly the lowest sites, indicating a significant change in the use of
sectors (Table 3). The historical distribution range of the brown trout was approximately
half that of the eel (around 43% for total and overlapping sub-basins), and was reduced
by 84% (from 15,393 to 2,538 km2) between the 19" and 21* centuries (Table 3).
However, the current brown trout distribution area is approximately double that of the
eel, whose original area has suffered a much larger reduction. The historical distribution
of trout occurred mostly in sectors D, E and F, in the upper Guadalquivir, with some
presence in sectors A and C, too (Fig. 2; Fig. 3). Today, the species is present only in
sectors D, E and F, most notably the latter, where approximately 60 % of its current
total area can be found.

Southern Iberian barbel (L. sclateri)

Both historical and current data show this barbel species to be widely, but unevenly
distributed, suggesting a similar distribution pattern between sectors and time periods
(Fig. 2; Fig. 3). Historically, over 75% of the total basin area was occupied by the
species, while, considering only overlapped sub-basins, species was present in 78.8% of
its distribution range and was apparently extirpated from 16% of it, in comparison with
current data (Table 3).

Southern straight-mouth nase (P. willkommii)

10
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The prevalence of nase across different large basin sectors has remained fairly
constant (Fig. 2, Fig. 3) and the test for distribution changes over time was non-
significant (Table 3). In the historical period this species occupied around 61.6%
(30,553 km?) of the total area surveyed, or 63.7% of the overlapping basins (Table 3).
Although comparison of historical and current overlapping basins reveal current species
occupation in only 25.7% of the former area (Table 3) which means a strong reduction
in total potential distribution range between the 19" and 21* centuries.

Iberian chub (Squalius pyrenaicus)

This native species, formerly present in those sub-basins located in the upper reaches
of the Guadalquivir Basin (mostly sectors C, E and F) (Fig. 2), represented the lowest
registered historical distribution from all those studied here (11.8 %; 5,865 kmz) (Table
3). In fact, there were relatively few historical references to this small non-edible
species, and in most of the sub-basins where it was sampled in current period (Fig. 3) it
was absent from Madoz (1846-1850). The comparison of historical and current
distribution showed an apparent increase of 40% (from 3,725 to 5,171 kmz) (Table 3).
However, no significant differences in sector use between the 19" and 21 centuries
were found (Table 3).

3.2 Diadromous species assemblage

The bibliographic review on diadromous fish fauna highlighted a total of five species
in the Guadalquivir Basin, four anadromous: Atlantic sturgeon (Acipenser sturio), sea
lamprey (Petromyzon marinus), allis shad (Alosa alosa), twaite shad (Alosa fallax); and
one catadromous: eel (Supplementary data Table A and Fig. 4). Therefore, the historical
assemblage of diadromous species in this basin included 54.5% of all Iberian
diadromous fish (see Carta Piscicola Espaiiola, 2018).

A total of 55 records were found, ranging from 3 to 28 for twaite shad and Atlantic
sturgeon, respectively (see Supplementary data Table A), the majority of which (n=24)
came from Madoz (1846-1850). Only one of the five species (eel) with historical
presence in the basin was captured in the 21* century period, with sea lamprey and
twaite shad being extremely scarce, and Atlantic sturgeon and allis shad, regionally
extinct (Arias-Garcia 2010; IUCN, 2015) (Fig. 4). In the case of twaite shad, during
early autumn and spring, very few individuals are dispersed in the lowest reaches of the
basin (Arias-Garcia, 2010) (Fig. 4). Some studies have considered the sea lamprey to be
extinct (Arias-Garcia, 2010). We are, however, aware of the sporadic, but periodic
capture of this species in the estuary (authors’ unpublished data).

11
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4. DISCUSSION
4.1 Long-term shifts in fish community composition

Ecological communities are highly dynamic, subject to continual change, particularly
over the long-term (Swetnam et al., 1999). Examples of this can be seen in many
different ecosystems and biocoenoses, most notably, plant communities and landscapes
(Connor et al., 2019, Manzano et al., 2019). Indeed, community composition seems to
retain a certain equilibrium only when viewed over relatively brief human timescales of
a few years at most. Thus, long-term comparisons using historical and current data
provide a real opportunity to understand basic questions related to degradation patterns
of freshwater fishes in the present day and the quantification of long-term shifts in the
fish distribution of large catchments (Blanchet et al., 2009; Haidvogl et al., 2015b;
Schletterer et al. 2018). Here, historical quotations from reference texts about the
geography of the Guadalquivir Basin were used to establish a baseline of the original
distribution in the 19" century of five native fish species (eel, trout, barbel, nase and
chub), most of nutritional value to humans. The main results point to a strong decline in
the extent of the distribution of most of these five native freshwater fish species between
historical and current period, a fact which is borne out by studies of other Mediterranean
rivers where similar extinction processes were detected (Aparicio et al., 2000; Habit et
al., 2010, Clavero and Hermoso, 2015).

While Aparicio et al., (2000) observed a narrowing of European eel distribution and
an expansion of brown trout, our results revealed an overall average decline of 50% in
the occupied area across all the species analysed. It seems that some species,
particularly eel, trout and Iberian nase, have been extirpated from multiple sub-basins in
the past. However, although these species have suffered major reductions in their
historical range, the respective narrowing distribution patterns across the Guadalquivir
basin differed strongly. In those sub-basins farthest from the mouth of the basin, in a
process clearly linked to reservoir building, eels have become locally extinct (Clavero
and Hermoso, 2015). On the other hand, the trout area has been limited to the highest
river reaches, close to the headwaters, in a process likely driven by alterations in the
aquatic habitat, especially water quality and climate change (Clavero et al., 2017,
Almodévar et al., 2012). This is an intensely managed species due to its value in
recreational fishing, which may have prevented a still larger reduction in distribution
range.

The situation with respect to the cyprinids is more variable. The distribution range of
barbel, the species that has suffered the least reduction in range, has changed little from
historical to the current period. Nase distribution, on the other hand, seems to have
disappeared from the more degraded lower stretches of the basin and is, nowadays,
generally confined to the less impacted upper reaches. Finally, regarding chub, there is a
clear difference, most likely due to the fact that it is non-edible, being typically deemed
unsuitable for culinary purposes. Containing a large number of bones, it is difficult to
eat, and is not particularly palatable. In fact, some cookery books and websites advise

12
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against consuming it. Furthermore, as it fails to reach a large size, it is not especially
profitable. For these reasons, this species may have escaped notice in the past due to the
complete lack of culinary or commercial interest shown in it. It simply was not
registered, as interest was likely only bestowed upon those species of potential utility to
people, such as barbel, nase, eel and trout, all of which are highly appreciated for human
consumption. Therefore, we may conclude that chub, a generalist species with an ample
ecological tolerance (Blanco-Garrido et al., 2003), was probably widespread in the
Guadalquivir Basin during 19" century, but under-registered in the Madoz dictionaries.
Although our data suggest an apparent increase (~40%) in the chub distribution range
between historical and current data, this could simply be a spurious result. In all
likelihood, this species may have suffered a reduction in distribution similar to eel or
trout.

The four additional diadromous species considered in this study (sturgeon, lamprey
and allis and twaite shads) are extinct or almost extinct today, but were widely
distributed in the 19" century, especially in the middle and lower sectors of the basin. A
combination of habitat alteration (river fragmentation, pollution and channel
modifications), and overfishing have led to this decline (Fernandez-Pasquier, 1999;
Mateus et al, 2012). The ecological status of the basin in the current period makes the
recovery of any of these species virtually impossible (Ramos-Merchante and Prenda,
2018). Currently, about 9,193 hm” of river flow is retained in 29 large reservoirs (> 100
hm?) and over 140 smaller ones (< 100 hm?) (Confederacién Hidrografica del
Guadalquivir, 2015). In addition, there are also numerous cutoffs, channelling and
dredging works to promote river traffic, particularly in the lower reaches of the river
(Granado-Lorencio, 1991). As a consequence, the natural flow pattern of the main
channel and tributaries has been vastly altered and these species are unable to complete
their life cycle (Fernandez-Pasquier, 1999). For these reasons, neither of them can be
included in the RC as a real conservation goal for the Guadalquivir Basin and at the
same time it renders the definition of any RC impossible (sensu WEFD).

Those species native to the Guadalquivir Basin not considered here may have suffered
a similar fate to those presented in this paper. Although we have focused on large,
valued and probably heavily-exploited species, for which historical declines are likely
larger than they would be for a random sample of the Guadalquivir fish community, our
results highlight that overall native fish distribution in the Guadalquivir Basin has been
seriously altered throughout the last two centuries. The fish distribution pattern from the
historical to the current could be established by amalgamating the patterns derived, on
the one hand, exclusively from the ecological preferences and non-human mediated
interactions of each species, with those attributable to human disturbances and the likely
continual translocation of those species of interest to humans (Sanchez-Polaina and
Fernandez-Delgado, 1997; Hoffmann 2005; Lopes-Cunha et al., 2012).

4.2 Reference conditions in highly disturbed river basins?
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The existence of a 19" century geographical register, such as that obtained from
Madoz, provides a fundamental baseline to discern historical long-term changes in fish
community composition. The emerging historical fish distribution pattern may offer
new insights into past river ecosystems, as well as providing an essential context for
contemporary basin management. Considering the five species widely and reliably
registered in Madoz (eel, trout, barbel, nase and chub), we have given an account of
those sub-basins with historical data (137) that currently either maintain the same
composition or have lost species. At the same time, the non-native species detected in
each basin in the current sampling were similarly computed. The combination of non-
native species gained and native species lost provides a comprehensive index of
community integrity useful for the evaluation of overall changes in these aquatic
biocoenoses. Furthermore, it helps to validate the RC concept from a double
perspective, if: 1) communities, per se, are stable entities that tend to maintain their
composition long-term, irrespective of environmental conditions, and 2) community
resilience is high enough to cope with relatively recent human impacts.

The detection of a 'pristine' baseline — a true reference condition' — can be a rather
complicated undertaking. Ecological systems follow environmental dynamics, which
are mostly climatically driven, but at the same time they also interact with
anthropogenic influences, and the detectable ecological consequences of this interaction
go back much further than the modern era (Hobbs et al., 2006; Hoffmann 2005, Lotze
and Worm 2009). Here, we report that most of the sub-basins analysed in the
Guadalquivir Basin have suffered substantial changes in fish community integrity from
the mid-19" century onwards. Soft impacts from human activities, such as those related
to low-intensity urbanisation, had dramatic impacts on warm water stream fish
assemblages in North America over a 50-year period (Weaver and Garman, 1994), a
much shorter time span than that considered here. Over the last 150 years, Andalucia,
the territory encompassing most of the Guadalquivir Basin, has seen great change in
terms of general human development, which may have profound consequences for
landscape and river ecology (Ales et al., 1992, Leyton et al., 2017). In short, the
Guadalquivir Basin has gone from a sparsely populated area in the 19™ century,
unchanged since mediaeval times, to a highly-developed, densely-populated zone in the
21%. The changes in urbanisation, agriculture, land cover, infrastructure and industry in
a semiarid basin, highly dependent upon very limited water resources, must necessarily
translate to the status and biodiversity of the river ecosystems (Riis and Sand-Jensen
2001; Dallas, 2103). Damming, wastewater, eutrophication and siltation are major
factors that have had an increasing impact since the beginning of the 19" century
onward. A similar study of the Schuylkill River Drainage (N America), observed a
major reorganisation of the structure of the fish community from the 19" century,
affecting both native and introduced species (Fairchild et al., 1998). Furthermore, the
authors recognised that fish communities change discernibly not over the course of
centuries, but in a matter of decades.
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Three basic approaches can be followed to establish RC for regional fish
communities: (1) use of predictive models, (2) sampling undisturbed sites and (3) use of
historical data. The option of constructing basin-wide models predicting species
composition is largely ineffective, particularly in highly-disturbed basins, like the
majority of those in the Mediterranean area, including the Guadalquivir (Ramos-
Merchante and Prenda, 2018). The option of sampling fish communities from nearby
sites unaffected by human activity, directly upstream, or from similar adjacent sub-
basins, requires the existence of such sites for the whole set of environmental conditions
observed in the area of study. Again, in Mediterranean basins greatly affected by
humans, such 'pristine’ sites are almost non-existent, especially in the lower stream
reaches (Dallas, 2013). Finally, there are several limitations to the historical approach
which at best hinder and at worst render impossible its application: 1) the question of
which moment should be chosen to establish the baseline if fish communities undergo
significant changes in a matter of decades, 2) the general absence of adequate historical
records, and 3) the fact that, where these records do exist, they provide reference
communities of impossible practical application because they are associated with
environmental conditions that may have long since disappeared (Chakona et al., 2020).

The historical data reported in Madoz (1846-1850) were used to describe a potential
reference situation', but this was far from being an 'undisturbed situation' (Soranno et
al., 2011). Conceptually, the best approach to the establishment of a 'reference
condition' for a freshwater ecosystem is to use information from a time period when the
ecosystem was in the reference’ state, i.e. not adversely affected by human activity
(Karr et al., 1986). However, this rarely exists, nor can it be measured in any objectively
scientific manner. Iberian landscapes, like most Mediterranean ones, have been subject
to continuous, long-term environmental change throughout the Holocene (Magny et al.,
2003, Jalut et al., 2009) and inhabitation by humans since prehistory has deeply
modified the environmental conditions (Carrion et al., 2003; Boivin et al., 2016). Over a
shorter time span, from the 19" century onward, the area has been subject to increasing
disturbance (e.g. Urbieta et al., 2008; Leblanc et al., 2000; Butzer, 2005), and the main
issue continues to be the question of when to set the 'reference condition'. Although it is
difficult to obtain reliable information from freshwater ecosystems from a period
lacking 'significant' human pressure, this study attempts to supply an adequate temporal
source to establish proper RC prior to critical anthropogenic impacts on freshwater
ecosystems (Granado-Lorencio, 1991; Haidvogl et al., 2015b).

This study compares two settings taken at two specific periods. However, to anticipate
further changes in the distribution of native fish species, it would be necessary to
construct new future settings and to develop predictive models. To improve the
knowledge on the decline of native fishes in the Guadalquivir Basin, future research
should refresh the information on sub-basins and rivers where fish species were
historically found. A more detailed analysis of the intensity of human pressures and
climate variability is necessary to better understand the general degradation process
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under analysis. In concurrence with previous authors, we assert that historical data are
essential for the documentation of changes in fish distribution patterns, before any
increase in critical human pressures on the environment and climate (Tingley and
Beissinger, 2009; Pont et al., 2015, Haidvogl et al., 2015b).

Our case study of the Guadalquivir Basin demonstrates the long-term impact of
human pressures on the fish community in the Mediterranean. The strength of the
historical sources describing the occurrence and relative abundance of fish species
within this river network between the historical and current period, has been crucial to
the understanding of the dynamics of natural systems under intense critical
anthropogenic impact and, furthermore, may serve to establish reliable conservation
goals based on the reality that contemporary humans are imposing on freshwater
ecosystems. The disappearance of many species and most of their original habitats,
render the definition of any RC unlikely (sensu WFD). However, if a water mass is
highly disturbed, WFD allows it to be classified as a Heavily Modified Water Body
(HMWB), whose reference conditions are established by its Maximum Ecological
Potential (MEP). The MEP is the state in which the biological status reflects, as far as
possible, that of the closest comparable surface water body, taking into account the
modified characteristics of the water body. But this is only useful for bodies of water
which are substantially changed in character as a result of physical alterations by human
activity. That is, the classification cannot usually be applied to water bodies affected by
other common impacts that imperil Mediterranean lotic ecosystems, such as diffuse
pollution, eutrophication, invasive species, water abstraction, etc. (Dallas, 2013).
Nonetheless, the main WFD procedure, including the RC approach, provides an
ecological guiding principle that can also be transferred to the conservation of
freshwater ecosystems.

4.3 River conservation, WFD and alternatives to reference conditions

The WFD ultimately tries to maintain or to restore the integrity of European
freshwater ecosystems. Thus, it has more to do with European river conservation than
any other European legislation, for three main reasons (Boon and Lee, 2005; Boon,
2012): 1) it covers all surface waters throughout most of Europe; 2) it requires river
basin management plans to ultimately achieve ‘good’ ecological status for all European
water bodies; and 3) it uses a theoretically true ecological perspective to address the
integrity of freshwater ecosystems, much more than any other previous law, especially
in countries like Spain. Although the WFD, as opposed to the Habitats Directive (HD),
is not a nature conservation directive per se and the concept of "ecological status" is not
intrinsically synonymous with "conservation value" (Boon and Lee, 2005), a gradient in
ecological status may run parallel to a gradient in conservation value. And this positive
correlation may increase latitudinally from north to south as the ecological status of the
water bodies diminishes, as happens in Mediterranean areas (Gasith and Resh, 1999;
Prenda et al., 2006; Lopez-Doval et al., 2013).
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If the RC concept is not easily applicable to fish communities, at least in
Mediterranean areas, what should be done then? How can we assess the ecological
status of water bodies based on fish metrics? Aparicio et al. (2011) developed a fish
multimetric index (IBI-Jucar) for the Jicar basin (E Spain) based on five metrics that
did not need any RC. Ramos-Merchante and Prenda (2018) adapted this new index to
another Mediterranean basin in S Spain. In these cases the alternative to RC was to
create a set of metrics based on expert knowledge that took into account recognized and
accepted interpretations of ecological conditions and the health of the ecosystem. The
metrics employed in these indexes measured five/six aspects at three levels of fish
health: individual (percentage of individuals with anomalies, and fish condition),
population (age structure of native fish populations, and abundance of native fishes) and
community (loss of native species, and alien fish pressure). In both cases, Guadalquivir
and Jucar, the results were fully satisfactory and the ecological status of the sampling
sites was adequately characterized, as the high correlation with many other
environmental indexes demonstrated (Aparicio et al., 2011; Ramos-Merchante and
Prenda, 2018).

But are these IBIs useful for determining the conservation status of river stretches, in
addition to the ecological status of water bodies, in accordance with the WFD, by using
abundance, composition, and age structure of fish assemblages? It could be argued that
both IBIs are also a measure of the conservation status of river stretches, by virtue of
two metrics directly related to the conservation value of the fish community (loss of
native species and alien fish pressure) and two indirectly related additional metrics (age
structure and abundance of native fishes). This proposal is applicable to running waters
in Mediterranean areas and thus overcomes the two main shortfalls inherent in the RC
concept: the existence of pristine sites and the imposed lack of natural temporal
dynamics in river communities. In this case, the RC concept should be adapted to a
different ecological and environmental reality, but still be applicable to a collection of
sites with the highest ecological status/conservation value.
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TABLE RELATIONSHIP
Table 1. List of freshwater fish species sampled in 2008 in the Guadalquivir basin,

showing standard international name (Leunda et al. 2009) and frequency of occurrence
(%). In parenthesis the name used in this article.

Family  Species Common name occu:/ience
Anguillidae

Anguilla anguilla T European eel (eel) 1.0
Atherinidae

Atherina boyeri Big-scale sand smelt 1.5
Centrarchidae

Lepomis gibbosus § Pumpkinseed 20.0

Micropterus salmoides § Largemouth black bass 22.1
Cobitidae

Cobitis paludica Southern Iberian spined-loach (loach) 22.6
Cyprinidae

Alburnus alburnus Bleak 9.7

Carassius auratus § Goldfish 4.1

Cyprinus carpio I Common carp 20.5

Gobio lozanoi § Iberian gudgeon <1

Iberochondrostoma lemmingii Iberian arched-mouth nase 3.1

Squalius pyrenaicus Southern Iberian chub (chub) 11.8

Luciobarbus sclateri + Southern Iberian barbell (barbell) 71.3

Phoxinus phoxinus Adour minnow <1

Pseudochondrostoma willkommii ¥  Southern straight-mouth nase (nase) 24.1

Squalius alburnoides Iberian-roach —calandino (calandino) 23.1
Mugilidae

Liza ramada Grey mullet <1
Poeciliidae

Gambusia holbrooki § Eastern mosquitofish 17.4
Salmonidae

Oncorhynchus mykiss § Rainbow trout 2.1

Salmo trutta T Brown trout (trout) 10.8

T native species used in historical distribution analyses.
} non-native species
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929

930

931

932

933

Table 2. Geographic extent of the fish community integrity in the Guadalquivir basin (S
Spain) according to the local extirpation of native fish species and gain of non-native
species between the 19" and 21% centuries. Lost = species that were cited in the 19"
century work by Madoz (1846-1850), but were not captured in the samplings carried out
in the 21* century, being thus supposedly extirpated; gained = non-native species that
were captured during the 21* century field sampling and were not cited in Madoz work
(1846-1850); FCI = a Fish Community Integrity index computed as the sum of number
of native species lost plus non-native species gained among historical and current data
(see Methods). Number of sub-basins analysed=137.

Number Number of
of native n % non-native n % FCI n %
species  sub-basins species sub-basins index  sub-basins
lost gained
0 11 8.0 0 92 67.2 0 7 5.1
1 43 314 1 24 17.5 1 30 21.9
2 53 38.7 2 13 9.5 2 44 32.1
3 18 13.1 3 4 2.9 3 26 19.0
4 10 7.3 4 2 1.5 4 21 15.3
5 2 1.5 5 2 1.5 5 4 2.9
6 2 1.5
7 3 2.2
>7 0 0.0
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934  Table 3. Historical and current distribution of fish species in the Guadalquivir basin,
935  according to sub-basin area (kmz). TOTAL: a) historical data t is the total area of sub-
936  basins (kmz) recording a given species in 19" century in Madoz (1846-1850); b) current
937  data tis the total area of sub-basins (km?) recording a given species in 21st century.
938 OVERLAPPED refers only to sub-basins registering fish distribution data in both

939  historical and current periods. Historical data ¢ and current data ¢ are also shown for
940 total sub-basin area per period and species. % change is the area lost (-) or gained (+)
941  from historical to current data, taking historical data ¢ as 100%. Sector 2 shows the
942  results of a chi-squared test in which the null hypothesis was “there is no difference
943  between the two periods in the distribution of a given species” (see material and

944  methods for details).

945
TOTAL OVERLAPPED

Species historical data ¢ current data ¢ historical data ¢ current data ¢ % sectors

P (km?) (%) (km?) (%) (km?) (%) (km®) (%)  change ¥’
Anguilla anguilla 43,026 (86.7) 1,322 (3.4) 30,076 (85.8) 1,003 (2.9)  -96.7 okt
Salmo trutta 21,450 (43.2) 2,538 (6.5) 15,393 (43.9) 2,538(7.2)  -83.5 okt
Luciobarbus sclateri 37,515 (75.6) 25,895 (66.8) 27,618 (78.8) 23,212 (66.2) -15.9 n.s
P

seudochondrostoma 4 53 61 6) 9,401 (24.2) 22,344 (63.7) 9,015(25.7) -597  ns
willkommii
Squalius pyrenaicus 5,865 (11.8) 5,644 (14.6) 3,725 (10.6) 5,171 (14.7)  +38.8 n.s
Total surveyed area 49,618 (100.0) 38,780 (100.0) 35,061 (100.0) 35,061 (100.0)

¥ test: *#p<0.03; **#p<0.01; ***p< 0.001; n.s: non-significant
946
947
948

949
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FIGURE CAPTIONS

Figure 1. Map of the Guadalquivir River basin (S Iberian Peninsula). The 195 sites
sampled in 2008 for fish and habitat variables are shown with white dots. The basin has
been divided into six sectors highlighting the lower (A, B), medium (C, D) and upper
(E, F) basin. Sectors are shown in different shades of grey.
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958  Figure 2. Relative presence (%) of five native fish species in the different sectors of
959  Guadalquivir basin from historical and current periods using all data available in each
960  period (n=338 and n=212, respectively). The historical and current use of basin sectors
961 differed statistically for European eel and brown trout (Chi-squared test, p<0.001), but
962  not for the rest of the species (see Table 2). Species codes A_an: Anguilla anguilla;

963  S_tr: Salmo trutta; L_sc: Luciobarbus sclateri; P_wi: Pseudochondrostoma willkommii;
964  S_py: Squalius pyrenaicus. n, total amount of observations for each species and each

965  period.
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969  Figure 3. Distribution maps of the European eel (Anguilla anguilla), brown trout (Salmo
970  trutta), southern Iberian barbel (Luciobarbus sclateri), southern straight-mouth nase

971  (Pseudochondrostoma willkommii) and southern Iberian chub (Squalius pyrenaicus) in
972  the Guadalquivir basin in historical and current data. The grey area highlights the

973  species distribution in historical data and the striped areas represent the current data

974  species distribution. Total of sub-basins with sampling data in both periods (n=187)

975  where used to represent the comparison of specie distribution among historical and

976  current data (see map “overlapped sub-basins” at the botton of figure).
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980  Figure 4. Distribution maps of extinct diadromous freshwater fish species (Atlantic

981  sturgeon, Acipenser sturio; sea lamprey, Petromyzon marinus, allis shad, Alosa alosa
982 and twaite shad, Alosa fallax) detected previously to 21st century in Guadalquivir River
983  basin. The grey area highlights the species distribution.
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987  Supplementary Data. Table A. List of extinct diadromous freshwater fish species and

988  sites where were detected previously to 21 century in the Guadalquivir basin.

989

Species Date Locality Reference
Acipenser sturio 1758 (Cuil)dig (Cl\éz;);z;lso and Guadalquivir River Machado, 1857

1826-29 Guadalquivir River Miiiano, 1829
1846-1950 Coérdoba Madoz, 1850
1846-1950 Cantillana Madoz, 1850
1846-1950 Lora del Rio Madoz, 1850
1846-1950  Penaflor Madoz, 1850
1846-1950  Guadalquivir River Madoz, 1850
1865 Sevilla Steindachner, 1866
1866 Coérdoba Steindachner, 1866
1931 Cantillana Classen, 1944
1931 Villanueva del Rio & Alcolea del Rio Classen, 1944
1931 Lora del Rio Classen, 1944
1932 Isla Mayor Classen, 1944
1932-34 Trebujena Classen, 1944
1932-35 Coria del Rio Classen, 1944
1932-41 La Algaba Classen, 1944
1932-43 Alcala del Rio Classen, 1944
1933-34 Sanlicar de Barrameda Classen, 1944
1933-42 Isla Menor & Isla Minima Classen, 1944
1933-43 El Puntal & Cano de la Nueva Classen, 1944
1933-43 La mata Classen, 1944
1934-43 Figuerola Classen, 1944
1934 Tarfia Classen, 1944
1934 Sevilla Classen, 1936
1974 Alcala del Rio Hernando, 1975
1975 Alcala del Rio Hernando, 1975
1992 El Inglesillo (beach) Elvira & Almodévar, 1993
no date Guadalquivir River Matallanas et al., 1981

990
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993

994

Supplementary Data. Continued.

Species Date Locality Reference
Alosa alosa 1758 Cadiz (NW, coast) and Guadalquivir River Machado, 1857
1826-29 Andalucia Miiiano, 1829
1826-29 Guadalquivir River Miiiano, 1829
1846-1950 Coérdoba Madoz, 1850
1846-1950 Palma del Rio Madoz, 1850
1846-1950 Coérdoba Madoz, 1850
1846-1950 Benacazon Madoz, 1850
1846-1950 Cantillana Madoz, 1850
1846-1950 Coria del Rio Madoz, 1850
1846-1950  Gelves Madoz, 1850
1846-1950 Lora del Rio Madoz, 1850
1846-1950  Peiaflor Madoz, 1850
1846-1950  Puebla junto a Coria Madoz, 1850
1846-1950  San Juan de Aznalfarache Madoz, 1850
1846-1950  Sanldcar La Mayor Madoz, 1850
1846-1950 Lora del Rio P.J. Madoz, 1850
1846-1950  Guadalquivir River Madoz, 1850
Alosa fallax 1803 Cadiz (NW, coast) Machado, 1857
1846-1950  Peiaflor Madoz, 1850
1846-1950  Guadalquivir River Madoz, 1850
Petromyzon marinus 1784 Guadalquivir River Machado, 1857
1846-1950  Fuente Obejuna Madoz, 1850
1846-1950  Viar River Madoz, 1850
1846-1950  Guadalquivir River Madoz, 1850
1973 Canal de Parladé Hernando, 1974
1973 Canal de los Portugueses Hernando, 1974
1973 Canal de los Portugueses Hernando, 1974
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1048  Figure A. Distribution maps of non-native species in the Guadalquivir basin at twenty-
1049 first century.
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