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ABSTRACT

We analysed the effects of decadal and annual hydrologic fluctuations on freshwater fisheries catches in the Middle Parana River for a period
of six decades from the 1930s to the 1980s. The climatic fluctuations in this period strongly affected the hydrology of the Middle Parana
River and the characteristics of its flow regime. The magnitude of floods as well as maximum, minimum and mean water levels increased
progressively from 1930s until the 1980s concomitantly with increasing frequency and intensity of El Nifio Southern Oscillation events that
resulted in differentiation of distinct hydrological periods. The flood pulses were significantly more frequent and of greater magnitudes during
the 1970s and 1980s. These large floods resulted in increased commercial fish catches in the 1980s, possibly because of enhanced recruitment.
Specifically, large floods increased the commercial fish catches 2 years later. This effect was stronger for species that use floodplain habitats as
areas of reproduction and larval nurseries, such as Prochilodus lineatus. We conclude that the natural flow regime of the Parand River and per-
haps other large subtropical rivers must be preserved in order to sustain their productive fisheries. Copyright © 2016 John Wiley & Sons, Ltd.
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INTRODUCTION Gorski et al., 2012). Several migratory neotropical fish
species are characterized by a high degree of synchroniza-
tion between their reproductive cycle and seasonal river
flow dynamics (Agostinho et al., 2004; Agostinho et al.,
2007; Bailly et al., 2008); a large proportion of these species
are large-bodied and of high commercial value in multiple
South American countries, including Argentina.

The fish fauna of the Parand River has faced increased
pressure during recent decades because of development of
commercial fishing and possible environmental changes
caused by the construction of dams in the Upper Parand
River. No quantitative studies exist to assess these effects
on migratory fish in the Middle Parand River. Furthermore,
these direct anthropogenic effects are expected to be
superimposed by the projected climatic changes (IPCC,
2014). The climate variability during the past century in
South America and its impact on the hydrological regimes
of some of its major rivers has been studied (Garcia and
Vargas, 1998; Giacosa et al., 2000; Barros et al., 2006);
however, how the reported changes in the hydrology of the
Parand River have affected its biota and specifically the fish
fauna remains unknown. Thus, there is an urgent need to
understand drivers of populations of commercially important
species in order to implement informed management

The effects of seasonal flow dynamics (alternating high-
water and low-water) on aquatic ecosystems are well
documented, especially in subtropical and tropical floodplain
rivers. These water-level fluctuations govern the degree of
lateral connections and facilitate exchange of water, nutrients
and organisms between the main river channel and adjacent
floodplain as formulated in the ‘flood pulse concept’ (Junk
et al., 1989). Furthermore, seasonal flooding is considered
to be the key environmental factor that drives the community
structure and distribution of aquatic organisms in the flood-
plain (Junk et al., 1989; Neiff, 1990; Gorski ef al., 2011;
Goérski et al., 2013). Connectivity among floodplain habitats
increases the number of natural nurseries for fish and drives
high species diversity (Winemiller, 2004).

Flood pulse attributes, such as the duration and magnitude
of inundation, are thought to be the main factors underlying
the importance of floodplains for the spawning and growth
of riverine fish that utilize floodplain habitats (Bailly ef al.,
2008; Gorski et al., 2010; Wu et al., 2013; Gorski et al.,
2016). Furthermore, commercial fish stocks are expected
to be linked to natural pulse dynamics (Moses, 1987;
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are dominated by only 12 large-bodied migratory species
(Lopez, 2001). The fish catches are dominated by
large Characiforms and Siluriforms, with predomi-
nance of Prochilodus lineatus, Leporinus obtusidens
Salminus  brasiliensis, Pseudoplatystoma fasciatum and
P corruscans. These species are known for their long-
distance migration, which might encompass the whole basin
(Bonetto et al., 1969; Sverlij and Espinach Ros, 1986).
They reproduce during summer in lotic habitats of the main
channel and use different floodplain habitats as nurseries for
larvae and juveniles (Baigtn ef al., 2003). Thus, the avail-
ability of these floodplain habitats is crucial to the ability
of these species to complete their life cycles (e.g. Quirds
and Cuch, 1989 showed that the total catches of
Prochilodus increased with the increase of floodplain areas
available and/or the frequency of inundations).

The fisheries in the Middle Parand River contribute the
majority of the continental fishing production of Argentina
(Baigtin et al., 2003). Espinach Ros (1993) estimated this
production at 15000 tons per year. Furthermore, fish meat
contributes a substantial fraction of protein in the diets of
many people in this region (FAO, 2014). In addition, river-
ine fisheries are an important source of income for the tour-
ism industry in the regions adjacent to the Middle Parand
River as well as fish exports. Between 2007 and 2013, the
volume of riverine fish exported generated incomes of ap-
proximately $113M (FAO, 2014).

Studies considering the effects of flow regimes on river-
ine fisheries on large temporal scales (along a decade or
more) are uncommon because of the lack of empirical data
at such time scales (Gorski et al., 2012). Most of the avail-
able studies assess the effects of flow regulation because
of the constructions of dams (e.g. Agostinho et al., 2004;
Bailly et al., 2008; Goérski et al., 2012). Official fishing sta-
tistics may be useful for evaluating fish population dynamics
on large temporal scales and predicting future catches;
unfortunately, however, they are often of poor quality and
quantity (Welcomme, 1985; Gehrke et al., 2011).

The collection of data on commercial fish catches in the
Parand River in Argentina began around 1930 and was
maintained with sufficient completeness and quality for
nearly 50years. This valuable information was used in the
present study to analyse the effects of decadal and annual
hydrologic fluctuations in the past century on the fisheries
catch in the middle reach of the Parand River. We first ex-
amined flow regime changes between 1930 and 1980, with
focus on the variations of flood pulses (e.g. magnitude, fre-
quency, duration and timing). Secondly, we assessed how
the commercial fish catches varied in the same time period
to discern the effects of flood pulse characteristics on them.

Given that the hydrologic fluctuations are key factors
structuring riverine fisheries, because they affect reproduc-
tion, survival and recruitment of the main commercial
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species, we expected that both total biomass and composi-
tion of catches change in relation to annual and decadal flow
regime variations. Specifically, we expected that more fre-
quent and larger floods, producing an increased connectivity
between the main channel and floodplain habitats, result in
higher catches in subsequent years because of an enhanced
recruitment of commercially important fish species.

METHODS
Study area

The Parand River is the ninth river in the world in terms of
its mean annual discharge at the mouth, (18000m’s™';
Latrubesse, 2008) and its basin is the second largest in South
America with an area of 2,00 000 km?. The alluvial plains in
its middle reaches are a vast system characterized by numer-
ous channels, lakes, islands and swamps that are mostly
unaltered and unpopulated by humans (Iriondo ef al., 2007).

Our study area extends along the Parand River and its
floodplain between 27-32° of latitude south and 58—60° of
longitude west, from the confluence of the Parand River with
its main tributary the Paraguay River to the city of Diamante
(Figure 1). In the upper limit of the study area, the Parana
River is characterized by the discharge of approximately
17000m>s™", which is a sum of the discharges of the Upper
Parand River (~12400m®s™') and the Paraguay River
(~3800m*s™"). The hydrochemistry of main channel and
secondary/minor floodplain courses (lotic habitats) in the
middle reach is adequate for fish life as well as aquatic biota,
according to international standards for water quality
(Hammerly 2011). The Middle Parana River is highly turbid
as it carries large volume of suspended sediments with high
content of fine material (suspended solids can reach concen-
trations of 4.500 mg1~'; Drago and Amsler, 1988). This high
turbidity is specific for the lower river and distinguishes it
from the upper basin (Paoli and Cacik, 2000).

The Parand River in the middle reaches is characterized
by wide and productive Pofamon and an extensive and com-
plex adjacent floodplain. This reach is unimpounded, differ-
ent from the Upper Parand in Brazil, where numerous large
dams were built since the end of the 1960s. In the Middle
Parand River, the alluvial floodplain spreads mostly along
the western bank of the main river channel and covers an
area of approximately 13000km? (Drago, 1989). The
floodplain is formed by numerous secondary channels and
accommodates multiple lakes and swamps. The fisheries
catches analysed in the present study were obtained along
this river corridor where the bulk of freshwater fisheries of
Argentina is concentrated (Fuentes and Quirds, 1988). The
Middle Parand River is situated in a moderate/warm-humid
Neotropical climatic zone. The mean annual temperatures
are approximately 19°C. The annual precipitation is
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Figure 1. Study area (the Middle Parand River in Argentina).
Numbers indicate ports from which commercial fisheries data were
obtained. fd; flow direction

approximately 900 mm, with rains predominantly from
October until April (73%) (Paoli and Cacik, 2000).

Hydrologic data and their analyses

Daily water levels that were used to characterize the hydro-
logical changes along the study period (1930s to 1980s)
were supplied by the Direccion Nacional de Vias
Navegables of Argentina and were recorded at the Santa
Fe Port gauge (Figure 1). The natural flow regime of the
Parand River is characterized by a high-water-level season
associated with intensive rains in the upper basin in the
austral summer—autumn (December—April) and a low-water
period in the early austral spring (September—October)
(Giacosa et al., 2000). For the analyses of variables of the
hydrological regime within the study area, the height of
4.5m was selected as the reference level when river water
begins to flood the adjacent floodplain (overflow level and
flood pulses) and the height of 2.3 m was selected as the
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reference of disconnection of most of the lakes in the
floodplain (Paira, 2003). High-water-level periods that were
between bank overflow (4.5 m) and 3.0 m were referred to as
flow pulses (Tockner ef al., 2000).

For analyses of the flow regime of the river within the
study period (1935-1983), we identified 18 relevant hydro-
logical variables obtained from the daily data records
(Table I). For the analysis of the associated temperatures,
daily air temperatures were obtained from Servicio Nacional
Meteorolégico of Argentina in Santa Fe. To build and
compare flow typology among years, we used cluster
analysis (Ward’s algorithm; Ward, 1963). To eliminate
multicollinearity, significant collinear relationships were
identified between flow regime variables (Pearson’s 7 > 0.6)
and the redundant variables were omitted in the final analyses
(Table I). Subsequently, we used principal component
analysis (PCA) and cluster analysis to assess overall similar-
ity of flows among years (using nine selected variables).

Fisheries data and analyses

The catch data of commercial fisheries in the Middle Parana
River for the study period 1935-1983 were obtained from
two sources: Ministerio de Agricultura and Direccién
Nacional de Pesca Continental (Argentina). The obtained
data consisted of landing reports on monthly/annual catches
(total and by species) registered by the Prefectura Naval
Argentina in ports along the Parand River. The catches were
registered by species in kilograms (kg) or tons for each port
along the fluvial corridor of the Middle Parand River and
later summed up in a monthly catch value by species and
port (Fuentes and Quir6s, 1988). Unfortunately, information
on exact fishing effort was unavailable. Furthermore, values
registered on the official statistical catches do not include
catches by sports and artisanal fishers (Baigtn et al., 2003).
Because there were no major changes in the applied types
of fishing gear, and hence, catchability of species should
not change substantially, the data are still useful to explore
temporal developments of catches in relation to hydrology.
Fish catches were characterized by total and individual
species biomass (kilograms and tons). The ports that were
used in the analyses were selected based on the representa-
tiveness of the Middle Parand River and completeness of
the data they have registered in the period 1935-1983.

The differences in total fish catches among decades were
tested using a non parametric one-way permutational analy-
sis of variance (PERMANOVA software v.1.6; Anderson,
2001). Pairwise posteriori comparisons were carried out to
assess which decades significantly differed. During the
whole study period, a total number of 19 fish species were
captured. To assess the variation of contribution of different
species to the total catch in selected ports, we calculated the
proportion (%) for each species per year for each port. Seven
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Table 1. Hydrological and temperature variables selected to characterize the flow regime

Group Code of variable Description of variable
Flood size and  Hmax Maximum water level (m) measured at Santa Fe Port
duration HmeanFlood Mean water level at Santa Fe Port during flooding
SupFlood Duration of the flood for Hmeanflood (flood surface; over the overflowing threshold)
Duration Number of days in high waters, flood (>4.5m)
Average flow HmeanWetDays ~ Water levels below 4.5m
period Hmean Annual average water level
WetDays Number of days between the overflowing threshold (<4.5 m) and disconnection threshold (>2.3 m)
Low-flow Hmin Minimum water level measured at Santa Fe Port
period HmeanDryDays Water levels below 2.3 m (dry period)
DryDays Number of days below the disconnection threshold (<2.3 m)
Flood timing DateStartFlood Date of the start of flooding, Julian days
DateHmax Date of maximum water level at Santa Fe Port
DateEndFlood Date of the end of flooding
Delay Delay of the flood (number of periods of 15 days between October 1 and the beginning of the
flood). Following Oliveira et al., 2014
Associate TStartFlood Water temperature on the first day of flooding
temperatures TendFlood Water temperature on the last day of flooding
TmeanFlood Mean water temperature during flooding
TmeanAnnual Annual average temperature

Significant and not collinear selected variables highlighted in bold.

fish species that accounted for approximately 75% of the total
of commercial catches in the Middle Parand River in analysed
period were selected. Six of them represent >9% of the total
catch and also occur in all decades analysed. In addition,
Leporinus obtusidens was included because of its very high
commercial and biological importance (Table II). Subse-
quently, calculated percentages were arcsine-transformed (arc-
sine \/ [%/100]) per species. The canonical analysis of the
principal coordinates (CAP software v1.0; Anderson, 2004)
was used to assess temporal patterns of similarity in the struc-
ture of fish catches (arcsine-transformed) among decades.
To analyse the effects of flow regime variables on the
variation of fish commercial catches in the Middle Parand
River, we used distance-based redundancy analyses ((bRDAs)
(PRIMER-E software, McArdle and Anderson, 2001; with the
add-on package PERMANOVA+, Anderson et al., 2008). In
the case of zero catches, these were considered not as true
zeroes, but as catch levels below detection level and were set
to half the level of the minimum non-zero catch per species
(Gorski et al., 2012). dbRDA is a ‘semi-parametric’ analysis
and does not assume normality or homogeneity of variances,
but predictor variables were log10-transformed when necessary
to improve the linear fit of the data. These analyses were
performed using lag periods of 0-6 years, exploring the possi-
ble delay in the response of the fish commercial catches to flow
regime characteristics, in relation to recruitment. Subsequently,
we assessed correlations between fish catches and specific flood
variables that were identified as significant explanatory vari-
ables. To avoid multicollinearity, significant collinear relation-
ships were identified between predictor variables (Pearson’s
r>0.6) and the redundant predictor variables were omitted.

Copyright © 2016 John Wiley & Sons, Ltd.

Permutational analysis of variance, canonical analysis of
the principal coordinates, cluster analysis and dbRDA
differences were tested based on the Steinhaus/Bray—Curtis
distance matrix (Legendre and Legendre, 2012). The proba-
bility values were obtained for predictor variables by 9999
random permutations (Manly, 1997). Pearson correlations,
cluster analysis and PCA were carried out with the R
statistical software (R Development Core Team, 2011).
Significance was determined at o< 0.01 in all analyses.

RESULTS
Flow regime variability

Substantial variations in flow regime among analysed de-
cades were observed (Figure 2A). The average water level
at the Santa Fe Port gauge varied between 2.82m (1940s)
and 4.23m (1980s) (Figure 2A). All decades, except the
1970s and 1980s, were characterized by high-water-level
periods starting in December with flood peaks in February,
March and April, whereas the lowest water levels were
recorded in August and September. The maximum water
levels registered in each decade were 5.9m (1930s),
5.83m (1940s), 6.12m (1950s), 6.94m (1960s), 6.36 m
(1970s) and 7.35m (1980s). The floods were larger and
more frequent during 1970s and 1980s, with one extraordi-
nary event in 1983, when water levels peaked up to
7.35m. The 1980s was an exceptionally wet decade with
significantly higher rates of flooding, different from all other
decades analysed and characterized by flooding every year
(1304 flooded days in total: Figure 2A). There was also

River Res. Applic. 33: 353-363 (2017)
DOI: 10.1002/rra



CHANGES IN RIVER HYDROLOGY: EFFECTS ON FISHERIES

357

Table II. Species of freshwater fish catches registered in the official statistics

Species Code Common name Family Abundance in the catch (%)
Pseudoplatystoma sp. Pse sp Surubi Pimelodidae 14.32
Luciopimelodus pati L pat Pati Pimelodidae 13.83
Colossoma sp. Col sp Pacu Characidae 12.44
Pimelodus albicans P alb Bagre blanco Pimelodidae 10.07
Prochilodus lineatus P lin Sabalo Prochilodontidae 9.65
Salminus brasiliensis S bra Dorado Characidae 9.47
Zungaro sp. Zun sp Manguruyt Pimelodidae 5.28
Pterodoras granulosus P gra Armado comun Doradidae 5.22
Pimelodella sp. Pim sp Bagarito Pimelodidae 4.37
Pimelodus maculatus P mac Bagre amarillo Pimelodidae 4.31
Leporinus obtusidens L obt Boga Anostomidae 3.76
Ageneiosus sp. Age sp Manduvi Auchenipteridae 3.16
Odontesthes bonariensis O bon Pejerrey Atherinopsidae 1.58
Potamotrygon sp. Pot sp Raya Potamotrygonidae 1.40
Brycon sp. Bry sp Pirapita Characidae 0.61
Astyanax sp. Ast sp Mojarra Characidae 0.24
Lycengraulis grossidens L gro Anchoita Engraulidae 0.12
Serrasalmus sp. Ser sp Palometa Characidae 0.12
Hoplias malabaricus H mal Tararira Erythrinidae 0.06

Codes used in graphs, common name, family and % of the total catches; species selected for analyses are indicated in bold.

substantial variation in flow patterns among specific years
(Figure 2B).

Cluster analysis of the flow regime of the Middle Parana
River in the study period (1935-1983) resulted in three
clearly distinguishable groups (Figure 3). Among 43 years
analysed, 31 were characterized by floods (of different
magnitude). Group 1 consists of the largest floods with
maximum water levels between 5 and 7.35m and of long
durations (40 to 365 days; floods mainly in summer). The
entire decade of 1980s belongs to this cluster. Group 2 is
composed of flood pulses of low magnitude and a very brief
duration (between 7 and 49 days). Group 3 includes years
that were characterized by only flow pulses with maximum
heights between 3.72 and 4.27 m.

The PCA using the most significant and non-collinear
flow variables (Table 1) resulted in 46% of the total variance
explained by axis 1 and 23% explained by axis 2. Axis 1
was strongly correlated with Hmax, HmeanWetDays,
DateStartFlood, TstartFlood, TmeanFlood and SupFlood,
that is, variables that describe the size and duration of the
floods and associated temperatures. Axis 2 was correlated
with DryDays, WetDays and TmeanAnnual, variables that
describe the low-flow period (Figure 4A).

The PCA closely reflected groups obtained in the cluster
analysis (Figure 4B). Group 1 included years with the big-
gest flood pulses, with maximum water levels between 5.2
and 7.3 m and of long durations. Group 2 was characterized
by years with flood pulses of short duration, with maximum
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Figure 2. (A) Monthly average water level at the Santa Fe Port gauge for analysed decades. (B) Daily water level for some selected years:
1938, 1942, 1953, 1965, 1973 and 1983. [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 3. Cluster analysis (Ward method; Ward, 1963) of flow re-

gime in the study period (1935-1983) using 18 selected hydrolog-

ical variables (Table I). [Colour figure can be viewed at
wileyonlinelibrary.com]

water levels between 4 and 5.9 m, but with flood pulses and
predominance of wet days. Group 3 represented only flow
pulses, with maximum levels between 3.7 and 4.3 m and
with predominance of dry days.

Fish catches: interdecadal changes

The largest catches of the commercial fish in the Middle
Parana River were obtained in the 1980s (~1300 tons)
followed by the 1940s (~800 tons, Figure. 5). The
1930s is the decade that was characterized by the lowest
catches (~300 tons, Figure 5). The difference in the total
catches between decades was statistically significant
(PERMANOVA; F=2.965, p<0.01). In the 1980s, the
catches were significantly higher compared with the other

Copyright © 2016 John Wiley & Sons, Ltd.

decades (Figure 5), followed by the 1940s, 1950s, 1960s
and 1930s. The observed significant increase in commercial
catches was associated with the increase of the minimum,
maximum and mean water levels in the river (Santa Fe
Port gauge; Figure 5).

Canonical analysis of principal coordinates indicated sig-
nificant temporal differences in the species compositions of
catches in the analysed decades (tr(Q_m'HQ_m)=1.4609,
p<0.001; Figure 6). Species composition of the catches
gradually changed with the decades (Figure 6A). The
1960s, 1970s and 1980s clustered more closely, whereas
1930s differed significantly from other decades in terms of
species composition of the catches. S. brasiliensis was abun-
dant in the catches from the first two decades. The highest
catches of Colossoma sp. were recorded in the 1940s,
diminishing significantly in the 1960s. L. obtusidens and P.
lineatus showed a progressive increase in the catches from
1960s onwards and reached the highest catches in the last
two decades.

Fish catches: interannual changes

Distance-based redundancy analyses models that best ex-
plained the structure of commercial fish catches indicated
that fish catches in a particular year were related to flood
characteristics occurring 2years before (lag 2; Figure 7).
This model significantly explained 43% of the variance in
fish catches (Figures 7 and 8).

Within the lag 2, axis 1 explained 30.6 % of the total
variance and was strongly positively correlated with the
flood height (HmeanFlood) and negatively with minimum
water level (Hmin) (Figure 8). Variables associated with
temperature such as TmeanAnnual and TStartFlood
correlated with axis 2 (which explained 11.01 % of the
variance; Figure 8). S. brasiliensis was correlated with the
HmeanFlood, while L.obtusidens was associated with
Hmin. Furthermore, P.lineatus, Pseudoplatystoma sp.,
Luciopimelodus pati and Pimelodus albicans were associ-
ated with mean annual temperature.

DISCUSSION
Flow regime variability

The flow regime of the Middle Parand River varied substan-
tially through the 20th century. Distinct hydrological pe-
riods were identified in analysed period with progressive
increases of the mean, maximum and minimum water levels
from the 1930s until the 1980s. The flood pulses were sig-
nificantly more frequent and of major levels in the 1970s
and 1980s. South-eastern South America is the region that
presents the highest increase in the annual precipitation dur-
ing the 20th century (Giorgi, 2003). In the south of Brazil
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Figure 4. (A) Flow and temperature variables correlating most with Ax1 and Ax2 of the principal component analysis (PCA) of the years
1935-1983. (B) Cluster analysis of individual years; flow regime groups correspond to PCA analysis in Figure 4A. [Colour figure can be
viewed at wileyonlinelibrary.com]

and north-east of Argentina, the positive rainfall tendencies
began in the mid-1970s and may be linked to higher intensi-
ties and frequencies of the El Nifio Southern Oscillation
(ENSO) phenomena (Barros et al., 2000).

Previous climate variability analyses documented two
hydrologic periods for the Parand River basin in the 20th
century: low precipitation and low river discharges between
1930s and 1970s and high precipitation as well as high river
discharges from 1970s onwards (Garcia and Vargas, 1998).
Furthermore, four extraordinary floods were recorded in the
Middle Parana River in 1905, 1983, 1992 and 1997/1998,
and these were associated with ENSO events (Barros

8
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Water level (meters)
w

\
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Figure 5. Mean, maximum and minimum (average) annual water

levels for the period 1930-1989. Box plot with average of commer-

cial fish catches per decade. Codes A, B, C and D express signifi-

cant differences (based on permutational analysis of variance

(PERMANOVA) test and pairwise a posteriori comparisons)
among decades along the study period
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et al., 2006). The extraordinary flood of 1983 was the most
severe flood ever registered in the Parand River (Camilloni
and Barros, 2000). The water levels and maximum dis-
charge during 1983 flood were similar to those during floods
of 1992 and 1997/1998; however, the duration of this flood
was extremely long, with water levels above 5m for
12 months. Our analyses of the flood pulse variations among
years identified three groups with clearly different character-
istics (years with large and long floods, years with short
floods and years characterized by just flow pulses and no
flooding). General frequency of years with large floods
increases along analysed decades with almost all years from
1980s onwards characterized by large floods.

Implications for fish populations and fisheries

The commercial catches in the Middle Parand River were
significantly higher in decades with frequent large floods
(e.g. 1980s) compared with decades with infrequent flood
events (e.g. 1950s). Large floods seem to enhance recruit-
ment of commercially important fish species (Agostinho
et al., 2004; Espinola et al., 2014), most of which are large
migratory species extensively using floodplain as nurseries
for larvae and juveniles. It was previously documented that
P.lineatus, L.obtusidens and P.albicans use floodplain
habitats as areas of reproduction and larval nurseries, while
S. brasiliensis and P.corruscans only as larval nurseries
(Bonetto and Pignalberi, 1964; Oldani and Oliveros, 1984;
Rossi ef al., 2007; Abrial et al., 2014). Strong correlations
between high water levels and increased floodplain connec-
tivity and fish abundance and diversity were also reported
for the Upper Parand River (Suzuki et al., 2009; Espinola
et al., 2014). Furthermore, Agostinho et al. (2004) postu-
lated that recruitment of large migratory fish species in
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Figure 6. (A) Canonical analysis of the principal coordinates (CAP) (constrained) of temporal variation of commercial fish species structure on
the Middle Parana River during 1936-1982. Fish catches by species were not recorded in the 1950s. (B) Commercial fish species catches
structured among decades along the study period

Upper Parana River was favoured during floods longer than
75 days.

Most fish populations in the Middle Parand River appear
to strongly depend on variations in the flow regime. The
long-distance migratory species analysed shown a pro-
nounced synchronism with the hydrologic cycle and recruit-
ment and in general produce many small eggs and do not
display parental care (Agostinho et al., 2004, 2007). Floods
play an important role in the recruitment of these species, as
much by influencing spawning success as well as their effect
on the survival of juveniles (Bailly et al., 2008). A large
flooding in a particular year generally resulted in a higher
fish catch 2years later, suggesting that the abundance of
catchable fish increases, probably through better juvenile
recruitment during high flood (Junk et al., 1989; Gérski,
2010). Quirés and Cuch (1989) also observed relative
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Figure 7. R*2 (%) of models from the db-RDA analysis with differ-
ent lag periods (06 years)
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maxima in total catches (especially of P.lineatus) 2 years
after a large flood event in the Middle Parand River. Further-
more, these authors denote that the relationship between to-
tal catch and water levels are also strong with lags of 5, 6
and 7 years. This probably relates the fact that large-bodied
silurids recruited in years with large floods are actually taken
by the fishery 5-7 years later (Oldani and Oliveros, 1984).

The lag period in the response of fish catches to flood
pulse characteristics seem to differ among river systems
and relates to life-history characteristics of fish in these
systems. For example, Moses (1987) reported positive
correlations between fish catches and the flood indices of
the previous year in the Cross River (Nigeria, Africa), but
unlike in our study, the correlations were not significant
considering a lag of 2years. Our results reported for the
Middle Parana River are, however, in accordance with
Welcomme (1975) who reported positive and significant
correlation between the catches and the flood intensity of
previous years (hydrological indices; lags 1 and 2) for the
Shire (Mozambique), Niger (Mali) and Kafue (Zambia)
floodplain rivers in Africa.

The inclusion of the period 1982-1984, the exceptionally
high maximum and minimum hydrological levels in 82—-83
highly improves the amount of variance in the catches
explained by flow characteristics. This period also strongly
coincided with the increase in catch of P, lineatus (Quirds
and Cuch, 1989). P lineatus is the species most directly
associated with floodplains, and they often dominate com-
mercial catches in the Middle Parana River (Quirds and
Cuch, 1989). Our results indicated that variables relating
to flood magnitude and the minimal water levels along the
year explained the largest proportion in the variability of fish
catches. This corroborates results obtained by Quirés and
Cuch (1989), who postulated that catches depended on
flooding intensity and on the amount of water remaining in
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Figure 8. (A) Distance-based redundancy analysis ((bRDA) of log10-transformed fish catches in the Middle Parand River from 1936 to 1982
explained by flow regime variables. The analyses were performed with lag 2. (B) Plot of commercial fish species catches structured by flow
regime variables along the study period

the system (principal channel and floodplain) during the
low-water season in the years in which the age classes taken
by the fishery were born. Welcomme (1975) postulated that
this is because the magnitude of high-water periods posi-
tively affects the size of stock, survival and growth of fish
and the minimum water level affects negatively the natural
survival and ease of catches during the low-water periods.
These findings also confirm the governing role of duration
and magnitude of flood pulses in recruitment success of
riverine fish reported in other large river—floodplain systems
(Bailly et al., 2008; Gorski, 2010).

On the other hand, other anthropogenic factors might also
influence the fluctuations of commercial fish catches, as it
was observed for S. brasiliensis. This species decreased in
catches in the 1960s and was not recorded in 1973-1975
as total ban of fishing for this species was imposed because
of low levels of catches registered in previous decades
(Fuentes and Quirds, 1988). The catches recovered towards
the end of the 1970s and early 1980s. The marked decrease
of S. brasiliensis as well as Colossoma sp. probably caused
displacement of the fishing of these species towards
Pseudoplatystoma sp. and P.lineatus (Fuentes and Quir6s,
1988). Furthermore, other factors such as direct river
engineering and construction of impoundments might have
also affected the commercial fish catches in the Middle
Parand River. A total of ~40 dams have been built in the
Upper Parand River up to year 2000 (Agostinho et al.,
2007). These dams block fish migration routes and may
cause negative effects on riverine fish community in the re-
gion (Agostinho et al., 2008). These are located, however,
about 740km upstream from the floodplain zone of the
Middle Parana River in Argentina. It is denoted that no quan-
titative studies exist that evaluates their effect on migration of
the fish community of this reach (Espinola et al., 2014). Neg-
ative effects of these dams on fish community of the Middle

Copyright © 2016 John Wiley & Sons, Ltd.

Parand River seems unlikely as this reach is part of a large
still free-flowing corridor of more than 1500 km that coin-
cides with documented fish migration routes (Bonetto and
Pignalberi, 1964; Baigin et al., 2003). Furthermore, these
dams seem to have minor effects on the flow regime of the
Middle Parana River, which continues to depend mostly on
climatic variability and long-term changes in the hydrologic
regime (Giacosa et al., 2000; Paoli and Cacik, 2000).

CONCLUDING REMARKS

The climatic fluctuations during the 20th century strongly
affected the hydrology of the Middle Parand River and the
characteristics of its flow regime. The magnitude of floods,
as well as maximum, minimum and mean water levels
increased in association with an increment of frequency
and intensity of ENSO events. Floods that are a key factor
driving recruitment of commercial fish species were signifi-
cantly more frequent and important in the 1980s. These
fluctuations were a direct cause of increased abundance
and commercial catches in the 1980s because of enhanced
recruitment of commercially important species. This high-
lights the positive influence of the duration and magnitude
of floods on commercial catches of riverine fish in subtrop-
ical large river systems. Middle Parand River remains a
large, heterogeneous and unimpounded river system without
notorious direct anthropogenic changes, where the hydro-
logical regime and water quality remain in an almost pristine
state. This natural flow regime must be preserved in order to
maintain productive fisheries in this system.
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