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Summary: The ispi (Orestias ispi) is one of the species targeted by artisanal fishing in Lake Titicaca. The aim of this study
was to understand the most important aspects of ispi biology and fishing, to offer an evaluation of its population situation and
degree of exploitation, and to contribute to fisheries management. Information on official fish landings from the Ministry of
Production and Puno Regional Production Directorate (1981-2021) and capture, effort and biological data from the Peruvian
Sea Institute (2008-2021) were used. Fish landings show an established pattern, with values below 1500 t/year and a biomass
0f' 42336 t for 2021. The size structure was 3.5 a 9.5 cm total length (TL) and the mean size range was 6.1 to 7.1 cm TL, show-
ing a non-significant negative trend in relation to the minimum catch size. Growth parameters showed a maximum asymptotic
length (L;,) of 9.76 cm TL and a growth rate (K) of 1.01 year'. The gonadosomatic index showed greater intensity of repro-
ductive activity between July and October, and the size at maturity (LM50%) was 5.2 cm TL. Simulations carried out with the
method based on catch maximum sustainable yield indicate that the ispi is at the full exploitation level.

Keywords: catch maximum sustainable yield; degree of exploitation; length-based assessment; Orestias ispi; size at maturity.
Biologia, pesca y estado poblacion del ispi Orestias ispi (Vertebrata: Ciprinodontidae) en el lago Titicaca, Peru

Resumen: El Orestias ispi es una de las especies de la pesca artesanal en el lago Titicaca. El objetivo fue entender los aspectos
mas relevantes de la biologia y la pesca del ispi, asi como ofrecer una evaluacion de su situacion poblacional y grado de explo-
tacion, y coadyuvar en la gestion pesquera. Se utilizo informacion de desembarques oficiales del Ministerio de la Produccion
y Direccion Regional de Produccion Puno (1981-2021), captura, esfuerzo y datos biologicos del Instituto del Mar del Pera
(2008-2021). Los desembarques presentan un patron establecido con valores por debajo de los 1500 t/afio y una biomasa de
42336 t para el 2021. Con una estructura por tamaiios de 3,5 a 9,5 cm LT, con rango valores de talla media de 6,1 a 7,1 cm LT
que mostraron una tendencia negativa no significativa. Con parametros de crecimiento de longitud maxima asintdtica (L;,;) en
9,76 cm LT y tasa de crecimiento (K) de 1,01 ano™. El indice gonadosomatico (IGS) mostrdé mayor intensidad de la actividad
reproductiva entre julio y octubre y la talla madurez (LM50%) fue 5,2 cm LT. Las simulaciones realizadas con el método
basado en captura y maximo rendimiento sostenible (CMSY) indican que el ispi se encuentra en nivel de plena explotacion

Palabras clave: Evaluacion basada en longitud; grado de explotacion; método basado en captura; Orestias ispi; talla de
madurez.
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INTRODUCTION

At 3810 m above sea level, Lake Titicaca is the highest navigable lake on the planet (Wirrmann 1991). It is home
to a wide range of plant and animal species, and the large number of native fish include more than 30 species of the
genus Orestias and two of the genus Trichomycterus (Sarmiento et al. 1987) (Fig. 1).

The ispi (Orestias ispi) is a native fish of the Orestias group (Chura 2012). Its rapid growth allows us to infer
that recruitment to the fishing gear occurs between 7 months and 1 year of age, at sizes of 4 to 6 cm total length
(TL). During the day they remain at less than 50 m depth, whereas at night they move between 25 and 45 m depth
They approach the shore to reproduce, feed and find shelter IMARPE 2016, 2018), and their diet is principally zoo-
plankton (Gutiérrez 2013). The ispi supports the lake’s pelagic fishery and greatly exceeds the Argentine silverside
(Odontesteshes bonariensis) in biomass and landings (IMARPE 2010, IMARPE 2019, PRODUCE 2021).
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Fig. 1. — Location map of Lake Titicaca.

Fishing in Lake Titicaca plays a crucial role in the local economy and is complemented by agriculture and live-
stock in the Puno area (IMARPE 2008, Santiago et al. 2013). Currently, fishing activity has shown technological
changes, including the use of wooden and fibreglass boats with outboard motors, very effective fishing gear and gear
(monofilament nylon nets) and changes in the mesh sizes of curtain nets, and the fishers have extensive knowledge
of the behaviour of the fishery resources (Ocola et al. 2021). The total number of fishers in the Peruvian sector of
Lake Titicaca in 2006 was 1562, divided into (i) permanent fishers, who fish more than 200 days a year; (ii) tem-
porary fishers, who fish between 100 and 200 days, and (iii) sporadic fishers, who fish fewer than 100 days a year,
linking their activity to the agricultural cycles (Segura et al. 2013). For the year 2019, the number of fishers in Lake
Titicaca was estimated at 1549, a figure very similar to that of 2006 (Ocola et al. 2021).

Due to the high demand for the ispi resource for both direct and indirect human consumption, the Ministry of
Production implemented control standards to regulate its exploitation, such as a minimum catch size (MCS) of 6.3
cm TL and a minimum mesh size (curtain net) of 15.3 mm mesh length through Ministerial Resolution (MR) No.
271-2010-PRODUCE. Fishing is also prohibited during the breeding season through MR N° 022-2010-PRODUCE.
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Biology, fisheries and population of isci in Lake Titicaca ¢ 3

The aim of the study was to understand the main biological and fishery aspects of the ispi and to present an
overview of its population status and exploitation level in order to contribute to the management of this resource.

MATERIALS AND METHODS
Fisheries indicators

We used annual landings extracted from the landing fish yearbooks of Puno Regional Production Department
from 1981 to 2012, as well as from the fisheries and aquaculture statistical yearbooks of Ministry of Production be-
tween 2013 and 2021. We also used records of the ispi biomass evaluations in Lake Titicaca carried out by Peruvian
Institute of the Sea (IMARPE) and the Lake Titicaca Special Project (PELT) between 1985 and 2021 using acoustic
techniques (Castillo et al. 2009) applied to the entire surface of the lake. The evaluations were conducted annually
in the month of July.

Biological indicators

The biological and size analyses were based on information obtained through IMARPE (the data collection
system of the Lake Titicaca Fisheries Monitoring from IMARPE) corresponding to the period 2008-2021. For this
purpose, monitoring records were used from 24 landing points distributed along the Peruvian circumlacustrine ring,
organized into three macrozones: Puno Bay, North and South zones. The collection of biological and size informa-
tion at the landing points was subject to the availability of the ispi resource, since at certain times of the year it was
not accessible for fishing due to its migrations within the lake (Valdés and Cuadros 2022).

Structure by size and the information on landing sites were examined and confirmed. A weighting procedure was
then performed by month (m0) and landing site (fa) according to the following description:

Z d(mo,fa)

fp(mo,fa,s) = Z fabs(mo,fa,s) * Z—

psample(mo,fa)
where fp,, 1. 18 the adjusted frequency for size s; f'abs,,,, s, is the absolute frequency; p.,si oy 1S Sample weight
(kg) and d ,,, is total landings (kg).

The purpose of this procedure is to determine the relevance of the composition by size of commercial fishing,
considering the amount of catch in each macrozone according to the landings sites and months of the year.

The average size was estimated as proposed by Sparre and Venema (1997), calculated by dividing the aggregate
size distribution by the sum of the frequencies of all class marks. The global average fluctuation sizes were calcu-
lated by year and macrozone. Then a simple linear regression analysis was performed to assess the significance of
the trend in average annual catch size. A t-test was performed to compare the average annual catch size in relation
to the MCS.

The juvenile fishery incidence rate was the proportion of fish caught below the MCS (6.3 cm TL) relative to the
total catch. The MCS was established in MR No. 271-2010-PRODUCE.

For ispi commercial fishing, monofilament nylon curtain nets are used in sizes from 40 to 60 m length and 0.6 to
0.8 m height, and the most commonly used mesh sizes are 13 and 16 mm. The nets are placed in the afternoon and
collected in the early hours of the day, remaining in the water for 12 to 13 hours (IMARPE 2016, Ocola et al. 2021,
Huamén and Alarcon 2025). Curtain nets of different mesh sizes are characterized by being selective by mainly
catching a range of commercial fish sizes (3.5 to 9.5 cm TL). The study was complemented with information from
ispi samplings from scientific cruises carried out in 2019 (1.5 to 7.5 cm TL) using trawls at depths greater than 50
m (Ninaraqui et al. 2022, Valdés and Cuadros 2022).

Based on the selected data, the following indicators were calculated:

The gonadosomatic index (GSI) was calculated according to the formula of Vazzoler (1982):

GSI (Wg) 100
=|—]*
We

where Wg is the weight of the gonad (g) and We is the eviscerated weight of the fish (g). The monthly fluctuation of
this indicator allowed the recognition of the reproductive cycle. A Kruskal-Wallis test (a non-parametric ANOVA)
was used to determine significant differences in reproductive season.

The reproductive condition was determined using the gonadal development scale for teleost fishes (Johansen
1924), which distinguishes eight phases.

The application of this technique for size at gonadal maturity (LM,%) included the following steps:

a) Establishment of length at maturity from a wide range of sizes, including small and large specimens, based
on biological data from commercial fisheries and assessment cruises.
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b) Classification of females into two sub-groups: the immature group, which showed gonadal maturity phases I
and II; and the mature group, which showed phases III and IV. Other stages of maturity were not taken into
account because they were in spawning and/or recovery situations, since the purpose of this study was to
establish the length of change between immature and mature.

To calculate LM;,%, the matSize package created by Torrejon-Magallanes (2020) in the R tool was used, based
on the formulas of Roa et al. (1999). The probability of reaching maturity at a specific size was assessed by logistic
regression using bootstrap resampling and allowing repetition, in order to calculate the average probability and its
confidence interval.

1
T 1+e-Bo+B1D

PL

where PL is the probability of a mature fish having a length /, §, is the slope and f, is the intercept.

LMj50% was calculated: = — %

1

The TropFishR package (Mildenberger et al. 2017) of the R software (R Core Team 2023) was used to analyse
the annual size structure between 2008 and 2018, following the procedure indicated by Sparre and Venema (1997).
This package features improvements to the FAO-ICLARM Stock Assessment Tools II (FISAT II) functions (Gaya-
nilo et al. 2005, Pauly 1980), incorporating some new approaches used in growth parameter estimation, along with
new optimization methods (Taylor and Mildenberger 2017) and a comprehensive set of methods for the evaluation
of size frequency data.

The length-based stock assessment method explained by Sparre and Venema (1997) and TropFishR (Milden-
berger et al. 2017) were carried out within a bootstrap framework (Schwamborn et al. 2019). This made it easier to
determine the range of uncertainty for all parameters and prevent the seed effect. This step was followed by length
frequency data adjustments with an algorithm optimization function (ELEFAN GA and SA start-up; Schwamborn et
al. 2019), which made it possible to calculate the uncertainties associated with the growth projections.

Total lengths grouped into class ranges of 0.5 cm TL were used to analyse growth parameters using a von Berta-
lanffy growth function that varies with the seasons (Pauly and Gaschutz 1979, Somers 1988):

Ly = Ling (1 — e~ (K@=t +S0-5t0))

where L, is the total length (cm) at time ¢, L, is the asymptotic length of the fish (cm), K is the speed at which L, ap-
proaches L,,, ¢, is the hypothetical age of the fish at the time when L, is zero, S(2) = (cK/2m) sin 2n(t — t, ), ¢ represents
a constant indicating the extent of the fluctuation, which usually ranges from 0 to 1 (a value >1 implies phases of
decrease in height, which is uncommon), and ¢, is the fraction of a year (relative to the age of recruitment, t=0) in
which the sinusoidal oscillation begins (i.e. it becomes positive).

Growth parameters were assessed using a moving average. Since the parameters are known to be sensitive to
moving average settings (Taylor and Mildenberger 2017), ELEFAN GA and SA bootstrapped function was executed
for each assessment with 5 and 7 moving averages.

The estimated values of L, and K were used to determine the growth performance index (phi, ¢) which was
defined by (Pauly and Munro 1984) as:

@ = logK + 2logLins
The theoretical age of the fish (¢,), was determined by the formula of Pauly (1979):
log(—t,) = —0.392 — 0.275 * logLynr — 1.038 * logK
The beginning of the growth curve was aligned with the month of greatest reproductive activity. To obtain a suit-
able adjustment of the growth curve, length data were collected monthly during 2008 and 2018 using the methodol-
ogy used by Palomares et al. (1987).

Natural mortality (M) was calculated using the empirical formula of Pauly (1980), which relates the average
water temperature and the growth parameters (K and L,,) and was determined in the following equation:

L0g10 M =-0.0066 —0.279 lOgj() Linf‘f' 0.6543 10g1()K + 0.4634 logm T

where L, and K are von Bertalanffy’s growth parameters and T is the average surface temperature (14.3°C) for 2008
to 2018.
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Biology, fisheries and population of isci in Lake Titicaca ¢ 5

Stock indicators

To calculate the catch per unit of effort (CPUE), we used data from daily landing and effort records of the artisa-
nal fishing fleet in Lake Titicaca during the period 2008-2021 from 24 landing sites grouped into three macrozones
(Puno Bay, North and South zones) provided by IMARPE. Information was primarily used from curtain nets, due
to the amount of data available and their relevance to catches (~97%) (IMARPE 2022).

The CPUE represents a value proportional to the average abundance, expressed as

2 Cig
X Ep

where CPUE (kg/h) is the catch per unit effort, C is the agglomerated catch (kg), and E is fishing effort (cumulative
hours). It should be noted that the unit of effort used to calculate the CPUE was the hours spent on the fishing trip.

Artisanal fishing provides limited information about population abundance, CPUE and historical catches (Fen-
ner 2012), and low data quality (Ault et al. 2018), factors that hinder making estimates in stock assessment. In
this context, it is useful to use assessment models with “poor data”, which consider population parameters (sexual
maturity, mortality, growth and longevity) to determine the status of the stock (Gedamke and Hoenig 2006). Access
to such information is therefore essential in order to ensure effective management of fisheries resources (Fry et al.
2006).

Spawning potential ratio (SPR) was defined as the ratio of the number of eggs generated by a cohort throughout
its life in a fishing context to the number of eggs that would have been generated during its life in a no-fishing situ-
ation. SPR values range from 0 to 1, usually presented as a percentage, and are frequently used to determine limit
and target reference criteria for fishing activity (Clark 2002, Restrepo and Powers 1999).

Among the most widely used models is the length-based spawning potential ratio (LB-SPR) (Hordyk et al. 2015,
Ault et al. 2018), whose principle is to determine a relationship between the reproductive potential of a stock with-
out fishing (SPR 100%) and the stock after fishing (Prince et al. 2015). This method considers information on sizes
and population parameters such as LMs,%, Lys, M/K and L, following the methodology of Hordyk et al. (2015).
It is based on the equilibrium hypothesis and assumes that the observed size composition does not deviate from the
expected structure due to fluctuation in mortality or recruitment. It also states that (1) growth is correctly represented
by von Bertalanffy’s formula, and (2) the size structure determined in the catch reflects the population, that is, the
structure is not influenced by domed selectivity or incomplete sample of the population.

The studies were carried out using the LB-SPR package designed for the R platform, which can be found at:
https://cran.r-project.org/web/packages/LBSPR/vignettes/LBSPR.html

The catch maximum sustainable yield method (CMSY) (Froese et al. 2017) uses Monte-Carlo simulations to es-
timate reference points—maximum sustainable yield (MSY), fishing mortality at MSY (F,,sy) and biomass at MSY
(Busy)- It also estimates the relative stock size (B/B,,qy) and the exploitation rate (F/F,,sy) based on catch data. In
addition, it presents a Bayesian implementation of the Schaefer model (BSM), which is fitted to catch data together
with an abundance index (CPUE or biomass).

The basic dynamics of biomass is defined by the following formula:

CPUE(kg/h) =

B,
Bt+1 =Bt+r(1_7)Bt_Ct

where B,,, is the biomass exploited in the subsequent year t+1, B, is the current biomass, C,is the catch in the year
t, K is carrying capacity and r is the intrinsic growth rate. This approach provides suitable estimates of the rela-
tive biomass and rate of resource extraction, having been implemented in 400 fish and invertebrate groups from
ten ecoregions in European seas (Froese et al. 2017). The R code to use this approach can be accessed at: https://
oceanrep.geomar.de/id/eprint/52147/

The initial dataset used to apply this method used landings from 1981 to 2021. A priori values for the intrinsic
growth rate () of 0.6 to 1.0 were also taken into account. Similarly, it was decided to use a relative stock size in the
first year (B,45,/K), with an amplitude that varied between 0.6 and 0.8 K (beginning of fishing activity) and for the
last year (B,,;K) from 0.4 to 0.6K. Nominal CPUE (2008-2021) was incorporated in order to generate suitable pre-
dictions about relative biomass and exploitation rate. Data from the abundance indices of the historical biomass se-
ries of research cruises (1985-2021) were removed because they were not separated specifically for the Peru sector.

RESULTS
Fishery indicator

Fish landings do not show a random order (R=15; p=0.04) but follow an established pattern. Landings below 100
t were recorded between 1989 and 1991, followed by the years 1996, 1999, 2002 and 2021. Landings below 500 t
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6 ¢ R. Chura Cruz et al.

were recorded in the years 1995, 2000, 2015 and 2016 and landings above 500 t in the years 1983, 1993, 2007, 2011

and 2017. (Fig. 2).

There are no time series data on biomass in the Peruvian sector of the lake, which made it difficult to analyse its
evolution and trends. The highest biomass value for Lake Titicaca was recorded in 2017 (76844 t) and the lowest
in 1996 (27240 t). Between 2011 and 2017, a gradual increase from 42273 to 76844 t was recorded. For 2021, a

biomass of 42336 t was recorded (Fig. 2).
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Fig. 2. — Ispi landings and biomass in the Peruvian sector of Lake Titicaca 1981-2021 (IMARPE and PRODUCE).

Biological indicators

Size structure showed a breadth of lengths between 3.5 and 9.5 cm TL from the measurement of 131443 indi-

viduals, while the weighted mean length ranged from 6.1 cm TL (2021) to 7.1 cm TL (2008).

The average annual catch size values were not statistically different from the established MCS (t,, = 0.99,
p=0.3499). However, the trend the average annual catch showed a significant negative trend (r*=0.29; p=0.04). In
2009, 2013, 2016 and 20192021, mean sizes were below the MCS (6.3 cm TL), whereas in 2008, 2011, 2012 and

2014 they were above the MCS (Fig. 3).

il
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N W R OO NN 0O O
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2008
2009
2010
2011
2012
20137
2014
2015
2016
2017
2018
2019
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20217

Fig. 3. — Weighted average and extreme sizes (minimum and maximum) in the landings of the ispi (2008-2021). Horizontal dashed line is the

minimum catch size (MCS).
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According to the macrozones analysis (Fig. 4), the following was evident:

In Puno Bay, mean sizes were below the MCS for the years 2009 (6.1 cm TL), 2013 (6 cm TL), 2016 (6.2 cm
TL), and 2021 (6.1 cm TL), and above the MCS in 2008 (7 cm TL), 2012 (6.6 cm TL) and 2015 (6.4 cm TL). The
series shows a slight non-significant negative trend (1>=0.15; p=0.17). In the North zone, mean size did not show a
clear trend, with values below the MCS in 2013 (6.1 cm TL) and 2016 (6.1 cm TL) and values above the MCS in
2012 (6.8 cm TL), 2015 (6.6 cm TL), and 2020 (6.6 cm TL).

BAY NORTH

2008
2009
2010
2011
2012
2013
2014
20157
2016
2017
2018
2019
20207
2021

SOUTH

10

Medium size (cm)

2008 ]
2009 ]
20107
20117
20127
20137
20147
2015
2016 ]
2017 ]
20187
20197
2020
2021

Fig. 4. — Average catch size of the ispi by area of Lake Titicaca, 2008—2021; whiskers indicate maximum and minimum sizes. The horizontal
dashed line represents the minimum catch size (MCS).

In the southern zone, mean size values were above the MCS in 2008 (7.1 cm TL), 2011 (6.8 cm TL) and 2014
(6.6 cm TL) and below the MCS in 2009 (6 cm TL), 2016 (6.2 cm TL), and 2019-2021 (6.2 to 6.1 cm TL). The trend
in mean size was negative and significant (r>=0.32; p=0.03).

The trend in the rate of individuals with a length below the MCS in landings was positive but not significant
(r’=0.25, p=0.07), with the minimum value in 2008 and the maximum in 2013 and with values below 50% between
2014 and 2021, except 2016 (Fig. 5).
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Fig. 5. — Percentage incidence of specimens of ispi smaller than the minimum catch size in landings in Lake Titicaca (2008-2021).
Dashed line represents a trend.

The GSI varied throughout the year (p<0.05, ANOVA Kruskal-Wallis test). From the analysis of the monthly
progression of the GSI (Fig. 6) in females between 2008 and 2018, high values were recorded from July to October,
with a peak in September, which is interpreted as the period of greatest spawning intensity. With respect to MR N°
022-2011-PRODUCE, which establishes the reproductive closure period in two periods, from March to April and
from September to October, the length values observed in this study differed between the beginning and end of the
spawning season.

1 a
15.0 Cd a
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- [ ]
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Fig. 6. — Multiannual monthly variation of gonadosomatic index in ispi females, multimonthly (2008-2018). Values with different letters (a, b,
¢, d) indicate significant differences (p<0.05; Kruskal-Wallis test).
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The multiannual value of LM;,% between 2008 and 2021 for females was calculated at 5.2 cm TL (r*=0.63)
(Fig. 7).

1.0

= LM50% =5.2em TL
R®=0.63 Z

Proportion mature
0.2 04 0.6 0.8

0.0

Total length (cm)

Fig. 7. — Logistic curve for the length at maturity (LM50%) in ispi females (2008-2021).

The estimated growth parameters were L, at 9.76 cm TL, a K value of 1.01 year! and a growth index (&) of
1.99.
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Fig. 8. — Growth curve based on the frequency of sizes of the ispi using data from the period 2008-2018.
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Stock indicators

The results of the selectivity analysis of the LB-SPR model for the period 2008-2018, (Fig. 9A) show that 50%
of the individuals captured had lengths between 6.0 and 6.3 cm TL, and 95% had lengths of less than 7.4 cm TL. In
all years the size was above LM% (Fig. 10). The results show a gradual decrease in selectivity of 50% and 90%
from 2008 to 2016, followed by a gradual recovery until 2021. Meanwhile, the ratio of fishing mortality to natural
mortality (F/M) showed a progressive increase from 2.6 to 4.7 (Fig. 9B), representing a slight increase in fishing
pressure on the ispi.
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Fig. 9. — Annual length-based spawning potential ration (LB-SPR) estimates of (A) selectivity parameters (SLy, and SLy;), (B) fishing mortality
over natural mortality (F/M) and (C) SPR (with confidence intervals) for ispi. Points with error bars represent yearly estimates with their
associated uncertainty; the solid line represents the fitted trend.
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Fig. 10. — Cumulative selectivity curves by year and maturity curve of ispi for the period 20082021
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The SPR indices were estimated between 0.48 (2008) and 0.36 (2021) (Fig. 9C), which is interpreted as showing
no signs of overfishing by recruitment for the study period.

The CPUE value series showed a weak random order (R=6, p=0.09) for the period 2008 and 2021, highlighting
two peaks in the years 2011 and 2017. A multi-year CPUE of 4.5 kg h™! was calculated, showing annual changes
with a maximum value (8 kg h™') in 2017 and a minimum (1.6 kg h™') in 2021 (Fig. 11). The trend between 2008 and
2021 showed a slight stability, with a gradual increase from 2009 to 2017 and a peak in 2011 (7.9 kg h™"), followed
by a gradual decrease from 8 to 1.6 kg h™! from 2017 to 2021.

2008 2010 2012 2014 2016 2018 2020
Year

8

CPUE (kg/h)
I

0-

Fig. 11. — Variation in the catch per unit of effort (CPUE) of the ispi in Lake Titicaca, 2008-2021.

The population parameters and biological reference points estimated by the CMSY model are shown in Table 1.
The value of r was estimated at 0.723 and was within the a priori value range, the value of K was estimated at 3340
t and the MSY was estimated at 603 t.

Table 1. — Population parameters and biological reference points estimated through catch maximum sustainable yield
with their 95% credible interval values for ispi.

Parameters Average Units Confidence intervals
r 0.723 year! 0.582-0.899

K 3340 t 2720-4090

MSY 603 t 526692

Busy 1670 t 1360-2050

Fusy 0.362 year! 0.291-0.449
Bio21/Busy 1.30 0.855-1.59
Faoo1/Fusy 0.139 0.102-0.223

The annual landings showed values above the MSY in the years 1983-1988, 1993, 2011-2012 and 2017 and
values below the MSY in the years 1990, 1996, 2003, 2015 and 2021 (Fig. 12A). Biomass had a maximum value in
1982, followed by a decrease in 1989, then an increase until 2005, a decrease until 2019 and a recovery until 2021;
between 1992 and 2021 the biomass was above the B,y (Fig. 12B). Fishing mortality showed values above the
reference level (Fygy) in the years 1987, 2012 and 2018 and values below it from 1990 to 2010 and from 2019 to
2021 (Fig. 12C). Finally, the Kobe diagram shows the trajectories of B/B,,s, and F/F,y, indicating that the fishery
is currently fully exploited (B,y,,/Bysy=1.30 and F,,,/F,;sy=0.139) (Fig. 12D).
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In 1981-1982, 1991-2010, 2013-2016 and 2020-2021, the ispi population was subjected to low fishing pres-
sure, with allowable catch levels and a healthy population capable of generating yields close to the MSY (green
colour). In 19831985, 2011-2012 and 2017, it went through periods of depletion in which catches were above the
B,sy (orange) and showed a risk of falling into overfishing. In 1986—1988 there was evidence of overfishing, which
is reflected in very low levels of biomass in depletion (red colour) that did not produce the MSY. From 1989 to 1992
the stock showed low levels of biomass, although the fishing pressure was reduced, which means that it was in the
process of recovery (yellow colour) (Fig. 13).

The ispi fishery has gone through all the aforementioned situations, and in the last year (2021), it is presented
in the green area, where uncertainty (cream 50%, grey 80%, dark grey 95%) at a confidence level of 95% does not
show significant differences with respect to other scenarios. In addition, according to the analysis carried out (Fig.
10), there is an 8.1% probability that biomass will return to the yellow area and a probability of 91.9% that it will
be fully exploited (green area).
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F/Fusy

B/Busy

Fig. 13. — Catch maximum sustainable yield results for ispi presented in a Kobeplot. F/F\;sy fishing mortality series with respect to maximum
sustainable yield fishing mortality.

DISCUSSION
Fishery indicator

Artisanal fishing in Lake Titicaca is an important occupation complemented by agriculture and livestock farm-
ing, and the ispi is the species with the largest landing volumes (IMARPE 2013). Between 2008 and 2018, fishing
for ispi in the Peruvian sector of the lake represented 50.3% of the accumulated fish landings, with large catches
in the South, Puno Bay and North Zones (IMARPE 2022). Annual fluctuations in landings could be related to the
abundance and availability of ispi in the coastal zone, where they are caught by the artisanal fishing fleet (Treviiio et
al. 1984, Avila et al. 1991, IMARPE 2013). They could also be related to the abundance of Argentine silverside and
rainbow trout (Oncorhynchus mykiss). Chura (2012) found a significant negative relationship between the biomass
of ispi and Argentine silverside, with the decrease (increase) of the ispi influencing the increase (decrease) of the
silverside. Added to this is the predation of rainbow trout on the ispi (Everett 1973, IMARPE 2022), which is the
exclusive prey of adult trouts (Sarmiento et al. 1987, IMARPE 2016).

The fishery of ispi and other fish species dates back a long time, to when the first cultures settled in the circum-
lacustrine ring and used it for food and barter (Leviel and Orlove 1990). The use of curtain nets for ispi fishing in
Lake Titicaca is reported by Quiroz et al. (1979), and fishers today have introduced major modifications in the use
of materials and the assembly of nets. Segura et al. (2013) and Ocola et al. (2021) indicate that the curtain nets used
by fishers vary between 50 and 100 m, with heights of less than 1 m and mesh sizes of 5.0 to 6.5 mm. The nets are
placed in the coastal area in the afternoon and collected in the morning hours, remaining in the water for 12 to 13
hours (IMARPE 2013, Ninaraqui et al. 2022).
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Biological indicators

The size of organisms is a central factor of ecological processes. Changes in size distribution can have many
causes, including environmental variability, the genetics of life history, pre-capture relationships and competitive
interactions (Yunne-Ja et al. 2005).

After the period 2013 to 2019, a drop in average length from 5.5 cm TL (2013) to 3.5 cm TL (2019) was record-
ed, followed by to 4.9 cm TL in 2021. In addition, between 1993 and 1994 average sizes of 6.6 and 6.2 cm TL were
recorded, whereas in 1998 and 1999 the values increased to 7.5 and 7.6 cm TL (PELT-CEIDAP 1994, PELT 1999).

Although the weighted average size series showed a negative trend during the period analysed, this trend was
probably influenced by changes in the mesh size of the curtain nets (97% of those used by fishers) and lake level
fluctuations in the period. It is important to note that artisanal fishers in the southern zone and Puno Bay mention that
they have had to change the mesh size from 16 a 13 mm due to fluctuations in the availability of the ispi to obtain
greater catches on their fishing trips.

The maximum percentage tolerance of individuals with lengths below the MSC in the catches was 10% (MR
No. 271-2010-PRODUCE). However, the fraction of specimens with sizes below the MCS recorded by the artisanal
fishing fleet was greater than 30%, except for the years 2008 and 2011. The results of this analysis reveal non-
compliance with the MCS and could describe an unfavourable scenario for the sustainability of the resource.

The monthly series of the GSI for females for the period 2008 and 2018 show no pause in the reproductive pro-
cess. In fertility research, the existence of three types of eggs (mature, in the process of maturation and immature)
was determined, which is a reproductive characteristic of the Orestias group (Trevifio et al. 1984, IMARPE 2013).
The fluctuation of the GSI peaks between 2008 and 2018 in reference to RM N° 022-2011-PRODUCE, which estab-
lishes two reproduction cycles, could be determined by the conditions of the aquatic environment, which generate
considerable variability in reproductive tactics (Barnabe 1986, Saborido-Rey 2008). Furthermore, a reproductive
mismatch is affected by patterns of photoperiod and temperature change that vary in one or more months: the larger
the lag in the photothermal cycles, the greater the advance or delay in the spawning of the broodstock. In contrast,
if this environmental gap is smaller, the spawning period of the groups tends to align (Carrillo 2012).

The established maturity length differs from 7.4 cm TL reported by Cruz-Cornejo (1984), the 6.3 cm TL reported
by IMARPE (2013) and Sarmiento et al. (1987), and the 5.5 cm TL reported by Bocangel and Larrea (1999) and
Lauzanne (1981. A possible variation could be due to overexploitation, which could be causing an evolution or
adaptation in the average length of sexual maturity (Hutchings 2005, Cerna 2011). Another possible reason could
be environmental variations, especially those related to temperature or other conditions that affect food availability
(Trippel et al. 1997).

The ispi is a small fish compared with other species of Orestias in the lake, with a high annual growth rate
(IMARPE 2013). Smaller fish tend to show a faster growth rate than larger fish (Ziegler et al. 2007, Haddon 2011).
The parameters of age and growth determined in our study show differences from those of previous research. The
asymptotic length of 9.76 cm TL observed in 2008-2018 was lower than that of 10.6 cm TL reported for the year
2000 by Paca et al. (2002); this difference could be associated with alterations in environmental conditions (Clark
et al. 1999, Goicochea and Arrieta 2008) and variations in the mesh length of curtain nets.

Stock indicators

Prince et al. (2015) point out that an SPR of 40% is a conservative (optimal) proxy for MSY, based on a meta-
analysis of quantitatively evaluated fisheries. Conversely, an SPR of less than 20% indicates that recruitment rates
are being affected and that the resource is in a state of overexploitation and/or overfishing. On the recommendation
of Hordyk et al (2015), an SPR of 35% was adopted, considering that it is a small fish with rapid growth (K= 1.01
year'), which ensures a population renewal rate in the short term.

Influence of lake level on ispi abundance and availability

Chura (2012) reported that, on a monthly scale, changes in lake level have an adverse impact on availability for
fishing, with a one-month lag, followed by a positive response after 8 to 9 months, possibly enhanced by migration
to the coast for breeding purposes. On an annual scale, the same authors observed a negative relationship with a lag
of 4 to 6 years in the variation of landings

Development of fisheries and aquaculture in the coastal area of Lake Titicaca

IMARPE (2008) established that fishing occurs in two regions of Lake Titicaca: the coastal zone and the pe-
lagic zone, each with environmental conditions that influence the existence of stocks, although they are considered
similar. Fishing is carried out mainly in the coastal zone, which covers the edge of the circumlacustrine ring up to
approximately 25 m depth, an area with the presence of submerged macrophytes that is used for the reproductive
process (Chura 2012). Trout farming in Lake Titicaca has emerged as the fastest growing economic practice in Puno
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(Chura and Mollocondo 2009, Barra 2018) and is carried out mainly in the coastal zone. According to information
from the aquaculture cadastre of the Ministry of Production (http://catastroacuicola.produce.gob.pe/web/), there are
more than 290 rights of use of concessioned aquatic areas and more than 21530 hectares enabled for aquaculture
(PRODUCE 2021). Of the total aquaculture infrastructure installed in the lake, more than 40% is below the 15 m
depth isobath. There is also a large informal aquaculture sector.

The unregulated development of aquaculture is also putting at risk the habitat of native ichthyofauna (Orestias
and Trichomycterus) and is causing an ecological imbalance, with adverse effects on the ecosystem in the coastal
zone. Therefore, it is necessary to review and/or modify the General Aquaculture Law regarding the authorization
of aquatic areas, particularly in relation to Lake Titicaca and high Andean lagoons.

Several reports indicate that aquaculture has been leading to changes in the limnological conditions of coastal
aquatic environments, particularly in areas where floating cages have been installed for longer periods. Mariano et
al. (2010), Siguayro et al. (2022) and Vasquez et al (2015) report changes in the chemical properties of the water
and the macroinvertebrate community, especially involving elements associated with eutrophication, such as am-
monium, carbon dioxide and phosphorus, which are directly related to the alteration or modification of the habitat of
native fish of coastal habits of the Orestias group. The ispi, which uses the coastal zone for reproductive processes,
is particularly affected by these changes, which appear to be leading to a decrease in the rate of stock renewal.

In recent years, conflicts have arisen between fishers and aquaculturists over the use of aquatic space and hyd-
robiological resources in various sectors of Lake Titicaca, particularly regarding the installation of floating cages in
Cachipucara and Asquicha (South zone) and Llachon (Puno Bay). Fishers also criticize the fact that fish farmers use
ispi, Argentine silverside and carachi juveniles as food for rainbow trout (Ocola et al. 2021).

CONCLUSIONS

Ispi fishing is mainly carried out with curtain nets, with annual landings below 1500 t and a biomass for 2021
of 42336 t.

The average annual catch size showed a negative significant trend and was not statistically different from the
minimum catch size.

A single yearly breeding period was observed, beginning in July and ending in October.

The length at maturity (LM50%) of females was 5.2 cm TL.

The ispi stock in the Peruvian sector of Lake Titicaca is in full exploitation.
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