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ABSTRACT

Despite the global importance of inland fisheries, data available for stock assessment is often limited. Data-limited methods that
use length composition data offer a potential approach to assessing more inland fisheries. We assessed the population status of
three fish species in Lake Hovsgol, Mongolia through length-based spawning potential ratio (LBSPR) analysis and evaluation
of trends in eight length-based indicators of population status, catch-per-unit-effort (CPUE), and body size. Hovsgol grayling
(Thymallus nigrescens) were not yet overfished, but CPUE and body size declined due to targeting of large, mature fish. Lenok
(Brachymystax lenok) were experiencing overfishing, especially of small, immature fish, which contributed to size-structure
truncation. The burbot (Lota lota) population was healthy according to most indicators, but the lack of local life history informa-
tion exacerbated already large uncertainties. Continued monitoring and improved coordination among fishers, managers, and
scientists will be critical to enhancing the sustainability of these fisheries.

PE®EPAT

9X ras3pblH 3aracyjajl A3JIXUH YyXajJ ad XoJIOOIJIOITOW X3MMN Y HOOIUHH YHBJII39HUN TOO O0apuMT MXPHXZ3I3
Xsi3raapjargmad 6aigar. Ypt 6ypaagsxyyHUNR M3/I93JIIUNT alluTIafar ereraen xsai3raapjargmas apryy/ Hb JOTOOZ, 3arac
arHyypbIr YH2JI9X 60JOMIKHUT aprbil' caHas 60srozor. buj MoHroabiH X0BCToJI HYYp Zilaxb I'ypBaH TOPJIMNH 3aracHbl XYH
aMBbIH 6 JIBIT YPT 193p CYYPHUJICAH OH/IOIVIOX ITOTEHIINAJIBIH XapbIjaaHbI IMHKUJITI3, IIONMYIALUNH 6aii/jal, HOrK XYIUH
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gapMaiiaT 6ypT 6apux (CPUE) 60s0H GHMEeNitH X9MIXKI9HUM yPT A29p CyypUICaH HaliMaH Y3YVYJISJITUIH YUT XaH/JIarblH
YHBJIr33T33p YHAJICOH. XoBcrou xagpaH (Thymallus nigrescens) pyycaaryii 60J0B4Y ToM 60JI0BCOPCOH 3aracHbl yiamaac CPUE

00JI0H GUENITH XaMK33 6araccaH. JIeHOK (Brachymystax lenok) sitiaHrysia >KMKUT, 60JI0BCOPY TYHII93TY 1 3aTaCHY YABIT X3T UX

3aracumJK 0aiicaH Hb XAMIXK99HUM OYTIIUIH 6aracaxaj HEeesceH OaiiHa. Hamuwm (Lota lota) XYH aM UX3HX Y3YYJI3JITI3D

9pyYyJI 6aiicaH 4 OpOH HYTTUIH aMb/IpaJIbIH TYYXUIH M3Z33J13J1 AyTMar 6aiiraa Hp ajib X3AUNH UX TOJOPXOH Oyc 6ali1IbIr

yJIaM JZiopAyyJicaH 6GaiiHa. 3aracuujl, yaUpAarduji, SpASMTAUNAH XOOPOH/BIH XSHAJIT CAM)KPYyJaJIThIT YPraJKJIYYJI5H

30XMIYyJIaX Hb 3/IT33p 3araCHbI TOITBOPTOM 6aiJIbIT caliKpyyaaxaz gyxai 6aix 60JIHO.

1 | Introduction

Inland fish stocks provide important socio-economic ben-
efits, including economic value, employment, tourism, rec-
reation, and food security (Mclntyre, Reidy Liermann, and
Revenga 2016; Smith, Khoa, and Lorenzen 2005). Food security
is especially important for rural communities that rely on local
fish for subsistence, although data for inland subsistence fisher-
ies are generally lacking (Beard et al. 2011). In 2015, inland cap-
ture fisheries accounted for 7%-11.5% of global fish production,
but this was thought to be a substantial underestimate (Bartley
et al. 2015). Despite their importance, inland stocks remain
largely unassessed due to challenges in collecting fisheries data
in dispersed and often isolated fisheries (Lorenzen et al. 2016;
Welcomme et al. 2010).

Improvement in the assessment and management of inland fish-
eries will likely depend on use of data-limited stock assessment
methods. While gold-standard data-rich assessment methods
require time series of catch and relative abundance, in addition
to knowledge of species biology, data-limited methods tend to
require only one of these data types and knowledge of only a
few biological or life history parameters (Dowling et al. 2015).
In general, data-limited assessment methods are categorized
as either catch-only models or length-based approaches. Catch-
only models use time series of catch data to inform assumptions
of biomass, which allow for estimation of historical abundances
and exploitation rates (Fitzgerald, Delanty, and Shephard 2018;
Free et al. 2020). However, catch-only models rely heavily on
prior assumptions and often perform poorly when assumptions
are inaccurate (Free et al. 2020; Ovando et al. 2022; Pons, Cope,
and Kell 2020; Thorson and Cope 2015). In contrast, length-
based models require length—frequency data, but do not rely
on historical catch and effort data. Instead, knowledge of life
history strategies and an understanding of the expected length
composition of a stock can be used to estimate stock status
(Haddon 2011; Prince et al. 2015) and mortality rates (Hordyk,
Ono, Valencia, et al. 2015). These characteristics make length-
based models ideal candidates for assessment of small, data-
poor fisheries in inland waters, which frequently lack reliable
time series of reported catch (Babcock et al. 2013; Fitzgerald,
Delanty, and Shephard 2018; Hommik et al. 2020; Hordyk, Ono,
Sainsbury, et al. 2015).

While applications of length-based stock assessment meth-
ods to marine fisheries have grown rapidly, applications to
inland fisheries are scarce (Lorenzen et al. 2016). In marine
systems, length-based approaches for estimating the spawning
potential ratio (SPR), which describes stock status as a propor-
tion of unfished reproductive potential, have been especially

common (Coscino et al. 2024; Cousido-Rocha et al. 2022; Lauden
et al. 2024; Prince et al. 2015). This family of methods, known
as LBSPR approaches, leverage basic life history parameters to
predict the length composition and reproductive potential of an
unfished population and use the observed length composition
of the catch, which is shaped by fishing mortality, to estimate
fisheries selectivity, relative fishing mortality, and stock status.
For example, an assessment of Palauan coral reef fish popula-
tions using one such LBSPR model ultimately resulted in the
implementation of minimum size limits for multiple species
(Prince et al. 2015). Despite being more frequently used in ma-
rine fisheries, length-based methods have been applied to some
inland fish stocks, including the use of an LBSPR model and
other length-based indicators to assess fish stocks in a variety
of aquatic inland habitats (Shephard et al. 2020). Later research
used local ecological knowledge (LEK) from Guyanese fisher-
men to design monitoring surveys of target species using local
gears (Shephard et al. 2023). Data from these surveys were used
to evaluate status using an LBSPR model and other length-based
indicators, which were themselves used to provide a baseline for
future semi-quantitative LEK-based monitoring. A novel LBSPR
model for fisheries exhibiting dome-shaped selectivity was used
to generate SPR estimates for brown trout (Salmo trutta) in Irish
lakes (Hommik et al. 2020).

Data required for length-based assessment models (length com-
position of the catch and basic life history information) can
also be used to estimate indicators of stock condition and fish-
ing intensity to support status estimates from length-based as-
sessment models and provide further insights into population
dynamics of a stock (Lorenzen et al. 2016). Examples of these
indicators include measures of trends in relative abundance or
CPUE, body size, and simple length-based indicators designed
to provide insights into the extent to which the catch was likely
to (a) avoid growth or recruitment overfishing and (b) optimize
catch from within the most productive size classes (Cope and
Punt 2009; Froese 2004; ICES 2015). Survey trends may help to
identify the directionality of observed changes in stock status,
while length-based indicators may provide insights into how
fishery selectivity molded these impacts.

We used data-limited length-based stock assessment meth-
ods to evaluate the status of populations of three imperiled
fish species in Lake Hovsgol, Mongolia, the Hovsgol grayling
(Thymallus nigrescens), lenok (Brachymystax lenok), and bur-
bot (Lota lota). Lake Hovsgol, Mongolia's largest lake (318 km?;
Goulden et al. 2006) and the 19" largest lake in the world
by volume (Herdendorf 1982), has been protected within
Lake Hovsgol National Park since 1992 (MET 2019). Despite
its protected status, low population density, and minimal
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development, Lake Hovsgol is facing synergistic pressures
from climate change (Batima et al. 2005; Dagvadorj, Batjargal,
and Natsagdorj 2014), pollution (Free et al. 2014; MET 2019),
and fishing pressure (Free, Jensen, and Mendsaikhan 2015;
Ocock et al. 2006a; Sideleva 2006). The impact of fishing is
unknown but could be sizeable. Small-scale commercial fish-
eries for lenok and Hovsgol grayling operated before the park
was established (Dulma 1979), recreational hook-and-line
fishing remains legal, and illegal gillnet fishing and beach
seining is common (Ahrenstorff et al. 2012; Free, Jensen,
and Mendsaikhan 2015; Ocock et al. 2006a). Subsistence gill-
net fishing is not strictly legal, but is generally tolerated and
frequently targets Hovsgol grayling at river mouths during
their spring upstream spawning migration (Free, Jensen, and
Mendsaikhan 2015). For these reasons, the Mongolian Red
List (Ocock et al. 2006b) currently identifies lenok and burbot
as threatened and Hovsgol grayling as endangered. Hovsgol
grayling is closely related to the Baikal grayling (Thymallus
baicalensis), but is morphologically distinct (Knizhin and
Weiss 2009; Olson et al. 2019) and has sometimes been con-
sidered a separate species despite low genetic divergence (Kaus
et al. 2019; Koskinen et al. 2002; Roman et al. 2018; Weiss
et al. 2021). Conservation status classifications for all three
species are based on limited population and distribution data
and lack the quantitative support necessary to guide sustain-
able and equitable management, especially for subsistence
fisheries (Bartley et al. 2015; Dulmaa 1999).

We used length-based data-limited assessment methods and
Syears of fisheries-independent gillnet data collected between
2009 and 2022 to evaluate the status of Hovsgol grayling, lenok,
and burbot stocks in Lake Hovsgol, Mongolia. We sought to
determine if stocks of the three species were either overfished
or experiencing overfishing to shed light on the need for po-
tential management interventions. We evaluated status using:
(1) LBSPR method to examine trends in reproductive potential;
(2) length-based indicators of sustainable fishing to evaluate
growth and recruitment overfishing risk; and (3) trends in rel-
ative abundance and body size to further understand trends
and mechanisms of population change. Overall, we updated the
evaluation of population status for Lake Hovsgol's three most
abundant fish species to provide a new quantitative basis for
guiding conservation and management decisions inside Lake
Hovsgol National Park.

2 | Methods
2.1 | Study Area

Lake Hovsgol is an ultra-oligotrophic lake in the Baikal rift re-
gion of northern Mongolia, 1645m above sea level (Figure 1;
Dulma 1979). Lake Hovsgol is 135km long and 40 km wide, with
a maximum depth of 262m (Goulden et al. 2006). Tributaries
feed Lake Hovsgol from the northern, eastern, and western
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FIGURE 1 | Locations of gillnet surveys in Lake Hovsgol, Mongolia during 2009-2022. Black circles indicate survey locations, black triangles

indicate the two towns on the lake, and the black line indicates the border of Lake Hovsgol National Park.
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shores. The lake drains south through the Eg River, which
flows into the Selenga River and ultimately into Lake Baikal
(Dulma 1979; Tomilov and Dashidorzh 1965).

Lake Hovsgol is located in a dry climate with cold winters
and mild summers (Batima et al. 2005; Goulden et al. 2006).
Although flooding sometimes occurs, an overwhelming pat-
tern of drying since the late 1800s is suspected to be a result
of climate change (Tomilov and Dashidorzh 1965). Mongolia is
experiencing a rate of warming almost three times greater than
the global average (Dagvadorj, Batjargal, and Natsagdorj 2014),
with a mean air temperature increase of 1.66°C over 60years
(Punsalmaa, Nyamsuren, and Buyndalai 2004). However, po-
tential impacts of climate change on Lake Hovsgol's flora and
fauna are unknown.

A large portion of the lake's watershed (1.2 million ha) is
protected within Lake Hovsgol National Park (LHNP). Lake
Hovsgol was designated as a Strictly Protected Area in 1992
and as a National Park in 1995 (MET 2019). The watershed
has low human population density and is minimally devel-
oped, including the lakeshore (MEC 2013; Urabe et al. 2006).
As of 2016, 5876 people resided in villages of Khankh on the
northern shore and Hatgal on the southern shore (MET 2019).
Tourists primarily use the southern end of the lake for recre-
ation, including fishing, while residents graze livestock on the
eastern and western shores. Herding families rely on livestock
for sustenance and fish from the lake to supplement their
subsistence rather than as a primary food resource (Urabe
et al. 2006).

Most aquatic fauna reside in littoral and sublittoral zones of
Lake Hovsgol (Ahrenstorff et al. 2012), which cover only 15% of
the lake surface area (Tomilov and Dashidorzh 1965). Ten fish
species are reported to inhabit the lake (Sideleva 2006), but ex-
tensive sampling with multiple gears from 2009 to 2022 found
just nine species (Ahrenstorff et al. 2012; Free, Jensen, and
Mendsaikhan 2015; Young et al. 2015; Olaf Jensen unpublished
data). Omul (Coregonus migratorius), introduced to the lake in
1956-1957 and 1980 (Dulmaa 2003), were never found by our
research team.

2.2 | Fish Sampling

Gillnets were used to sample nearshore areas in 5years
during 2009-2022, as described by Ahrenstorff et al. (2012)
and Free, Jensen, and Mendsaikhan (2015). Seven sampling
locations were surveyed once each year between mid and late
July in 2009, 2011-2013, and 2022 (Figure 1), using horizon-
tal multi-mesh gillnets anchored to the substrate. Nets were
20m X 2.5m, with five 4-m long monofilament panels of 2.54,
3.81, 5.08, 6.35, and 7.62cm bar mesh sizes (whole- or half-
inch measures), and strung in sequence. At each site, two nets
were fished overnight (8.5-11.75h) in water shallower than
10m deep.

Captured fish were identified to species and total body length
was measured (mm). For a random subsample of captured fish,
body weight, sex, and gonadosomatic index (GSI) were also
recorded. Otoliths were extracted from a random selection of

lenok for age estimation (Table S1) as age and growth of this
species was not well described before analysis of these otoliths
(Tsogtsaikhan et al. 2017). No burbot otoliths were extracted as
this species has a broad circumpolar distribution with existing
age and growth studies (Fratt 1991; Devine 2002). Due to the
endangered status of Hovsgol grayling, live individuals were
released soon after capture, and data requiring invasive collec-
tion methods (i.e., otolith extraction, GSI) were only performed
for Hovsgol grayling that were dead upon gear retrieval. While
mortality within the net may be non-random with respect to
fish size/age, because all fish (live and dead) were identified and
measured, this does not bias the length-frequency data on which
this analysis is based. This research was performed under ap-
proved animal care protocols (Rutgers University Animal Care
and Facilities Committee 11-005 and University of Wisconsin-
Madison L006317). Permission to conduct field research (Permit
6/445) was granted by the Mongolian Ministry of Environment
and Green Development.

2.3 | LBSPR Assessment

A LBSPR model developed by Hordyk, Ono, Sainsbury,
et al. (2015 and Hordyk et al. (2016); henceforth “LBSPR model”)
was implemented in the ‘LBSPR’ R package (Hordyk 2021) to
assess stock status of Hovsgol grayling, lenok, and burbot in
Lake Hovsgol. The model used basic life history parameters to
predict the length composition and reproductive potential of an
unfished population from sampled length compositions, which
were shaped by fishing mortality, to estimate fishery selectiv-
ity, mortality ratio (F/M), and spawning potential ratio (SPR) for
each species in each year of sampling (Hordyk, Ono, Sainsbury,
et al. 2015). The mortality ratio, F/M, estimates the ratio be-
tween instantaneous fishing mortality (F) and natural mortal-
ity (M). Apical fishing mortality is an estimate of the highest F
experienced by any age or length class. An F/M of 0.87 is often
used as a target reference point for teleosts, in which larger val-
ues indicate stocks experiencing overfishing (Zhou et al. 2012).
SPR is the ratio of fished to unfished egg production and rep-
resents a proportion or percentage of unfished reproductive po-
tential. An SPR of 20% is considered a threshold above which
stocks can sustain themselves (Goodyear 1993), and 40% is con-
sidered a proxy for the biomass associated with maximum sus-
tainable yield (B,q,) (Clark 2002; Lorenzen et al. 2016; Thorson
et al. 2012).

The LBSPR model requires seven life history parameters, which
we estimated from survey data or sourced from literature
(Table 1). Estimates of von Bertalanffy growth parameters—age
at length zero (a,), asymptotic length (L ), and growth coeffi-
cient (K)—were from analysis of our sampling data for Hovsgol
grayling and lenok (Tsogtsaikhan et al. 2017). For burbot, which
lack local age-length information, von Bertalanffy growth pa-
rameters were derived as median values from FishBase (Froese
and Pauly 2022) (Table 1 and Table S2). Length at which 50%
(Ls,) and 95% (L) of individual fish were mature were used to
specify a logistic maturity ogive (Figure 3) using estimates by
Sideleva (2006).

The LBSPR model also requires the ratio of natural mortality to
the von Bertalanffy growth coefficient (M/K) for each species.
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TABLE1 | Growth and other life history parameters for Hovsgol grayling, lenok, and burbot.

Parameter Definition Hovsgol grayling Lenok Burbot
Age and growth
o Length-weight coefficient 0.0042f 0.0043f 0.00534"
B Length-weight exponent 3.15 3.19f 3.054
a,” Age at which length equals zero (year) -1.63f of —-1.98°
K" von Bertalanffy growth coefficient (1/year) 0.19f 0.17f 0.14°
L)~ Asymptotic length (cm total length) 337 76.1f 88.0°
cv,. " Coefficient of variation for L__ (cm total length) 0.07%" 0.09%"
A Maximum age (year) 17f 10f 242
M" Instantaneous natural mortality (1/year) 0.31 0.27 0.11
0.36 0.59 0.22
0.38 0.27
Maturity and fecundity
L, Length at 50% maturity (cm total length) 23.1° 35.0¢ 44.28°
L5~ Length at 95% maturity (cm total length) 25.7%" 41.0¢ 52.5%"
Ag, Age at 50% maturity (year) 4.5%" 58" 3¢
GSI Annualized gonadosomatic index 0.1684 0.059°¢

Note: For each species, up to three values of natural mortality (M), obtained through various methods (Table S2), were used to estimate F/M and SPR. Values assigned
d, e, and f superscripts were estimated using data from Lake Hovsgol populations. ** marks parameters used in the LBSPR model.

Sources: For parameters obtained from FishBase, we used the median of the available estimates (Table S2). Where superscripts are followed by *, we used a

related value from the indicated source to estimate the presented value through methods described elsewhere in this paper (e.g., for burbot, age at 50% maturity
[Sideleva 2006] was converted to L., using the von Bertalanffy equation for length at age).

2Chen (1968).

bFishBase (Froese and Pauly 2022).
‘Fratt (1991).

dFree, Jensen, and Mendsaikhan (2015).
cSideleva (2006).

fTsogtsaikhan et al. (2017).

M was estimated for each species using “The Natural Mortality
Tool” (NMT; Cope and Hamel 2022), which evaluates 14 methods
to estimate M (Table S3). Of these, up to three estimates (Table 1
and Table S4) were selected to represent a range of plausible M
values. We followed Free, Jensen, and Mendsaikhan (2015) for
selecting methods identified to perform best within each class
of life-history invariant method (¢, .-, K-, or GSI-based) (Then
et al. 2015). For Hovsgol grayling, M estimates differed slightly
from those estimated by Free, Jensen, and Mendsaikhan (2015)
due to our use of updated K and L estimates (Tsogtsaikhan
et al. 2017) and an update to the Gunderson (1997) method of
estimating M (Hamel 2015). Only the K- and ¢,,, -based meth-
ods of M estimation were used for lenok given the lack of GSI
data for this species. Of these two options, M=0.27 was used
as a baseline value, because it was identified from the K-based
life invariant method identified to be best performing by Then
et al. (2015). For Hovsgol grayling and burbot, median M esti-
mates were used as baselines.

Length bin sizes were developed for use within the model. For
each species, bin size was selected based on visual inspection
of histograms of length—frequency distributions of the catches.
The smallest interval that allowed smooth representation of size
classes across the range of capture lengths was used (Figure 2).

2.4 | Validation of the LBSPR Selectivity
Assumptions

The LBSPR model used here assumed logistic selectivity of catch
by a gear (Hordyk, Ono, Sainsbury, et al. 2015). However, for
passive gears like gillnets, selectivity is often geometric, where
body size of a captured fish is proportional to the size of its
capture mesh (Millar and Fryer 1999; Millar and Holst 1997).
This means each mesh has a modal capture length for maxi-
mum retention, and the spread of catch sizes around the mode
is dome-shaped. For such selectivity, a method of LBSPR that
accounts for dome-shaped selectivity is often used in SPR esti-
mation (Hommik et al. 2020). However, for gillnets composed of
multiple mesh sizes, such as those used in our survey, the com-
bined dome-shaped selectivities of all meshes can result in an
overall net selectivity that follows a logistic curve. Confirmation
of this expectation would validate the use of the Hordyk, Ono,
Sainsbury, et al. (2015) model, which assumes logistic selectivity
for the entire net.

To test if the combined selectivity of all meshes in experimental
gillnets was logistic, selectivity outside of LBSPR was estimated
using several different approaches (Millar 2009, p. 200, 1992;
Millar and Fryer 1999; Millar and Holst 1997). Specifically,
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FIGURE 2 | Annual observed catch (bars) and expected size composition of catches based on models fit (lines) for Hovsgol grayling, lenok, and

burbot in Lake Hovsgol, Mongolia, during 2009-2022. Line color differentiates unique estimates of natural mortality (M) for each species. In most

cases, lines closely overlap. The sample size is printed in the top-right corner.

selectivity was estimated under conditions of normal and log-
normal dome-shaped gear selection, and the model with the
lowest deviance was used to evaluate net-wide (all meshes) se-
lectivity for each species. Modal capture lengths from all meshes
were used to estimate net-wide selectivity (Hommik et al. 2020).
Although each mesh exhibited dome-shaped selectivity, overall
net selectivity was indeed logistic across body sizes for lenok
and burbot (Figure S1). This was further supported by the P,
length-based metric (Figure 5), an indicator of selectivity type.
As aresult, LBSPR was used to internally estimate logistic selec-
tivity across mesh sizes for these two species.

The assumption of geometric selectivity was not met for Hovsgol
grayling, for which catches of most length classes were dis-
proportionately high in the smallest mesh size (2.54cm). This
surprising selectivity may be attributed to grayling protruded
dorsal fin rays, which violated both the dome-shaped selectiv-
ity assumption (Hommik et al. 2020) and logistic selectivity
assumption (Hordyk, Ono, Sainsbury, et al. 2015; Hordyk et al.

2016). Because net-wide selectivity was logistic for lenok and
burbot, we opted to use the LBSPR model to internally estimate
logistic selectivity for Hovsgol grayling. This decision was also
supported by the P, length-based indicator (Figure 5). This de-
cision would lead the model to attribute an absence of larger,
more fecund individuals to fishing mortality, rather than declin-
ing selectivity, and to overestimate F/M and underestimate SPR
if selectivity was truly dome-shaped (Hordyk, Ono, Valencia,
et al. 2015). Estimates of F/M and SPR for Hovsgol grayling
would be unbiased if selectivity was truly logistic or conserva-
tive (SPR higher than estimated and F/M lower than estimated)
if selectivity was truly dome-shaped.

2.5 | Length-Based Indicators

To supplement SPR estimates, eight other length-based indica-
tors of fisheries status were evaluated. Four indicators evalu-
ated whether catch successfully avoided growth overfishing by
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avoiding capture of immature fish and recruitment overfishing
by avoiding capture of the most fecund fish (Froese 2004; Cope
and Punt 2009). Specifically, they measured the proportion of
the catch composed of (1) mature individuals (P, ) larger than
L,,, where 100% is desirable; (2) highest yield of individuals
(Popt) in the length class where biomass was most concentrated
(Lopt), where 100% is desirable; and (3) old, large, highly fecund
individuals, or “mega-spawners” (Pmega), where 0% is desirable
but <30% is acceptable. The sum of these three metrics (Pobj)
was used in a decision tree to determine the type of selectivity
by a fishery (Cope and Punt 2009). Two other indicators com-
pared the ratios (Beverton 1992): (1) length at first capture (L)
to the length at which 50% of individuals were mature (L),
where values >1 are desirable because most individuals were
able to spawn before capture; and (2) mean capture length of
individuals larger than L_(L,,,,,) and L, where values close to
1 are desirable because it indicates that most fishing was at the
optimal size. Two other indicators indicated if fishing pressure
resulted in truncation (ICES 2015): (1) the ratio of L, to L,
where values > 1 are desirable; and (2) mean length of the largest
5% of the catch (L,,,.,) to the asymptotic length (L), where
values > 0.8 are desirable. Length-based indicators may identify
a potential need for intervention (Babcock et al. 2013), but are
often limited in sensitivity to true stock status; thus, manage-
ment based solely on these metrics may not prevent overfishing
(Cope and Punt 2009). However, when paired with other esti-
mates of status, like SPR, length-based indicators can provide
mechanistic insights into effects of fishing (Cope and Punt 2009;

Cousido-Rocha et al. 2022).

2.6 | Survey Trends in Catch-Per-Unit-Effort
and Body Size

Trends in CPUE and body size were estimated during 2009-
2022. CPUE was calculated for each species in number (n
night™!) and biomass (kg night™!) caught by all gillnets per

sampling night. Body size was measured in both weight (g) and
total body length (cm). Temporal trends were estimated using
linear mixed-effect models that treated sampling site as a ran-
dom effect in the Ime4’ R package (Bates et al. 2015). Full and
null models were compared using likelihood ratio tests to eval-
uate the statistical significance of detected trends (Free, Jensen,
and Mendsaikhan 2015). In synthesizing results from LBSPR
and survey trends analyses, a stock could be declining in abun-
dance but not yet be overfished, as when CPUE declines but the
stock remains above the target biomass reference point, just as a
stock can be overfished but recovering, as when CPUE increases
but the stock remains below the target reference point.

3 | Results

For Hovsgol grayling, the range of M estimates was narrow
(0.07; Table 1), potentially due to use of population-specific
life history parameters. The LBSPR model-estimated length
composition of the survey catch did not vary across the range
of M values and was similar to the sample length composition
for all years (Figure 2). Selectivity of Hovsgol grayling was lo-
gistic (1 <P,,;<2; Table S5). Selectivity-at-length was similar
among years and estimates of M (Figure 3). Mean estimates of
F/M and SPR were relatively similar across all estimates of M.
Across years, mean F/M ranged 0.04-0.65, below the 0.87 target
reference point, but did not differ among or between years at
the 95% confidence level (Figure 4). The 95% confidence interval
for mean SPR was above the 40% target reference point for all
years and estimates of M (Figure 4; Table S4). Hovsgol grayling
was at or above limit reference points for Pregar L ean/Lso and
L, .xso/Lo forall years,but L .. /L. declined toward the refer-
ence point over time (Table S5; Figure 5). Lmean/LOpt alsodeclined
over the survey period but did not reach the target reference
point by 2022. Hovsgol grayling CPUE decreased in number
(p=0.001) and weight (p <0.001) during 2009-2022 (Figure 6).
Reduced biomass was explained by decreasing trends in body
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size of both length (p <0.001) and weight (p=0.01). Catches in
2022 were smaller in body length and weight ranges than in pre-
vious years, with larger minimum size and lower maximum size
for both metrics (Figure 6).

For lenok, both M estimates (0.27 and 0.59; Table 1) produced
LBSPR model estimates of the survey catch length composi-
tion that were similar among years (Figure 2), except in 2012,
when peak length of the catch shifted from 27.5cm (M=0.27)
to 57.5cm total length (M =0.59; Figure 2). Selectivity-at-length
was higher at lower M (Figure 3; Table S4). For both estimates
of M, a higher proportion of mid-sized individuals was esti-
mated to be mature than were selected by the gear (Table S4).
Mortality ratio (F/M) estimates were relatively constant during
2009-2022 (Figure 4). In 2012, mean F/M for M =0.59 was much
higher than for other years, but did not differ from other years
because the confidence interval was wide (95% CI=0, 120). For
M=0.27, SPR reached a maximum of 41% in 2012, but was closer
to 20% in other years (Figure 4). For M=0.59, SPR was higher

overall (47%-72%), but had wide confidence intervals. Estimates
of P s Lmean/Lopt, and L. .,/L_ were above management ref-
erence points in 2022, but not in other years (Table S5; Figure 5).
L, ..n/Ls, Was the only indicator above the reference point for
all years. Length and weight both increased significantly during
2009-2022 (Figure 6). CPUE in numbers (p =0.12) and biomass
(p=0.86) did not significantly trend through time (Figure 6).
Proportionally fewer individuals of smaller size (<35cm total
length) and lower weight (<0.5kg) were sampled in 2022, when
the overall largest lenok were captured (Figure 6).

For burbot, all three estimates of M (0.11, 0.22, 0.27; Table 1) pro-
duced expected length compositions of survey catches that were
similar for all years, with the largest difference in 2022 (Figure 2).
For M=0.11, similar proportions of burbot were estimated to be
mature and selected by the gear (Figure 3). For M=0.22 and
M=0.27, the proportion of mature mid-sized fish increased rel-
ative to fish that were susceptible to capture (Figure 3). In each
year, F/M and SPR were similar for all estimates of M (Figure 4;
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Table S4). Mean SPR was at or above 20% for all estimates of
M (Figure 4; Table S4). For M=0.22 and M=0.27, mean SPR
was above 40%, with lower 95% confidence bounds above 20%
in all years except 2011. For the same M estimates in 2009 and
2022, nearly all mortality was attributed to M, with little to no
uncertainty (Figure 4). Burbot Pega steadily declined through
2013, and exceeded the 30% reference point in 2009 and 2022
(Table S5; Figure 5), coinciding with high estimates of SPR in
thoseyears.L .. /L., L . .. /L_,and Lmean/Lopt suggested good
stock status relative to management reference points in all years
(Table S5; Figure 5). Burbot body size (length: p=0.35; weight:
p=0.25) and CPUE (count: p=0.11; mass: p=0.06) did not sig-
nificantly trend through time (Figure 6).

4 | Discussion
4.1 | Hovsgol Grayling Status

Hovsgol grayling is listed as an endangered species under assess-
ment guidelines from the International Union for Conservation
of Nature (IUCN), but this determination was not made on the
basis of a formal stock assessment (Ocock et al. 2006a). The SPR
and F/M estimates from our LBSPR analysis indicate that the
stock is neither overfished nor experiencing overfishing. This

suggests that a conservation status designation may have been
premature or that the population has recovered since the 2006
designation. However, declining trends in abundance and body
size are concerning. Length-based indicators suggest that fish-
eries too heavily target large, mature fish, including many mega-
spawners, thereby driving a decline in body size. Declines in
CPUE without concurrent declines in SPR could be explained by
loss of spawning habitat (i.e., the steady drying of streams) due
to climate change (Ocock et al. 2006b, 2006a), because loss of
spawning habitat could reduce population size without chang-
ing length structure. Along with size selective fishing, warming
lake temperatures could also contribute to observed declines in
grayling body sizes.

The impact of fishing on Hovsgol grayling may be buffered by a
mixture of inefficient targeting and availability of pelagic refugia
away from fishing. Although our smallest mesh size (2.54cm)
was notably more efficient at catching Hovsgol grayling than
other mesh sizes, this small mesh is uncommon in the Lake
Hovsgol gillnet fishery (Free, Jensen, and Mendsaikhan 2015).
Its near absence may spare Hovsgol grayling from more se-
vere effects of gillnet fishing. Hovsgol grayling are largely tar-
geted by an illegal gillnet fishery during spring spawning runs,
which could exacerbate effects of fishing if most mature fish
are captured before they reproduce. However, Hovsgol grayling
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FIGURE 6 | Temporal trends in CPUE and body size for Hovsgol grayling, lenok, and burbot in Lake Hovsgol, Mongolia during 2009-2022. For

body size, points represent total length (cm) or weight (g) measures of individual fish. Weights were either measured in the field or estimated based
on body length. CPUE (# net™! night™!) is the number of fish collected and CPUE (kg net™! night™!) is for fish weight. Each point represents the CPUE
of a single mesh size from a single sampling event. Trends were identified using linear mixed effects models wherein dark lines indicate the fitted

trend, the shaded region indicates the 95% confidence interval, and dashed lines indicate the prediction interval.

captured in tributaries used for spawning runs or in the littoral
zone, where most gillnets are set, may not be a large proportion
of the population. Two Hovsgol grayling morphotypes, which
correspond to littoral and pelagic feeding habits, have been iden-
tified (Ahrenstorff et al. 2012), but inshore-offshore migration
patterns are unknown. Thus, Hovsgol grayling may utilize the
pelagic as a refuge from fishing pressure, which could contrib-
ute to their stable status.

4.2 | Lenok Population Status

Lenok are experiencing overfishing—especially of small, imma-
ture fish—and may be overfished. The overfished designation of
lenok is sensitive to the natural mortality estimate used in the
LBSPR analysis, with the higher estimate leading to a “not over-
fished” designation and the lower estimate leading to an “over-
fished” designation. However, remaining indicators suggest
that lenok could be overfished soon if overfishing is not curbed.
F/M estimates from the LBSPR analysis indicate that lenok are
experiencing overfishing, and length-based indicators suggest
that this overfishing was concentrated on small, immature fish,
which caused the truncation of the size structure and an appar-
ent increase in body size (Table 2). Although increasing body

size usually indicates improving stock status (Shin et al. 2005),
such a conclusion would be incorrect in this case, as the appar-
ent increase in body size was due to overharvest of small lenok.
Thus, management measures that reduce targeting and mor-
tality of smaller lenok are likely to prevent overfishing in this
fishery.

4.3 | Burbot Population Status

Burbot population status was good according to most of the
evaluated indicators, but large uncertainty was exacerbated
by a lack of local life history information. The LBSPR analysis
indicated that burbot were neither overfished nor experiencing
overfishing for two of three natural mortality estimates. This
finding aligned with indications that CPUE and body size were
stable and that the catch was largely composed of mature fish
that avoided mega-spawners and size-structure truncation.
However, unlike Hovsgol grayling and lenok, age data were
lacking for burbot, which increased uncertainty of growth
and mortality parameters, especially because burbot growth
and reproduction varies considerably by latitude and habitat
(e.g., lakes, bays, rivers) (Chen 1968; Fratt 1991; Hewson 1955).
Simulation testing has shown that LBSPR model estimates of
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TABLE 2

| Summary and synthesis (bolded) of Hovsgol grayling, lenok, and burbot population status for multiple assessment methods in Lake

Hovsgol, Mongolia during 2009-2022.

Indicator Result
Hovsgol grayling
LBSPR SPR estimate Not overfished: SPR consistently above reference point
LBSPR F/M estimate Not experiencing overfishing: F/M consistently below reference point
Length-based Catch heavily targets large, mature fish including mega-spawners
indicators
CPUE trend Declining CPUE
Body size trend Declining body size
Synthesis Hovsgol grayling are not yet overfished or experiencing overfishing
but declining CPUE and declining body size due to targeting of
large, mature fish including mega-spawners is concerning
Lenok
LBSPR SPR estimate Potentially overfished: assessment depends on M value
LBSPR F/M estimate Experiencing overfishing: F/M consistently above reference point
Length-based Catch avoids mega-spawners but catches to many small, immature fish leading to truncation
indicators
CPUE trend Stable CPUE
Body size trend Increasing body size
Synthesis Lenok population is experiencing overfishing, especially of small, immature fish, leading
to truncation and apparent body size increases; if it's not overfished, it may be soon
Burbot
LBSPR SPR estimate Likely not overfished: SPR above reference point for 2 of 3 M values
LBSPR F/M estimate Likely not experiencing overfishing: F/M near or below reference point for 2 of 3 M values
Length-based Catch is largely composed of mature fish and avoids mega-spawners and truncation
indicators
CPUE trend Stable CPUE
Body size trend Stable body size
Synthesis Burbot population status is good according to nearly all indicators;

however, its life history parameters are less certain given the lack
oflocal age data, adding to already large uncertainty

F/M and SPR are most sensitive to misspecification of M/K,
L, and the coefficient of variation of L | (CV, _; Hordyk, Ono,
Valencia, et al. 2015), which highlights the importance of filling
critical data gaps in the future. We used the median of avail-
able life history parameter estimates from across the burbot na-
tive range to account for this uncertainty (Table S2), but future
stock assessments for Lake Hovsgol burbot would benefit from
population-specific life history parameter estimates.

4.4 | Impact of Fishing on Population Status

Population status of these species should be considered within
the context of both historical and recent fishing patterns.
Historically, Lake Hovsgol supported commercial fisheries
for lenok, burbot, and grayling (Dulmaa 1999; Tomilov and

Dashidorzh 1965), though the scale of these fisheries was not
well-quantified. Tomilov and Dashidorzh (1965) noted that
lenok and Hovsgol grayling were taken in “significant quanti-
ties” by historical fisheries. Dulmaa (1999) reported catches of
250-400 tons from Lake Hovsgol in the mid-1970s (see table 24
in Dulmaa 1999) but this value is not internally consistent
with other values stated in the report. For example, the report
named lenok and grayling as the primary targets of historical
commercial fisheries in Lake Hovsgol, followed secondarily
by roach (Rutilus rutilus), perch (Perca fluiviatilis), and burbot
(Dulmaa 1999). However, the report contradictorily stated that
historical incidental catches of burbot (50 tons) doubled catches
of lenok (24 tons) in a beach-seine fishery targeting lenok, and
that there was “almost no commercial fishery” targeting gray-
ling in Lake Hovsgol (Dulmaa 1999). The two reported catch
volumes fall significantly short of the 250-400 ton total volume,
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the basis of which was not documented (Dulmaa 1999). A more
detailed history of fishing on Lake Hovsgol would greatly im-
prove understanding of the potential impact of historical fishing
on Lake Hovsgol's fishes.

The establishment of Lake Hovsgol National Park in 1992
coincided with new fishing restrictions, but enforce-
ment has been both difficult and limited (Free, Jensen,
and Mendsaikhan 2015; Ocock et al. 2006b). Illegal com-
mercial fishing is believed to occur with high frequency
(Ocock et al. 2006b), as indicated by the observation of der-
elict gillnet fragments, active gillnet fishing, and grayling
for sale by market and street-side vendors (Free, Jensen, and
Mendsaikhan 2015). Although otherwise illegal, gillnetting
during the spring spawning migration is generally tolerated
by park rangers when classified as subsistence fishing. A
recreational hook-and-line fishery of unknown size is also
present (Sideleva 2006), although the illegal gillnet fishery is
generally believed to be a larger source of fishing mortality
(Ocock et al. 2006b). Despite relatively low human population
density around Lake Hovsgol, estimates of fishing effort for
the local resident population suggest that overexploitation is
plausible (Free, Jensen, and Mendsaikhan 2015).

4.5 | Impact of Climate Change on Stock Status

Climate change may play an increasingly important role in the
status of fish populations in Lake Hovsgol. Mongolia is expe-
riencing a rate of warming almost 3-times greater than the
global average (Dagvadorj, Batjargal, and Natsagdorj 2014),
with mean air temperature increasing 1.66°C over 60years
(Punsalmaa, Nyamsuren, and Buyndalai 2004). Surface wa-
ters in Lake Hovsgol warmed 0.034°C each decade over the
past 20years (Fan et al. 2022). Furthermore, rising air tem-
peratures and changing precipitation patterns have led to the
drying of many grayling spawning streams in Lake Hovsgol,
with only 20 of 96 permanent streams that once flowed into
the lake carrying water year round today, and most drying
between June and July (Ocock et al. 2006a). Hovsgol gray-
ling may be especially sensitive to such changes, particularly
loss of spawning habitat. The Hovsgol grayling is ecologically
similar to the Baikal grayling and Arctic grayling (Thymallus
arcticus), which have both been predicted to decrease in their
distributions, abundance, and growth in response to warm-
ing, based on a study in the Eg-Uur River, Mongolia (Hartman
and Jensen 2017). Therefore, we conclude that declining size,
which is among the most rapid declines in salmonid body
size globally (Solokas et al. 2023), and CPUE of Hovsgol gray-
ling during the period of our study could have been partially
caused by climate change.

Abundance and body size of Lake Hovsgol lenok also appear
to have declined in recent years. CPUE and body size did not
trend upward or downward during 2009-2013 (Free, Jensen,
and Mendsaikhan 2015), but incorporation of data from
2022 indicated a pronounced shift to larger-bodied lenok,
and a notable, although not statistically significant, decline
in CPUE (p=0.12, compared to p=0.98 during 2009-2013;
Free, Jensen, and Mendsaikhan 2015; Figure 6). Although
likely due to size selective fisheries, these shifts may also be

partially attributed to resource competition among lenok in
response to a warming climate. Increased consumption, as
a result of increased metabolic needs in warmer waters, has
been predicted to reduce lenok abundance, as well as growth
of surviving individuals, in Mongolian lotic systems (Hartman
and Jensen 2017). Lenok in Lake Hovsgol may therefore be
experiencing increased competition in response to warming
temperatures that results in decreasing abundance. However,
lenok may not experience a drastic increase in metabolic rate
due to decreased energy expenditure required by a lentic sys-
tem with low predation risk (Young et al. 2015) and relatively
low flow velocity.

Burbot are noted to be particularly sensitive to anthropogenic
impacts and have been proposed as an informative indicator
species for identifying early warnings of climate change effects
on cold-water species (Stapanian et al. 2010). Across much of
their range, changes in abundance have been attributed to cli-
mate change (Stapanian et al. 2010). While we found no tem-
poral trends in CPUE of the Lake Hovsgol population, effects
of climate change may be visible through other metrics. Our
extreme estimates of F/M may be evidence of recruitment
variability (Hordyk, Ono, Valencia, et al. 2015), which is not
modeled within LBSPR. Impacts of climate warming on bur-
bot reproduction and successful egg development can result in
fluctuations in abundance and catch through recruitment vari-
ability, as in Lithuanian commercial fisheries (Svagzdys 2002).
Future length-based assessments for burbot and other fishes in
Lake Hovsgol may therefore benefit from using length-based ap-
proaches, such as LIME (Rudd and Thorson 2018), that can ex-
plicitly estimate annual recruitment variation with longer time
series.

4.6 | Implications for Monitoring
and Management

We used complementary data-limited length-based and descrip-
tive methods to provide initial estimates of the status of Hovsgol
grayling, lenok, and burbot populations in Lake Hovsgol. The
estimates provided a useful baseline for tracking future popu-
lation health, but continued monitoring is necessary to further
assess how fish populations in Lake Hovsgol respond to the joint
pressures of fishing and climate change. Even in the absence
of resources for full quantitative stock assessments, continued
assessment using data-limited methods and complementary
measures, such as length-based indicator estimates and trend
analyses, will be of value. In this way, our study adds to the
growing list of instructive examples of the application of data-
limited stock assessment methods commonly used in marine
fisheries within an inland fisheries context (Hommik et al. 2020;
Shephard et al. 2023, 2020).

Our results suggest that interventions are likely necessary to
curb overfishing of the lenok population and reverse the con-
cerning decline of the Hovsgol grayling population. The design
of effective, equitable, and feasible management measures will
require coordination among fishers, managers, and scientists,
and could include measures such as gear restrictions (e.g., limits
on gillnet mesh size, lengths, or soak times) or tightened regula-
tions on fishing during the spring grayling spawning migration
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(which likely includes high lenok bycatch). Improved moni-
toring of catch and effort during the spring grayling spawning
fishery would be relatively inexpensive to monitor (because it
occurs during a short period in a limited number of streams)
and would be highly informative to management because it
likely constitutes most fishing effort. Information from such
monitoring could be used to design management actions that
allow the persistence of the subsistence fishery while also allow-
ing enough spawners to escape harvest. Furthermore, sampling
the catch length composition could support annual assessments
of fish populations in Lake Hovsgol and evaluation of manage-
ment effectiveness. This would instill a system of adaptive co-
management that would make fisheries in Lake Hovsgol more
resilient to the joint stressors of fishing and climate change
(Wilson et al. 2018).

Despite the global importance of inland fisheries, freshwater
fish stock status remains largely unassessed due to challenges
in collecting fisheries data in dispersed and isolated fisheries
(Lorenzen et al. 2016). The need for assessments is mounting
as freshwater systems experience the steepest declines in bio-
diversity (WWF 2024) with threats coming from, in order of
decreasing frequency, invasive species, climate change, habitat
loss, pollution, and overexploitation (Arthington et al. 2016).
Although overexploitation currently ranks as the least com-
mon threat, catches from global inland fisheries are increasing
(FAO 2024), and expert opinion suggests that 13% of inland
fisheries are experiencing high fishing pressure, 40% are under
moderate pressure, and 47% are under low pressure (Stokes
et al. 2021). The wider use of the length-based stock assessment
methods exemplified in this study presents a promising pathway
to guiding improved management of inland stocks with an em-
pirical understanding of stock status. Compared to time series of
catch and relative abundance, length composition data are rela-
tively easy to collect and even 1year of data can identify whether
and why (e.g., growth or recruitment overfishing) a stock is
overfished and or experiencing overfishing. This empowers
managers with the information needed to determine whether
an intervention is needed, the magnitude of the required inter-
vention, and what the intervention should target. Our study pro-
vides a useful template for expanding the use of length-based
assessment stock assessment methods to manage important in-
land fisheries.
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