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The most valuable information obtained from sampled
catch, at least for temperate waters, is age.
—Ray Hilborn and Carl J. Walters, 1992

INTRODUCTION

Age information is a crucial component for many aspects of
fisheries science and management (Hilborn and Walters 1992;
Kerns and Lombardi-Carlson 2017; Frater 2020). Fish ages
are often used for estimating growth (Francis 2016; Lorenzen
et al. 2016), mortality (Lee et al. 2011; Sippel et al. 2017), and
year—class strength (Quist 2007). Age data are also import-
ant in many stock assessment models (Ono et al. 2015) and
for estimating recruitment parameters (Magnusson and
Hilborn 2007). However, age data are time-intensive and costly
to collect, and obtaining the most precise and accurate ages for
many species requires fish sacrifice (e.g., removal of internal
structures such as otoliths or cleithra; Maceina et al. 2007). In
contrast, measuring fish lengths is low-effort and less expen-
sive, and, as a result, length data are more widely available
(Quinn and Deriso 1999). Length data are valuable in their
own right by providing information on population size struc-
ture (Froese 2004; Mildenberger et al. 2017) and long-term
changes in body size resulting from environmental change
(Oke et al. 2020; Solokas et al. 2023). Additionally, ages can be
estimated from length and used to inform subsequent calcula-
tions (e.g., mortality). However, uncertainty in age estimation
generated from fish lengths is propagated through subsequent
calculations. As such, fisheries managers and scientists are
faced with a trade-off—whether it is worth the additional
resources to collect age data to inform more precise estimates,
or whether those resources could be better used elsewhere in
managing or monitoring fisheries (Hansen and Jones 2008).

Using a length-stratified subsample, an age-length key
(ALK) can be created to assign ages to fish in the entire sam-
ple based on the observed proportion of fish at each age within
each length strata or group (Isermann and Knight 2005).
This nearly 100-year-old technique (Fridriksson 1934) is still
commonly used in fisheries (Ailloud and Hoenig 2019; Ogle
et al. 2023) and is based on the proportion of fish at age « as:

Pa = Z (kipavi) (L

where i represents the discrete length bins from 1 to K, Dy is
the proportion of being age ¢ given length bin 7, and p_is the
total proportion in each age group.

Many resource management agencies collect length (as
well as some age) data during standardized surveys (e.g.,
WDNR 2013; MNDNR 2017). However, due to logistical
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Understanding age and growth are important for fisheries science and management; however, age data are not routinely col-
lected for many populations. We propose and test a method of borrowing age-length data across increasingly broader spatio-
temporal levels to create a hierarchical age-length key (HALK). We assessed this method by comparing growth and mortality
metrics to those estimated from lake-year age-length keys ages using seven common freshwater fish species across the upper
Midwestern United States. Levels used for data borrowing began most specifically by borrowing within lake across time and
increased in breadth to include data within the Hydrologic Unit Code (HUC) 10 watershed, HUC8 watershed, Level Il Ecoregion,
and finally a species-wide data ALK using all available data with our study for a species. Median deviation in mean length of age-3
fish was within 1 cm for the most specific HALK levels, and median deviation in total annual mortality was close to 0 for most
species when borrowing occurred within HUC10 and HUC8 watersheds. Percent error in growth curves increased with data bor-
rowing, but plateaued—or even decreased—for some species when data borrowing expanded across spatial levels. We present
the HALK as a method for gaining age information about a fishery when age data are unavailable.

constraints, age data are often limited or unavailable for a
specific water body and/or year. Paired age-length data may
be available for other years and/or nearby water bodies, and
age and length data could be borrowed from these to gener-
ate ALKs. This is likely to result in a loss of precision in age
assignment and associated metrics calculated from age, but if
precision loss is within acceptable tolerances, this approach
would reduce resources spent on individual surveys to collect
age data. The goal for this study was to develop a method
to borrow data for age assignment that uses hierarchically
nested ALKSs to assign age to fish when age data are limited
or nonexistent for a particular water body or time period and
to evaluate the loss of precision in commonly used life his-
tory metrics calculated when age data are borrowed across
time or space.

We present a method that borrows paired age-length data
across multiple levels to create ALKs and assess the method
using age-length data from seven freshwater fish species in
over 5,000 lakes in the upper Midwestern United States. This
method uses a lake—year ALK to assign age to fish when pos-
sible, but creates aggregate ALKs using data borrowed from
increasingly broader levels, which are typically nested hier-
archically. An aggregate ALK is created at each level where
sufficient data are available, resulting in a series of hierarchi-
cal ALKs (HALKS). In this context, the most specific avail-
able ALK can be used to assign age to fish where age data
are insufficient or lacking. This method extends the standard
ALK from equation 1 by creating an aggregate ALK at each
level, such as:

Par = Z (ki,Lpa,Lvi) (2)

where the terms are all the same as in equation 1, but a sub-
script L is added to represent the level at which age-length
data are aggregated. The HALK is the collection of these
aggregated ALKs.

We introduce the R package halk that allows users to create
their own HALKSs and use them to assign age to length data.
In this study, we use the package to simulate HALKSs across
levels for seven species common to the upper Midwestern
United States, and we compare estimates of growth, mortal-
ity, and mean length at age to those of the lake-year ALK to
assess changes in error of these estimates across HALK levels.
Additionally, we developed an R Shiny application (https:/
bit.ly/3Ruaul6) that can be used to assign ages on length data
using the HALKSs from this study (Frater 2023). This appli-
cation uses the HALKSs developed in the data set used in this
paper to assign age based on length using the most specific
HALK Ilevel available.
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METHODS
Building a Hierarchical Age-Length Key

A HALK is created using paired age—length data obtained
from samples collected from different water bodies in different
years. When age data sufficient for creating a lake—year ALK
exist for a specific water body in a specific year (see below for
data sufficiency criterion), no borrowing of ages need occur.
If year-specific data within a water body are insufficient, the
hierarchy of borrowing data to assign ages based on lengths
can follow a progression defined by the user. For example, the
progression could start by using age-length data collected in
the same water body but different year(s) from the same water
body, and then expand to using age-length data from other
water bodies in the same watershed, eventually progressing to
age assignment at the broadest level, which would be an ALK
constructed using the entire provided age-length data set for
a species (Figure 1). If a user were to specify levels of water-
shed, water body, and year, and provided age-length data for
multiple water bodies across multiple years, then an ALK
would be created for each unique water body x year combina-
tion (i.e., the lake—year ALK), each water body (i.e., pooling
age-length data across years for a specific water body), each
watershed (i.e., pooling age-length data for all water bodies
in a watershed), and lastly, an ALK would be constructed

Step 1 - Age-length data

using all available data for the species. Data requirements
that determine if an ALK is created within each level-—such
as minimum number of age groups, samples per age group,
or total samples—are defined by the user. At each hierarchy,
age—length data are combined across the entire level to create
an aggregate ALK. Fish that are measured for length—but
not aged—are subsequently assigned an age using the ALK
with the highest level of specificity.

The HALK procedure is automated in the R package halk
using the function make_halk, where users provide age-length
data and levels to be used in the age assignment hierarchy. This
flexible user input maximizes the function’s applicability to a
wide range of situations. A fully reproducible working exam-
ple for HALK creation and age assignment can be found in a
vignette within the salk R package.

Application of the HALK to Sport Fish Data from
Upper Midwestern Lakes
To demonstrate the application of the HALK method, we
used fisheries monitoring data collected by state agencies in
the upper Midwestern United States (Illinois, Indiana, Iowa,
Michigan, Minnesota, South Dakota, and Wisconsin). This
data set contained more than 23 million fish records (includ-
ing 2.2 million age—length records) from standardized fishery

Step 2 - Length only data

Figure 1. A schematic representation of the hierarchical age-length key (HALK) method. Levels of borrowing ages are specified by a user,
and the number of samples of paired age-length data are checked at each level to determine if sufficient data exist (as specified by
user). If sufficient data are available, an ALK is created; once a level is complete the process iterates at the next level. Fish that are mea-
sured for length, but not age, are then assigned an age using the ALK with the highest level of specificity. HUC = Hydrologic Unit Code.
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Figure 2. Lakes (A) and spatial levels (B,C) used in simulations to test the hierarchical age-length key method. An example of a
single lake (D;Trout Lake, Vilas County, Wisconsin) and its associated hierarchical levels are color-coded to the levels presented
in Figure 1. Age-length keys were created at the different spatial levels shown here by aggregating all paired age-length data
from within a given level either across time (lake level) or across space (HUC [Hydrologic Unit Code] watershed and ecoregion

levels).

survey data across 7 states, 5,279 lakes, 1,080 Hydrologic Unit
Code (HUC) 10 watersheds, 251 HUCS8 watersheds, and 19
Level III ecoregions (Figure 2). All data in this study came
specifically from lakes, so we use that specific term in place of
the more general “water body” or “population” when describ-
ing methods and results. We used paired age-length data for
seven species:

» Black Crappie Pomoxis nigromaculatus,

* Bluegill Lepomis macrochirus,

» Largemouth Bass Micropterus nigricans,

* Northern Pike Esox lucius,

* Smallmouth Bass M. dolomieu,

* Walleye Sander vitreus, and

* Yellow Perch Perca flavescens.

In order to be included in a HALK, fish records required
age, length, a water body identification code, and location
(i.e., latitude—longitude, for defining watershed and ecoregion
levels). We did not include sex of fish as part of these crite-
ria, as many fish in the data set we used were either unsexed
or sex was unknown. The fish from which these paired age—
length data were obtained were captured using a variety of
different sampling gears employed at different times of the
year. Selectivity of gear type can bias sampled age-length
data (Frater and Stefansson 2019), but for the purposes of
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presenting the HALK method, we chose to use data from all
gear types in order to have a sufficient number of populations
on which to assess the method. Additionally, combining sam-
ples from multiple gear types can alleviate some of these issues
(Wilson et al. 2015). Several different calcified structures were
used for observed age assignment, and since aging structures
each have their own distinct bias, we created separate HALKSs
for scales, spines, and otoliths. Additionally, using age read-
ings from multiple readers across multiple agencies could
introduce bias as well; however, for the purposes of introduc-
ing the HALK concept, we assume that bias in reading age
structures will balance out across so many different readers. If
a HALK is to be used in practice, care is advised to ensure that
bias in reading age structures is taken into consideration in
HALK creation. For initial HALK creation, we used the fol-
lowing levels: “Lake—year” (i.e., lake—year ALK—data from a
single lake in a single year), “Lake” (i.e., all years of data from
a single lake), “HUC10 Watershed,” “HUCS8 Watershed,”
“Level III Ecoregion,” and lastly, an ALK created for the
entire species using all age-length data in our data set that
was available for a species. Hydrologic Unit Code watersheds
are areas of water drainage that are delineated by the U.S.
Geological Survey (USGS 2023). These watersheds are hier-
archically nested within one another making them well-suited
for use in the HALK.
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Assessing the Accuracy of Parameters from
the HALK Method

We performed age assignment simulations using the halk
R package to determine how the relative accuracy of met-
rics for dynamic rate functions of growth, mortality, and
recruitment changed as ages were borrowed from increas-
ingly broader strata. These simulations were conducted for
each species using only lake-years where sufficient age data
were collected to create lake—year ALKs. We defined data suf-
ficiency for ALK creation as having at least five age groups
and five samples per age. Defining minimum sample sizes by
age is different than the commonly used minimum number of
samples per length bin (Bonar et al. 2017); however, we used
age for sufficiency criteria to ensure that enough age groups
were present to adequately create ALKs across multiple ages
at each level. Length-stratified subsamples are commonly col-
lected in the field because it is impossible to know the age of
the fish while sampling; however, the HALK uses data that
are already sampled and aged. Since the point of the HALK
is to share data—potentially across a wide region—we wanted
to ensure that enough age groups were present to adequately
assign age to fish that were measured in other water bodies.
Simulations revealed that error in age assignment decreased
rapidly with number of age groups used until about five,
after which error only decreased marginally (Box 1 and
Supplementary Materials).

As a baseline for relative accuracy, we compared growth,
mortality, and recruitment metrics from HALK levels to those
calculated from ages assigned by lake-year specific ALKs.
Using only the observed ages from a subsample of fish would

not provide an appropriate baseline for relative accuracy as
these data are length-stratified and not representative of the
actual length (and age) distribution for the overall sample.
Previous research has shown that using only observed age data
from fish in the length-stratified subsample can bias growth
curve estimates (Bettoli and Miranda 2001; Goodyear 2019).
Since lake-year ALKs served as the reference to compare
growth and mortality metrics against, we wanted to determine
accuracy and precision of these metrics at the lake—year level.
To do this we performed a simulation using the estimated
growth and mortality parameters from lake-year ALKs to
simulate age-length-structured populations. We sampled
these simulated populations for length and then subsampled
them for age, doing this once for each lake—year with sufficient
age data to create a lake-year ALK. We assigned age to the
length sample using an ALK created from the subsample and
estimated growth and mortality metrics from these assigned
ages. These simulations are described in greater detail in the
Supplementary Materials, and estimated growth and mortal-
ity values from them are displayed as “Lake—year (Simulated)”
in the results section.

Growth was described using mean length-at-age and by fit-
ting a Schnute parameterization of the von Bertalanffy growth
curve (Schnute and Fournier 1980) using maximum likelihood
in the R package TMB (Thygesen et al. 2017). The Schnute
growth curve is represented by the following equation:

La=L1+[(L2—L1)<Lk(HI)>] 3)

1- e_k(tz_tl)

/Box One of the greatest concerns when using a method like the hierarchical age-length key (HALK) is error in age assignment across lev- \
els. Our results show that the age assignment error does increase as the level of data borrowing becomes less specific. However, the number
of age groups used to create an ALK can also have an impact on error. More age groups will typically be included as more data are borrowed,
and this trade-off captures the essence of issues that the HALK method was designed to surmount. We performed a bootstrap simulation to
illustrate how age assignment error changes across both HALK level and number of age groups. Root mean squared error (RMSE) of assigned
ages compared to observed ages was used to assess error in these simulations. The RMSE was highest when only a few age groups were
used to create an ALK, and also increased as HALK levels increased in breadth. More age groups will generally be included as scale of data
borrowing increases. If a particular lake-year only has three age groups with which to create an ALK it may be more desirable to borrow data
for ALK creation at the level of Lake or Hydrologic Unit Code (HUC) 10 if six or seven age groups can be included by doing so.

Species

Level lll
ecoregion

HUC8

HALK level

HUC10

Lake

Standard ALK

Mean RMSE

I o508
W os-10
. 1.0-1.2
| RERE
W iss
W iss
. 1.8-2.0
B 2022
B 2224
[ 2426

26-28
2.8-30
3.0-32

1 2 3

Number of age groups

Figure B1. Contour Plot of RMSE across bootstrap simulations using a different number of age groups to create ALKs at
each level of the HALK used in this model. RMSE decreases as more age groups are used and at more specific level of
data-borrowing, but more age groups can typically be attained for use in an ALK by borrowing data across levels.

5 6 7

%
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where L, is the length at minimum observed age ¢,, L, is
the length at maximum observed age t,, and k is the usual
Brody growth coefficient of the von Bertalanffy growth
curve. We used a Schnute curve as parameters are uncor-
related and estimation of the function was more stable than
that of the von Bertalanffy growth curve (95.5% conver-
gence compared to 90.7%). Total instantaneous mortality
(Z) was calculated using a catch-curve analysis by fitting
a linear regression through the log number of fish at each
age against age. Only ages greater than the most abundant
age in each sample were used in catch-curve analysis. Z was
converted to total annual mortality (A4) using the formula
A =1 - e 4. Recruitment was assessed using the recruitment
variability index as described by Isermann et al. (2002). We
report results for both growth and mortality since these are
heavily used in a management context but refer inquisitive
readers to the Supplementary Materials for recruitment,
where we report recruitment variability index.

We used a series of leave-one-out cross validations to esti-
mate growth and mortality metrics when ages were assigned
using ALKs constructed from increasingly broader levels
of time and space. Estimates from each of these levels were
compared to those of the lake-year ALK. At every HALK
level, observed age data for a specific lake—year were “left

out” of ALK creation and borrowing was subsequently used
to assign ages to the entire sample of measured fish for that
specific lake—year. The first level of the HALK (i.e., within
a lake) assigned ages by pooling age-length data from all
years available for a single lake minus the specific year being
left out (i.e., a leave-one-year-out cross validation). At all
other subsequent HALK levels, data from the particular
lake of interest was left out and an ALK was created using
data from all other lakes within that particular level (i.e., a
leave-one-lake-out cross validation). At each level, growth
and mortality metrics were estimated as described above and
compared against estimates calculated using the lake-year
ALK (Box 2). There were a number of cases where age data
were insufficient in other years or water bodies for a given
HALK level, and these instances were simply not included in
that specific comparison (i.e., no level-specific ALK was cre-
ated). To quantify how closely the entire growth curves from
each HALK level matched those of the lake—year ALK, we
used a novel approach that we refer to as the integral quotient
method. This method computes percent error by dividing the
area between the HALK and lake-year ALK growth curves
by the area under the lake—year ALK curve. A smaller percent
error represents curves that more closely resemble each other
(see Appendix S1 for details).

/Box To illustrate a case study from our data set we chose a randomly selected lake and year, and calculated growth, mortality, and mean \
length-at-age. Leigh Flowage in northeastern Wisconsin was sampled for Largemouth Bass in 2006 using a combination of mini-fyke nets
and boom shockers. A total of 226 fish were sampled, and a length-stratified sub-sample of 101 age structures were collected (both scales
and dorsal fin spines). The figures below show the respective metrics calculated for each level in the hierarchical age-length key (HALK) used

L
Age (Years)

this paper.
(A) (B) 501 b o 3
40+
304
20+
10+
0 ( ] o
0 2 4 6 8 10 0 2 4 6 8 10
Age (Years)
C D
( )50‘ (D)
€ 404
o
:’é 30/ < Standard ALK  Lake
- HALK Level HUC10 o HUC8
C
@ 20+ Level 3 .
g e Ecoregion ** Specles
10

Figure B2. Mortality (A), growth (B), and mean length-at-age (C) for Largemouth Bass from a randomly selected lake and
year (Leigh Flowage, Oconto County, Wisconsin, 2006). Values (and curves) are presented using a standard age-length
key (ALK) as well as estimated ages from all different levels of the HALK. HUC = Hydrologic Unit Code.
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Figure 3. Number and percentage of lake-year and species-
specific population assessments that could be aged at each
hierarchical age-length key (HALK) level in our data set. The
N in each bar is the total number of population assessments
that could have ages assigned at each HALK level. The per-
centage is that number divided by the total number of popu-
lation assessments.

RESULTS

A total of 5,517 unique species—lake—year combinations
existed for which ages could be assigned using a lake—year
ALK. Bluegill had the greatest number of lake-year ALKs
at 1,561 and Smallmouth Bass had the fewest at 242. Figure 3
shows the number of species—lake-year combinations in our
data set where ages could be assigned at each HALK level. By
borrowing data across time within a lake the number of lake—
year specific surveys that could be aged increased to nearly
five times as many as could be aged using a lake-year ALK.
At the HUCI10 level that number rose to 116,587—over 76%
of all lake—year specific surveys—and at the HUCS level over
90% of species-specific lake—year surveys could have assigned
ages using the HALK.

Cross validation revealed that the accuracy of life history
metrics from ages assigned using borrowed data were gen-
erally highest at the most specific HALK level and typically
lost accuracy and precision as spatial scale of borrowing
increased. Some species and age-specific differences existed
among different aging structures, and these are shown in the
Supplementary Materials. All results presented here are from
HALKSs using separate aging structures, but deviations and
errors are combined for simplicity in the figures. Median
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Figure 4. Deviation in mean LAA (length at age) 3 between ages assigned from hierarchical age-length key (HALK) levels and
those of the lake-year ALK. The gray dotted lines indicate a deviation of 1 cm from the lake-year ALK estimate. Note that the

scale of y-axes differ among species.
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deviation in mean length of age-3 fish was 1 cm for all species at
the lake level and most species at the watershed levels (Figure 4).
Yellow Perch maintained median deviation in mean length at
age-3 close to 1 cm for all HALK levels, except the species level
as well as a low variance in the overall distribution of these val-
ues (interquartile range mostly within or near 1cm). Median
deviation in mean length of age-3 fish drifted outside of the
1 cm mark for almost all other species at HALK ecoregion level
as well as the species level, and the overall distribution of these
values also showed the most variance at these levels.

Deviation in total annual mortality (4) showed trends sim-
ilar to those of mean length atage. Certain species, such as
Northern Pike, Walleye, and Largemouth Bass, maintained
median deviations of A4 near 0 across all HALK levels, and
variance in these distributions remained relatively constant as
well (Figure 5). Black Crappie, Smallmouth Bass, and Yellow
Perch all had median A4 deviations that shifted away from 0 at
certain levels, but without a consistent pattern in bias across
level. However, variance in median A deviations for these spe-
cies generally increased as spatial scale of data borrowing
increased. Bluegill exhibited a median deviation in 4 close to 0
at the lake level, but began to shift from 0 at the HUCI10 level
and continued to be negatively biased at subsequent levels.

Percent error in growth curves exhibited greatest accuracy
at the lake level, and error increased at HALK levels beyond
this (Figure 6). The median percent error of growth curves
was within 10% of lake-year ALK growth curves for all spe-
cies at the lake level, and for most species at the watershed
levels. Only Bluegill had median percent error in growth
curves of less than 10% at HUC10 and HUCS8 watershed
levels. Northern Pike maintained consistently low percent
error in growth curves across all HALK levels. Median per-
cent error for growth curves of Northern Pike was 5.2% at
the lake level and maintained consistently low error out to the
species level, which was 6.2% —lower than the percent error
for most HALK levels in any centrarchid. Largemouth Bass
showed median percent error in the growth curve that was
consistently 7.2% or less across HALK levels of lake, HUCI10,
and HUCS, and only increased to 8.3% and 8.6% error at the
Level III Ecoregion and species levels, respectively. Yellow
Perch, in contrast, showed the lowest median percent error
in the growth curve for the Lake level at 3.8%, but that error
more than doubled to 9.3% at the HUCI10 level and then actu-
ally decreased to 8.4% at the HUCS level. This same trend
occurred for Smallmouth Bass as well, which had a median
percent error of 6.4% at the lake level that increased to 9.6%
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Figure 5. Deviation of total annual mortality derived from a catch-curve analysis between each hierarchical age-length key
(HALK) level and the lake-year ALK. Values closer to 0 represent annual mortality estimates closer to that of the lake-year ALK.

Note that the scale of y-axes differ among species.
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Figure 6. Percent error in growth curve between hierarchical age-length key (HALK) level and the lake-year ALK. Box and whis-
ker plots show the distribution of errors for each species across each level. Note that the scale of y-axes differ among species.

at the HUCI10 level and decreased to 8.9% for both the HUCS
and ecoregion levels. Walleye followed the most consistent
trend of accuracy loss in growth curves across spatial scale of
data borrowing. Median percent error of the growth curve for
Walleye was 4.9% at the lake level, which steadily increased
across each level until reaching 10.4% at the species level.

DISCUSSION

Borrowing existing age data using the HALK approach
may provide opportunities for calculating age-based pop-
ulation metrics when lake-year-specific age data are not
available—an issue that can occur for many population assess-
ments. For example, almost 80% of lake—year-specific popu-
lation surveys in our data set lacked any age data whatsoever,
and only 3.6% of all population surveys had age data suffi-
cient to create a lake—year ALK based on our criteria. These
data still harbor useful information, but samples cannot be
aged retrospectively. Agencies that manage water bodies are
often asked to do more with less, and the HALK method and
associated software that we present here aims to meet that
demand by using data that are already available to gain insight
into age structure of managed fish populations. To reiterate a
point that we wish to make explicitly clear, this method is not
a replacement for well-subsampled age data and a lake—year

specific ALK; however, out of the 152,863 lake—year popula-
tion surveys used in our study, only 6% had sampled for age
data to create a lake—year specific ALK. This method allows
scientists and managers to gain insight into age structure for
the remaining 94% of lake—year surveys.

The HALK represents a method for gaining age informa-
tion on these past surveys. Additionally, the HALK leverages
fisheries management resources by promoting the use of age
data beyond the lake and year in which collection was done.
If data can be recycled, resources can perhaps be allocated
elsewhere for greater impact. Properly validated data borrow-
ing methods are increasingly widely used in fisheries science
and may represent an efficient use of the best scientific infor-
mation available, rather than an unfortunate stopgap measure
(Hilborn and Liermann 1998; Thorson et al. 2015).

Accuracy and precision of estimated growth and mortal-
ity parameters using HALK-assigned ages declined as the
spatial scale of data borrowing increased; however, the abso-
lute values in these trends varied among species. Northern
Pike and Walleye performed relatively well in terms of
growth and mortality metrics across most levels of data
borrowing, whereas Bluegill and Smallmouth Bass had rel-
atively lower accuracy and less precision in growth and mor-
tality estimates. The data set used in this study was heavily
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dominated by lakes in the northern regions of Wisconsin and
Minnesota. This is a lake-rich area where coolwater species
like Walleye and Northern Pike are relatively more common
than further south in our study area, which could potentially
have an influence on age assignment using borrowed data
for ALK creation. For example, Walleye in a lake in north-
ern Wisconsin are more likely to have a nearby lake where
age data were collected on other Walleye, whereas Bluegill
from central Illinois may not have any other data nearby that
could be borrowed resulting in age assignment using data
borrowed from a less-specific region like ecoregion or spe-
cies. Additionally, many Bluegill samples from farther north
in the species’ range—where growth and mortality rates are
likely different due to environmental conditions—could have
a relatively large impact on age assignment when data are
borrowed at greater spatial scales. This potential explana-
tion for some of the differences among species makes the
assumption that rates of either growth or mortality may be
spatial autocorrelated with water bodies nearer to each other
exhibiting more similar rates in either growth or mortality;
however, other mechanisms may be driving differences exhib-
ited among species. For example, Bluegill typically make up
a harvest-oriented fishery (Feiner et al. 2020) and are a spe-
cies that suffer from density-dependent growth (i.e., stunting;
Spotte 2007). Both of these factors could play a role in alter-
ing length at age in nearby lakes, which may help explain why
Bluegill exhibited relatively lower accuracy and precision in
growth and mortality metrics compared to other species.

The maximum appropriate level at which to borrow data
for age assignment will depend on the species, the question
at hand, the tolerance for error in metrics calculated from
assigned ages, and the resources and prioritization for col-
lecting lake—year-specific age data. It is important to remem-
ber that these results represent a trade-off—having some
age information of potentially lower accuracy versus having
no age information at all. The HALK approach can also be
contrasted with the commonly used alternative of taking a
species-wide average from the literature or a global data repos-
itory. For example, the median k parameter for Walleye data
in FishBase is 0.30 (Froese and Pauly 2019), which is toward
the high end of k estimates for Walleye in our data set (85th
percentile). The median k estimate for Walleye using lake—year
ALKSs in our study was 0.17.

The technique of borrowing data is not new to fisheries
(Jiao et al. 2011; Punt et al. 2011; Prince et al. 2015), but
most previous work has focused on borrowing from well-
studied species to inform data-poor species. While this is not
the first time a hierarchical approach has been used to assign
ages, the previous attempt that we are aware of assigned ages
to a single species (Walleye) within a portion of a single state
(northern Wisconsin; Embke et al. 2019). Consequently, to
our knowledge, the HALK framework presented here is
the first attempt to standardize the approach and provide
a framework and software for grouping data across fresh-
water lakes to create ALKs. Attempts have been made to
implement spatial smoothing functions in ALKs for con-
tiguous areas in marine systems (Berg and Kristensen 2012;
Babyn et al. 2021). Our approach is wholly different in that
it attempts to allow ages to be assigned that previously
would have been impossible. The spatial ALKs of Berg and
Kristensen (2012) and Babyn et al. (2021) model age using
smoothing functions given length and geographical posi-
tion, and they have been found to outperform traditional
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ALKSs when applied to commercially harvested marine spe-
cies. However, Aanes and Velstad (2015) assessed ALKs
from across different trawls and found that borrowing data
from other gear types caused bias in the proportion-at-age.
Similarly, Gerritsen et al. (2006) used a multinomial logistic
model to show that ALKs vary across regions in Haddock
Melanogrammus aeglefinus in the seas west of Scotland, sug-
gesting that creating an ALK for all regions combined might
not be the best approach. Westrheim and Ricker (1978)
warned against using age-length keys from 1year to com-
pletely inform age from another, but we found borrowing
across time within a lake to have the greatest accuracy and
precision in growth and mortality estimates among HALK
levels. Combining data appropriately can lead to great man-
agement successes (Kolb et al. 2013), but care is advised
when borrowing data from different sources, and cautionary
tales depicting the ramifications of misuse abound in Katz
et al. (2019). Despite many advantages, the HALK method
is not a silver bullet for data-poor scenarios, and we cannot
guarantee that it will work in any given situation. We sug-
gest users assess HALK age assignment on their own data,
if possible, to get a sense for how borrowing might impact
age assignment error within their system.

In this study, we have presented the concept of the
HALK and introduced the halk R package, which provides
an intuitive and flexible framework for users to be able to
create HALKSs of their own. However, we suggest that any
HALK be thoroughly vetted and tested prior to use. We
have shown here that accuracy and precision increase with
specificity in the level of data borrowing, but our simula-
tions are simply to illustrate the concept. More thorough
testing needs to be performed on the method of the HALK
before it is more widely used. Fisheries scientists that desire
to create HALKSs of their own are advised to take measures
to assess those HALKSs using their own data before they are
to be used for age assignment.

The HALK represents a novel data borrowing technique
that assigns ages to fish populations to create data-rich scenar-
ios. With further testing, this method could open the door to
new possibilities with respect to optimal sampling and use of
collected age data as well as the possibility to assess historical
trends and patterns on existing fisheries surveys for analyses
that require age data.
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