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ABSTRACT

Fisheries have enormous ecological and economic importance to the planet, yet threats of overfishing and climate
change are altering the structure of the world’s fisheries. In order to assess and properly manage fisheries, information
including fish age, size, growth rate, and origin must be gathered. Various fish body structures can yield this data but
acquiring such information requires lethal sampling and arduous analysis techniques. Fish scales, however, do not
present such limitations, as scales are ubiquitous, can be sampled nonlethally, and are inexpensive to analyze. Fish
scales have known drawbacks which have stymied full adoption by fisheries management. Current issues with scales
are discussed, specifically scale resorption and regeneration, and practical solutions to these issues are proposed. While
scales have a long history of utility in fisheries management, their potential for wider application remains enormous.
The synthesized information and suggested studies in this review offer a path forward for scale analysis to become
more efficient and accurate, thereby eliminating lethal sampling methods while improving fisheries management.

Introduction

Sustainable fisheries management is critical in supporting both the planet’s economy and ecosystems. Fisheries
provide massive economic support to countries around the globe, supporting an estimated 260 million jobs worldwide
in 2011 (Teh & Sumaila, 2011). In the United States, the fishing industry alone contributed 100 billion dollars to the
Gross Domestic Product (NOAA, 2020). Perhaps more important than the face-value economic support fisheries offer
is the fact that organisms comprising fisheries are the stabilizing consumers of nearly every aquatic food web (NOAA,
2019). Fish are biochemical keystones, providing a critical mass of nutrients necessary for primary producers to grow
and develop (Allgeier et al., 2013). Their overall function as nutrient recyclers means fish have an outsized effect on
their ecosystem (Mclntyre et al., 2007). A loss of diversity in fisheries would therefore have a radical effect on
ecosystem productivity, putting entire marine food webs in peril (Mclntyre et al., 2007).

Overfishing places coastal ecosystems under severe stress. When species are overfished, their population
levels can be driven so low that they no longer interact significantly with other species in their community, resulting
in functional extinction (Jackson et al., 2001). When commercial and recreational fisheries target the large fish at the
top of the marine food chain, it leads to a phenomenon known as mesopredator release, in which smaller predatory
fish populations (the prey of the fish targeted by fisheries) rapidly rise in density, straining existing coastal habitats
and reducing water quality (Eriksson et al., 2011). While overfishing is mainly discussed in reference to marine and
coastal ecosystems, inland fisheries also experience overfishing, with a consequent decline of freshwater biodiversity
(Allan et al., 2005).

In order to mitigate the threat of overfishing, proper fisheries management is needed. Fisheries management
sets fishing regulations and quotas, aiming to protect and sustain marine ecosystems (NOAA Fisheries). Through the
use of stock assessments and other scientific observations, fisheries management organizations such as the National
Oceanic and Atmospheric Administration seek to balance stock harvest and stock size, striving to create a sustainable
harvest of global fish populations (NOAA Fisheries).
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Analysis of Fish Hard Parts for Fisheries Management

In order to properly manage any fish stock, fisheries management organizations must take into account variables such
as fish age, size, and growth patterns (Klein et al., 2017). Data on fish age is crucial in formulating catch-at-age
assessments, which can then be used to measure fish population levels and mortality rates, as well as age-based fishery
selectivity (Linton & Bence, 2010). Setting sustainable guidelines also requires an understanding of the species-
specific rate and pattern of growth (Khan & Khan, 2014). Especially when dealing with migratory fish, knowledge of
fish natal origins, or where the fish are currently being recruited (born and developed), is necessary to prescribe
regional protection for especially productive areas. Without such protection, fish populations would crash due to lack
of adequate recruitment. Furthermore, as the threat from climate change and warming waters continues to grow,
knowledge of fish origin could be used to examine the impacts of climate change on the complex interactions among
species of any aquatic ecosystem. Available evidence suggests that climate-influenced change in fish recruitment is
the driving force behind changes in fish population structure (Rijnsdorp et al., 2009). Understanding fish natal origins
(alongside data on age and growth patterns) could be the key to tracking climate-induced shifts in recruitment and the
long-term implications of climate change on our marine world. Especially important is the use of a nonlethal
acquisition method in fisheries science, as it will provide researchers with “cheaper”, more readily accessible data
without further compromising the population growth of overfished species.

Various body structures on fish have the potential to yield such data, including scales, vertebrae, sagittae,
and fin spines (Maraldo & MacCrimmon, 1979; Welch et al., 1993; Murie et al., 2009; Figure 1). Some of these
structures offer the advantage of non-lethal sampling. Lethal data collection methods are often burdensome due to the
difficulty of extraction and collection. Furthermore, when dealing with an overfished species, restrictive fishing
regulations and the potential for negative public perception make it extremely difficult to collect representative stock
data using lethal data collection methods (Klein et al., 2017). Consequently, data acquired through nonlethal means is
preferred in many situations.
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Figure 1. Bodily locations of fish hard parts used in fisheries management. Fish hard parts can be collected and
interpreted for stock-relevant life history metrics. While sagittae are often regarded as the “gold standard” for body
structure for reliable life history metrics, scales and spines are nonlethal alternatives to sagittae in data collection.
Vertebrae are often analyzed in Elasmobranchii, as that subclass of fish lack sagittae and their scales do not grow
continuously (MarAlliance, 2018). To sample vertebrae, the organism must be euthanized.

Structures on fish that provide representative age and growth information can also contain valuable elemental
information regarding fish natal origin, and therefore be used to profile the recruitment zones for migratory species.
As these structures contain indicators representative of the body of water a fish inhabits at a given time in its growth
cycle, the structural component corresponding to the earliest portion of the fish’s life could be analyzed to determine
natal origin (Kerr & Campana, 2014). The efficacy of scales and spines in origin determination can, however, be
negatively affected by periods of nutritional scarcity. Fish will actually resorb nutrients present in these structures if
their diet is compromised (Kerr & Campana, 2014).

The vertebrae of the Elasmobranchii family (i.e. skates, sharks, and rays) form yearly bands of growth. In
these vertebrae, paired translucent and opaque bands (annuli) represent one year of growth (Kerr & Campana, 2014).
As vertebrae begin to form in the earliest stages of a fish’s life, these annuli can be used to determine the age of the
fish and measure fish growth, similar to counting the rings on the cross-section of a tree. Vertebrae, however, are a
lethal form of data collection, as they must be removed from the spine of the fish.

The sagittae, one of the ear bones (otoliths) of bony fish, grow in a similar way and can also be used to
estimate the age of fish. Similar in concept to vertebrae, a pair of one translucent and one opaque band represents one
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year of growth in sagittae (NOAA Fisheries). As otoliths are taken from the brain cavity of sampled fish, otolith
extraction is, like vertebrae harvest, a lethal technique (Klein et al., 2017).

Fish fin spines and rays also demonstrate formation of growth bands, and are therefore a suitable structure
for age determination (Campana et al., 2006). There can be substantial error in age estimates, however, due to normal
wear and tear on a fish’s spines which erodes the growth bands. Fin spines, therefore, might not provide an accurate
age profile of the fish. (Campana et al., 2006). The sampling of spines and rays, while nonlethal, is more invasive than
that of scales, which is made evident when comparing the sampling procedures involved. The sampling of fish spines
involves the potentially injurious clipping or amputating of external structures that are firmly embedded in the
substance of the fish.

Scale acquisition is a comparatively atraumatic process, where scales can be gently scraped or tweezed away
without any gross anatomic or functional disruption of the organism. Scales are numerous, superficial, and acquired
with ease. Scale sampling does not severely disrupt the structural integrity of the organism and can be removed by
simply pulling them from the dermis pocket.

Assessment of growth increments through the use of scales is relatively straightforward, as individual
“circuli” (rings) form clear, readily-identifiable annuli, which represent one year of growth. These annuli are then
counted to determine fish age (Garling, 2016). Although scales are an attractive, non-lethal data source, problems
have been reported with scale loss, regeneration, and inaccurate age measurements in older fish (Kerr & Campana,
2014). In many species, scales can underrepresent the age of older fish that have begun to senesce (Lowerre-Barbieri
et al., 1994; Maceina & Sammons, 2006). This potential to underestimate fish age must be factored into stock
management and when modeling age-based fishery selectivity. In selected species, older fish are more likely to breed.
If their age is consistently underestimated, inadvertent and undesirable harvest of this critical fish demographic could
trigger population collapse. (Horka et al., 2010).

Other issues related to scale wear (e.g. shedding and regeneration) can be combated through multi-site

sampling, as there are a variety of potential sampling regions available on the fish body. Locations of frequent scale
turnover and increased scale regeneration on the fish body should be established and avoided in order to increase
project efficiency and accuracy (Abdu-Nabi, 1983).
While both scales and fin spines show promise as nonlethal alternatives to sagittae and vertebrae in origin
determination and aging estimates, scales have the clear advantage of being ubiquitous on the fish body. If fish spines
are worn down, it is extremely difficult to establish an accurate age profile of that particular fish (Kerr & Campana,
2014). This is not an issue with scales, however, as scales from a more preserved region on the fish body could readily
be sampled if another site was damaged or worn.

Scales are easy to sample and inexpensive to analyze as compared to other structural sources, such as sagittae
and fin spines, which require a time-consuming preparation process involving advanced equipment (Davies et al.,
2017; Davies et al., 2015; Koch & Quist, 2011). Use of scales leads to a larger possible sample size, as more samples
can be analyzed in the same amount of time, and at less cost. Scales can also be sampled from an individual fish
multiple times throughout its life. Repeatedly-sampled fish could provide longitudinal project data, making it possible
to conduct growth studies that require the recapture of a sampled fish. Critically, removing the scales from a fish does
not require euthanasia, encouraging the preservation and rehabilitation of an overfished or threatened species.

Background on Fish Scales

The presence of scales on fish is mainly for protection. In fact, early forms of extant fish had scales of such size and
multitude that, while they provided protection, they hindered the ability for the fish to move efficiently (Burdak, 1986).
As fish evolved, the reduction in the integumental skeleton (the “outside” of the fish body) led to scales taking on
different forms in order for the fish to achieve efficient locomotion.

There are four types of fish scales, each with their own distinct shape. Those scale groups are cycloid, ctenoid,
ganoid, and placoid (Rawat, 2021; Figure 2). Placoid scales are spiny projections characteristic of cartilaginous fish
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like sharks. Ganoid scales are similar to placoid scales and are usually rhomboid in shape. Cycloid scales are oval in
shape and are found in carp-like fish species. Lastly, ctenoid scales are similar to cycloid scales, the main difference
being that ctenoid scales have spines along their free edges (“Integument”, 2011). In teleosts (which comprise more
than 99.8% of ray-finned fishes), scales are either cycloid or ctenoid. These scales are thin, overlap on the fish body,
and are mineralized (Kawasaki, 2016; Volff, 2004). In some species, such as the goldfish Carassius auratus, scales
contain about 20% of total body calcium, suggesting that scales may serve as a type of nutrient reservoir for the fish
(Tagaki et al., 1989).
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Figure 2. The four types of fish scales. Ctenoid scales are often found on spiny-rayed fishes: they can be identified by
the spines along the base of the scale. Cycloid scales are more common in soft-rayed fishes and are similar in form to
ctenoid scales, the difference being that cycloid scales lack spines along their base. Ganoid scales are hard, bony scales
found in species like the sturgeon and gar. Finally, placoid scales are characteristic of cartilaginous fishes, with their
unique toothed structure functioning to reduce hydrodynamic drag.

Current Problems with Fish Scales

Scale Regeneration
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While scales are heavily involved in fish protection and appear to be used in nutrient storage, they are shed
quite often by almost all teleost fish. Some species shed them in conjunction with major life events, as upon reaching
sexual maturity and settling into their permanent habitat. (Bereiter-Hahn & Zylberberg, 1993). Lost scales are rapidly
replaced by regenerated ones, restoring the protective integumentary layer of the fish. The number of regenerated
scales tends to increase with age in all species, as original scales are either shed, worn down, or are removed by injury
(Bereiter-Hahn & Zylberberg, 1993).

Regenerated scales are rapidly grown and mineralized, and thus do not share the same form as original scales
(Figure 3). In teleost fish, original scales exhibit annuli, which can be used to age the fish (Garling, 2016). This is
generally not the case in regenerated fish scales. Regrown quickly, these scales often do not exhibit clear annuli and
do not reflect the fish’s entire life span (Davies et al., 2015; Figure 3). Furthermore, in a migratory species such as the
striped bass, there is a high likelihood that a regenerated fish scale would not incorporate the biochemical profile of
the body of water in which the fish was born, rendering it inaccurate for origin analysis. As fish origins can be
determined through chemical analysis of a selected structure, a sample representative of the fish’s natal environment
is needed (Kerr et al., 2019; Avigliano et al., 2017).

A B

Figure 3. Regenerated striped bass scale versus original striped bass scale. Part A represents a regenerated striped
bass scale: its radii lack a “V” shape, clear focus is not present. Part B represents an original striped bass scale: its
radii form a “V” shape and a clear focus (center).

In any study that aims to obtain age or origin information from fish scales, regenerated scales pose a serious
obstacle. They contribute no representative data, are time-consuming to analyze for a large number of individuals, and
contribute to project expenses. In one study conducted by Hellmair et al. (2019) on juvenile Oncorhynchus mykiss in
the Salinas River Basin, it was noted that roughly 20 percent of all samples could not be analyzed due to scale
regeneration or lack of clear annuli (Hellmair et al., 2019). A 20 percent decrease in data can compromise the validity
of a study and impede the compilation of representative results. In grant-funded research, financial resources are finite.
If time and money is wasted analyzing regenerated scales, it is likely that a project’s goals will not be met, nor will
representative results be attained.

Scale Resorption

Some species exhibit scale resorption, a process in which scales are absorbed into the fish’s body. Resorption can
occur during times of fasting, for instance when salmon travel upstream to spawn (Kacem et al., 2013). Scales are
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resorbed as a means of gathering nutrients that may not be available to the fish at a particular time. In the case of the
Atlantic salmon, resorbed scales serve to supplement the fish’s supply of minerals used during reproduction. Despite
salvaging nutrients from resorbed scales, many salmon are so nutrient-deprived that they die soon after reproduction.
These fish completely expend their energy in the process of swimming upstream and spawning (Halttunen, 2011).
Resorbed portions of scales appear clear and lack circuli, confounding age and growth rate determination. Resorption
also affects the biochemical profile of the scale, making determination of origin impossible (Love, 2016; Rijnsdorp et
al., 2009). Reassuringly, unless a species is known to go through long-term periods of nutrient scarcity as in the case
of the Atlantic salmon, it is unlikely that resorption will occur to such a degree that there is no means of obtaining
stock-relevant information (A Basic Guide to Aging & Identification of Pacific Salmon Scales”; Day et al.). While
there is no solution to scale resorption, conducting analyses of rates of resorption of scales across a fish’s body will
determine which areas provide the greatest density of unabsorbed scales.

Solutions to Regenerated Scales

As fish will regenerate lost scales in locations of injury, identifying sites of frequent injury and scale shedding will
help researchers lower the frequency of sampling non-representative, regenerated scales. Identifying such hot spots
will need to be species-specific and must take into consideration the functional community dynamics at play.
Generally, it is recommended that scales be selected from the body region where they first form, as they will contribute
the most accurate age data (Longo et al., 2020). In some fast-growing species, however, the risk of obtaining a
regenerated scale discourages sampling from an “old” scale region on the fish body. For instance, it has been observed
in the striped bass that scales nearest to the lateral line form earliest, but these scales have only an approximate 30-
day head start when compared to scales from other candidate sampling sites (Galbraith et al.). Scales are aged by
seasons, not days. Therefore, it may be more efficient to focus on avoiding regenerated scales, as opposed to selecting
scales from regions that form earliest, given that formation times are relatively similar across the fish body.

An example of the importance of understanding fish scale regeneration when evaluating fish age can be found
when fish eyespots are examined. There is evidence that piscine predators hunt by honing in on the eyes of their prey
(Kjernsmo & Merilaita, 2013). Fish with noticeable or larger eyes would logically be more commonly attacked at their
head. Conversely, fish with eyespots (“fake” eyes designed to deter predators from vital organs) might have a higher
rate of injury — and consequently a higher rate of regeneration — in areas where eyespots are present. Additionally,
abiotic loss of scales related to fish habits such as rock scraping, bottom feeding, or hole burrowing, must also be
taken into account. These mechanisms of scale loss are a consequence of body size and swimming habits in different
environments.

Common locations of scale loss must be investigated in individual fish species before extensive scale analysis
is used in fisheries management, in order to avoid a high occurrence of regenerated scales. In order to determine areas
of high regeneration on fish bodies, a study could be conducted analyzing photos of caught fish to visually identify
sites of injury. Scales could be sampled from injured fish to compare the occurrence of regenerated scales in the injury
site with scales from healthy fish used as a control variable. This would be most successful through the use of citizen
science, with anglers submitting pictures of their caught fish to a central organization for analysis, similar in process
to the Snap-a-Striper project conducted by the Gulf of Maine Research Institute, where fishermen are encouraged to
submit photos of their catch next to a standardized data card for morphometric analysis. While the goals of the
proposed study would be different from those of the Snap-a-Striper program, the concept of citizen science and photo
collection could still be utilized effectively (“Snap-a-Striper.”). Photos of fish deemed healthy and injury-free by
researchers could be compared to submitted photos, and a machine-learning algorithm might be used to discriminate
pictures of injured fish from pictures of healthy fish, increasing the efficiency of such a research project.

There may be other factors at play that might not be discernible from a simple visual inspection. Because of
this, an in-depth analysis of a fish’s scale profile across its body is ideal, similar to the one conducted by Abdu-Nabi
(1983) on yellow perch. Scale regeneration across multiple body areas was considered a key factor when selecting
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fish scales for growth studies of yellow perch (Abdu-Nabi, 1983). Alternatively, an efficient analysis of 3-5 main body
regions on a fish could be conducted, simply to determine the lowest average rates of scale regeneration. A number
of scales could be collected from each area, and the overall percentage of regrowth versus original scales could be
calculated. An analysis of variance could then be conducted to discern statistically significant differences between
sampling sites. The location that has the lowest chance of yielding a regenerated scale could be ascertained for any
given fish species following the methods described above. Such an exercise might improve the merits of fish scales
as an effective nonlethal data source for fisheries management.

Conclusion

Fisheries are of crucial economic and ecological importance worldwide. Fisheries management organizations are vital
for consistent protection of these important natural resources. In order to properly manage fisheries, information
relating to fish demographics must be discerned.

There are several structures that have shown utility in the acquisition of representative age, growth, and origin
data. Certain structures (such as sagittae and vertebrae) require euthanasia of the fish, which is an unattractive feature,
especially when dealing with threatened fish species and public perception (Klein et al., 2017). Other structures, such
as fin rays and spines, can be sampled non-lethally. These structures, however, have displayed variability in age
determination due to growth increment destruction and wear of spines in some species (Kerr & Campana, 2014).
Alternatively, scale sampling provides the highest availability of data, as scales are nearly ubiquitous on fish bodies,
with the exception of a few fisheries-peripheral species such as the ocean sunfish and the naked catfish (Ramel, 2020).
Fish scale acquisition is also non-lethal. Fish scales are easy to collect, prepare, and analyze, making them the preferred
aging structure for many species (Davies et al., 2015).

Often associated with fish scales is the issue of regeneration. When fish scales are shed or removed from a
fish, a regenerated scale forms, taking the place of the original scale. These regenerated scales do not reflect a fish’s
entire life span, limiting their use in stock assessments, especially in regard to migratory fish origin (Davies et al.,
2015; Ericksen, 1999). In order to enhance the use of scales as a data source, the issue of scale regeneration must be
anticipated and countered. As scale loss varies between fish species, it is not enough to assume inter-species
similarities in locations of scale regeneration. Thus, it is recommended that studies conduct research outlining “hot
spots” of scale regeneration on the species to be analyzed in order to make the most of a study’s time, money, and
effort. In some species, scale resorption is also problematic. This phenomenon seems to occur only in fish that undergo
long periods of nutrient scarcity, but must be taken into account if the species is known to be subjected to such an
ordeal (Kacem et al., 2013).

Scales have a long and diverse history in the world of fisheries management, believed to have first been
analyzed by Aristotle in 340 B.C. to determine fish age (MarAlliance, 2018). Scales have great potential for further
research applications, whether that be as tools for aging, origin identification, or the monitoring of aquatic ecosystems
(Laine et al., 2011; Pouilly et al., 2014; Trueman & Moore, 2007).

The use of scales to determine fish origin could prove critical in shaping our understanding of the effects of
climate change on our world and its oceans. The ability to trace the natal origins of migratory fish could be used to
assess the impact of climate change on the complex interactions among organisms within any large body of water,
such as the Atlantic Ocean. As evidence suggests that climate-influenced changes in recruitment are the driving force
behind changes in fish populations, understanding how fish origins are changing in response to climate change is vital
(Rijnsdorp et al., 2009). Conveniently and perhaps ironically, the very organisms affected so harshly by climate change
could contain the answers to the challenges global warming poses today.
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