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Introduction

The Weight–Length functional relationship of fish 
body size is a well-established, empirical, an expected 
almost perfect fit power law function that describes 
population growth trajectory. In the equation, W = a 
*  Lb, W is the Weight; L is the Length; a is the inter-
cept coefficient; and b is the exponent coefficient 
of fish. Values of the a and b parameters may vary 
widely within and between species, yet remain within 
the ranges 0 < a < 1 and 2 < b < 4, respectively, for all 
fish species irrespective of body form / shape, trophic 
level, and asymptotic maximum size; their coupled 
values, however, are species-specific (Froese, 2006). 
Estimates of weight from length based on its lin-
earized form, i.e., logW = loga + b * logL, are omni-
present in fisheries science and management: they 
are used in population dynamics, stock assessment, 
multi-stock and multi-regional comparisons, man-
agement measures, aquatic ecosystems management 
and modeling, fish condition, and relative weight esti-
mates (King, 2007; Pauly et al., 2014) because body 
size is a fundamental life trait related to all processes 

Abstract The biological meaning of the parameters 
a and b of the empirical and in fisheries science and 
management omnipresent relationship Weight = a 
* Length b is still unclear; the depicting body size 
trajectory has been associated thus far with body 
form and with food/energy considerations. When 
I analyzed a 116 species large and 36  years long 
subset of the port biosampling program of the US 
Virgin Islands fishery, Eastern Caribbean, using 
regression prediction intervals and fish life traits, I 
found out that the power law model is not a perfect 
fit due to individual variation. Concurrent stunting 
and starvation are generated at marginal values of the 
a and b parameters; their frequency is independent 
of fish body form and habitat type; dependent on 
species, trophic level and life stage; and changes the 
fundamental fish body size growth model from (log 
transformed) linear to curvilinear for three demo 
species. Also, variation in the parameter b could not 
be explained by trophic level, body form or habitat 
type. An alternative explanation is proposed, where b 
is the “accelerator” and a is the “break”; it expresses 

Handling editor: Grazia Pennino

Supplementary Information The online version 
contains supplementary material available at https:// doi. 
org/ 10. 1007/ s10750- 022- 05072-8.

A. Dikou (*) 
Athens, Greece
e-mail: angeladikou@hotmail.com

http://orcid.org/0000-0002-1801-1221
http://crossmark.crossref.org/dialog/?doi=10.1007/s10750-022-05072-8&domain=pdf
https://doi.org/10.1007/s10750-022-05072-8
https://doi.org/10.1007/s10750-022-05072-8


336 Hydrobiologia (2023) 850:335–346

1 3
Vol:. (1234567890)

that affect population size (fecundity, growth, mortal-
ity). Despite its fundamental importance in fish and 
fisheries biology, ecology, and management, the bio-
logical meaning of the parameters a and b is specula-
tive; the latter has been associated thus far with fish 
body form (Froese, 2006) and with food / energy con-
siderations (O’Brien, 2006).

The body form explanation views the biological 
parameters a and b as determinants of the way with 
which mass is allocated along the three dimensions 
of length, width, and depth so as a fish to fulfill 
its ontogenetically determined body form plan. As 
such, a value of b equal to three denotes isometric 
growth, while values of b lower or higher than three 
denote allometric growth (e.g., Froese et al., 2011). 
Isometric growth retains the body form / shape of an 
organism, while allometric growth enables change 
in the body form / shape through differential growth 
rate of body parts (tissues and organs) in relation to 
the growth rate of the whole body. Thus, parameter 
a is regarded as the coefficient of body shape, while 
parameter b is regarded as the coefficient balancing 
the dimensions of the equation. Indeed, it appears 
that the range of a body form factor metric (a3.0) 
decreases from eel-like through elongated and fusi-
form to short and deep body form; yet the trend is 
not significant (Froese, 2006: 250, Fig. 10; Czudaj 
et al., 2022) because there is a considerable overlap 
in values of the metric among different body forms 
so that fish species with distinctly different body 
forms may obtain exactly the same value of a (and 
b) parameter(s). Therefore, the a and b parameters 
only partly reflect body form / plan in fish. Indeed, 
significant ontogenetic changes in the body form 
of fish take place during only a very small fraction 
of the lifespan of a fish from birth as egg or larva 
to entry into juvenile stage (days) after which the 
same final body form / plan is maintained, while the 
Weight–Length relationship accounts for the entire 
life span of fish (years); consequently, adaptations 
in shape (plasticity) of the final body form / plan 
as a response to changes in fertility and / or hydro-
dynamism and / or habitat use and / or even gender 
(e.g., Fruciano et  al., 2012; Meyers & Belk, 2014; 
Bilici et  al., 2016) are negligible compared to the 
orders of magnitude change in body size within the 
same fish species and body form/plan. In addition, 
the isometric growth of fish once the final body 
form has been acquired would require that b = 1 for 

a power law function between a body part and the 
whole body (Mansano et  al., 2017), whereas the 
Weight–Length relationship in fish pivots around 
b = 3, which means that a onefold increase in weight 
requires a threefold increase in length; after all the 
Weight–Length relationship is not a relationship 
between two morphometric traits as is the typi-
cal morphometric relationship between the length 
of annual increments on fish sagittae / otoliths and 
the annual increments in their body length, which 
is used to age fish individuals; it is a functional 
(body size growth), empirical (we do not know 
exactly the underlying mechanism), phenological 
(correlative, goodness-of-fit evaluated) relationship 
between growth in biomass and growth in length 
that allows us to predict weight from length and 
vice versa. As yet, there are no other direct asso-
ciations / correlations between the a and b param-
eters of the Weight–Length relationship and whole-
organism morphometric indices to support or refute 
the morphometrics explanation. Even ecologically 
relevant, distinct patterns in the a and b parameters 
for different body forms, trophic habits and habitats 
could not be reliably established (Karachle & Ster-
giou, 2012), while a negative temporal trend in b 
for the European sardine Sardina pilchardus (Wal-
baum, 1792) from the same fished populations of 
the Aegean Sea has been detected (Voulgaridou & 
Stergiou, 2003).

On the other hand, the food / energy explanation 
views the biological parameters a and b as 
determinants of the rate with which body mass 
accumulates throughout a lifespan of indeterminate 
growth in fish. In that respect, the power law 
Weight–Length empirical functional relationship 
must be substantively related with the saturation 
type of growth functions in fish that is Weight at 
Age and Length at Age, because time, age and length 
are all unidirectional and highly correlated with one 
another. The amply demonstrated gender-, season-, 
place-, and year-associated variance in the a and 
b parameters of the Weight–Length relationship 
within species from empirical fisheries studies (e.g., 
Giacalone et  al., 2010; Robinson et  al., 2010; Al 
Nahdi et  al., 2016) all culminate toward the food/
energy alternative explanation; after all, field and 
laboratory experimental work has already established 
the causal relationship between food/energy and 
growth in fish with ensued practical applications 
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in aquaculture (e.g., FAO, 2019). Nevertheless, 
fish body size growth throughout its lifespan is a 
surrogate of the internal and external environment 
that integrates processes from lower (bottom up) and 
higher (top down) levels of organization and thus, 
may be reflecting variation in parameters a and b of 
the Weight–Length relationship that goes beyond the 
food/energy explanation.

Records of 116 fish species from the port biosa-
mpling program of the US Virgin Islands coral 
reefs associated fishery in the Caribbean basin span-
ning 35  years of sampling provided the opportunity 
to delve into the biological meaning of the a and b 
parameters of the Weight–Length relationship in fish 
by analyzing its outlying data points. Focusing at the 
bounds of this empirical (non-causal but exact) func-
tional relationship will help us elucidate the mecha-
nism / underlying process, since the morphometric 
and food/energy interpretations appear insufficient, 
and, thus, increase our confidence in its use. The 
objectives of this study are to find out the effects of 
outlying yet valid individual fish on the L-W rela-
tionship and explain their patterns of occurrence. 
For this purpose, I tested for the significance of their 
frequency; their dependence on trophic level, life 
stage, habitat type, and fish body form; their temporal 
trends; and their affect on the growth model of fish.  
I also tested whether mean values of the b parameter 
vary among species when grouped by trophic level, 
habitat type, and body form.

Materials and methods

Database development

The original curated database of the port biosampling 
program of the US Virgin Islands fishery contained 
386 850 records of: length measurements in mm; 
weight measurements in kg; weight type recorded 
as round whole, ungraded, or gutted-head on; length 
type recorded as fork length, standard length, or total 
length; year of sampling ranging from 1980 to 2015; 
Integrated Taxonomic Information System species’ 
code, common, and scientific name of unsexed ver-
tebrate and invertebrates fishery resources. This is the 
longest available database on length and weight of 
fishery resources in the tropics that include target fish 
species with regional distribution (NOAA-NMFS, 

2017; CFMC, 2017). I discerned and isolated records 
for 116 fish species of the same weight type, namely 
whole round, with at least seven individuals within 
a single year of sampling, and for at least one year 
of data (n = 276 171,  nsp. ≥ 7,  nyrs. ≥ 1, 1980–2015). 
Length types other than fork length were all con-
verted into fork length using geographically relevant 
equations from FishBase (Froese & Pauly, 2014) 
(Online Resource Table  S1). Weight measurements 
and length measurements were turned into measure-
ments in g and in cm, respectively, for the develop-
ment of Weight–Length regressions.

The database was expanded with variables on 
trophic level, habitat type, and body form of the 116 
fish species derived from FishBase (Froese & Pauly, 
2014) (Online Resource Table S2). Life stages deline-
ated were: immature (L < Length at maturity); adult 
(Length at maturity < L < Length optimum for fish-
ing + 10% of Length optimum); and megaspawner 
(L > Length optimum for fishing + 10% of Length 
optimum). To find out the Length at maturity and 
Length optimum for fishing for each species of inter-
est, I first searched for geographically relevant, maxi-
mum length ever reported values for the species of 
interest, which were available in FishBase, other bib-
liographic sources, and in the current study (Online 
Resource Table S2). I then plugged these maximum 
length ever reported values into the Life History 
Tool in FishBase (Froese & Binohlan, 2000), which 
comprises robust empirical pairwise regressions of 
life traits derived from thousands of fish species that 
allow prediction of the life traits of the species of 
interest. Thus, I interpolated the values of length at 
maturity and length optimum for fishing for the spe-
cies of interest from the life history empirical pair-
wise regressions available in the Life History Tool in 
FishBase.

Detection of outliers in the database

To identify outlying data points for each of the 116 
fish species from the curated from human errors 
database, when natural variability in a and b param-
eters was the main interest, I had to devise a sys-
tematic and objective approach instead of subjec-
tively deleting data points so as to attain a specific 
and acceptable or expected level of fitness of data 
on the linear model logW = loga + b * logL because 
the latter approach would subjectively define the 



338 Hydrobiologia (2023) 850:335–346

1 3
Vol:. (1234567890)

range of natural variability. In addition, removing 
invalid outlying data points is a standard pre-req-
uisite before constructing Weight–Length relation-
ships in fisheries science. First, I identified outly-
ing data points and then, I tested for their validity. 
To identify outlying data points, I developed 99% 
prediction intervals / lines above (upper boundary) 
and below (lower boundary) their logW = loga + b * 
logL linear function using their aggregate data, that 
is data from all years of sampling, with the ordinary 
least squares method for normally distributed data 
(Preston, 2000). Prediction intervals are estimates 
of (upper and lower boundary) intervals within 
which future observations are expected to lay with 
pre-defined confidence considering all available 
data points. Therefore, the 99% prediction intervals 
contain all expected future data points based on all 
available data points. I was gradually removing out-
lying data points until the 99% prediction intervals 
were stabilized, which was largely needed when 
there was a small sample size for a species, and 
the function’s line was parallel to the 99% predic-
tion intervals; they are both prerequisites for correct 
prediction lines. Next, I tested whether the identi-
fied outlying data points above and below the 99% 
prediction intervals were valid data points. Thus, 
I first developed independent W = a *  Lb relation-
ships to derive paired a and b parameter values of 
the following groups of data: outlying above data, 
outlying below data, and non-outlying data. Then, 
I evaluated how well these derived paired loga and 
b values as well as referenced documented values 
from fishery independent surveys of the same spe-
cies at the USVI and / or Puerto Rico, fit on the 
loga = c + d * b linear function for each species. 
Because the parameters a and b are species-specific, 
satisfactory fit of the outlying below and the outly-
ing above data on their linear loga = c + d * b rela-
tionship, using both graphical inspection and the  R2 
coefficient of determination, means that the outlying 
individuals they correspond to are members of the 
same species or else valid data points (Froese, 2006: 
249, Fig. 8). If so, then outlying data points are not 
incorrect data points due to species mis-identifi-
cation, sampling, recording, and data processing 
errors (Kimmerer et  al., 2005). Τhey lay, however, 
outside of the expected range of natural variability 
for a species, and this is indicative of pathology. 
Outlying data points above the 99% interval lines 

correspond to fish, which are too short for their 
weight (length impairment; stunting), while outly-
ing data points below the 99% interval lines corre-
spond to fish, which are too skinny for their length 
(weight impairment; starvation).

I picked three species to demonstrate the pattern 
of outlying data points: Scarus taeniopterus (Lesson, 
1829), Pomacanthus arcuatus (Linnaeus, 1758), and 
Epinephelus fulva (Linnaeus, 1758) (Online Resource 
Figs. S1, S2). These species were chosen for a num-
ber of reasons other than adequate data for robust lin-
ear regression estimation (Froese et  al., 2011): they 
belong to different trophic levels; they contain data 
from different decades; they are coral-associated fish 
species; and none of them goes through diet change 
during their life cycle (Froese & Pauly, 2014). S. tae-
niopterus and E. fulva have a fusiform body form, 
while P. arcuatus has a short and deep body form.

Statistical analysis

To find out whether the outlying data points of the 
116 fish species are a result of chance or not, I used 
χ2 tests of goodness of fit for each one of them. I 
also tested the dependence of outlying data points on 
trophic level, life stage, habitat type, and body form 
with χ2 tests of independence. To test for temporal 
trends in annual percentage of outlying individuals 
for the three species of the study and in the aggre-
gate length and aggregate weight of the 116 species 
(n = 276 305), I used linear regressions; in the case of 
the annual percentage of outlying individuals for the 
three species of the study, I added a second explana-
tory variable to control for differences in sample size 
among years.

Fitting the linear function logW = loga + b * logL 
on the data available for each species entails a num-
ber of relevant considerations. First of all, because 
there has been repeated sampling of the same spe-
cies at the same places during different times, data are 
subject to both spatial and temporal auto-correlations. 
Second, multiple comparisons in developing species’ 
logW = loga + b * logL regressions inflate Type I 
error. To account for the auto-correlations and multi-
ple comparisons issues, I also employed a three level 
(hierarchical) model so that individuals (level 1) are 
nested within species by time groups (level 2), which, 
in turn, are nested within species (level 3). Such a 
model also accounts for the actual missing groups and 
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unequal sample sizes in levels 2 and 3 (Rasbash et al., 
2015a). Third, robust logW = loga + b * logL regres-
sions require ranges of samples that correspond to at 
least a 25% of the asymptotic length of each species 
(Wang et al., 2013), which should also contain imma-
ture, mature, and megaspawner individuals (Froese, 
2006); this requirement is met only by a subset of 46 
species, and for only a subset of the years, they were 
sampled (n = 58 338). Fourth, the data are from trun-
cated overfished populations, where megaspawners 
(1 369 of 276 171) and mature (13 215 of 276 171) 
fish are underrepresented, and thus, the distribution 
of weight cannot be properly assessed, though it is 
expected to increase with increase in weight under the 
power law model W = a *  Lb because data variance 
is multiplicative (Kerkoff & Enquist, 2009). I assume 
that the lengths are measured without error com-
pared to weights or, in the best case, measurements of 
length contain smaller errors compared to measure-
ments of weight. All measurements are independent 
because they were obtained from different individual 
fish following a cross section, repeated quarterly, 
sampling design with haphazard sampling (Appel-
doorn et al., 1992; CFMC, 2017). In addition, weight 
data are heteroscedastic and of unequal sample size 
across length. Fifth, the outlying but valid data points 
are expected to reduce the explanatory power of 
the linear model. For these reasons, I compared the 
results of fitting different models using different esti-
mation methods, which require different assumptions 
about the data to be satisfied, based on the Akaike 
criterion, that evaluates both model parsimony and 
model fitness (Aho et al., 2014). Models fitted are a 
single level linear model with log-transformed data 
and with log-transformed binned data, a three level 
linear random intercept and random slope model, 
and a single level curvilinear model. Model estima-
tion methods base on minimizing geometric dis-
tances of data points from the model (ordinary least 
squares, OLS), on maximizing probabilities that the 
data were generated by the model fitted (iterative gen-
eralized least squares (IGLS), on restricted iterative 
generalized least squares (RIGLS), and on simula-
tion (Monte Carlo Markov Chain, MCMC). Not only 
data assumptions relax from OLS through maximum 
likelihood to simulation estimation methods but also 
the OLS method provides estimates of the regres-
sion parameters as fixed or species-specific, while the 
IGLS, RIGLS and MCMC methods provide estimates 

of the regression parameters as derivatives from a 
population of species, whose sampled portion con-
stitutes the species of the subset analyzed (Newsom, 
2017). The models were fit using the LibreOffice 
Calc and the MLWin 2.32 software (Rasbash et  al., 
2015b) on a subset of the 116 species that contained 
46 species, which could provide robust estimates of 
the logW = loga + b * logL relationship for species 
by year groups; 34 of these 46 species, which could 
provide robust logW = loga + b * logL regressions, 
also contained significant outlying data points; three 
of these 34 species were S. taeniopterus, P. arcuatus, 
and E. fulva.

I also tested whether the b parameter of the logW-
logL relationship of those 46 species for which I 
could develop robust relationships (RIGLS method) 
differs among species grouped into trophic level, 
habitat type and body form using one-way analyses of 
variance.

Results

A total of 276 171 records of the 116 fish species 
of the database contained 5 641 data points that lay 
outside the linear regression prediction intervals of 
each species’ linearized Weight–Length relation-
ship. These outlying data points belong to 75 spe-
cies (64.6%) and were found significant for 53 of 
them (46.6%) (Online Resource Table  S3). Dem-
onstrated upon S. taeniopterus, P. arcuatus, and E. 
fulva, notice that there are young / short overweight 
(stunting) and old/long underweight (starvation) fish 
above and below the prediction interval lines, respec-
tively, of their temporally aggregated, linearized 
Length–Weight relationship (Online Resource Fig. 
S1 a–c). Such individuals are present during multi-
ple years of sampling for the same species. They are 
individuals outside of the expected range; they do fol-
low the almost perfect, species-specific relationship 
between the a and b parameters but are generated at 
marginal values of these parameters (Online Resource 
Fig. S2 a–c); note that normal growth is a bit faster 
for the herbivorous S. taeniopterus and slower for the 
omnivorous P. arcuatus and the carnivorous E. fulva 
compared to reported growth two or / and four dec-
ades ago, whereas impaired growth is consistently 
slower for all three species.
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The presence of these outlying individuals depends 
on trophic level; their incidence decreases with 
increase in trophic level so that 4 / 6 of the herbivores 
(13 out of 19 species), 3 / 6 of the omnivores (27 out 
of 60 species), and 2 / 6 of the carnivores (13 out of 
37 species) show statistically significant presence 
of such outlying individuals (χ2 2,0.05 = 5.6290, 
P = 0.0599). The proportion of small size samples 
without a single impaired individual may show the 

reverse trend, namely 1.6 / 6 (5 out of 19 species) 
of the herbivores, 2.1 / 6 (21 out of 60 species) 
of the omnivores and 2.4 / 6 (15 out of 37 species) 
of the carnivores, yet impairment affects species 
within the same trophic level differently (both in 
nature and extent) regardless of sample size (Online 
Resource Table S3). For example, at the third trophic 
level, Haemulon plumierii (Lacepéde, 1801) and 
Balistes vetula (Linnaeus, 1758) have been sampled 
for comparable number of years, but H. plumierii 
has half the number of impaired individuals from 
double sample size compared to B. vetula. Also, 
Lutjanus analis (Cuvier, 1828) and Lutjanus synagris 
(Linnaeus, 1758) have comparable sample sizes 
during comparable number of years, yet L. analis 
has six times more impaired individuals compared to 
L. synagris. In addition, E. striatus has eight to nine 
times more impaired individuals for half number 
of years compared to Bodianus rufus (Linnaeus, 
1758) although they have comparable sample sizes. 
Furthermore, among ten species with sample sizes in 
the range of 100–200 specimens for variable number 
of years providing specimens, there is Calamus 
calamus (Valenciennes, 1830) that presents significant 
number of impaired individuals during one-third 
of the number of years of the monitoring program. 
Similarly at the fourth trophic level, Pomadasys 
crocro (Cuvier, 1830) has more than double number 
of impaired individuals generated during half 
number of years compared to Coryphaena hippurus 
(Linnaeus, 1758) although they have comparable 
sample sizes. Also, Decapterus macarellus (Cuvier, 
1833) has double number of impaired individuals 
from one year of sampling compared to Tylosurus 
crocodilus (Péron & Lesueur, 1821) although they 
have comparable sample sizes. In addition, Elagatis 
bipinnulata (Quoy & Gaimard, 1825) generated 
a significant number of impaired individuals 
compared to Thunnus albacores (Bonnaterre, 
1788) for comparable number of years providing 
specimens and sample sizes. Indeed, the frequency 
of these outlying individuals is inversely related to 
trophic level so that carnivorous (average annual 
percentage ± SD = 4.95% ± 6.31) and omnivorous 
(average annual percentage ± SD = 2.74% ± 3.12) 
fish species have 3 and 1.5 times more outlying 
individuals compared to herbivorous (average annual 
percentage ± SD = 1.78% ± 1.69) fish species. Thus, 
target fish species with the highest mean annual 

(a)

(b)

(c)

Fig. 1  Fit of a linear (continuous black line) and a third-
order polynomial (intermittent black line) model on length 
and weight data for three species of the port biosampling 
database of the USVI fishery. Gray intermittent lines from left 
to right indicate species’ length at maturity, optimum length 
for fishing + 10%, and asymptotic length. a S. taeniopterus, 
n = 645, 1989, herbivore, b P. arcuatus, n = 183, 1985, 
omnivore, c E. fulva, n = 196, 1997, carnivore. Comparison of 
models in Table 1
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percentage of outlying individuals during the 35 years 
of records are all carnivorous: Acanthocybium 
solandri (Cuvier, 1832) (31.4% of 477 data points, 
average annual percentage ± SD = 21% ± 19.4, 
13  years data, trophic level 4.4); Lachnolaimus 
maximus (Walbaum, 1792) (13.3% of 279 data 
points, average annual percentage ± SD = 8.6% ± 16.4, 
20  years data, trophic level 3.9); and L. analis 
(12.1% of 1 139 data points, average annual 
percentage ± SD = 7.2% ± 18.7, 29  years data, 
trophic level 3.9). Among the 53 species with 
significant presence of outlying individuals, 
immature individuals are susceptible to both length 
(stunting) and weight (starvation) impairment 
compared to mature and megaspawner individuals; 

yet, mature and megaspawner individuals are 
more susceptible to weight impairment rather than 
length impairment; both of these patterns occur 
irrespective of trophic level (χ2 2,0.05 = 430.7123, 
P = 2.9649 ×  10–94). The presence of the outlying 
individuals depends neither on the body form 
(χ2

3,0.05 = 2.9210, P = 0.4040) nor on the habitat 
type (χ2

3,0.05 = 5.397, P = 0.1449) of fish species. 
There was found no temporal trend in mean annual 
percentage of outlying individuals for S. taeniopterus 
(a = 3.711(SE = 1.912),  btime =  − 0.114 (SE = 0.100), 
F = 0.6835, df = 26, P = 0.4159), P. arcuatus 
(a = 6.027 (SE = 4.078),  btime = 0.091 (SE = 0.188), 
F = 0.1218, df = 25, P = 0.7300), and E. fulva 
(a = 4.362 (SE = 0.9945),  btime = 0.065 (SE = 0.047), 

Table 1  Comparison of fit of different models on weight and length data for three species of the port biosampling database of the 
USVI fishery

Models fitted are: single level linear (ordinary least squares (OLS) and average binned OLS), three level linear random intercept and 
random slope (deterministic: iterative generalized least squares (IGLS), restricted iterative generalized least squares (RIGLS); sto-
chastic: Monte Carlo Markov Chain (MCMC)), and a curvilinear (second or third order polynomial)
The − 2*log likelihood statistic value for the IGLS, RIGLS, and MCMC multilevel models is − 13,4871.719, − 13,4876.189, − 13,682
8.498, respectively (n = 58 338)
n = sample size of the annual species data
K = number of parameters estimated in the fitted models
RSS = residual sum of squares, AIC = Akaike criterion (= 2 * k + n * ln(RSS / n),  R2 = coefficient of determination

Species, year Model n K RSS AIC R2

Scarus taeniopterus, 1989
Curvilinear (3rd order polynomial) 645 3 1.4427  − 3,952.34 0.730
OLS 645 2 1.9323  − 3,743.79 0.625
RIGLS 645 8 2.02994  − 3,670.00 –
IGLS 645 8 2.02999  − 3,699.98 –
MCMC 645 8 2.08831  − 3,681.72 –
average binned OLS 23 2 0.02134  − 156.60 0.177

Pomacanthus arcuatus, 1985
Curvilinear (3rd order polynomial) 183 4 1.672407  − 873.89 0.886
MCMC 183 8 1.570278  − 854.76 –
RIGLS 183 8 1.617807  − 849.30 –
IGLS 183 8 1.668725  − 843.63 –
OLS 183 2 0.125911  − 754.42 0.885
average binned OLS 40 2 0.288135  − 95.55 0.239

Epinephelus fulva, 1997
Curvilinear (3rd order polynomial) 196 4 1.16752  − 996.15 0.679
OLS 196 2 1.27239  − 983.29 0.653
MCMC 196 8 1.31838  − 964.33 –
RIGLS 196 8 1.391565  − 953.75 –
IGLS 196 8 1.41607  − 950.32 –
average binned OLS 40 2 0.126375  − 179.65 0.747
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F = 2.0512, df = 28, P = 0.1632) after controlling for 
sample size differences in multiple linear regressions 
(Online Resource Table  S4). Interestingly, neither 
the aggregate Length (a = 25.911 (SE = 0.029), 
b =−0.0178 (SE = 0.002), F = 5.9530, df = 276 302, 
P = 0.0001,  R2 = 0.00020) nor the aggregate Weight 
(a = 499.621(SE = 2.909), b = – 3.398 (SE = 0.236), 
F = 206,3598, df = 276 302, P = 0.0001,  R2 = 000075) 
of fish has changed during the sampling period in 
this stably truncated fishery (species’ mean percent 
of megaspawners ± SE = 8.3% ± 2.0; species’ mean 
annual percent of mature: 18.0% ± 2.0; n = 276 171) 
(Online Resource Table S3).

Growth impaired individuals grow more 
slowly under the power law model compared 
to normal individuals for all species (Online 
Resource Table  S3). When combined, the second-
order polynomial curvilinear model consistently 
outperforms all other models fitted on annual data 
available for S. taeniopterus, P. arcuatus, and E. 
fulva (Table 1; Fig. 1 a–c).

Mean values of the b parameter in the L-W rela-
tionship of the 46 species for which robust relation-
ships could be developed using hierarchical mod-
eling with the RIGLS method did not differ among 
trophic levels (one-way ANOVA, F = 0.6293, d.f. = 2, 
P = 0.5379), habitat types (one-way ANOVA, 
F = 0.1228, d.f. = 3, P = 0.9461), and body form types 
(one-way ANOVA, F = 1.2727, d.f. = 2, P = 0.2906; 
eel-like group was not compared) (Online Resource 
Table S5).

Discussion

The species-, trophic level-, and life stage-
dependent growth impairment of individual fish 
verified for 53 out of the 116 target species in the 
studied coral reef fishery based on the analysis of 
its 36 years long port biosampling database is a first 
documentation ever for any fishery, and thus, we 
cannot fully appreciate the biological / ecological 
significance of its magnitude for the studied fishery. 
As demonstrated on three selected species of the 
fishery, such impaired individuals are altering the 
fundamental growth trajectory in fish, are generated 
when the a and b parameters obtain marginal 
values, and point to a common cause for both types 
of impairment, namely stunting and starvation, 

albeit via different mechanisms. Length-impairment 
/ stunting points to the nutritional value of fish 
diet whereas weight-impairment/starvation points 
to the calorific value of fish diet, thus reflecting 
both stoichiometry (materials) and energy (food) 
aspects of their environment. Young, overweight, 
stunted individuals may develop accelerated rates of 
grazing / predation in their effort to obtain essential 
but scarce nutrients. Older, underweight, starving 
individuals may not be able to obtain adequate 
amount of food.

Spatial and temporal differences in the a and b 
parameters among populations of the same spe-
cies have been explicated with numerous factors that 
eventually affect energy availability, such as growth 
conditions (FAO, 2019), energy acquisition, such as 
inter- and intra-specific competition (Diana, 1987; 
Ylikarjula et  al., 1999), energy assimilation, such as 
food quality and / or quantity (Duann, 1998), energy 
allocation, such as age and gender (Roff, 1983; Rana 
et al., 2013; Boukal et al., 2014), and energy distribu-
tion within the trophic web; yet, fishery ecosystems do 
conserve their aggregate size composition in highly 
networked food webs (Murawski & Idoine, 1992) as 
was also found in this study. Differences in the a and 
b parameters of species grouped by trophic level, body 
form, and habitat type could not be reliably estab-
lished for populations in the N. Aegean Sea (Karachle 
& Stergiou, 2012) and the parameter b of populations 
of species of this study from the Eastern Caribbean 
did not differ among trophic levels, body form and 
habitat types. Because 0 < a < 1 and 2 < b < 4 regard-
less of fish species, length range, and body form and 
because parameter b is inversely and perfectly interde-
pendent on its respective parameter a for any fish spe-
cies that has been examined (Froese, 2006), the a and 
b parameters are the value expressions of the common 
body size growth trajectory regulation mechanism in 
all fish at the population level; parameter a is the value 
expression of a “brake” function, while parameter b is 
the value expression of an “accelerator” function of 
growth in all fish within limits; decreasing values of 
a reduce weight, while increasing values of b increase 
weight. Given the width of the estimated confidence 
intervals, the a and b parameters for a species are not 
“fixed” but “slide” along a species-specific exponen-
tial relationship since there can exist even marginal 
values of a and b parameters, which have been gen-
erating stunted and starved individual fish for half of 
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the target fish in the studied fishery, which, in turn, 
indicate unfavorable conditions for fish body size 
growth. Finally, because stunting and starvation were 
found dependent on species, life stage, and trophic 
level, the parameters a and b must be reflecting adjust-
ment of the population’s scope for growth of its body 
size; it is changes at lower (e.g., organism, cell; bot-
tom up processes) and higher (e.g., community, eco-
system; top down processes) levels of organization 
that permeate into the population level thus increasing 
variance around an expected perfect fit of the power 
law model; when changes overwhelm the regulating 
feedbacks within and among levels of organization, 
then even the fundamental power law model changes 
incrementally or substantially as demonstrated in this 
study. Therefore, the demonstrated changing patterns 
of growth for S. taeniopterus, P. arcuatus, and E. fulva 
in this fishery indicate that this environment does not 
afford a consistent growth pattern for all species and 
/ or all life stages through increase in individual vari-
ance toward growth impairment.

Such growth impaired individuals from a coastal 
tropical fishery prompt re-examination of how well 
the linear logW = loga + b * logL growth model 
may fit for a substantial number of the target spe-
cies. Better fit of a curvilinear instead of a linear 
model weakens the expectation that the environment 
is adequately supportive of all life stages for half of 
the target species of this fishery system irrespective 
of their trophic level, bears important implications 
regarding accuracy of predictions of fisheries produc-
tivity, and motivates fisheries managers to elucidate 
whether affected species in this fishery participate in 
the same trophic chain/s and also consider the inter-
action of these chronically stably truncated and over-
fished populations (Dikou et  al., 2018, 2021) with 
concurrent and aggravating ecosystemic shift from 
coral to algal reefs at local and regional scales (Bell-
wood et al., 2004; Rothenberger et al., 2008; Jackson 
et al., 2014; Lapointe et al., 2021). In this respect, it 
is important to confirm the relative importance of the 
ecological mechanisms of (i) food / mineral scarcity 
through replacement of edible by unpalatable phyto-
plankton and benthic algae as coral reefs shift toward 
algal reefs, (ii) aggravation of inter- and intra-species 
competition by fishing, and (iii) trophic stoichiomet-
ric elemental imbalance induced by catching bio-
mass and exporting it for consumption on land and 
by alterations in terrestrial inputs, in the generation 

of fish growth impairment in this fishery by combin-
ing this dataset with datasets available from ecologi-
cal monitoring programs of NOAA and other organi-
zations. In other cases with lack of perfect fit of the 
Weight–Length power law model, there have been 
proposed model modification (Weight = a *  Length2 
* Height in Jones et  al., 1999), estimation method 
change (least squares nonlinear instead of linear 
estimation method in Hayes et  al., 1995) and piece-
wise application on different size segments of the 
population (De Robertis & Williams, 2011) to reduce 
variance and improve the accuracy of predictions of 
Weight from Length with an efficient sample size but 
without consideration for plausible environmental 
change attesting to the perception of a and b param-
eters as expressions of a fixed rather than a flexible 
(adjusting) attribute.

This is the first communication demonstrating fish 
starvation and stunting at an altered tropical coral reef 
environment in the Caribbean though reporting from 
other localities in the world is available (MacKen-
zie, 2019). Analysis of these outlying individual fish 
weakens the morphometrics explanation of the a and 
b parameters of the Weight–Length power law rela-
tionship. It confirms their wide adjusting flexibility 
within a regulating (not allometric) function of fish 
body size growth trajectory. It shows that they consti-
tute an “accelerator”—“break” type of paired adjus-
tors of growth at the population level to changes in 
their environment that goes beyond the food/energy 
explanation. It supports their explanation as integra-
tive of top down and bottom up processes from multi-
ple levels of organization.
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