
ORIGINAL PAPER

Growth pattern of the sea urchin, Loxechinus albus (Molina, 1782)
in southern Chile: evaluation of growth models

Luis Flores • Billy Ernst • Ana M. Parma

Received: 28 May 2009 / Accepted: 15 December 2009 / Published online: 6 January 2010

� Springer-Verlag 2010

Abstract The growth pattern of Loxechinus albus in

southern Chile was studied using size-at-age data obtained

by reading growth bands on the genital plates. The scatter

plots of sizes-at-age for samples collected in three different

locations indicated that growth is linear between ages 2 and

10. Five different growth models, including linear,

asymptotic and non-asymptotic functions, were fitted to the

data, and model selection was conducted based on the

Akaike information criteria (AIC) and the Bayesian infor-

mation criteria (BIC). The AIC identified the Tanaka

model as the most suitable for two of the three sites.

However, the BIC led to the selection of the linear model

for all zones. Our results show that the growth pattern of

L. albus is different from the predominantly asymptotic

pattern that has been reported for other sea urchin species.

Introduction

Marine invertebrates are being fished at an increasing rate

worldwide (Keesing and Hall 1998), and some fisheries are

experiencing serious declines. Sea urchin fisheries are a

case in point. Although there is a long history of exploi-

tation especially in the Atlantic coast of Europe, the

Mediterranean, northern Asia, New Zealand and Chile; sea

urchin fisheries have experienced significant declines

in landings over the past decade almost in all regions

(Williams 2002). As a result, the Chilean sea urchin

(Loxechinus albus) fishery has become the most important

in the world (Andrew et al. 2002), accounting for almost

65% of the world’s landings in some years (Williams 2002;

Moreno et al. 2007) and with an overall average landing of

43,000 metric tons for the 2000–2008 period (Chilean

Fisheries Service, www.sernapesca.cl).

The Chilean sea urchin fishery operates along almost the

entire coast of Chile, but the bulk of the catch comes from

the southern region (Figs. 1 and 2), where sea urchin beds

are scattered in a maze of fjords and islands that span 15

degrees of latitude (42�–57� S), posing a serious challenge

to their assessment and fishery management (Moreno et al.

2007). The spatial pattern of exploitation has been highly

dynamic, experiencing successive contractions and

expansions (Orensanz et al. 2005). Its spatial complexity

and the postulated sequential depletion of the grounds

(Barahona and Jerez 1997; Andrew et al. 2002; Williams

2002) have led to suggestions that rotational harvesting

strategies combined with permanent reserves may offer a

suitable alternative to the regional-quota system currently
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in place (Barahona et al. 2003). To evaluate such policies, a

spatially explicit simulation model of the fishery in regions

X and XI (Fig. 2) has been developed, which requires

specification of fishery and biological parameters at dif-

ferent scales. Growth is one of the key processes that need

to be quantified, as optimal rotational strategies may be

very sensitive to the assumed growth rates (Botsford et al.

1993; Quinn et al. 1993).

The estimation of growth parameters in sea urchins has

been based on analyses of length frequency distributions

(Botsford et al. 1994; Smith et al. 1998; Vadas et al. 2002),

size-increments from mark–recapture experiments (Russell

1987; Rowley 1990; Kenner 1992; Ebert and Russell 1992,

1993; Ebert et al. 1999; Lamare and Mladenov 2000;

Morgan et al. 2000; Rogers-Bennett et al. 2003; Ebert and

Southon 2003) and size-at-age data obtained by reading

annual growth bands on shell plates (Crapp and Willis

1975; Nichols et al. 1985; Sime and Cranmer 1985; Gage

et al. 1986; Comely and Ansell 1988; Soualili et al. 1999;

Agatsuma and Nakata 2004; Shelton et al. 2006; Blicher

et al. 2007). In the case of L. albus, growth bands on genital

plates (GP) have been used for aging (Gebauer 1992;

Gebauer and Moreno 1995; Duran et al. 1999; Barahona

et al. 2003), their annual periodicity was validated through

the analysis of marginal increments on plates sampled

monthly (50 sea urchin/month) from an experimental

cohort kept in tidepools over a 12-month period (Gebauer

1992; Gebauer and Moreno 1995).

Different models have been used to represent growth in

sea urchins (see Grosjean 2001); asymptotic models being

the most common. However, Ebert and Russell (1993)

questioned the assumption of asymptotic growth at least for

large, long-lived species such as Strongylocentrotus fran-

ciscanus and to suggest the use of non-asymptotic models

(e.g., Tanaka 1982). They noted that there is no universally

best model to characterize sea urchin growth in general.

Furthermore, model choice may vary depending on loca-

tion, as was observed in S. franciscanus (Shelton et al.

2006). Therefore, the selection of an appropriate model is

an important first step in quantifying growth for manage-

ment strategy evaluation.

L. albus is a slow-growing species (Stotz et al. 1992;

Gebauer 1992; Gebauer and Moreno 1995; Duran et al.

1999; Barahona et al. 2003). Barahona et al. (2003)

suggested that its growth was linear based on size-at-age

data, but the range of ages analyzed was too narrow to be

conclusive. The aim of this paper is to characterize the

growth pattern of L. albus and to examine whether the

choice of an appropriate model is invariant over space. To

address this goal, we measured and aged a large collection

of sea urchin shells sampled from three different locations

in southern Chile and compared the performance of

asymptotic and non-asymptotic growth models using the

Information Theoretic Approach [ITA (Burnham and

Anderson 2002)] and Bayesian inference.

Materials and methods

Data sets

Three sets of size-at-age data were obtained by reading

growth bands on genital plates and taking measures of test

size (at 0.1 mm) of sea urchins collected from three loca-

tions in southern Chile: Stokes Is., Amita Is. and Williams

Is. (Fig. 2). A stratified-by-size sampling scheme was used

following Bromaghin (1993). The samples were collected

from surveys (fishery-independent, January 2007) and from

the commercial landings (September–October 2006/2007).

Aging methodology was based on Gebauer (1992) and

Gebauer and Moreno (1995). Mean sizes-at-age from

Gebauer (1992) were also analyzed for comparative pur-

poses. In addition, subsamples from Stokes Is. (n = 196)

and Amita Is. (n = 162) were used to evaluate the uncer-

tainty in the age estimation by comparing the ages obtained

by three blind age readings done by the same reader (LF).

Fig. 1 Annual landings of sea urchin fisheries in Chile by geograph-

ical zone from 1968 to 2008. Lines and dots correspond to overall

landings
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Aging errors were evaluated according to the average

percent error (APE) and coefficient of variation (CV)

(Campana 2001). The APE and CV were estimated

according to the following equations:

APEj ¼ 100%� 1

R

XR

i¼1

Xij � Xj

�� ��
Xj

ð1Þ

where Xij is the ith age determination of the jth sea urchin,

Xj is the mean age estimate of the jth sea urchin, and R is

the number of times each sea urchin is aged. When APEj is

averaged across many sea urchins, it becomes an index of

average percent error. The CVj is the age precision

estimate for the jth sea urchin and also can be averaged

across sea urchin to produce a mean CV:

CVj ¼ 100%�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPR
i¼1
ðXij�XjÞ2

R�1

q

Xj
ð2Þ

Models

Asymptotic and non-asymptotic models were applied

to each data set. The asymptotic models were the Von

Bertalanffy (1938) and Richards (1959); the re-para-

meterizations proposed by Schnute and Fournier (1980)

and by Ohnishi and Akamine (2006) were used, respec-

tively, to avoid numerical problems encountered during

parameter estimation. The non-asymptotic models pro-

posed by Schnute (1981) and by Tanaka (1982) were also

evaluated in addition to a linear model. The parameter-

izations used are shown in Table 1.

Parameter estimation and model selection

Parameters of the candidate models mi (i = 1–5) were

estimated using nonlinear regression, implemented in AD

Model Builder (ADMB v 6.0.2, Otter Research Ltd).

Model selection was based on the ITA and Bayesian

inference. The Akaike information criteria [AIC (Akaike

1973)] and Bayesian or Schwarz information criteria

[BIC (Schwarz 1978)] were used to assess model per-

formance. The model with the smallest AIC and BIC

value (AICmin and BICmin) was chosen as the model that

‘‘best’’ represented the growth pattern observed in the

sea urchin data. In addition, we computed normalized

weights of each model (Ward 2008) following Burnham

and Anderson (2002) to quantify the plausibility of

each model given the data and the set of models as

follows:

Fig. 2 Location of the three

sampling sites in southern Chile

(Chonos Archipelago)
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wi ¼
e�1=2 ðICm�ICminÞ

P5
m¼1 e�1=2 ðICm�ICminÞ

; ð3Þ

where IC corresponds to the AIC or BIC depending on

which criterion was used. The weights range between 0 and

1 and are interpreted as the weight of evidence in favor of

model i as the best model among the set of all candidate

models examined (Burnham and Anderson 2004). Ideally,

the ranking of performances, or at least for the choice of

best model, would be independent of the criteria or dataset

used although this is not necessarily the case.

Results

Size-at-age pattern

The size and age ranges of the sea urchins differed among

the datasets. The sample from Stokes Is. had the widest size

range (7.7–139.5 mm), followed by Williams Is. (13.2–

126.2 mm), and then by Amita Is. (11.8–109.7 mm). As a

reference, the minimum and maximum sizes sampled dur-

ing the 1995–2004 fisheries monitoring program in the area

were 31 mm and 145 mm, respectively, and the sizes of sea

urchins collected for this analysis extended well beyond the

typical size structure of fisheries data of each site (Fig. 3).

However, not all the size classes were equally represented

in our study. The widest age range was also registered in the

sample from Stokes Is. (0–13 years); its age range was

similar to that obtained in Williams Is. (1–12 years), while

less old animals were registered in Amita Is. (1–10 years)

(Fig. 4). Aging errors were generally small (CVs less than

6% and APEs \ 5%) except in the smallest size classes

(10–30 mm for Stokes Is. and 10–40 mm for Amita Is.)

(Table 2). Age differences between repeated readings were

size-dependent and variable. For example, in Stokes Is., the

size classes with the highest differences were 80–90 mm

(7–10 years) and 100–110 mm (8–11 years) (Table 2).

Aging errors were larger in Amita Is. than in Stokes Is.

The size-at-age relationship was linear in Stokes Is.

and almost linear in Amita Is. and Williams Is. When

only the mean size-at-age was considered, the trend was

clearly linear in the three datasets (Fig. 4). No departures

from linearity were apparent in scatter plots of the

residuals of the linear model fitted to the size-at-age data,

plotted as a function of age in any of the three locations

(Fig. 5).

Table 1 Alternative growth

models fitted to size-at-age

data of L. albus

Letters a–d represent model

parameters, t is age, and s1 and

s2 correspond to a minimum and

maximum age defined in the

model

Model Equation Model/source

m1 Dt ¼ aþ ðb� aÞ 1�ct�s1

1�cs2�s1
Von Bertalanffy

Schnute and Fournier (1980)

m2 Dt ¼ a

1þbe�cðt�dÞð Þ
1
c

Richards

Ohnishi and Akamine (2006)

m3 Dt ¼ ac þ ðbc � acÞ 1�e�dðt�s1 Þ

1�e�dðs2�s1 Þ

� �1
c

Schnute

Schnute (1981)

m4 Dt ¼ 1ffiffi
a
p
� �

log 2aðt � bÞ þ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2ðt � bÞ2 þ ac

q����

����
� �

þ d Tanaka

Tanaka (1982)

m5 Dt = a ? bt Linear

Fig. 3 Overall size structure by site obtained from 1995 to 2004

fisheries sampling program. Arrows represent minimum and maxi-

mum test sizes from sea urchin collected and aged in this study
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Growth model selection

The results of the model selection for the three locations

are presented in Table 3, which includes maximum likeli-

hood parameter estimates, negative log-likelihood values,

AIC, AIC differences, BIC and normalized weights for

AIC and BIC.

The Tanaka model (m4) was the best in Amita Is. and

Williams Is. according to the normalized weights based on

both AIC and BIC. This model was supported by a weight

of evidence of 47.20 and 43.00% for Amita and 42.84 and

42.67% for Williams, respectively. In Stokes Is., the

ranking of models based on the AIC and BIC differed. The

Schnute model (m3) had the highest AIC weight (30.89%),

while the linear model (m5) was favored by the BIC weight

(82.19%) (Table 3).

In order to evaluate whether model choice was affected

by the different age ranges present in the three samples, the

Fig. 4 Size-at-age data (dots)

and fitted models (solid line
Von Bertalanffy; dashed line
Richards; dotted line Schnute;

dot dashed line Tanaka; long
dashed line linear)

Table 2 Uncertainty in age estimation (three readings) based on average percent error (APE) and coefficient of variation (CV) estimated for

subsamples from the collections of Stokes and Amita Islands

Stokes Amita

Size class (mm) Range of age n APE CV Range of age n APE CV

10–20 01–02 2 0.133 0.173 00–02 5 0.253 0.329

20–30 02–03 16 0.034 0.044 01–03 18 0.062 0.081

30–40 02–04 19 0.019 0.025 02–04 17 0.079 0.102

40–50 03–05 17 0.027 0.035 03–05 18 0.028 0.037

50–60 05–06 15 0.032 0.041 04–07 20 0.030 0.039

60–70 05–07 23 0.025 0.032 05–07 20 0.022 0.028

70–80 06–08 25 0.024 0.031 05–09 18 0.039 0.050

80–90 07–10 25 0.016 0.021 07–10 17 0.042 0.056

90–100 08–10 16 0.021 0.028 07–10 18 0.025 0.033

100–110 08–11 19 0.012 0.016 09–11 11 0.004 0.005

110–120 10–12 15 0.017 0.022

120–130 11–12 4 0.010 0.013
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analysis was repeated using only the data in the age range

between 2 and 10 years for the three samples (Table 4). In

this case, the rankings differed between areas and also

depending on the performance statistics used (AIC and

BIC). The AIC still favored the Tanaka model for Amita

(44.22% of Wi) and Williams (36.27% of Wi), and the

Schnute model (m3) for Stokes (30.23% of Wi). On the

other hand, the BIC showed that the linear model (m5) was

the best among all candidates for Stokes (80.34% of Wi),

Amita (64.91% of Wi), and Williams (61.87% of Wi).

The comparison of the five models showed that von

Bertalanffy model had the worst performance, and its

estimated rho parameter (c) was always near 1, which

implies a linear growth pattern. This non-asymptotic

behavior was also observed in the Richard model, which

showed a very large asymptotic parameter, much larger

than the maximum historic observed size. These results

support the use of non-asymptotic growth models for

L. albus.

Discussion

Observed pattern in the size-at-age relationship

The size-at-age relationship found in this study for L. albus

is similar to that reported by Barahona et al. (2003), but

different from the relationships reported by Gebauer

(1992), Gebauer and Moreno (1995), and Duran et al.

Fig. 5 Residual values at age for the linear models fitted to the data

from Amita Is. (a), Stokes Is. (b), and Williams Is. (c)

Table 3 Parameter estimates and standard deviation (in parenthesis), and results of model selection for the respective age range in each zone:

Amita Is. (1–10), Stokes Is. (0–13), and Williams Is. (1–12)

Zones/

model

Parameters Negative

log-likelihood

AIC Di Wi,1

(%)

BIC Wi,2

(%)
a b c d

Stokes

m3 8.52 (2.70) 136.14 (2.41) 0.75 (0.30) 0.02 (0.05) 891.757 1,791.51 0.00 30.89 1,807.70 4.87

m2 720.70 (1,288.80) 0.02 (0.05) -0,75 (0.30) 10.72 (10.18) 891.757 1,791.51 0.00 30.89 1,807.70 4.87

m4 0.0000504 (1.44) 9.81 (4.79) 0.00904 (0.07) 1,032.70 (819.87) 891.933 1,791.87 0.36 25.80 1,808.06 4.07

m5 3.30 (0.72) 10.07 (0.10) – – 894.979 1,793.96 2.45 9.07 1,802.05 82.19

m1 13.38 (0.62) 124.15 (0.62) 1.00 (0.00) – 894.979 1,795.96 4.45 3.34 1,808.10 3.99

Amita

m4 0.0003246 (0.48) 6.93 (0.58) 0.00971 (0.05) 384.24 (91.64) 989.770 1,987.54 0.00 47.20 2,004.16 43.00

m3 19.21 (1.21) 101.05 (1.01) 0.03 (0.57) 0.14 (0.10) 990.356 1,988.71 1.17 26.30 2,005.33 23.96

m2 197.59 (81.22) 0.14 (0.10) -0.03 (0.57) 6.97 (0.98) 990.356 1,988.71 1.17 26.30 2,005.33 23.96

m5 5.53 (0.64) 9.45 (0.11) – – 997.528 1,999.06 11.52 0.15 2,007.36 8.68

m1 14.99 (0.54) 118.99 (0.75) 1.00 (0.00) – 997.528 2,001.06 13.52 0.05 2,013.52 0.40

Williams

m4 0.0005757 (0.27) 6.70 (0.22) 0.00774 (0.08) 298.63 (35.63) 738.576 1,485.15 0.00 42.84 1,500.11 42.67

m3 20.06 (1.01) 118.83 (1.70) -1.04 (0.54) 0.32 (0.09) 738.978 1,485.96 0.81 28.58 1,500.91 28.60

m2 139.91 (11.86) 0.32 (0.09) 1.04 (0.54) 6.67 (0.26) 738.978 1,485.96 0.81 28.58 1,500.91 28.60

m5 6.00 (0.86) 9.70 (0.13) – – 750.268 1,504.54 19.39 0.003 1,512.01 0.111

m1 15.70 (0.75) 122.43 (0.83) 0.99 (0.00) – 750.268 1,506.54 21.39 0.001 1,517.75 0.006

Akaike’s information criterion (AIC), Akaike differences (Di), normalized weights of AIC (Wi,1), Bayesian information criterion (BIC), and

normalized weights of BIC (Wi,2)
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(1999). The mean size-at-age of Gebauer (1992) and

Gebauer and Moreno (1995) were slightly nonlinear, but

with a similar age range (0–11 years) of this study. On the

other hand, a markedly nonlinear pattern was evident in the

size-at-age plot reported by Duran et al. (1999). In general,

we found evidence of a linear pattern in the size-at-age

relationship of the three analyzed data sets (at least in the

age range between 2 and 10 years), even though there was

evidence of a small curvature at young ages for the datasets

from Amita Is. and Williams Is. These results differ also

from the growth patterns described for many sea urchin

species worldwide (Crapp and Willis 1975; Nichols et al.

1985; Gage and Tyler 1985; Gage et al. 1986; Gage 1987;

1992; Brady and Scheibling 2006; Shelton et al. 2006;

Blicher et al. 2007). Most sea urchin species are charac-

terized by a nonlinear growth pattern with an asymptotic or

sigmoidal shape.

The quality of parameter estimation depends on the

quantity of the information (Chen et al. 2003). In this

sense, the sample size and the age range could affect the

patterns observed in the size-at-age relationship reported

for L. albus. This problem is apparent in the analysis

presented by Duran et al. (1999) where some age groups

are absent or under represented especially sea urchins of

younger (\3 years) and older ages ([7 years). In our

study, we had few data points in the small and large sea

urchin size classes (e.g., age 1). The same problems

related to the sample size (some age groups poorly rep-

resented) also could have affected studies conducted on

other sea urchin species. The influence of both the sam-

pling design and sample size in the characterization of a

pattern in the size-at-age relationship has been emphasized

for finfish (e.g., Chen 1996; Chen et al. 2003; Brouwer and

Griffiths 2005) and should also be considered for sea

urchin species.

Another important factor is the variability in the size-at-

age data. In Duran et al. (1999) and Barahona et al. (2003),

this variability was considerably larger than in our study.

This variability could be a consequence of aging errors. An

element of subjectivity is always retained in the interpre-

tation of periodic features in the calcified structures used

for aging (e.g., genital plates), which tend to vary markedly

in appearance and relative size (Campana et al. 1995). The

level of variability is characteristic of each species.

Therefore, validation of the aging technique, such as was

done by Gebauer (1992) and Gebauer and Moreno (1995)

using L. albus, is an important first step. In other sea urchin

species, the growth lines in echinoid ossicles have been

found to be unreliable indicators of age (e.g., Russell and

Meredith 2000).

Table 4 Parameter estimates and standard deviation (in parenthesis), and results of the model selection using data for the age range between

2 and 10 years

Zones/

model

Parameters Negative

log-

likelihood

AIC Di Wi

(%)

BIC Wi

(%)
a b c d

Stokes

m3 16.25 (1.97) 105.16 (0.75) 0.83 (0.46) 0.005 (0.08) 864.789 1,737.58 0.00 30.23 1,753.64 5.35

m2 3,433.80 (20,933.0) 0.0049 (0.03) -0.83 (0.18) 35.36 (171.67) 864.789 1,737.58 0.00 30.23 1,753.64 5.35

m4 0.00000511 (8.69) 49.92 (194.88) 0.000041 (63.61) 6,197.10 (56,512.00) 864.853 1,737.71 0.13 28.33 1,753.77 5.01

m5 3.21 (0.76) 10.08 (0.11) – – 868.094 1,740.19 2.61 8.20 1,748.22 80.34

m1 13.29 (0.65) 124.21 (0.68) 1.00 (0.00) – 868.094 1,742.19 4.61 3.02 1,754.24 3.96

Amita

m4 0.000329 (0.56) 6.92 (0.58) 0.009693 (0.05) 381.21 (106.30) 973.520 1,955.04 0.00 44.22 1,971.58 14.85

m3 19.55 (1.66) 100.97 (1.06) -0.11 (0.77) 0.16 (0.13) 974.062 1,956.12 1.08 25.77 1,972.67 8.61

m2 182.91 (77.86) 0.16 (0.13) 0.11 (0.77) 6.89 (0.82) 974.062 1,956.12 1.08 25.77 1,972.67 8.61

m5 5.00 (0.68) 9.54 (0.11) – – 978.181 1,960.36 5.32 3.09 1,968.63 64.91

m1 14.53 (0.57) 119.45 (0.78) 1.00 (0.00) – 978.181 1,962.36 7.32 1.14 1,974.77 3.01

Williams

m4 0.000523 (0.51) 6.75 (0.39) 0.007841 (0.10) 312.24 (73.05) 644.422 1,296.84 0.00 36.27 1,311.18 13.26

m3 20.87 (1.74) 104.21 (1.28) -1.79 (1.65) 0.45 (0.29) 644.654 1,297.31 0.47 28.67 1,311.64 10.53

m2 125.87 (22.10) 0.45 (0.29) 1.79 (1.65) 6.71 (0.31) 644.654 1,297.31 0.47 28.67 1,311.64 10.53

m5 3.64(1.10) 10.07 (0.17) – – 648.468 1,300.94 4.10 4.67 1,308.10 61.87

m1 13.71 (0.95) 124.48 (1.10) 1.00 (0.00) – 648.468 1,302.94 6.10 1.72 1,313.69 3.78

Akaike’s information criterion (AIC), Akaike differences (Di), normalized weights of AIC (Wi,1), Bayesian information criterion (BIC), and

normalized weights of BIC (Wi,2)
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Uncertainty in the aging, specifically in relation to the

precision, reproducibility or aging consistency, could have

affected the size-at-age relationship observed in Amita Is.

and Williams Is., and perhaps also the pattern reported by

Duran et al. (1999). In this sense, the degree of uncertainty

(APE and CV) quantified in this study is an important

auxiliary information. In all previous studies on sea urch-

ins, no estimates of aging precision were provided. Lai and

Gunderson (1987), assessing the effect of aging errors on

some population parameters, observed that the magnitude

of the changes in the under- or over-estimation of the mean

length-at-age increased when the CV of aging error

increased. In our study, aging error levels remained low;

therefore, we believe that a conspicuous departure from

linearity in the data at larger ages seems rather unlikely.

Growth model selection

Several models have been used to estimate the individual

growth of sea urchin species (Table 5), but the von

Bertalanffy, Richards and Gompertz models have been the

most common (Grosjean 2001). Also for L. albus, the von

Bertalanffy model in its traditional (Stotz et al. 1992;

Gebauer 1992; Gebauer and Moreno 1995; Duran et al. 1999)

and re-parameterized (Barahona et al. 2003) formulation

have been used.

The choice of a growth model often remains arbitrary or

is a question of personal preference (Fletcher 1974; Gros-

jean 2001). This tendency is well illustrated by the variety

of models used to represent sea urchin individual growth

(Table 5). The application of the information theory

approach (Burnham and Anderson 2002) or Bayesian

methods provides a means for using objective criteria in

model selection. These approaches encompass a set of

basic steps, including an a priori specification of a set of

candidate models, the estimation of parameters and their

precision, and the model selection based on parsimonius

approaches such as Akaike information criterion (Akaike

1973) or Bayesian information criterion (Schwarz 1978).

The principle of parsimony implies the selection of a model

with the smallest possible number of parameters for an

adequate representation of the data, a bias versus variance

trade-off. The application of this approach in sea urchin

growth studies has been limited and most often the model

selection has been based on other statistical analysis

(Table 5).

The model selection approach revealed differences in

the behavior of the AIC and BIC. The AIC always favored

the Tanaka model in Amita Is. and Williams Is., and the

Schnute model in Stokes Is., irrespective of whether the

complete or restricted age ranges were used. The BIC

yielded the same results only for Amita and Williams

islands when all data were analyzed. This contrasted with

the linear pattern favored for all locations when the age

ranges were restricted (ages 2–10). According to Quinn and

Deriso (1999), the AIC tends to favor models with more

parameters (what we see in this study), while the BIC is

more likely to result in a more parsimonious model, as it

more heavily penalizes the inclusion of additional

parameters.

The differences among the size-at-age relationships

observed and modeled could be an effect of the individual

variability (process error) and related to the uncertainty in

the age estimation (observation error). Katsanevakis and

Maravelias (2008) emphasized that model selection is not

only dependent on the species-specific growth pattern but

also on the quality of the data and the amount of infor-

mation, which may explain different results among

different datasets for the same species.

The difficulty in the selection of a growth model for

L. albus, and perhaps for other sea urchin species, is

evident. In none of the samples was the best model a clear

winner (wi [ 0.9 or 90%), even if the asymptotic models

were omitted. But the BIC supported values of wi [ 72%

in contrast to the AIC that resulted in values of wi \ 61%.

This supports the conclusion by Ebert and Russell (1993)

that a unique growth model for sea urchins in general does

not exist, but that some generalization of the Tanaka

function seems promising. Other examples of this problem

have been seen to Strongylocentrotus franciscanus where

Ebert and Russell (1993) and Shelton et al. (2006) found

that Tanaka (1982) model was the best option, while

Rogers-Bennett et al. (2003) reported a logistic dose–

response model as the best one. Lamare and Mladenov

(2000) suggested that the growth of Evechinus chloroticus

was non-asymptotic but still selected the Richards model as

the best candidate.

The use of asymptotic models to represent the growth of

long-lived species has been questioned (Ebert and Russell

1993). In this study, a non-asymptotic model was clearly

the best option, and the von Bertalanffy model was the

least supported. Besides, although the Richards model was

also supported by the data (Di \ 2), the asymptotic size

estimated with this model was unrealistically large and

should be interpreted as just a model parameter with no

biological meaning. This justified the rejection of both the

von Bertalanffy (1938) and the Richards (1959) models.

Furthermore, the model-based size-at-age predictions made

by the linear and von Bertalanffy models were almost

identical (Fig. 4). Based on our analysis, we believe that

the choice of a model for L. albus should be conditioned on

the goal of the model. While the Tanaka model was

favored by the information approach, from a practical

viewpoint, a linear model would be perfectly adequate in

fisheries applications, for example to estimate the age

composition from length data.
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Implications for further analyses

Further issues such as growth modeling based on repeated-

age readings and assessment of the effect of aging error on

model selection based on simulations should be considered

in future growth studies on this species. According to Cope

and Punt (2007), the first topic considered is important,

because they demonstrate a consistent bias in parameter

estimates when only one age reading is used, regardless

of sample size and method used to incorporate the

information obtained from multiple readings. They rec-

ommend the use of a random-effect method using a gamma

distribution in the estimation.

The linear growth pattern reported in this study and its

consistency over space is important for further studies,

such as the analysis of spatial variability in growth.

According to Turon et al. (1995), the use of a single model

to fit all growth data is preferable for comparison purposes.

In our case, a linear model approach (e.g., linear mixed-

effect models) would provide a useful framework to assess

Table 5 Models used to fit sea urchin growth data in multi-model studies (in bold the model chosen)

Species Growth model Growth

estimate

methoda

Model

selectionb
Reference

Diadema setosum Von Bertalanffy in Length,

Richards, Gompertz, Logistic

Ebert (1999)c

Tripneustes gratilla Von Bertalanffy in Length,

Gompertz, Logistic, Johnson
Dafni (1992)c

Echinus acutus Von Bertalanffy in Length,

Gompertz, Logistic

PR PP Gage et al. (1986)

Echinus elegans Von Bertalanffy in Length,

Gompertz, Logistic

PR PP Gage et al. (1986)

Echinus affiants Von Bertalanffy in Length,

Gompertz, Logistic, Richards,

Preece-Baines

PR RSS Gage and Tyler (1985)

Paracentrotus lividus Von Bertalanffy in Length,

Gompertz
EC R Cellario and Fenauz (1990)

Gompertz, Logistic, Richards PR RSS Turon et al. (1995)

Von Bertalanffy in Length, Von

Bertalanffy in weight, Gompertz,

Logistic, 4p-Logistic, Weibull,

New model

EC Grosjean et al. (2003)

Strongylocentrotus intermedius Von Bertalanffy in Length,

Gompertz

MR PP Fuji (1967)c

Strongylocentrotus franciscanus Richards, Tanaka, Jolicoeur MR RSS Ebert and Russell (1993)

Logistic, Gaussian, Tanaka,

Ricker, Richards, Von

Bertalanffy in length

PR AIC Rogers-Bennett et al. (2003)

Brody- Bertalanffy, Richards,

Tanaka, Jolicoeur

EC, MR CV, SSE, RA(D) Shelton et al. (2006)

Evechinus chloroticus Von Bertalanffy in Length,

Richards, Tanaka, Jolicoeur

PR BC Lamare and Mladenov (2000)

Echinosigra phiale Von Bertalanffy in Length,

Gompertz, Logistic

PR BC, RSS Gage (1987)

Hemiaster expertigus Von Bertalanffy in Length,

Gompertz, Logistic

PR RSS Gage (1987)

Spatangus purpureus Von Bertalanffy in Length,

Gompertz, Logistic

PR RSS Gage (1987)

Echinocardium pennatifidum Von Bertalanffy in length,

Gompertz, Logistic
Gage (1987)

a EC (experimental culture), PR (plate readings) and MR (mark–recapture)
b AIC (Akaike information criterion), BC (biological criterion), CV (coefficient of variation), PP (personal preference), R (correlation coeffi-

cient), RA (residual analysis), RRS (residual sum of square), SSE (square standard error)
c Taken from Grosjean (2001, pp. 54–55)
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simultaneously the effect of several factors and scales on

sea urchin growth. It implies a simplification over the

models commonly used in population dynamic and stock

assessment.
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