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Evaluation of Brey's production/biomass model 
on the basis of a long-term data set on a clam 
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ABSTRACT: The Brey m odel is one of the  m ost frequently  used  m ethods to obtain a quick esti­
m ate of the secondary production (P ) of an area. It is based  on an  em pirical relationship  betw een  
the production/biom ass (P /B ) ratio and  the (annual) m ean  w eight (W) of the individuals of a p o p ­
ulation. Estim ates of P/B by this m odel are frequently  obtained by using only single m easurem ents 
of W and  B, thus circum venting tedious efforts requ ired  by conventional m ethods. The obtained P 
values of com m unities are sum s of estim ates m ade for individual species. Any constraints of the 
m odel can be fully understood  only by evaluating  it for single-species populations. Using an 
extensive data  set ob tained by m onitoring a population of the bivalve M acom a balthica  for 33 yr, 
w e evaluated  the m odel by com paring Brey m odel estim ates of P and P/B w ith d irect annual esti­
m ates. We corroborate the basis of the m odel by p resen ting  a significant relationship  betw een  
observed annual values of W and  P/B. The m odel satisfactorily p red ic ted  P w hen  late-w in ter (but 
not late-sum m er) assessm ents of W  and  B  w ere used. The m odel underestim ated  P/B  in the years 
w ith high m ortality rates (Z), w hereas it overestim ated P/B  in alm ost all o ther years. Z  values w ere 
a be tte r basis for predictions of P/B  than  W values. The m odel could pred ict P/B well on the exclu­
sive basis of W due to the significant correlation betw een  W and Z  (low Z  values resu lted  in older 
and thus heavier individuals). M ulti-year averages of m odel-pred icted  and  observed P/B  esti­
m ates w ere sim ilar only w hen  predictions w ere based  on la te-w in ter or annual (not on summer) 
estim ates of W and B. In conclusion, the  m odel cannot be recom m ended for precise and unbiased  
P estim ates in a single species w hen  no m ore than  a once-only assessm ent of W and  B  is available.
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INTRODUCTION

An assessm ent of the annual production of a popula­
tion or a community is a tim e-consum ing endeavor 
that involves the collection of a long series of data on 
num bers and weights of individuals. To avoid this la ­
borious task  of obtaining a series of grow th and/or sur­
vival estim ates on populations, it is tem pting to simply 
calculate production (P ) from m uch easier obtainable 
values of biomass (B ) by application of published or es­
tim ated production/biom ass {P/B) ratio values. Several

exam ples of the use of such a short-cut procedure for 
m arine benthos w ere published in recent years, in­
cluding Reiss et al. (2009), N eum ann et al. (2009), 
Bolam et al. (2010, 2011), W ong et al. (2011) and Kedra 
et al. (2013). However, the accuracy and  possible bias 
of the estim ates of P obtained in this way are virtually 
unknow n and appear to have been  evaluated only 
rarely. Notable exceptions are the evaluations for 3 
species by Mistri et al. (2001) and for 5 species by 
Dolbeth et al. (2005), and the worldwide review s by 
Cusson & Bourget (2005) and Petracco et al. (2012).
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By collating da ta  of >1000 populations of a w ide 
range of inverteb ra te  species, Brey (1990, 1999, 2001) 
em pirically estab lished  relationships betw een  P/B 
and  m ean  individual w eight, W  (a logarithm ic re la ­
tionship) and  betw een  P/B  and  annual instan taneous 
rate  of mortality, Z  (a linear relationship: P/B = Z). 
Estim ation of Z  as a tim e-saving shortcut to estim a­
tion of P/B  is not a real help, as assessm ents of m or­
tality ra tes involve laborious collection of series of 
da ta  on num erical densities. Robertson (1979) p ro ­
posed the use of life span, w hich declines with 
increasing  Z. From a review  of available data  for 
m arine m acrozoobenthos, he found the expected 
negative relationship  betw een  P/B  and life span. 
However, the usefulness of life span  as a predictor of 
P/B  is limited, because estim ates of life span  depend, 
am ong other factors, on the accuracy of age d e te rm i­
nations and the applicability of a literature-derived  
longevity estim ate (mostly from a different p o p u la ­
tion) for the population  studied. Furtherm ore, life 
span is an  ill-defined p aram eter tha t is b iased  by 
research  effort: the  m ore individuals are  aged, the 
h igher the chance of encountering  an older specim en 
(Beukem a 1989).

The relationship  b e tw een  P/B  and  W  (Brey 1990) 
offers a real shortcut for the prediction of P/B. S pe­
cies or populations tha t are characterized by re la ­
tively small individuals w ith relatively low individual 
w eights show  relatively h igh values of Z  and  P/B. It 
has b een  proposed tha t the relationship  b e tw een  P/B 
values and body w eight can be assessed using m axi­
m al w eight (Tumbiolo & Dow ning 1994), w eight on 
reach ing  m aturity  (Banse & M osher 1980) or m ean 
w eight of all individuals w ithin the population 
(Schw ingham er et al. 1986, Brey 1990, 2001). Again, 
there  are some limitations: (1) estim ates of m axim al 
body w eight suffer from the sam e possible bias as 
those of life span; (2) the exact tim e of reach ing  m atu ­
rity m ay be som ew hat arbitrary: and  (3) estim ates of 
w eights or ages obtained from the pub lished  lite ra ­
tu re  m ay not be fully rep resen ta tive  for the p o p u la­
tion studied. In the  following, we limit our appraisal 
to the m ean-ind iv idual-w eight m ethod proposed by 
Brey (2001) for 2 reasons: (1) the Brey m odel is now  
used  m ore frequently  than  other models, and  (2) it 
perform ed be tte r th an  any other em pirical m odel for 
the prediction of P/B  or R values in tests by Cusson & 
Bourget (2005) and  Dolbeth et al. (2005). O n the 
o ther hand, Mistri et al. (2001) found the predictions 
of P by the m ethod proposed by Tumbiolo & D ow n­
ing (1994) superior to those by other indirect m e th ­
ods, bu t this m odel proved to be the worst perform ­
ing one in the test by Cusson & B ourget (2005).

The aim of the p resen t study w as to evaluate the 
Brey (2001) m odel for a specific population of a 
m acrozoobenthic species: M acom a balthica  (L.), 
w hich was m onitored for a long period in an ex ten ­
sive in tertidal W adden Sea area. Though the Brey 
(1990, 2001) m odel is based  on (mostly) annual esti­
m ates of the population param eters W  and  B, it has 
frequently  been  used  to estim ate annual P from a 
single assessm ent of these 2 param eters. In logarith ­
mic form, the relationship  Brey found w as linear and 
approxim ated  log P/B  = -0 .5  -  0.25 log W. The exact 
m agnitudes of the included term  of about -0 .5  and  
factor of about -0 .25 depend  on such factors as tem ­
pera tu re , dep th  and  group of anim als concerned  (see 
Brey 2001). F igures reported  in the literature for the 
exponent of W  are usually  w ithin the range -0 .25 to 
-0 .33, bu t there  is an insufficient theoretical basis for 
adopting  a fixed value (Van der M eer 1998), such as 
proposed by Sprung (1993) and  Roa & Q uinones 
(1998). Because the above relationship  betw een  P/B 
and  W  is an em pirical one, and  thus is a best fit of 
da ta  rep resen ting  several populations of m any differ­
en t species, da ta  of any single population w ould not 
exactly m atch the relationship. Brey (1990) was 
aw are of this lim itation and recom m ended  the use of 
his m ethod only for com m unities w ith at least 5 sp e ­
cies. N evertheless, w e considered it a w orthw hile 
exercise to evaluate this m odel for a population of a 
single species. We aim ed to b etter understand  (1) 
w hy values of W can provide fair estim ates of P/B, (2) 
how  precise these estim ates are, and  (3) w hether dif­
ferences betw een  Brey estim ates and  actual P or P/B 
values can be predicted . In essence, Brey estim ates 
of P for a com m unity are sums of a num ber of sing le- 
species estim ates. Therefore, we th ink  tha t a full 
understand ing  of the Brey m odel should start with 
detailed  single-species studies. For instance, if Brey 
estim ates for single species w ere b iased  in similar 
ways, their sums w ould be.

To this end, we explored to w hat ex ten t our da ta  set 
on the bivalve M acom a balthica  on B algzand 
(D ekker & B eukem a 2007) fitted the above equation 
(after its adap tation  to bivalves on tidal flats in the 
w estern  W adden Sea) and  un d er w hat conditions the 
observed P and  P/B  values deviated  from values p re ­
dicted by the model. The available da ta  set included 
33 tw ice-annual values of num erical density, rec ru it­
m ent, m ortality rate, biomass, m ean  individual 
w eight and production (D ekker & B eukem a 2007). 
All estim ated  population param eters, including m ean 
individual w eights, varied  substantially  am ong years 
(e.g. B eukem a et al. 2009). Therefore, Brey-esti- 
m ated  P/B  values ranged  w idely and  these m odel-
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calculated  values w ere com pared w ith observed 
annual P/B  ratio values.

MATERIALS AND METHODS 

Data collection

Since the 1970s, the m acrozoobenthos com m unity 
has been  m onitored at 15 fixed sam pling sites at a 
50 km 2 tidal-flat a rea  called B algzand in the w este rn ­
m ost p art of the  D utch W adden Sea (at about 53° N 
and  5°E). The m onitoring program  com prised tw ice- 
annual (late-winter: mostly M arch, and  late-sum m er: 
m ostly August) estim ates of num bers and  biom ass of 
all m acrobenthic (retained on 1 mm sieves) anim al 
species. We used  the data  on M acom a balthica  col­
lected  for a period of 33 yr (1978 to 2010). The sam ­
pling sites w ere scattered  (almost) random ly over the 
Balgzand area. The individual sites differed in e lev a­
tion (relative to m ean  sea level) and  sed im ent com po­
sition. T ogether they  covered the en tire intertidal 
dep th  range and  all sedim ent types. Because of the 
(nearly) random  distribution of the sam pling sites 
over the area, the 15 site averages m ay be considered 
as fair estim ates for the en tire Balgzand population. 
Details on sam pling sites and  m ethods can be found 
in earlier publications (e.g. B eukem a & C adée 1997).

A bundance is expressed  in ind. m -2, B  in g ash-free 
dry m ass (AFDM) m -2 and  P in g AFDM m -2 yr-1. All 
M acom a balthica  w ere sorted from the sieved sam ­
ples, m easured  and  opened  by short im m ersion in 
boiling w ater to rem ove the soft parts. These w ere 
dried  (2 or 3 d a t 60°C in a ven tila ted  stove), w eighed  
(individually or per 1 mm shell-length  class) and 
incinerated . AFDM is dry w eight m inus ash weight. 
The shells w ere assigned to age classes by external 
exam ination of the num ber of year m arks on the 
shell, following Lam m ens (1967). We are confident 
tha t the m arks read  w ere truly annual, because 
strong cohorts could easily be traced  as peaks in the 
leng th -frequency  distributions for several years after 
their appearance.

Estimation of production

For assessm ents of actual values of som atic P, we 
chose the w eight-increm ent sum m ation m ethod as 
described by Van der M eer et al. (2005), using w eight 
increm ents (or dim inutions) b e tw een  2 sam pling 
tim es per year: in late w inter at m inim al seasonal v a l­
ues of individual w eight and biom ass and  in late

sum m er at m axim al values. For each  half-year period 
and  each  age class, and at each of the 15 sites, sep a ­
rate  P values w ere estim ated  by m ultiplication of the 
m ean  N over the period by the change in W  during 
th a t period. The age-class estim ates w ere added  to 
obtain  population estim ates for each  of the 15 ind i­
vidual sam pling sites. In the p resen t paper, we only 
report averages of the  15 separate  site values to re p ­
resen t B algzand-population P estim ates. A nnual net 
production rep resen ts the M arch to M arch period 
and  is the sum of 2 successive seasonal estim ates, i.e. 
M arch to A ugust (growing season with mostly posi­
tive values) and  A ugust to M arch (weight-loss season 
w ith mostly negative values). M ore detailed  p roduc­
tion data  can be found in D ekker & B eukem a (2007).

This m ethod of assessing annual production by 
sum m ing seasonal production estim ates is superior to 
calculations using only once-per-year estim ates of 
num bers and individual w eights (as explained by 
D ekker & Beukem a 2007). Sam pling m ore frequently  
than  twice annually  would certainly have resu lted  in 
m ore precise estim ates of annual P, as show n in a sim ­
ulation study by Cusson et al. (2006). They show ed 
tha t both bias as well as random  errors declined with 
sam pling frequency. M ore frequent sam pling proved 
to be not practical for a long-term  field study (lasting 
for decades) w ith several sam pling sites. A further 
lim itation of our study was that w e did not succeed in 
estim ating production of spat-sized anim als (see 
D ekker & Beukem a 2007). Therefore, all estim ates (of 
P, N, B, W  and  Z) refer to individuals tha t are at least 
-0 .9  yr old (having survived their first winter).

In addition to the W  values observed in M arch and 
August, we calculated annual W  values for all ind i­
viduals >0.9 yr old as the averages of m ean  individual 
w eights of these individuals during the grow ing sea­
son (means of M arch and A ugust values) and  the 
w eight loss season (means of A ugust and subsequent 
M arch values), thus as 0.25 x (M arch m ean  w eight + 
[2x A ugust m ean weight] + subsequen t M arch m ean 
weight).

The Brey m odel

We simplified the m ulti-param eter m odel (version 
4-04) of Brey (2001) to log P/B = -0 .205 -  0.238 log M  
(in w hich M  is m ean  individual w eight expressed  in 
kJ). Because w e p refer w eight units, w e converted 
the above equation to log P/B  = -0 .52 -  0.238 log W, 
in w hich W is m ean  individual w eight expressed  in g 
AFDM, using 1 g AFDM = 23 kJ, according to 
B eukem a (1997). To apply to an in tertidal infaunal
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bivalve population in the w estern  W adden Sea, 
w here  the m ean  annual w ater tem pera tu re  is 10.5°C 
(Van A ken 2008), we filled in the  following factors: 
w ater depth, D  = 1, subtidal SubT = 0, infauna In-Epi 
= 1, motile MoEpi = 0, T axon l = 0, Taxon2 = 0, 
Taxon3 = 0, H ab ita tl = 0 and tem peratu re, T  = 10.5.

We did not use the recen t artificial neural netw ork 
m odel approach  by Brey (2012) because inclusion of 
this m odel version w ould add  little to the p resen t 
analysis. A ccording to Brey (pers. comm.), the  new  
m odel is subject to the sam e constraints as the older 
ones for a 1-species analysis and  is not expected  to 
yield 'be tte r ' results. The artificial neural netw ork 
approach  show ed an only slightly b etter perfor­
m ance in predicting P/B for com m unities (Brey et al. 
1996).

For the Balgzand M acom a balthica  population, we 
calculated P/B  ratio values according to the Brey 
(2001) m odel (version 4-04) for each of 32 years (1978 
to 2010, bu t om itting 1988). For each of these years, 
we separately calculated 2 P/B  ratio values, nam ely 
for the W  values observed in M arch and  August. 
These sets of B rey-estim ated P/B  values w ere m ulti­
plied by the corresponding observed M arch and 
A ugust values of B  to obtain for each year 2 model- 
based  estim ates of P, one entirely based  on the M arch 
observations of W  and  B, the other on the A ugust 
observations of these param eters. By using only data 
from a single sam pling occasion (either M arch or 
August) for the Brey-model estim ates, ra ther than 
available annual m ean  values of B  and  W, we mimic­
ked  the procedure generally  followed by users of the 
Brey model.

Statistics

Statistical tests w ere used  to indicate levels of s ig ­
nificance of observed relationships. We used  Pearson 
correlation values for relationships betw een  n o n ­
transform ed data. Generally, frequency  distributions 
of these data  w ere close to norm al. In cases of doubt, 
we checked  p-values by the non-param etric S pear­
m an ran k  correlation test.

RESULTS 

Long-term data series on the studied population

D uring the 33 years of the  1978 to 2010 period  of 
observation, the  population of M acom a balthica  on 
B algzand w as far from constan t and  show ed both

substan tia l year-to -year variability  as w ell as signif­
ican t long-term  trends (Fig. 1). We do not show  
stan d ard  errors in Fig. 1, because  these  w ould r e ­
p resen t only the substan tia l (but consistent from 
y ear to year) d ifferences be tw een  the 15 sites. The 
in ten tion  of Fig. 1 is to show  in te ran n u a l variation 
of the various estim ates for the B algzand a rea  as a 
whole.

N um erical densities (Fig. 1A), B  (Fig. IB) and a n ­
nual P (Fig. 1C) ten d ed  to increase m ore or less re g ­
ularly  until the  late 1980s or early  1990s, and  then  
decrease  to reach  low values in the  late 2000s. These 
trends run  parallel at all sam pling sites. The conspi­
cuous dow nw ard trend  of recen t years can be ex ­
p lained  by the consistently low levels of annual 
recru itm ent after 1991 (Beukem a et al. 2009) and  the 
enhanced  m ortality rates tha t occurred  for a 7 yr 
period around  2000 (Fig. IF). M ean w eights w ere 
reduced  during the period of h igh m ortality and  
som e subsequen t years (Fig. IE). They fluctuated 
around  0.04 g AFDM in d r 1 until the  mid-1990s, and  
around  0.025 g AFDM ind .-1 afterw ards, only re tu rn ­
ing to the original level in 2010.

Until the  late 1990s, the  observed  ann u a l P/B 
ratio  values (Fig. ID) w ere  relatively  constant, 
fluctuating  m ostly w ithin the range  of 0.3 to 
0.7 yr-1. T hese values occurred  at production  
levels rang ing  m ostly b e tw een  1 and  3 g AFDM 
m -2  y r - i  (Fig. 1C). H ow ever, in m ost of the  m ore 
recen t years, and  particu larly  during  the 7 years 
w ith h igh m ortality (1999 to 2005), P/B  values w ere 
elevated, w ith several values exceeding  0.7 yr-1 
(Fig. ID). Such h igh ratio values w ere  rarely  
reach ed  before 1999. The e leva ted  ratio values for 
the  1999 to 2005 period  occurred  at m uch low er 
levels of P th an  in the  foregoing period: <1 in stead  
of ~2 g AFDM m -2 yr-1 (com pare Fig. 1C). Thus, 
the  h igh  P/B  values observed  during  this period 
w ere  not due to h igh  P (see Fig. 1C) bu t to very  
low  B  values (see Fig. IB).

The extrem ely  low P/B  value of <0.2 yr-1 in 1988 
w as considered an outlier. It w as so low because of 
an  exceptionally  low (relative to B) estim ate of P in 
th a t year (Fig. 1C), caused by strong individual 
w eight losses of adult M acom a balthica  in the 1988 to 
1989 w inter half-year. In the following, the values of 
P and  P/B  for 1988 are om itted. For the rem aining 
32 years, the long-term  m ean  of observed P/B  values 
(± SE) am ounted  to 0.62 ± 0.04 yr-1.

T here w as a clear connection b e tw een  annual Z  
and  annual P/B  ratio values: note the  sim ilarity of 
the long-term  pa tte rns in Fig. 1D,F. These patterns 
w ere  m ore or less m irrored  in Fig. IE  show ing W. In
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Fig. 2, we p resen t correlations be tw een  the annual 
values of 3 param eters  (Z, P/B  and  W ) of the 
M acom a balthica  population. The observed  annual 
values of P/B  show ed a statistically highly signifi­
can t positive linear re la tionsh ip  w ith annual values 
of Z  (Fig. 2A). The best linear fit w as close to a 1:1 
relationship  (dotted line in Fig. 2A): in tercep t and 
slope w ere not significantly d ifferent from 0.0 and 
1.0, respectively  (p > 0.05, t-tests). W  declined  sig ­
nificantly (Fig. 2B: p < 0.01, t-test) w ith increasing 
values of Z. Thus, on average, low er values of W  
w ere  bound to coincide w ith h igher values of P/B, 
as both occurred  at particularly  h igh values of Z. 
Such a re la tionsh ip  b e tw een  W  and  P/B  is a p re ­
condition of the Brey m odel and  w as fulfilled (see 
Fig. 4 : p < 0.001, n = 32).
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Fig. 3. M acom a balthica. (A) C om parisons betw een  ob­
served  (Pobs) and  B rey-estim ated (Pbrey) values for annual 
production (P). Best linear fits: A ugust data  (dashed line) 
Pbrey = 0-27 + 1.29 Pobs, n  = 32, Pearson r = 0.85, p < 0.0001; 
M arch data  (solid line) Pbrey = 0.46 + 0.77 Pobs, n  = 32, Pear­
son r = 0.77, p < 0.0001. (B) Relationships betw een  th e  devi­
ation (D) of Brey estim ates from observed values (expressed 
as % of the observed values) and  m ortality ra te  in th e  sam e 
year (as instantaneous annual rates, Z, from Fig. IF). Best 
linear fits: for A ugust data  (open points, dashed  line), D = 
122 -  127 Z, n  = 32, Pearson r = -0.60, p < 0.0001; for M arch 
da ta  (solid points, solid line), D = 42 -  49 Z, n  = 32, Pearson 

r = -0.27, p > 0.1

Comparison of Brey estimates of Pw ith  
observed values

The 2 sets of m odel-calculated  values of P (Fig. 3A) 
w ere positively correla ted  w ith the observed annual 
values (August: Pearson r = 0.85, n = 32, p < 0.0001; 
M arch: r = 0.77, n = 32, p < 0.0001). The Brey-esti- 
m ated  values followed sim ilar long-term  patterns as 
show n in Fig. 1C for the directly observed values: an 
initial period of -2 0  yr characterized by an increasing 
trend  and  a consistently declining trend  since around 
1995. The m odel-calculated  values of P tha t w ere
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Fig. 4. M acom a balthica. Relationships on a log-log scale 
be tw een  observed annual values of individual m ean  w eight 
and  production/biom ass (P/B) ratio for observed values 
(open and  solid points; data  tak en  from  Fig. 1E,D) and 
according to the Brey (2001) m odel (dashed line). The 
observed values are p resen ted  in 2 groups: the 7 years w ith 
h igh m ortality (Z > 0.75 yr-1; open points) and  the  25 rem ain ­
ing years w ith low er m ortality (solid points). Best linear 
fits: for high-m ortality  years (dotted line), log P/B = -0 .24 -  
0.15 log W  (n = 7, Pearson r = -0.24, p > 0.1); for lower- 
m ortality years (solid line), log P/B = -0.81 -  0.34 log W  

(n = 25, Pearson r = -0.41, p < 0.05)

based  on M arch observations of W  and  B  did not dif­
fer consistently from the directly observed annual 
values (solid points and  full line in Fig. 3A). On aver­
age, the estim ated and  observed values am ounted  to 
1.70 ± 0.18 and  1.61 ± 0.19 g AFDM m -2 yr-1, re sp ec ­
tively (32 yr m ean  ± SE). The m ean  deviation 
am ounted  to 0.09 ± 0.12 g AFDM m -2 yr-1 and  this 
difference betw een  calculated and  observed values 
of <10%  w as statistically non-significant (t-test and 
sign test: the  Brey m odel values of P w ere h igher 
than  the directly observed values in 18 and  low er in 
14 years).

The Brey m odel estim ates of P tha t w ere based  on 
A ugust observations of W  and  B  differed m ore from 
the observed annual values and  positive deviations 
w ere significantly m ore frequen t than  u n d eres ti­
m ates (27 versus 5 years, p < 0.01, sign test). The 
long-term  m ean of 2.34 ± 0.28 g AFDM m -2 yr-1 was 
substantially  (almost 50% ) and  statistically signifi­
cantly h igher than  the long-term  m ean of observed 
values of 1.61 g AFDM m -2 yr-1. The m ean  deviation 
am ounted to 0.74 ± 0.16 g AFDM m -2 yr-1. In 28 years, 
the Brey estim ates tha t w ere based  on A ugust data 
w ere higher, and  in only 4 years they  w ere lower 
than  the Brey estim ates tha t w ere based  on M arch 
data  (p < 0.001, sign test). O n average, A ugust esti­
m ates w ere 2.34/1.70 = 1.38 tim es h igher than  M arch 
estim ates. This difference arose m ainly from the on- 
average 1.67 tim es h igher biom ass values observed 
in A ugust than  in M arch and  w as only partly  com ­
pen sa ted  by the slightly lower m eans of Brey-

estim ated  P/B values tha t w ere based  on m ean  ind i­
vidual w eights in A ugust and  M arch: 0.63 and 0.76 
yr-1, respectively.

Expressed as a proportion of the observed values 
for the sam e years, the deviations of the Brey esti­
m ates for P from observed annual values ranged  
from -4 7  to 104 (m ean 12 ± 7% ) for estim ates based  
on M arch observations and  from -31  to 135 (m ean 
44 ± 8% ) for those based  on A ugust observations 
(Fig. 3B). Thus, underestim ates by the Brey m ethod 
am ounting to less than  half of the observed values 
did not occur, bu t overestim ates of >50%  w ere fre ­
quent, especially for A ugust data, viz. in 15 out of the 
32 years (M arch data: 7 out of the 32 years). Even 
overestim ates of P exceeding 100% occurred, p artic ­
ularly  w hen  A ugust da ta  w ere used.

The Brey m odel overestim ated P particularly  in 
years characterized by low Z  values, w hereas u n d er­
estim ates w ere relatively  frequen t in years w ith high 
values of Z  (Fig. 3B). For the estim ates based  on 
A ugust observations of B  and  W  (open points and  
dashed  line in Fig. 3B), the negative linear re la tion ­
ship betw een  the deviations from observed values 
and  Z  was statistically significant (Pearson r = -0.60, 
n = 32, p < 0.001). For the M arch data, the re la tion ­
ship w as also negative, bu t non-significant (r = -0.27, 
n = 32, p > 0.1). Note in Fig. 3B tha t for the A ugust 
da ta  the rare underestim ates by the Brey m odel w ere 
nearly  restricted  to the few  years w ith exceptionally 
h igh values of Z  (>0.75 yr-1).

Reliability of P/B  estim ates from data 
on individual w eights

The basic assum ption of the Brey m odel is the n e g ­
ative relationship  betw een  P/B and  W, being  linear 
on a log scale. This relationship  as described by Brey 
(2001) is dep icted  by a dashed  line in Fig. 4: log P/B = 
-0 .52 -  0.24 log W. In the following, we studied the 
relationship  b e tw een  observed annual m ean  values 
of W  and P/B  and  no longer used  seasonal values of 
W  and  B  (as w e did in Fig. 3 to mimic the usual p ro ­
cedures by users of the Brey model). The annual va l­
ues of P, W and  B  w ere derived from seasonal data  as 
described  in 'M aterials and  m ethods'.

We found a significantly negative relationship  b e ­
tw een  observed annual m eans of W  and observed 
values of P/B of the sam e year (Pearson r = -0.59, 
Spearm an  r = -0.58, n = 32, p < 0.001). However, the 
observed values did not strictly follow the model: the 
decline of P/B  w ith increasing  W  w as significantly 
s teeper in the  M acom a balthica  population than  in
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Fig. 5. M acom a balthica-, anim als >0.9 yr old. (A) Deviations 
of Brey m odel estim ates from  observed P/B  values in the 
B algzand population. D ata for Z  from  Fig. IF. Best linear fit:
D = 0.48 -  0.66 Z (Pearson r = -0 .70, n  = 32, p < 0.0001). (B) 
D ifferences betw een  observed values of Z  and  P/B in the 
B algzand population. D ata from Fig. 1D,F. (C) Deviations of 
Brey m odel estim ates from  observed P/B values in various 
populations. CM = C ham bers & M ilne (1975) on 1 pop­
ulation stud ied  for 1 yr; WP = W arwick & Price (1975) on 1 
population studied  for 1 yr; Cr = C ranford et al. (1985) on 
m ean  of 5 populations studied  for almost 1 yr; M J = M adsen 
& Jen sen  (1987) on m ean  of 2 populations studied  for 1 yr; 
Pr = presen t study on m ean  of 15 sub-populations studied 

for 32 yr

the  Brey model. At low 147 values, observed P/B  v a l­
ues w ere h igher than  the m odel estim ates, and  at 
h igh 147 values they  w ere mostly low er (Fig. 4).

As sta ted  above, in theory  for balanced  populations 
(and confirm ed in practice for the p resen t population; 
Fig. 2A), P/B  values are close to Z. Therefore, it 
m akes sense to separately  indicate the years with 
aberran tly  high Z  values: the open points in Fig. 4. No 
less than  6 of the 7 years w ith Z >  0.75 yr-1 occurred in 
the 1999 to 2005 period (com pare Fig. IF). In all of 
these years w ith e levated Z  values, observed P/B va l­

ues (open points in Fig. 4) w ere h igher than  the Brey 
estim ates (which w ere based  on 147). On the other 
hand, nearly  all of the observed P/B  values for the 
o ther 25 years (with less aberran t Z  values) w ere 
low er than  the Brey m odel estim ates for these years: 
nearly  all of the  solid points in Fig. 4 w ere situated 
below  the Brey m odel line. Note in Fig. 4 tha t the 
best-fit lines for the 2 sets of observations as well as 
Brey m odel estim ates run  m ore or less in parallel, 
their different levels being  determ ined  by different 
m ortality rates.

An obvious conclusion is tha t the Brey m odel 
w ould yield correct predictions of P/B  exclusively if Z  
values w ere w ithin a certain  range — som ew here 
be tw een  'h igh ' and  'low '. C lose-to-nil differences 
be tw een  B rey-predicted and  observed P/B  values 
indeed  occurred in some years w ith in term ediate  Z  
values of b e tw een  -0.4 and  0.7 yr-1 (Fig. 5A). On 
average, the d epartu res of Brey values from reality  
w ere nil at a Z  value of -0 .7  yr-1 (from best-fitting lin­
ear relationship  in Fig. 5A). For years w ith such rates 
of mortality, the chances of finding either over- or 
underestim ates of P/B  by the Brey m odel roughly 
balanced. W hen m ortality rates w ere lower, 147 
becam e h igher (because m ean  ages and  thus w eights 
rise at low mortality) and  accordingly B rey-predicted 
P/B values becam e lower, bu t not to a sufficient ex ­
ten t (Fig. 4), resulting  in overestim ates by the m odel 
of P/B  and P fo r years w ith low m ortality (Fig. 5A). At 
h igher m ortality rates, the reverse w as true. Only 
w ithin a lim ited range of in term ediate  m ortality 
rates did the Brey m odel yield (on average) unbiased  
estim ates.

The long-term  average of the deviations of Brey- 
pred ic ted  P/B  estim ates (calculated on the base of 
annual m eans of W and  B) from observed annual P/B 
values show n in Fig. 5A am ounted  to 0.07 ± 0.04 yr-1 
(n = 32) and  this m ean  did not significantly differ 
from 0. The reason  w hy this m ean  deviation was so 
small (am ounting to only about 11 % of the  long-term  
m ean  of observed P/B  values of 0.62 yr-1) w as that 
positive and  negative values in Fig. 5A roughly 
balanced . For single years, how ever, differences of 
>0.3 yr-1 (or >50%  of the long-term  P/B  m ean) w ere 
frequently  found: in 8 of the 32 years. W hen the 32 
deviations w ere w eighed  irrespective of the + or -  
sign, they  averaged  to a substantial 0.18 ± 0.02 yr-1 or 
to 35 ± 5 % of the  observed values, both m ean  values 
differing significantly from 0 (p < 0.001, f-test).

As show n above (Fig. 2A), observed annual P/B 
ratio values w ere closely re la ted  to the values of Z  in 
the sam e year. The long-term  m eans of the 32 ob­
served  values of Z  and  P/B  hard ly  differed — the



B eukem a & D ekker: Evaluation of Brey's P/B m odel 171

m ean  of the differences show n in Fig. 5B am ounted 
to only 0.006 ± 0.03 yr-1. This m ean  was significantly 
(p < 0.01, f-test w ith n = 32 + 32) sm aller than  the 
above m ean  difference of 0.07 ± 0.04 yr-1 betw een  
observed and B rey-calculated values of P/B. For s in ­
gle years, the differences betw een  Z  and  observed 
P/B  values (irrespective of the + or -  sign) am ounted 
to 0.13 ± 0.02 yr-1 (n = 32) or to 26 ± 4 % (n = 32) of the 
observed values. Both averages w ere significantly 
sm aller than  the corresponding m eans show n above 
for the differences betw een  B rey-calculated and 
observed P/B  values of 0.18 yr-1 and  35% , resp ec ­
tively (t-tests w ith n = 32 + 32). Thus annual Z  values 
pred ic ted  annual P/B  values m ore precisely than  the 
annual Upvalues used  in the Brey m odel calculations. 
M oreover, differences betw een  Z  and  P/B  w ere not 
significantly re la ted  to Z  (Fig. 5B: the  best linear fit 
did not significantly deviate from a horizontal line 
th rough the zero-difference point).

P/B values in other M acom a balthica populations

From the literature, da ta  sets are available on m ean 
individual w eights, annual rates of m ortality and 
assessm ents of P/B  in m any populations of several 
species. Brey (1990, 2001) used  such data  sets to 
establish an  em pirical relationship  betw een  W  and 
P/B. We selected  the 4 on M acom a balthica  that 
included data  on Z  or allow ed an estim ate of Z  (in 
addition to explicitly sta ted  data  on W and  P/B).

A plot of the differences betw een  observed and 
B rey-predicted  P/B  values against annual Z  (Fig. 5C) 
shows a satisfactory m odel prediction in 2 cases: Cr 
and  WP for data  taken  from C ranford et al. (1985) 
and  W arw ick & Price (1975), respectively. The point 
for the long-term  averages of the  p resen t study (Pr in 
Fig. 5C) fits closely as well. However, the Brey m odel 
substantially  underestim ated  P/B  in 2 o ther cases: 
M J and  CM for da ta  tak en  from M adsen & Jen sen  
(1987) and  C ham bers & M ilne (1975), respectively. 
As in the p resen t study (Fig. 5A), the underestim ates 
by the Brey m odel occurred at relatively h igh values 
of Z  (Fig. 5C).

DISCUSSION  

Secondary production

M easurem ents of secondary  production are  fu n d a­
m ental and ind ispensable  in any a ttem pt to quantify 
ecosystem  functioning, including organic m atter

cycling and  energy  flow (Wong et al. 2011, Dolbeth et 
al. 2012). P can be estim ated directly  by the w eight- 
increm ent sum m ation m ethod proposed by W inberg 
(1971): P is  the sum of grow th increm ents of all ind i­
viduals p resen t in the  population for at least part of 
the study period. Similar d irect (and laborious) 
m ethods, such as the A llen plot and the rem oval- 
sum m ation m ethod, lead  to basically identical results 
(Gillespie & Benke 1979). As a consequence of some 
assum ptions (e.g. on the course of the decline of 
num bers of cohort m em bers betw een  sam plings), the 
precision of d irect estim ates is not perfect, bu t will be 
satisfactory in m ost cases (Cusson et al. 2006). Direct 
m ethods are  relatively simple and  straightforw ard if 
separate  cohorts can be distinguished. They requ ire  
detailed  know ledge of the course of num bers and  
w eights of individuals assigned to cohorts (Van der 
M eer et al. 2005). Because gathering  this inform ation 
is laborious, simplified m ethods tha t do not requ ire  
direct inform ation on grow th and  dynam ics have 
been  proposed. Am ong the num erous m odels p ro ­
posed as a shortcut (listed in D olbeth et al. 2012), the 
m odel proposed by Brey (1990, 2001) appears to be 
the m ost commonly used  one. This m odel estim ates 
P/B from W values of the m em bers of the population 
at a certain  point in time. For an  estim ate of P, only 
single sim ultaneous m easurem ents of W  and  B  are 
requ ired , resu lting  in a significant saving of labor 
and  allowing for assessm ents of P  over extensive 
areas at acceptab le  costs (e.g. Bolam et al. 2010).

Characteristics of the Brey m odel

The Brey m odel is em pirical and  w as p resen ted  
by Brey (1990) as such. Proposals for a theoretical 
basis ap p ear to fail. Sprung  (1993) a rg u ed  that 
grow th should depend  on body size by a w eight 
exponen t of -0 .25  (as do o ther physiological rates), 
bu t he adm its tha t m ortality rates w ould also affect 
P/B  and  th a t there  is no fixed relationship  betw een  
grow th and  m ortality. Roa & Q uinones (1998) 
a rg u ed  th a t the relationship  b e tw een  W  and  P/B 
can be understood  by grow th following the von 
Bertalanffy grow th equation, bu t they  did not 
include the role of mortality. In a com m ent on that 
paper, Van der M eer (1998) show ed tha t the reaso n ­
ing by Roa & Q uinones (1998) is flaw ed. Brey (1990, 
2001) ob tained  the relationship  b e tw een  P/B  and  W  
tha t is the core of his m odel by indiscrim inately 
collating a large num ber of da ta  on populations of 
m any species, usually  ob tained from short (1 yr) 
studies, followed by a calculation of the best linear
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fit of the relationship  be tw een  P/B  and  W  in lo g a­
rithm ic form.

The lack  of a theoretical basis (com pare Van der 
M eer 1998) com bined w ith the origin of the best fit 
from an averag ing  procedure  m eans th a t it has a 
serious limitation: th ere  is only a small chance tha t 
the Brey m odel w ould exactly pred ict P or P/B  for 
any  specific population  in a specific year. For Van 
der M eer et al. (2005) this w as reason  not to recom ­
m end the use of this m odel for separa te  species. At 
the first p resen ta tion  of his m odel, Brey (1990) re c ­
ognized the lim itation and  recom m ended the use of 
his m odel only for com m unity estim ates. If the 
m odel w ere used  exclusively for estim ating P for 
en tire com m unities com prising m any species, each 
w ith a substantial share  of total biom ass, its lim ita­
tion m ight not be too serious. However, in practice, 
total biom ass of com m unities is often dom inated  by 
only one or a few  species, m ak ing  precision of total 
P estim ates strongly d ep en d en t on the correctness 
of the P/B  estim ates in these  few  species.

Tests of the Brey model

As far as w e are aw are, the Brey m odel has never 
b een  thoroughly  tested  for an  extensive (m ulti-sta­
tion or m ulti-year) da ta  set on any specific p o p u la ­
tion. The availability of a long data  series on n u m ­
bers and w eights of m em bers of cohorts in a 
population  of M acom a balthica  enab led  us to e sti­
m ate a set of values of P and  P/B  both directly  by 
the w eigh t-increm ent sum m ation m ethod for d e ­
cades and  by the Brey (1990, 2001) m odel. In this 
way, w e could com pare the outcom es for the sam e 
years of the 2 procedures, thus allow ing an ev a lu a ­
tion of the  precision of estim ates by the Brey (2001) 
m odel. M oreover, this exercise im proved our insight 
into the basis of this model: though  the basic re la ­
tionship of the m odel b e tw een  W  and  P/B  is not 
obvious from a theoretical point of view, it proved to 
be fairly strong (r = -0 .59  for the log-log correlation) 
and  statistically significant (p < 0.001; Fig. 4). Simi­
lar negative relationships b e tw een  W  and  P/B  w ere 
pub lished  by Sprung  (1993) for cohorts of 3 species.

The basis of the crucial re la tionsh ip  b e tw een  W  
and  P/B can be argued  and  largely  understood. In a 
ba lanced  population, biom ass rem ains constan t and 
production  of biom ass, P, thus equals biom ass lost 
by, for instance, predation: elim ination, E. Thus, a 
h igher P/B  m eans a h igher P/E  and  thus also a 
h igher value of Z  (Allen 1971). Brey (1999, his Fig. 
12) em pirically confirm ed the linear relationship  P/B

= Z  for a m ulti-species assem blage (com pare also 
our Fig. 2A for a m ulti-year confirm ation in 1 sp e ­
cies). The explanation  for the observed  relationship  
b e tw een  W  and  P/B  is th a t at h igh values of Z, few  
individuals reach  a h igh age and  thus a h igh 
w eight. C onsequently , values of W  are low at h igh 
values of Z  (com pare Fig. 2B) and P/B  (as ev idenced 
by Brey for a m ulti-species da ta  set and  in the  p re ­
sen t p ap e r for a m ulti-year da ta  set in 1 species in 
Fig. 4). W ithout offering a rea l theoretical basis, this 
reason ing  nevertheless underp ins the  Brey m odel 
and  w as em pirically show n by statistically signifi­
can t relationships (Figs. 2 & 4).

The above reasoning  does not offer a com plete 
theoretical basis for the Brey rela tionsh ip  betw een  
W  and  P/B, because it does not include any  variab il­
ity in grow th rates (betw een species or years) at the 
sam e rate  of mortality. If there  w ere variability  in 
grow th rates at similar values of Z, a m ore rap id  
grow th w ould resu lt in a h igher value of W  at the 
sam e value of P/E  (= Z) and  of P/B  (in ba lanced  p o p ­
ulations). Thus, variation in grow th rates can result 
in variation  in W  (and consequently  variation in 
Brey estim ates of P/B) a t the sam e real value of P/B. 
This m eans th a t the  P/B  values from the Brey m odel 
(which are in essence m ulti-species averages) are 
correct in any  specific population only if in this p o p ­
ulation the values of W  are  re la ted  to P/B  (and thus 
Z) in the sam e w ay as the m ulti-species averages on 
w hich the m odel is based. For the  Balgzand p o p u la­
tion of M acom a balthica, this w as the case only in 
years w ith in term edia te  levels of m ortality (Figs. 4 & 
5A). In the few  years w ith extraordinarily  h igh Z, 
the W -based Brey estim ates w ere underestim ates of 
P/B (the open points in Fig. 4 w ere all situated  
above the Brey line), w hereas they  w ere u n d eres ti­
m ates in nearly  all o ther years. The m ore extrem e 
the Z  value w as in a given year, the h igher w as the 
deviation of the  Brey estim ate of P/B  from the real 
one (Fig. 5A).

An im portant outcom e of the p resen t study is that 
the long-term  m ean of annual P/B  values p red icted  
from the Brey m odel hard ly  differed from tha t of 
observed P/B  values: in Fig. 5C, the  point indicated  
Pr is situated  close to the dotted zero-difference line. 
Thus, not only an  averag ing  procedure of W  and  P/B 
for several species (as conducted by Brey), bu t also 
averag ing  estim ates for m any years in only one sp e ­
cies p roduced  an  acceptable (long-term) estim ate of 
P in a single species.

The above conclusion should be pu t in perspective. 
The Brey m odel perform ed less satisfactorily for ind i­
vidual years: deviations of m odel-calculated  from
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observed P/B  values am ounted  to an average of 35 % 
of the observed values, and  in a q uarter of the years 
they  exceeded  50%  of the observed values. The 
deviations from observed values w ere negligible 
only in the  years w hen  Z  w as b e tw een  0.4 and 
0.6 yr-1 (Fig. 5A). The Brey m odel overestim ated P/B 
in m ost of the years (Fig. 4). Only because of the 
occurrence of a restricted  (7 yr) period of enhanced  
m ortality rates w ithin the total 33 yr period of obser­
vation w ere the above-m entioned long-term  m eans 
of m odel-pred icted  and  observed P/B  values ra ther 
close, differing by only -1 0 %  of the m ean  of obser­
ved values. Anyway, the long-term  average of a n ­
nual Z  values in the studied  population differed by 
only 1 % from the long-term  average of observed P/B. 
Estim ates of Z  w ould allow m ore precise estim ates of 
P/B  than  those of W, in accordance w ith theory  (see 
above).

C ircum stances contributing to a satisfactory esti­
m ate of P/B  and  P b y  the W -based Brey m odel in the 
M acom a balthica  populations m ay include:

(1) Though the M . balthica population was not 
really  constant or ba lanced  (Fig. 1), the rate of 
change of biom ass over the  entire 33 yr period was 
lim ited to only about 0.1 g yr-1 — only a few  percen t 
of the long-term  average biom ass of -3  g m -2 
(Fig. IB). This relatively low rate of long-term  change 
explains w hy the long-term  m ean of estim ates of P/B 
tha t w ere based  on Z  w ere alm ost identical to the 
long-term  m ean  of observed P/B  values (which w ere 
based  on the w eight-increm ent sum m ation m ethod): 
because the long-term  m ean of P/B  of the population 
w as close to tha t of P/E  and  P/E  = Z.

(2) The Balgzand M . balthica  population show ed a 
significant correlation b e tw een  the observed annual 
values of Z  and W  (Fig. 2B). Then, not only annual 
values of Z  are  expected  to provide a fair prediction 
of annual P/B  (as show n in Fig. 2A), bu t also annual 
values of 147 should do (and did: Fig. 4). Note in 
Fig. 2A th a t the linear best fit of the relationship 
betw een  P/B  and  Z  was close to the 1:1 line and  that 
the scatter of the separa te  annual points w as ra ther 
lim ited. The reason  w hy the Brey m odel w orked 
satisfactorily m ight be tha t the variability in 147 was 
largely  founded on variability in Z  (and not on v ari­
ability in grow th rates), w hich largely  determ ines 
variability in P/B.

In practice, an  aw kw ard  problem  w ith the use of 
the Brey m odel m ay be tha t its outcom e changes with 
the season of da ta  collection. In the  course of a g row ­
ing season, individual m ean  w eights of cohort m em ­
bers increase and Brey m odel estim ates of P/B  are 
then  bound to decline. Usually, the  resu lting  decline

of annual P ( = B x  P/B) estim ates will be com pensated 
m ore or less by a biom ass increase in the grow ing 
season. In the Balgzand population  of M acom a balth­
ica, seasonal increases of B  w ere  found to over-com- 
pensate  for the  seasonal declines of m odel estim ates 
of P/B. This resu lted  in m uch h igher (on average by 
38%) m odel estim ates of annual P values w hen  
A ugust ra ther than  M arch observations of 147 and  B 
w ere used  (Fig. 3A). Thus, the  sam pling season m at­
ters for B rey-m odel-based estim ates of P, w hich are 
in tended  to be estim ates of annual production. The 
long-term  m eans of m odel estim ates tha t w ere based  
on M arch da ta  (as contrasted  to A ugust data) w ere 
close to long-term  m eans of observed annual values. 
Thus, for Brey estim ates of P for the  Balgzand po p u ­
lation, the use of M arch (or of annual) sam pling data 
of 147and B  is preferable.

So far, the Brey m odel has b een  evaluated  only for 
com m unities w ith 5 or m ore constituent species. Brey 
(1990) as well as Dolbeth et al. (2005) show ed 4 com ­
parisons betw een  m odel-estim ated and observed P 
values. In 7 of these  8 cases, the deviations w ere 
acceptab le  (<-10%  of the observed values). In ind i­
vidual species, how ever, unsatisfactorily high d ev ia­
tions (estim ates tha t w ere either m ore than  double or 
less than  half of the  observed values) w ere frequent: 
in 17 of the 50 cases. In the p resen t study, w e found 
such substantial deviations in 5 of 66 cases (Fig. 3B). 
Brey (1990) thus rightly recom m ended using his 
m odel only for com m unities w ith a sufficiently high 
num ber of species (he suggested  at least 5) tha t are 
not dom inated  by a species w ith an extraordinarily  
h igh share  of the total biom ass (such as m ussel beds).

Conclusions

The p resen t study yields m ore conclusions tha t are 
re levan t for an  understand ing  of the Brey (2001) 
m odel and  its constraints w hen  applied  to a single 
species:

(1) We found a rough  corroboration of the negative 
logarithm ic relationship  b e tw een  P/B  ratio values 
and  147 (m ean w eights of the individuals in the po p u ­
lation) on w hich the m odel is based  (Fig. 4) and  con­
clude tha t (in M acom a balthica) the m odel is sound.

(2) In the  Brey m odel, any 147 value corresponds 
w ith a P/B estim ate tha t rep resen ts an  average of 
(mostly 1 yr) estim ates for a h igh num ber of popu la­
tions of d ifferent species. W hether such a P/B  esti­
m ate is correct in any particu lar population of 1 sp e ­
cies w ould depend  on the m agnitude of the annual 
m ortality for the particu lar population (Fig. 5).



174 M ar Ecol Prog Ser 489: 163-175, 2013

(3) In the Brey m odel (and in any m odel tha t d e ­
rives P/B  exclusively from body w eight) a term  that 
accounts for variation in m ortality is lacking. This 
lack explains a substantial p a rt of the repo rted  devi­
ations of Brey estim ates from observed P/B  values 
(Fig. 5A): at high mortality, the Brey m odel yields 
underestim ates of P/B, w hereas in periods (or sp e ­
cies) characterized  by relatively  low mortality, Brey 
estim ates will be positively biased.

(4) D irect m easurem ents of annual Z  w ould yield 
b e tte r (non-biased and  m ore accurate) estim ates of 
P/B  (Fig. 2A) than  147 (Fig. 4). Thus, rep ea ted  sam ­
plings tha t yield a series of Z  estim ates are  preferable 
to those tha t yield m easurem ents of only W. In 
M acom a balthica, the relationship  b e tw een  147and Z  
proved to be ra ther loose (Fig. 2B).

(5) A veraged over a period of decades, the  long­
term  m ean of m odel estim ates of P for the population 
of M acom a balthica  w as close to the m ean  of directly 
observed P values. Therefore, the m odel m ay be 
used  for individual species if m easurem ents of 147are 
available for a large num ber of years (with sufficient 
variability of Z).

(6) However, there  is a restriction to the above con­
clusion: this w as the case only w hen m odel calcu la­
tions w ere based  on data  collected in late w inter (at 
m inim al values of B). Sum m er data  (with m uch 
h igher B) y ielded substantial overestim ates of P in 
m ost years (Fig. 3). If this w ere the case in all or most 
species, an  adaptation  of the use of the Brey m odel 
(which is based  on annual estim ates) would be 
n eed ed  to account for the influence of season on B 
and  147. Such an adaptation  (requiring assessm ents of 
annual values of B  and  W] would undo an im portant 
advan tage  of the use of the Brey model, as it would 
requ ire  a m uch h igher sam pling effort.
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