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ABSTRACT A population of Branch~ostoma flondae in Tampa Bay, Flonda, USA was sieved from the 
substratum frequently (often daily) from June 1992 through September 1994 Body lengths were mea- 
sured for 54264 luvenlle and adult lancelets The breedlng season lasted each year from early May 
through early September and newly metamorphosed lancelets settled as luveniles from late May 
through mid October, dunng this period of the year dlstinct settlements occurred approxmately every 
1 to 3 wk Post-settlement growth was followed as changes in modal length on size-frequency histo- 
grams Changes in cohort growth over this peliod were compared to several different simple and 
seasonally oscillating growth models The von Bertalanffy functlon in s m p l e  and oscillating forms 
provided the best es tmates  of lancelet growth The lancelets grew in summer (almost 0 5 mm d-' 
in recently settled luveniles), but growth slowed and almost ceased durlng wlnter B flondae can llve 
at  least 2 yr and can reach a maxlmum length of 58 mm The maximal secondary productlon was 
61 53 g m-' yr r l  (ash-free dry welght) and the productlon to biomass ratio was 11 64 Population den- 
sities at  the study site ranged from about 100 to 1200 lancelets m ' 
KEY WORDS: Lancelet . Amphioxus . Branchiostorna flondae . Growth . Production . Breeding season . 
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INTRODUCTION 

The subphylum Cephalochordata of the phylum 
Chordata consists of approximately 25 living species of 
lancelet (= amphioxus) (Poss & Boschung 1994), which 
are widely distributed in tropical and temperate seas. 
Cephalochordates are probably the closest living 
invertebrate relatives of vertebrates (Wada & Satoh 
1994), and lancelets have long occupied a key place in 
discussions on the origin of vertebrates. 

A thorough understanding of the ecology of larval 
and adult cephalochordates is needed to reconstruct 
plausible scenarios of the life style of the proximate 
invertebrate ancestor of the vertebrates (Willey 1894, 
Berrill 1955, Gans 1989) and also to obtain the embryos 
and larvae needed for developmental evolutionary 
studies (Holland et al. 1992, Garcia-Fernandez & Hol- 

land 1994). In recent years, one species, Branchios- 
toma floridae, has become especially useful for studies 
on developmental evolution and larval biology 
because its eggs can be artificially fertilized (Holland & 
Holland 1989) and its developmental stages can be 
raised in the laboratory (Stokes & Holland 1995a). The 
latter study included a description of growth rates from 
fertilization through the end of metamorphosis (the 
first 3 to 4 wk of life at field temperatures). 

To date, the only comprehensive information on 
lancelet ecology pertains to a n  estuarine population 
that was unusual in that it was entirely killed by tor- 
rential rains each spring (Webb 1958). Other ecological 
studies were either anecdotal or hampered by infre- 
quent sampling intervals (Wells 1926, Chin 1941, 
Courtney & Webb 1964, Dawson 1965, Pierce 1965, 
Frankenberg 1968, Nelson 1969, McShine 1971, 
Courtney 1975, Azariah 1994, Wu et al. 1994). There- 
fore, the present study examines aspects of population 
dynamics of post-metamorphic Flonda lancelets Bran- 
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chiostoma floridae living in Tampa Bay, USA. This 
population is generally representative of lancelets as 
having a life span of several years and is particularly 
amenable to study since B. floridae can be collected at 
a depth of about 0.5 to 2 m and comprises at least 70% 
of the benthic biomass in parts of Tampa Bay (Bloom et 
al. 1972, Simon & Dauer 1972). Moreover, due to the 
fine grain of the sediments at  the study site, all sizes of 
post-metamorphic lancelets could be reliably sieved 
from the substratum. 

Lancelets probably spend most or all of their larval 
life in the plankton (Stokes & Holland 1995b) and then 
settle to the bottom at the end of metamorphosis. The 
specific purposes of the present study were to use fre- 
quent (often daily) sampling to determine: the interval 
of the year when larval settlement occurs; the tempo of 
larval settlement; and rates of growth and secondary 
production during the juvenile and adult stages of the 
life history. Furthermore, the comprehensive data set Flg. 1. Location of study area (27" 50' N,  82" 37' W) in Old 
was used to compare the efficacy of several mathemat- Tampa Bay, Florida, USA. Collecting site (arrow) is adjacent 

ical models for estimating growth parameters in popu- to the Courtney Campbell Causeway. Location of the PORTS 
ADCP instrument for temperature measurement is indicated 

lations sampled much less frequently. by X. Inset map shows the location of Tampa Bay along the 
Gulf Coast of Florida, USA 

METHODS 

Study site and sample collection. Lancelets Bran- 
chiostoma floridae were collected from approximately 
0.5 to 2 m (depending on tidal height) of water, about 
50 m off the southern shore of the Courtney Campbell 
Causeway (27" 50' N,  82" 37' W), Old Tampa Bay, 
Florida, USA (Fig. 1, arrow). The study site was on 
transect 2 as illustrated in Bloom et al. (1972). 
Lancelets were collected daily during the summer 
months in August 1992, July through August 1993, and 
July through August 1994; samples were also collected 
sporadically from September 1992 through June 1993 
and at least monthly from September 1993 through 
June 1994 (see Fig. 3A). All collections were made 
within a few meters of each other by visually triangu- 
lating off landmarks on shore. A summary description 
of the Tampa Bay estuarine system can be found in 
Simon (1 974). 

The lancelets were collected by sieving approxi- 
mately 15 1 of sand by shovel through a 330 pm mesh 
screen. The sediment at the collection site was so fine 
that most of the sand grains passed easily through the 
sieve when rinsed with bay water, and the lancelets 
were retained on the mesh. The sample was then pre- 
served in 95% ethanol and individual lancelets mea- 
sured to the nearest milllmeter (from the tip of the ros- 
trum to the tip of the caudal fin) in the laboratory. The 
effectiveness of the screen for retaining newly settled 
(4 to 5 mm) lancelets was tested by fixing several 
unsieved sand samples in ethanol and repeatedly stir- 

ring them while collecting the lancelets floating in the 
supernatant. 

Water temperature. Water temperature information 
was obtained from the Physical Oceanographic Real- 
Time System (PORTS) station within Old Tampa Bay. 
This system provides water temperature and current 
speed/direction from an acoustic doppler current pro- 
filer (ADCP) installed in 8 m of water near Old Port 
Tampa (Fig. 1, at X). The PORTS station is 7 km south- 
southeast of the collection site and is maintained by the 
Greater Tampa Bay Marine Advisory Council in agree- 
ment with the National Ocean Service and NOAA's 
Global Ocean Observing System. The PORTS data are 
sampled in 6 min intervals, but for our purposes, it was 
convenient to average data for every 9 samples 
(= 54 min) from June 1992 through September 1994. To 
test the correspondence between tempertures at the 
PORTS site and those at the study site, additional 
water temperature measurements were made at the 
latter location with a thermometer (HoboTempTM, 
Onset Instruments, Pocasset, Massachusetts, USA) 
recording temperatures every 6 min in. 0.2"C incre- 
ments (Fig. 2). 

Growth. For each collection, lancelet lengths were 
divided into 1 mm size classes and length-frequency 
histograms were constructed. The modal length of 
different settling cohorts was plotted separately in 
order to follow their growth over the sampling period. 
Growth was quantitatively described using both 
monotonic growth functions (allowing direct applica- 
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Fig. 2.  Comparison of tempe- 
rature fluctuations from the 
PORTS ADCP (locat~on In 
Fig. 1) and recording ther- 
mometer at the study site 
(HoboTempTN, Onset Instru- 
ments) from 20 to 23 July 
1993. Grey bars indicate the 
period from sunset to sunrise. 
Square profile of the study 
site temperature record is 
due to the 0.2"C resolution of 
the recording thermometer July 20 July 21 July 22 July 23 

tion to calculations of secondary production) and sea- 
sonally oscillating functions. The data were analyzed 
in 2 different organizational formats as defined by 
Kaufmann (1981): first, as a cross-sectional data set 
recording cohort growth increments over 12 d periods 
of different individuals of different cohorts, all simul- 
taneously, during the summer months of July and 
August and, second, as a longitudinal data set record- 
ing the increase in size of a cohort or cohorts collected 
sequentially in time throughout the year. The first 
method allowed a comparison of summer growth rates 
due to environmental differences because it effec- 
tively 'averaged' the growth of different sized individ- 
uals under similar conditions, while the second illus- 
trated differences in growth rate throughout the 
seasons. 

The following simple growth models were used in 
their integrated form to describe summer grobth from 
the cross-sectional data sets: 

Power: 

L(t) = btd 

Johnson's (Ricker 1979): 

L(t) = L(ma,,e-l'kf 

Gompertz (from Kaufman 1981): 
be-k' 

L(t) = 4rnas)e- 

von Bertalanffy (von Bertalanffy 1938): 

L(t) = L,,,,,(l - be-k') 

L(t) refers to body length at time t i n  days from initial 
settlement; L(,,,, is the maximum length or asymptotic 
length; a (a c 1.0) and b are scaling factors and k is the 
instantaneous growth rate coefficient. 

In order to easily compare the parameter k over dif- 
ferent summers, the differential form of Eq. (4) was 
used (Kaufman 1981): 

1 d L  . where G = -- is the length-specific growth rate. 
L dt 

Calculated in this manner and plotted as a change 
in length versus specific growth rate on a modified 
Ford-Walford plot (Ricker 1979, Kaufmann 1981), 
the slope k can be estimated as a linear regression. 
This allows the easy comparison of slopes between 
years using the Student's t statistic (Sokal & Rohlf 
1981). 

As a means of incorporating possible seasonal influ- 
ences on cohort growth, modified von Bertalanffy 
growth models incorporating an oscillating math func- 
tion were applied to a longitudinal data set from July 
1993 to September 1994. The modified functions and 
additional parameters were: 

Cloern & Nichols (1978): 

where to is the time at settlement and parameters a and 
0 determine the amplitude and period length of the 

(4)  oscillation, respectively, and: 
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Sager & Gosselck (1986): 

where k is the growth constant, and the parameters P 
and F jointly affect the form of oscillation, and 

Clasing et  al. (1994): (8) 

where k is the instantaneous growth constant, to is the 
age  at  which length is effectively zero, t, is the starting 
point of the oscillation and C affects the oscillation 
amplitude. 

These models incorporate either a direct replace- 
ment of the parameter k with a n  oscillating function, as 
in Eq. (6), or involve multiplying a simple von Berta- 
lanffy growth model, Eq. (4),  by an  oscillating function 
as in Eqs. (7) & (8) to simulate the effects of a simple 
seasonal cycle on cohort growth. 

Calculation of secondary production. A sample of 
44 live individuals of Branchiostoma floridae was blot- 
ted dry with paper toweling, and each lancelet was 
weighed to provide a wet (damp) weight, measured to 
the nearest mm, and  then dried in a vacuum desiccator 
over sulfuric acid for 12 h to provide a dry weight mea- 
surement. Ash-free dry weights were measured to the 
nearest 10 pm after combustion for 4 h at 500°C in 
a muffle furnace. Length/mass relations were then 
determined for ash-free dry weight (AFDW), dry 
weight (DW) and wet weight (WW). 

Two different methods of calculating secondary pro- 
duction were used and estimates made for maximum 
and minimum observed population densities. The first 
method yielded secondary production utilizing the 
mass-specific growth rate (see method 3A, Crisp 1984) 
and was based on an  average length-frequency sam- 
ple produced from pooled samples, the parameters of 
the monotonic von Bertalanffy growth function, and 
the calculated length/mass relation. 

The production P is calculated as the sum over i size 
classes of: N,, the number of animals (number m-') in 
class i; M,, the average individual body mass (AFDW) 
in size class i; At, the sampling penod; and S,, the mass- 
specific growth rate, and IS calculated as: 

The parameters of Eq. (10) are  calculated from Eq. (4) 
and L, is the mean length of size class I. 

The second method yielded secondary production by 
the average cohort method (see discussion in Vetter 

1995). Loss in biomass between successive size classes 
was calculated from an average cohort based on the 
pooled length-frequency samples. The basic Hynes & 

Coleman production equation has been modified by 
Hamilton (1969) and Benke (1979) and  is used here: 

where P is the estimated average production, i is the 
number of size classes, N, is the number of individuals 
in size class j, W, is the average AFDW of individuals in 
size class j and CPI is the cohort production interval 
estimated from the length of time to reach sexual 
maturity (Benke 1979). 

Data analysis. All growth equations and length/mass 
relations were analyzed using an  iterative, non-linear, 
least-squares regression model (the Levenberg-Mar- 
quardt method; Press et al. 1988) on a MacintoshT\' 
computer and,  where required, using parameters ini- 
tially seeded from approximations in the literature 
(Cloern & Nichols 1978, Sager & Gosselck 1986, Clas- 
ing et al. 1994). Other statisti.cs were computed using 
the Systat program (Systat 1992) and Sokal & Rohlf 
(1981). 

RESULTS 

The Florida lancelet Branchiostoma floridae was 
the most abundant macrofaunal species living in the 
sediment at the study site (Fig. 1, arrow) throughout 
the present study. The substratum was predomi- 
nantly fine quartz sand (average grain diameter 
about 200 pm).  This lancelet-rich habitat extended 
for about 0.5 km to the west and 2 km to the east of 
the study site. 

During this period (August 1992 through September 
1994), salinities (as determined by refractorneter) 
ranged from 23 to 29"A. Water temperatures, which are  
a key determinant of growth rate, were recorded by 
the PORTS ADCP sensor. This sensor, although located 
(X in Fig 1) at  8 m depth about 7 km south-southwest 
of th.e study site (arrow in Fig. l ) ,  recorded tempera- 
tures that matched reasonably well with those in the 
habitat of the lancelets (Fig. 2) Because of the shallow- 
ness of the study site (about 1.5 m at mid tide), air tem- 
perature had a stronger influence on water ternpera- 
tures there. The latter could become almost a half 
degree warmer in late afternoon (with a maximum at 
about 14:00 to 15:OO h)  and about a degree cooler in the 
early hours of the morning (with a minimum at about 
02:OO to 03-00 h) in comparison to the PORTS data 
(Fig 2). Water temperatures fluctuated from 15°C in 
winter (December through March) to 33°C in summer 
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(May through September) (see Fig. 5B) .  Also of note 58 mm long. The smallest individuals corresponded to 
was a period of extremely warm weather without daily the size at the end of metamorphosis (Stokes & Holland 
afternoon thunder showers during mid July 1993, and 1995a). It seems likely that most, if not all, of the 
a cool period during late August 1994 associated with recently settled lancelets were retained by the collect- 
the passing of tropical storm Berril. ing sieve because similar results were obtained with 

whole sediment samples. Lengths of the animals were 
plotted as length-frequency histograms. Due to spatial 

Settlement and growth constraints, not all length-frequency histograms can be 
shown (>l50 samples were collected). As seen in 

Lancelets were sieved from the substratum on the Fig. 3B, the histogram shapes varied considerably 
dates summarized in Fig. 3A. For the study as a whole, throughout the year. Individual cohorts were most dis- 
54264 lancelets were measured ranging from a mini- tinct in summer after periods of settlement, with 6 to 
mum of 4 mnl long to a single individual that was 8 cohorts often identifiable (e.g. Fig. 3B, 23 July 1993). 

In Fig. 4, the growth of a settled 
cohort about 14 mm long (modal 
length indicated by the arrowhead) is 

A followed in 3 d increments from 18 to 
1 9 9 2  1993  1994  30 July 1993. During this period, the 

J F M A M J J A S O N D  cohort increased in length from about 
I 

* * * * * 14 to about 20 mm and the settlement 

Length (mm) 

Fig. 3.  Branchiostolna florjdae. (A) Graphic summary of sampling regime. Grey 
bars indicate perlods of continuous daily sampling; ( T )  discontinuous samples; 
( ' )  dates of selected histograms shown in (B) selected length-frequency histo- 
grams during the sampling penod. Histograms show a variety of different pro- 
files, some (3 August 1992) with more distinct cohorts than others. Note the 

change in frequency scale between histograms 

of a new 5 to 6 mm cohort could be 
seen on 27 July (double arrowhead), 
which grew to about 7 mm by 30 July. 
It should be noted that plotted on 
this frequency scale, older cohorts 
>30 mm in length are less distinct; 
however, they are identifiable when 
the scale is expanded (data not 
shown). 

Fig. 5 shows post-settlement chan- 
ges in cohort modal body length from 
length-frequency histograms sam- 
pled during the study. Multiple settle- 
ments commenced in May and con- 
tinued through October wlth new 
settlements at intervals of approx- 
imately every 1 to 3 wk. Growth of all 
cohorts was rapid in summer 1992, but 
sampling during winter 1992 to 1993 
was too infrequent to permit cohort 
growth to be followed unequivocally. 
In contrast, the much more complete 
data set from early summer 1993 
through late summer 1994 clearly 
demonstrated the annual growth pat- 
tern. Growth was most rapid in sum- 
mer (June through August) during 
periods of higher water temperature 
(> 25°C) and slowest (almost stagnant) 
November through February during 
periods of cooler water temperatures 
(< 25°C). It is also evident that growth is 
comparatively slower in older, larger 
individuals than in the smaller ones, 
regardless of time of year. 
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Fig. 4 .  Branchiostoma floridae Size-frequency histograms at 
3 d Intervals from 18 through 30 July 1993. ( i )  increase in 
cohort b0d.y length from about 14 to 20 mm; ($ )  settlement on 

27 July and subsequent growth 

Growth models 

By reorganizing the daily modal data into 12 d cross- 
sectional data sets for July and August 1992, 1993, and 
1994 (Fig. 6),  the decrease in growth rate with increas- 
ing age/body length is evident. Also, growth in summ.er 
1993 appears slightly slower than in 1992 and 1994 
Table 1 summarizes the results of non-linear regression 
analysis of various simple growth models (Eqs. 1 to 4) fit 
to the cross-sectional. data (152 < n 5 341). In al.1 calcula- 
tions the parameter L,,,,,,, was fixed at 58 mm. The von 
Bertalanffy growth model, Eq. (4), produced the best fit, 
with an R2 = 0.986 to 0.993 and values for the parameter 
k of 0.0110, 0.0069 and 0 0105 for the summers of 1992, 
1993 and 1994. respectively. The other models gave 
fairly close fits to the data as well. The differential form 
of the von Bertalanffy growth function, Eq.  (5), yieIded 

estimates of the growth rate coefficient of 0.01. 0.008, 
0.01 over the same summers. According to the Stu- 
dent's t test (p  c 0.001), the growth rate coeff1cien.t was 
significantly different in 1993 from that in other years. 

Fig. 7 shows simple, monotonic growth models (with 
L,,,,,, fixed at 58 mm) fit to a longitudinal data set of a 
single cohort that settled in August 1993. These models 
fail to adequately describe growth when following a 
single cohort through time even though the regression 
coefficient of determination R2 was sometimes high 
(0.910, 0.788, 0.921, 0.892 for the Power, Johnson's, 
Gompertz and von Bertalanffy growth models, respec- 
tively). 

The incorporation of seasonally oscillating functions 
into the Bertalanffy mod.el yielded much closer 
descriptions of lancelet growth throughout the year 
(Fig. 8, Table 2). No one oscillating model accurately fit 
all size phases of growth, but all showed rapid growth 
followed by a degree of stagnation in the cooler winter 
period. The Cloern & Nichols (1978), Eq. (6), and Clas- 
ing et al. (1994), Eq. (8), models both underestimated 
later growth, while the Sager & Gosselck (1986) model, 
Eq .  (7),  although providing the best fit, underestimated 
early growth. Also, Eq. (7) provided a better fit (R2  = 

0.990) when L ,,,,,,,, was underestimated as 47 mm, than 
when L ,,,,$,, was fixed at 58 mm (R2 = 0.975). Eqs. (6) & 

(8) provided the best flt when overestimating L,,,,,, as 
64 mm (Table 2) .  

From the nonlinear regressions, the best fitting esti- 
mates for the parameters of each model were: Eq. (6), 
Cloern & Nichols (1978), a = 2.677 X 10-" 0 = -99.34, 
to = 2.401 X 10'; Eq. (7), Sager & Gosselck (1986), k = 
1.217, P = -50.016, E = 1.258 X 10-'; Eq. (8), Clasing et 
al. (1994), k =  1.245, to = -3.051 X 10-', t,= 8.677 X IO-~,  
C = 1.328. 

The Cloern & Nichols (1978) model and the afore- 
mentioned parameters were used to estimate the 
growth of simulated settlements from May through 
September over 2 yr (Fig. 9) .  The simulation portrays 
rapid cohort growth during the warm summer months, 
with slower, stagnating growth during the cooler 
months, very similar to Fig. 5. 

The lancelet length/mass relations, as shown in 
Fig. 10, were calculated to be [wi.th L = body length (mm) 
and Wt = body mass (g)]: Wt,,, = 2.357 X 10-" X L'"" (R2 = 
0.99, n = 44); Wtd,, = 4.934 X 10-7 X L''?' (R2 = 0.99, n = 
44); b7tdrhIrrv = 5.611 X X (R2 = 0.99, n = 44). 

The percentage of body mass comprised of ash was 
very small. The mean percentage of ash was 6.36"~) 
(SD = 3.25'5, n = 44) and the mean percentage of water 
was 76.63% (SD = 2.76, n = 44). 
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Fig. 5. Branchiostoma florjdae. 
( A )  Change in modal length 
(derived from length-frequency 
histograms) of cohorts from 
July 1992 through September 
1994. (B) PORTS, ADCP tem- 
perature record from July 1992 
through September 1994. Gaps 
in  temperature record are due 

5 - 1 9 9 2  1 9 9 3  
to missing records in the 

PORTS data 0 - . " .  J J A S O N D I J F M A M J  " J A S O N D ~ J F M A M J J A  

Fig. 6. Branchiostoma floridae. 
Cohort body length versus 
days since settling. Cross-sec- 
tional data set was generated 
from 12 d intervals during July 
1992 ( A ) ,  and through July and 
August 1993 (0) and 1994 (0) 

o ~ ~ . , , l , ~ ~ ~ l ~ ~ ~ ~ l ~ . ~ ~ l  a 8 - 1  
0 50 100 150 200 250 

Days since settlement 
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Table 1. Branchiostoma floridae. Comparison of non-linear regression analysis of simple growth models fitted to the cross- 
sectional data sets shown in Fig. 6. Descriptions of the models can be found in the text. R' is the coefficient of determination de- 
rived from the regression, k is the growth rate coefficient and b is a scaling factor not necessarily comparable among models. In 

all cases L(,,,, was flxed at 58 mm 

Year Power Johnson's Gompertz von Bertalanffy 
n b a R2 b k R2 b k R2 b k R2 

1992 152 4.452 0.4922 0.976 0.743 0.0444 0.973 2.064 0.0185 0.947 0 950 0.0110 0.986 
1993 341 2.960 0.5198 0.957 0.876 0.0198 0.980 2.319 0.0116 0.957 0.991 0.0069 0 993 
1994 189 2.688 0.5857 0.957 0.990 0.0226 0.981 2.632 0.0186 0.973 1034 0.0105 0.988 

Secondary production 

From the mass-specific growth rate method of cal- 
culating secondary production (Eqs. 9 & 10), the 
parameters of the above length/mass relations and the 
parameters of the von Bertalanffy growth model, pro- 
duction was calculated to be 5.35 g m-2 yr-' AFDW, 
5.78 g m-2 yr-' DW for the minimum lancelet population 
density observed (100 ind. m-2), and 61.53 g m-2 yr-' 
AFDW, 66.48 g m-'yr-' DW for the maximum lancelet 
population density observed (1200 ind. m-2). The pro- 
duction to biomass ratio (P:B) was 11.64. 

From the average cohort method (Eq.  1 l ) ,  and a CPI 
of 50 d (Benke 1979, unpubl. data) production was cal- 
culated to be 3.88 g m-* yr-' AFDW, 4.24 g m-2 yr-l DW 

Johnson's 
L([) = 4 , ) b e  l " '  

Table 2. Branchiostoma floridae A comparison of coeffi- 
c~ents derived from the non-linear regression analysis of the 
seasonally oscdating growth models, fitted to a long~tudinal 
data set (see Fig. 8). Descriptions of the models can be found 
in the text. k is the growth rate coefficient, R2 is the coeffi- 
cient of determination derived from the regression and 
shown for analysis including the best fit L(,,,, and for h,.,, 

fixed at 58 mm 

Growth model k 4max1  (mm) R2 

Cloern & Nichols (1978) 64 0.977 
58 0.974 

Sager & Gosselck (1986) 1 217 4 7 0 990 
58 0 975 

Claslng et al. (1994) 1.245 64 0 983 
58 0.977 

von Bertalanffy 
L([)=L,AI- be h) 

n 

Power 
L([) = bra 

Days since settlement 

Fig. 7. Branchiostoma floridae. Comparison of simple growth models fitted 
to a longitudinal data set from 1 cohort. Descriptions of the models can be 
found in the text. In all cases was fixed at 58 mm. As labeled, the 
Power model is shown by the long dash line (R2 = 0.90); Johnsonrs growth 
model by the short dash line (R2 = 0 78), Gompertz growth model by the 
dotted h e  (R' = 0 91), and the von Bertalanffy model by the solid line 

(R2 = 0.89) 

for the minimum lancelet population den- 
sity, and 44.63 g m-' yr-' AFDW, 48.75 g 
m-2 yr-' DW for the maximum lancelet pop- 
ulation density observed. The P:B was 7.91. 

DISCUSSION 

The study of growth of Branchiostoma 
flondae in Old Tampa Bay was facilitated by 
a combination of favorable circumstances. 
The population was enormous and was 
evidently not appreciably affected by the 
removal of daily samples; growth rates were 
high; and the population could easily be 
divided into separate cohorts, each trace- 
able from a discrete larval settlement. 
Thus cohorts were recognized without 
recourse to graphical methods (Harding 
1949) or computation-intensive statistical 
methods (MacDonald & Pitcher 1979, 
Fournier et al. 1990). 

The cohort modal lengths derived from 
the sample length-frequency histograms 
were fit to model growth functions in 2 dlf- 
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Days since settlement 

Fig. 8. Branchiostoma flondae. Comparison of seasonally oscillating 
growth models (modified von Bertalanffy growth functions) fitted to a 
longitudinal data set from one cohort. Descriptions of the models can 
be found in the text. Solid line represents the Cloern & Nichols (1978) 
model, Eq.  (6), (R2 = 0.977); dashed line shows the Sager & Gosselck 
(1986) model, Eq  (7), (R2 = 0 990) and dotted line shows the Clasing 

et al. (1994) model, Eq. (a),  (R2 = 0.983) 

the summer cross-sectional data as indicated 
by their high R2 (Table l), not all are rea- 
sonable choices for approximating lancelet 
growth during the juvenile and adult stages. 
The Power curve assumes indeterminate 
growth with no upper boundary, while the 
other models assume that growth declines un- 
til a maximum size is approached asymtoti- 
cally. The Gompertz and Johnson's growth 
curves are sigmoid and therefore express post- 
settlement lancelet growth less accurately 
than the von Bertalanffy function. The values 
of the parameter k, the instantaneous growth 
rate coefficient, calculated by these methods 
cannot be statistically compared among differ- 
ent models, but can, as in the case of Eq. (5) ,  be 
compared among different years. The von 
Bertalanffy function (Eq. 4) has already been 
shown to describe growth more accurately 
than 3- and 4-parameter polynomial functions 
in 6 species of freshwater fish (Chen et al. 
1992) and has proven to be a useful model in 
many other studies of marine vertebrates (e.g. 
Ricker 1979, Fournier et al. 1990) and inverte- 
brates (e.g. Brey et  al. 1990, Roa 1993, Clasing 
et al. 1994, Lumingas & Guillou 1994) where 

ferent formats, the first cross-sectional and the second growth rate declines with age/size. In the present 
longitudinal. Organizing the growth record as a cross- study, the simple von Bertalanffy growth model 
sectional data set - similar to a 'mark and recapture' described cross-sectional, post-metamorphic growth 
data set (Kaufmann 1981) -over a short period of time better than the other non-linear functions tested. How- 
assumes that all the lancelets, regardless of age, are ever, application of this model and/or the model para- 
following the same growth trajec- 
tory. By exploiting this assumption, 
which may not be necessarily al- 60 - 
ways true, particularly among dif- 
ferent years and/or populations, it 
is possible to examine the average 50 : 

intrinsic growth responses of the - 
organism which are tangled with 
those generated due to extrinsic, 40 - 
environmental sources. Organizing i 
the samples as a longitudinal data 5 

5 30- set, in which a record of the change p : 

in size of an individual cohort is f 1 
followed sequentially in time, ill- 

20 - 
ustrates growth in the continously 
fluctuating environment. If envi- 
ronmental conditions were con- 10: 

stant over the entire interval of 
sampling, then the growth curves 5 -  . . . . . . . 8 . . 8 
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generated from the longitudinal Month 
data and from the cross-sectional 
data would be congruent. Fig. 9. Branchiostoma floridae. Predicted post-settlement body length over a 2 yr 

period, calculated from the Cloern & Nichols (1978) model, Eq. (6), using the fol- *lthough the lowing coefficients: best fit L,,,,, = 64 mm. a = 2.677 x 1 W 3 ,  €I = -99.349. Complete 
tested provided reasonable fits to model description can be found in the text 
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Ash-free dry we~ght (g) = A 

Dry weight (g) = 0 

Wet weight (g) = 

Length (mm) 

meters to premetamorphic lancelet growth would have 
yielded results very different from 'true' growth during 
early ontogeny by grossly overestimating larval size 
(Stokes & Holland 1995a). 

Fitting growth functions to the cross-sectional data 
sets (Fig. 6) revealed the differences in growth among 
successive summers. Viewed in this manner, growth 
during summer was slightly slower in 1993 than in 
1992 and 1994 as shown by the difference in the calcu- 
lated growth coefficient (k)  for all the functions tested 
(Table 1). This difference was statistically significant 
for the von Bertalanffy model. During mid July 1993 
there was a 10 d period of exceptionally high air tem- 
peratures and an abnormal absence of the thunder 
showers usual each afternoon. At this time, shallow 
water tempertures inshore from the study site were 
high enough to kill many small fishes (e.g. small gob- 
ies, juvenile spadefish) living in this habitat (Stokes 
pers. obs.) and may have had negative effects on the 
benthic lancelet community. Although the water tem- 
perature was not recorded at the study site during this 
episode, it was probably around the maximum (36.9"C) 
ever recorded for Tampa Bay (Simon 1974). Similarly, a 
period of unseasonably cold weather associated with 
the edge of the slow moving tropical storm Berril dur- 
ing late August 1994 may have influenced lancelet 
growth, but the data set does not extend far enough 
into September 1994 to demonstrate an obvious effect. 

The simple von Bertalanffy growth model rests on 
assumptions: at  the time of settlement, the body size is 
at a minimum and is constant; at this minimum size the 

Fig. 10. Branchiostorna florj- 
dae. Length/mass relations 
for post-settlement lancelets 
(n = 44). (0) wet weight (WW); 
(0) dry weight (DW); (A) ash- 

free dry weight (AFDW) 

size-specific growth rate is maximum, but decreases 
linearly with body size; and there is a constant upper 
limit to growth. These assumptions may be reasonable 
to make for some populations and/or if the data have 
been arranged in a cross-sectional format. However, 
for Branchiostoma floridae, the growth rate does not 
decrease llnearly with size and remains invariant in 
time, so the basic von Bertalanffy function has been 
modified to vary seasonally in a manner similar to 
water temperature. 

Courtney (1975) described the growth of a popula- 
tion of the European lancelet Branchiostoma lanceo- 
latum near Helgoland, Germany, in the North Sea. 
Growth decreased logarithmically with age; Courtney 
(1975) also mentioned that growth rates were low dur- 
ing winter months. Sager & Gosselck (1985), in a re- 
examination of Courtney's (1975) data, obtained a 
much better fit, including the seasonal change, with a 
simple von Bertalanffy growth function yielding a 70 % 
reduction in error. In a subsequent paper, Sager & Gos- 
selck (1986) included seasonally oscillating growth via 
a modification of the simple von Bertalanffy function 
(Eq. 7, present study) and could describe growth in B. 
lanceolatum including relative stagnation during cold 
winters. The seasonally oscillating k was 0.2914 in the 
slow-growing Helgoland population. 

In the present study, the oscillating model (Cloern & 
Nichols 1978) that provided the least accurate f i t  to the 
sample data (Eq.  6, present study), still did an excellent 
job of describing the fluctuating growth rates and 
growth stagnation during the different seasons. The 



Stokes Lancelet settlement , growth and production 

growth trajectories produced by this model clearly 
illustrate the 'catch-up' phenomenon whereby the 
smallest-sized cohorts at the end of one summer sea- 
son catch up in length to the older, larger cohorts at the 
start of the next summer season due to the~r  relatively 
faster growth rate. 

For Branchiostoma floridae, the observed summer 
growth rate (of up to 0.5 mm d-' for recently settled 
individuals) was much faster than the only other pub- 
llshed growth rates for the same and other lancelet 
species. McShine (1971) studied a population of 
lancelet (that was probably B. floridae) in Kingston 
Harbor, Jamaica, and recorded post-settlement growth 
of greater than 2 mm mo-' at a water temperature of 25 
to 32OC, although samples were only taken monthly 
and it was impossible to follow cohorts for more than 
2 mo at a time. Webb (1958) reported post-settlement 
growth of 10 to 12 mm mo-l for B. nigeriense during 
March in Lagos Lagoon, Nigeria, corresponding to 
both warm water (about 30°C) and increased nutrient 
flux into the lagoon during the start of the rainy season. 
Early post-settlement growth of B. senegalense was 
about 22 mm yr-' (Gosselck & Spittler 1979), decreas- 
ing logarithmically with age, at a relatively constant 
temperature of approximately 16°C off northwest 
Afrlca. Chin (1941) and Wu et al. (1994) reported early 
juvenile growth rates of about 2.5 to 3 mm mo-' for B. 
belcheri in Xiamen (Amoy) and Qingdao, China, dur- 
ing summer (25 to 30°C) and about 1 mm mo-' during 
winter (<20°C). In a study of the age structure of B. 
lanceolatum in the North Sea off Helgoland (0 to 17°C 
yearly temperature range) and in the warmer water at 
Le Racou on the French Mediterranean coast (10 to 
24°C yearly temperature range), Courtney (1975) 
reported initial growth rates of 10 and 20 mm yr-l, 
respectively, with growth fastest during the warmest 
months of the year and a logarithmic decrease in 
growth with age. 

Examination of Fig. 5 indicates that maximum body 
length can likely be attained in 2 seasons, but the pre- 
sent results do not provide the maximum age for Bran- 
chioston~a floridae. In a study of this very same lancelet 
population, Nelson (1969) claimed 3 year classes were 
present but mistakenly attributed each cohort to settle- 
ment in a separate year. Since his study only sampled 
the population monthly, multiple settlements during 
summer were missed, and, because a 1 mm sieve was 
used for collection, no individuals less than 10 mm in 
length were ever sampled. Despite this, 3 yr is proba- 
bly a reasonab1.e estlmate for the maximum age of B. 
florjdae and corresponds with most other estimates of 
lancelet maximum age. The studies of Wells (1926) and 
Futch & Dwinell (1977) both suggested a 2 to 3 yr life- 
span for B. floridae based on the apparent number of 
generations present in the sampled size-frequency his- 

tograms. Chin (1941) suggests a maximum age of 2 to 
3 yr for B. belcheri. A considerably longer lifespan of 
8 yr was suggested by Courtney (1975) and Gosselck & 
Spittler (1979) for B. lanceolatum living in the rela- 
tively cold waters off Helgoland. 

For the Tampa population of Branchiostoma floridae, 
the fluctuation in water temperature throughout the 
year is probably the dominant factor causing the sea- 
sonal variation in growth rate and population struc- 
ture, although this is not the only environmental factor 
that could do so. Variations in nutrient supply could 
also affect lancelet growth as seen in other inverte- 
brates (e.g. Sprung 1995). Chlorophyll a concentra- 
tions in Tampa Bay range from moderate levels of 2 to 
5 pg 1-' in winter to very high values of 12 to 16 1-19 1-' in 
summer (Jiang & Paul 1994). The available food supply 
in Tampa Bay is most likely not limiting during winter 
because food reserves (in the form of the inappropri- 
ately named fin rays) are prominant all winter. 
Lancelet fin rays are actually retroperitoneal accumu- 
lations of haemal fluid (rich in I~pids, proteins, and car- 
bohydrates) that project into the fin-box coeloms 
(Azariah 1965, Holland & Holland 1991). When lance- 
lets are starved for several weeks in the laboratory 
their fin rays shrink and disappear (Stokes pers. obs.). 

Tampa Bay receives large amounts of terrestrial run- 
off and stream input leading to an extremely eutroph~c 
environment during summer (Jiang & Paul 1994), 
which probably provides an abundant food resource 
for the suspension feeding lancelets. The summer 
freshwater influx is not great enough to cause a cata- 
strophic decline in salinity resulting in mass mortality 
as in the Lagos Lagoon (Webb 1958) and perhaps as 
in Kingston Harbor, Jamaica (McShine 1971). Pro- 
nounced reductions in salinity are known to cause 
massive population declines in Branchiostoma flol-idae 
living in Mississippi Sound, USA (Dawson 1965), and 
red tides associated with the toxic dynoflagellate Pty- 
chodiscus brevis once caused mass mortality of B. flori- 
dae in Tampa Bay (Simon & Dauer 1972). Also, during 
summer in Talnpa Bay there is an order of magnitude 
greater viral a.bu.ndan.ce (Jiang & Paul 1994) than in 
winter, although the exact effect this has on the ecosys- 
tem is not known.. During an unusually cold winter in 
Europe, sustained low temperatures (0°C or slightly 
below, for 2 mo) caused mass mortality in populations 
of B. lanceolatum in the North Sea (Courtney et al. 
1964). However, in Tampa Bay. minimum tempera- 
tures (about 14°C) are doubtlessly much too high to 
cause mass mortality. In fact, B. floridae adults can 
readily survive a 10 h exposure to 2.5OC in the labora- 
tory (Stokes pers. obs.). 

It was impossible to compare the calc.ulated sec- 
ondary production and production to biomass ratios 
(P:B) for Branchiostoma floridae with other cephalo- 
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chordates which have not been studied in this respect. 
The maximum secondary production (61.53 g m-? yr-' 
AFDW, 66.48 g m-' yr-' DW) calculated by the mass- 
specific growth method is not exceptional when com- 
pared to other benthic macrofaunal communities, 
which typically produce less than 150 g m-2 yr-' DW 
(Vetter 1995). And likewise, a P:B ratio of 11.64 is not 
exceptionally high when one considers that this 
lancelet population is probably not resource limited. 

The average cohort method (Eq. 11) and the mass- 
specific growth method (Eq. 9) estimated secondary 
production values well within an order of magnitude of 
each other. In this instance the mass-specific growth 
estimate may be the more accurate since it does not 
rely on the subjective choice of a cohort production 
interval (Crisp 1971). Most methods for calculating 
secondary production yield only rough approximations 
and may underestimate or overestimate production 
depending on the particular circumstances (Waters & 
Crawford 1973, Cushman et al. 1977). The calculated 
production is probably conservative for dense commu- 
nities of Branchiostoma floridae. Pierce (1965) reported 
up to 183 ind. 1-' (or about 2800 ind. m-') nearby in 
Tampa Bay, and Bloom et al. (1972) reported a compa- 
rable density of lancelets (approx. 340 ind. m-*) at the 
same location as the present study. McShine (1971) 
reported over 5000 ind. m-2 for B. flondae in Jamaica. 
As calculated from the population densities of Pierce 
and of McShine, secondary production would be 2 to 
4.5 times greater than that reported here. In all studies, 
population densities were extremely variable, presum- 
ably because lancelets are capable of movement 
within the sand. 

In the present study, the comprehensive data set 
allowed the ad hoc assessment of growth parameters 
without having to rely on regression analysis and fit- 
ting of growth functions, as is frequently done in stud- 
ies based on a small number of samples. The compan- 
son of the cohort data with the model functions 
illustrates possible problems that could arise from rely- 
ing on model estimates of growth parameters when 
data is gathered at infrequent intervals during the llfe 
history. When considering growth for a given life 
history stage of a gi.ven species, it is not possible to 
extrapolate model parameters to other species, or to 
other life history stages of the same species. It may not 
even be appropriate to extrapolate model results, 
particularly of 'averaged' cross-sectional data, among 
different sampling times of the same population. It is 
important to analyze the data set and choose the cor- 
rect growth model with consideration of organismal 
biology. For example, sessile or semi-sessile benthic 
organisms that live in environments (especially tem- 
perate ones) undergoing large seasonal fluctuations in 
temperature or nutrient supply likely to influence 

growth rates can only be accurately modelled by a 
growth function incorporating at least one simple sea- 
sonal oscillation such as the modifications to the von 
Bertalanffy function used here. This method may be 
applied to other simple growth models as well (e.g. 
seasonally modified Gompertz function in Sager & 
Gosselck 1986) for those organisms following a more 
sigmoid intrinsic growth trajectory. 

From the pattern of larval settlement into the benthic 
population of Branchiostoma flondae, it is apparent 
that the breeding for this lancelet in Tampa Bay lasts 
from approximately early May through early Septem- 
ber each year. The tempo of settlement probably 
reflects the periodicity of spawning of adult popula- 
tions in Tampa Bay. Lancelets in different parts of 
Tampa Bay tend to spawn in synchrony (Stokes 
unpubl. obs.) and spawning events are restricted to 1 
or 2 nights in duration, from 7 to 20 d apart (Stokes 
unpubl. obs). Pierce (1965) could find no large popula- 
tions of lancelets within 100 km north or south of the 
entrance to Tampa Bay; thus, there is probably no 
large-scale immigration of larvae of B. flondae from 
the nearby Gulf of Mexico. Residence times for water 
in the upper Tampa Bay have been estimated at 
between l 0  and 120 d (N. Schmidt pers. comm.). Since 
the larvae of B, florldae spend from 3 to 4 wk in the 
plankton before settling (Stokes & Holland 1995a), the 
longer estimated residence times are probably closer 
to the true ones. 

Tampa Bay has proven to be an excellent location for 
investigations of Branchiostoma flondae biology. The 
most conspicuous feature of B. floridae population eco- 
logy is the periodic settlement of large, discrete cohorts 
of recently metamorphosed juveniles. The 1 wk to 10 d 
settlement of lancelets during late spring and summer 
is probably reflected in the tempo of adult spawning, 
such that this system provides an opportunity for future 
investigation of the physical and biological influences 
on larval survival and adult reproductive biology. 
Outstanding problems include: determining minimum 
size at sexual maturity; measuring fecundity; establish- 
ing whether individuals are semelparous or itero- 
parous; and identifying what physical or biological 
factors trigger the suspected epidemic spawnings. 

Branchiostorna flondae livlng in Tampa Bay coulcl 
also be advantageous for studying the difficult prob- 
lem of the population dynamics of planktotrophic lar- 
vae. Tampa Bay is a partially closed hydrographic sys- 
tem into which lancelet larvae are injected in massive 
and discrete pulses. In addition, the developmental 
interval between fertilization and settlement (about 
3 wk) is not unduly long. These features could make 
this a favorable system for testing methods (molecular 
or otherwise) for spatiotemporal marking cohorts of 
planktonic larvae. 
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