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Synopsis 

Eight geographically-diverse (33” 11’ N to 39” 14’ N) populations of least brook lamprey varied significantly 
in density of larvae and mean length of metamorphosing and adult lampreys (101-152 mm). Absolute 
fecundity (503-5900 eggs) did not change significantly with stage of post-larval development, suggesting little 
post-metamorphic atresia; egg dry weight increased to stage 6, the penultimate stage of metamorphosis. 
Absolute fecundity increased with the cubic power of total length. Relative fecundity (250-1124 eggs per 
gram total body weight) decreased significantly with increasing length within two streams. Relative fecundi- 
ty, adjusted to a common length, increased with mean length of the population. Conversely, mean egg dry 
weight (0.09-0.24 mg, stages 6-8) increased with maternal length within three streams, and decreased with 
length among streams. In populations where spawning occurs at a small body size, females produce 
comparatively fewer but larger eggs. Large eggs may be required to counter the effects of an unproductive 
environment and the accompanying reduction in relative fecundity is compensatory. No relationship was 
evident between latitude, annual thermal units, or density and relative fecundity or egg size. Mean length of a 
population was also unrelated to these environmental factors. 

Introduction 

Interpopulational and interannual variations in fe- 
cundity and egg size have been reported for a num- 
ber of teleost species (Messieh 1976, Velikanov 
1986, Tanasichuk & Ware 1987, Volodin 1988). 
Such intraspecific differences in egg number and 
size have been attributed to fluctuations in temper- 
ature (Tanasichuk &Ware 1987), latitude (Paulson 
& Smith 1975), and food availability (Wootton 
1979). 

Population density has also been cited as a factor 
regulating fecundity, thus establishing an effective 
negative feedback mechanism for regulating pop- 
ulation numbers (Bagenal1973). Lett et al. (1975), 
for example, found the number of eggs produced 

by Atlantic cod, Gadus morhua, to decrease with 
increasing stock size. These differences in fecundi- 
ty may be related to corresponding changes in body 
size (Lett et al. 1975, Bailey & Almatar 1989). 
Growth is often reduced at high densities (e.g. 
Jones 1976, Trzebiatowski et al. 1981) and absolute 
fecundity in many species is positively correlated 
with female size (Bagenal 1966, 1973). Relative 
fecundity (eggs per gram total body weight), how- 
ever, has also been found to decrease at high densi- 
ties (Kipling & Frost 1969, Craig & Kipling 1983), 
suggesting that a compensatory effect of density on 
reproductive effort transcends a simple effect on 
maternal size. 

In lampreys, studies to date have focused on 
differences in relative fecundity among species 
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(Hardisty 1964, 1971), or intraspecific variations 
which are size-related (Kott 1971, Beamish & Tho- 
mas 1983). The present study investigates interpop- 
ulational differences in fecundity. We examine the 
effects of population density, latitude, annual ther- 
mal units, and female body size on egg size and 
number among populations of the non-parasitic 
least brook lamprey, Lampetra aepyptera. 

Materials and methods 

Metamorphosing and adult L. aepyptera were elec- 
trofished from the substrate of eight geographical- 
ly-diverse streams of the eastern United States (Ta- 
ble 1). Relative density was estimated from the 
number of larvae collected per m* of substrate 
(Docker et al. unpublished data), and ranked on a 
scale of 1 (lowest) to 5 (highest) to allow for the 
inclusion of streams where sampling area was im- 
precisely known. Annual thermal units, expressed 
as “C days, were estimated for these or nearby 

streams (US Department of Commerce, National 
Technical Information Service; Water resources 
data for Alabama, Delaware, Kentucky, Maryland 
and Tennessee water year 1987). 

After capture, lampreys were killed by an over- 
dose of methane tricaine sulfonate (> 100 mg 1-l). 
In 1988, total length (-+ 1 mm) of each freshly killed 
lamprey and total body weight (a 0.01 g) of a sub- 
sample were measured prior to freezing. Thawed 
length (+ 1 mm) and weight (+ 0.001 g) were sub- 
sequently measured. The relationship between 
fresh and thawed length is described by the regres- 
sion (+ 95% confidence limits): 

LF= 0.87 f 0.04 Lr+ 23.10_+ 8.92 
(n = 161, r = 0.957, p < O.OOl), 

where LF is fresh length and Lr is thawed length, 
both in mm. Similarly, 

wF= o&3* 0.11 w,+ 0.87_+ 1.08 
(n = 74, r = 0.878, p < O.OOl), 

Table 1. Sampling sites for metamorphosing and adult Lampetra aepyptera. Density was estimated from the number of larvae collected 
per m* of substrate (Docker et al. unpublished data), and ranked as follows: I= fewer than 0.01 larvae m“; 2 = 0.01 - 0.05; 3 = 0.05 - 
0.10; 4 = 0.10 - 0.30; 5 = 0.30 - 0.50 larvae m-*. 

Stream 

Chapel Branch, DE 

Blackwater Creek, DE 

Unicorn Branch, MD 

Garey Mill Pond 
Branch, DE 
Jay Creek, AL 

Cane Creek, TN 

Harid Creek, AL 

Little Whippoorwill 
Creek, KY 

Date 

22.2.1980 

2.2.1980 

15.12.1988 

15.12.1988 

2.2.1988 

30.1.1988 

13.10.1988 
2.2.1988 

13.10.1988 

No. Latitude and Annual thermal Density 
females longitude units (” C days) 

larvae rn-’ ranking 

5 38”38’-38’40 N 5480 4* 
75” 39’ E 

5 38”25’ N 5480 ** - 
75”40’ E 

5 39” 13’-39” 15’ N 6215 0.044 2 
75”50’-75”51’ E 

10 38”56’ N 5088 0.078 3 
75” 43’-75” 46’ E 

13 33” 14’ N 5850 0.148 4 
87” 26’ E 

9 36” 03’-36” 10’ N 5012 0.462 5 
85”31’-85”37’E 

5 33”ll’N 5850 0.072 3 
9 87”39’-87”41’E 

14 36” 44’-36” 46’ N 5775 0.003 1 
86” 50’-86” 53’ E 

*qualitative estimate only; sampling area imprecisely known. 
** number of larvae and area unknown. 
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where Wr and WT are fresh and thawed weight, 
respectively, both in g. 

Lampreys collected in 1980 were preserved in 
5% formalin. Conversion formulae for preserved- 
to-fresh length and weight were not available for L. 
aepyptera adults. Fresh length and weight of adults 
were predicted from the following regressions, cal- 
culated for large L. aepyptera larvae preserved to 
constant length and weight (7 days): 

LF = 1.12 + 0.09 Lp - 9.73 + 4.04 
(n = 15, r = 0.992, p < O.OOl), 

where L, and Lp are fresh and preserved length 
(mm), respectively, and: 

WF= 0.82 f 0.27 W, + 0.29 I!I 1.06 
(n = 15, r = 0.873, p < O.OOl), 

where WF and W, are fresh and preserved weight 
(g). Predicted f res h 1 ength estimated in this manner 
varied by less than 0.5 mm, or 0.6%) from length 
predicted according to a relationship determined 
for 35 mature adult southern brook lamprey, Zch- 
thyomyzon gagei (Beamish 1982). 

Stages of metamorphosis (stages l-7) and a stage 
for the adult interval (stage 8; stage 9 represents 
spent adults) were assigned according to criteria 
described for the related Lampetra planeri (Bird & 
Potter 1979). Sex was determined by visual inspec- 
tion of the gonad under a dissecting microscope. 
After removal from the body cavity, the ovary was 
blotted to remove excess moisture, weighed to the 
nearest mg, and dried at 60°C (Hislop 1988) to 
constant weight. Fecundity was determined by 
counting, under a dissecting microscope, all eggs 
within the gonad. Mean egg dry weight for each 
individual was approximated as ovary dry weight 
divided by total egg number. Preservation in 5% 
formalin, relative to freezing, was found to have no 
effect on tissue protein or lipid levels (Beamish 
unpublished data), and presumably little effect on 
tissue dry weight. 

While metamorphosis has not been described for 
L. aepyptera, some reduction in body size during 
the post-larval, nontrophic period has been report- 
ed in 1. gagei (Beamish 1982). Assuming the timing 

of metamorphosis to be similar in the two species 
(Beamish unpublished data), weight of least brook 
lampreys captured in October was adjusted accord- 
ing to the relationship described by Beamish (1982) 
to correspond to those collected in February. 
Length of metamorphosing 1. gagei changed little 
prior to February (Beamish 1982). 

Total length, rather than body weight, is used in 
this study as the measure of size to relate to fecun- 
dity. Body weight is presumably affected by egg 
number, and the ovary-free weight prior to preser- 
vation was not obtained. Further, weight correc- 
tions for stage of development did not take into 
account the disparate changes in somatic and ovar- 
ian weight during the months prior to spawning 
(Beamish 1982). 

Statistical procedures applied included one-way 
ANOVA, Duncan’s new multiple range test, sim- 
ple linear regression, and analysis of covariance 
(Steel & Torrie 1980). 

Results 

Length and weight of the post-larval lampreys, 
mean egg weight, and absolute and relative fecun- 
dity varied significantly among streams (one-way 
ANOVA, p < 0.05; Table 2). The two Harid Creek 
samples, differing in their time of collection and 
stage of development, demonstrated significant 
differences in egg size only. Mean fecundity was 
greater in October than in February, but the differ- 
ences were not significant (Duncan’s new multiple 
range test). Where population means are subse- 
quently described, with the exception of egg size, 
the two Harid Creek samples are combined. 

Absolute and relative fecundity 

Absolute fecundity increased significantly with fe- 
male size. Total number of eggs (F) was related to 
the cubic power of fresh length (Lr in mm), accord- 
ing to the regression (+ 95% CL): 

Log F = 3.46 + 0.55 log Lr - 4.03 + 0.30 
(n = 75, r = 0.824, p < 0.001). 
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Within individual populations, with the exception centage of body weight (gonadosomatic index), 
of Little Whippoorwill Creek, absolute fecundity varied significantly with stage of development 
similarly increased with total length. The logarith- (one-way ANOVA, p < 0.01). Within a given 
mic relationship was statistically significant, how- stream, however, neither changed significantly af- 
ever, in only Garey Mill Pond Branch and Jay ter stage 6 of metamorphosis (Duncan’s new mul- 
Creek. tiple range test, p > 0.05; Fig. 2a, b). 

Log relative fecundity within a population de- 
creased with log length, significantly so in Jay and 
Little Whippoorwill Creeks (Fig. 1). Using analysis 
of covariance, with log length as the covariate, log 
relative fecundity differed significantly (p < 0.05) 
among populations. Log relative fecundity at the 
overall mean length of 133.3mm (RM, eggs g”), 
calculated according to the individual regressions 
for each stream, increased with log mean length of 
the population (LM in mm): 

Log mean egg dry weight of stage 6-8 lampreys 
increased with log length among females within a 
population (Fig. 3). Analysis of covariance, with 
log length as the covariate, indicated significant 
differences (p < 0.05) in log egg weight among 
streams. Log mean egg dry weight at the overall 
mean length (Eh, in mg) decreased with log mean 
length of the population (LM in mm): 

Log EM= -3.47+ 2.36 log L,+ 6.44-e 4.92 
(n= 7, r= 0.861, p= 0.013). 

Log RM = 2.41 f 1.93 log LM - 2.38 _+ 4.07 
(n= 8, r= 0.780, p = 0.022). 

Similarly, among individuals from all populations, 
the logarithmic relationship between relative fe- 
cundity and length was significantly positive (Fig. 1). 

Egg weight and gonadosomatic index 

Mean egg dry weight and ovarian weight as a per- 

The relationship between mean egg dry weight and 
body length among all females (stages 6-8) was also 
significantly negative (Fig. 3). 

Gonadosomatic index of females from stages 6 to 
8 did not vary significantly with length among indi- 
viduals within a population (p> 0.05). Overall, 
gonadosomatic index decreased with length: 

GSI= -0.09k 0.06 L,+ 27.81f 8.18 
(n= 56, r= -0.346, p= 0.009), 

TabZe2. Mean (?. 95% confidence limits) size and stage of metamorphosing and adult Lampetra aepyptera, egg dry weight, and absolute 
and relative fecundity. Weights of metamorphosing lampreys collected in October were adjusted to correspond to those captured in 
February (see text). 

Stream Stage Fresh Egg Fecundity 

total length (mm) weight (g) dry weight (mg) number of eggs eggs g-’ 

Chapel 
Blackwater 
Unicorn 
Garey Mill 
Jay Creek 
Cane Creek 
Harid (Feb) 
Harid (Ott) 
Little 
Whippoorwill 

7.a+ 0.5 
6.0f 0.0 
6.0f 1.1 
7.4+ 0.4 
6.9+ 0.3 
&x.0+ 0.0 
7.6+ 0.5* 
3.0* 0.8* 

101+ 8 
1082 14 
113+ 20 
127 t 8 
136-+ 28 
137+ 6 
143 -+ 9 
144+ 9 

1.7+ 0.4 
2.0+ 0.4 
2.9+ 0.4 
3.5-t 0.5 
4.1_+ 1.0 
5.3+ 0.8 
4.8& 0.7 
4.9-+ 0.9 

0.192 0.04 
0.24& 0.05 
0.14 + 0.04 
0.09+ 0.01 
0.09+ 0.02 
0.16 21 0.01 
O.ll& 0.02* 
0.01 iT o.oo* 

681 f 152 
691 f 121 
997+ 377 

2265 + 239 
2240+ 387 
2485 + 436 
22202 312 
3340+ 1564 

395 2 53 
360+ 63 
344+ 66 
641t 50 
563 f 140 
476? 77 
473 f 92 
649 f 200 

4.1+ 0.5 152+ 5 6.1+ 0.6 0.03+ 0.01 3721+ 841 641+ 174 

* February and October values significantly different (p < 0.05). 
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Fig. 1. Logarithmic relationship between relative fecundity (R, eggs g“) and fresh total length (Lr, mm). The regression for individuals 
from all streams (f 95% confidence limits) is: log R = 0.68 + 0.56 log Lr + 1.25 ?I 0.30 (n = 75, r = 0.275, p = 0.016). For individual 
populations, the significant regressions are: Jay Creek: log R = - 1.89 rt 0.97 log Lr + 6.77 f. 0.09 (n = 13, r = 0.792, p = 0.001); L. 
Whippoorwill: log R = - 5.93 + 4.72 log Lr + 15.70 + 0.39 (n = 14, r = 0.621, p = 0.018). 

where GSI is thawed ovarian weight, as a percent- 
age of thawed body weight, and Lr is fresh length 
(mm). Among populations, however, mean gona- 
dosomatic index and mean length were not signif- 
icantly related (p = 0.068). 

Latitude, temperature, and density 

Neither log relative fecundity nor log mean egg dry 
weight, calculated at a common length for each 
population as described above, were significantly 
related to density of larvae, latitude, or annual 
thermal units (0.147 < p < 0.952). 

Log mean length did not vary significantly with 
either density, latitude, or annual thermal units 
(0.064< p < 0.985). 

Discussion 

The positive relationship, observed in L. aepypte- 
IU, between absolute fecundity and female size is 
well-known in teleosts (e.g. Bagenall966, Docker 
et al. 1986, Hay & Brett 1988) and in other species 
of lampreys (Hardisty 1964, Kott 1971, Walsh & 
Burr 1981, McAllister et al. 1981). A similar cubic 
relationship has been noted in a number of teleosts 
(Bagenal 1966, DeMartini 1987, Herrera et al. 
1988, Wright & Shoesmith 1988). 

That fecundity at a given length was comparable 
between early metamorphosis and the late or adult 
stages suggests that there is little post-metamorphic 
atresia in L. aepyptera. Atresia occurring immedi- 
ately after the onset of metamorphosis, however, 
cannot be ruled out in this study. Data for other 
non-parasitic lampreys both support (Beamish & 
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metamorphosis (stage 2) to maturity (stage 8). Means + 95% confidence limits are indicated. 

Thomas 1983) and counter (Hardisty 1964, Hughes served in the present study, would be little affected 
& Potter 1969) this assumption of limited post- by density or temperature at this time. Craig & 
metamorphic atresia. Kipling (1983) and Tanasichuk & Ware (1987), 

A minor adjustment of egg number following respectively, found relative fecundity of Northern 
metamorphosis would imply that fecundity, as ob- pike, Esox lucks, and Pacific herring, Clupea ha- 
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Fig. 3. Logarithmic relationship between mean egg dry weight (E, mg) and fresh total length (Lr, mm). The overall regression (stages 
6-8) is: log E = - 1.09 + 0.69 log Lr+ 1.38 + 0.30 (n = 56, r = - 0.399, p = 0.002). For individual populations, the significant 
regressions are: Unicorn: log E = 1.48 + 0.78 log Lr - 3.89 + 0.07 (n = 5, r = 0.961, p = 0.009); Cane: log E = 1.39 f 0.57 log Lr - 
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rengus pallasi, to be most affected by stock biomass 
or mean sea temperature during a decisive period 
up to two years prior to spawning. In least brook 
lamprey, fecundity may be regulated by conditions 
acting during oogenesis in larvae. 

The decrease in relative fecundity with female 
length, observed within the Jay and Little Whip- 
poorwill Creek populations, was anticipated based 
on similar inverse relationships in other lamprey 
species (Kott 1971, Beamish 1982, Beamish & Tho- 
mas 1983). That the relationship was not significant 
in the other streams was presumably due to their 
small sample sizes and limited length ranges. 

Among populations, the opposite trend between 
relative fecundity and length was observed. In pop- 
ulations in which spawning occurred at smaller siz- 
es, females yielded fewer eggs per gram than where 
lampreys were large. Regardless of the factors 

which affect growth, it may be body size that ulti- 
mately regulates relative egg number. Slow growth 
or small body size may reduce the initial number of 
oocytes formed or maintained. 

The interpopulational differences in length of 
metamorphosing and adult lampreys observed in 
the present study were presumably due to differ- 
ential growth. The age structure of larval stocks 
collected in the streams was similar, regardless of 
their differences in body size (Docker et al. unpub- 
lished data). Further, the length-frequency curves 
for each stock show similar distributional patterns 
within each age class, indicating that size-specific 
mortality does not vary among streams (Docker et 
al. unpublished data); that is, body size is not 
greater in some streams simply because smaller 
animals die preferentially. That least brook lam- 
prey length was not related to density of larvae, 
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latitude, or annual thermal units may be due to 
modifying effects of other environmental factors, 
such as variations in stream discharge (Beamish 
1982) or water chemistry (Docker et al. unpublish- 
ed data). 

The expected positive relationship between egg 
size and body length (Bagenall973, Docker et al. 
1986, DeMartini 1987) was significant among fe- 
males within three of the streams examined. In 
contrast, concomitant with the increase in a pop- 
ulation’s relative fecundity, mean egg weight de- 
creased with female length among streams. While 
large egg size may compensate for low relative 
fecundity by increasing survival (Bagenal 1969, 
Wallace & Aasjord 1984), it may be that under 
conditions of poor growth large eggs are necessary 
to ‘provide a better start in life’ (Beattie 1987) and 
the corresponding reduction in relative fecundity is 
itself compensatory. Marsh (1984, 1986) suggests 
that large eggs of the orangethroat darter, Etheo- 
stoma spectabile, are advantageous where food is 
scarce. Similarly, Koskela & Pasenan (1975) found 
fewer and larger eggs in the common frog, Rana 
temporaria, from northerly latitudes and higher 
altitudes, where the growing season is short. Mes- 
sieh (1976) and Tanasichuk & Ware (1987) also 
report an inverse relationship between relative fe- 
cundity and egg size over a latitudinal gradient. 
Gonadosomatic index, however, was constant 
among the Pacific herring populations (Messieh 
1976, Tanasichuk & Ware 1987). Gonadosomatic 
index of the least brook lamprey decreased slightly 
with increasing body size, indicating the lack of a 
complete trade-off between egg number and size. 

In summary, in populations of least brook lam- 
prey where spawning occurs at small sizes, there 
are comparatively fewer but larger eggs than in 
streams where growth is high and females are large. 
Large eggs may function in countering the effects 
of an unproductive environment, and the reduction 
in relative fecundity is compensatory. Density, an- 
nual temperature, and latitude had little or no ef- 
fect on either egg number or size. 
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