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Reproductive characteristics of crayfish (Orconectes virilis) were examined during 1979-81 in four small 
Canadian Shield basins in the Experimental Lakes Area, northwestern Ontario. One of these lakes, Lake 223 
(L2239, has been experimentally acidified since 1976. Egg resorption, fertilization, and rate of development were 
not seriously affected by lake acidification to pH 5.1. Dncornplete hardening of the glair-cement compound 
forming the egg capsule membrane and stalk resulted in a loss of eggs from the pleopods, causing the L223 
population to suffer decreased reproduction. On an egg production basis, the reproductive irnpai rment (defined 
as the % decrease in number of viable eggs prior to hatching) in reference populations averaged 3.2 9 1.8 (95% 
C.I.) compared to levels of 18.7, 36.2, and 29.4% during 1979-81 in L223 at pH 5.2-5.6. Direct mortality of 
eggs accounted for little of the reduced natality in the L223 population and did not occur in reference lakes. Loss 
of crayfish populations exposed to lake acidification will probably result from reproductive failure before lake 
water becomes acid enough to be directly toxic to mature crayfish. 

Les caracteristiques reproductives de I'ecrevisse (Oreonectes virilh) ont kt4 ktudiees de 1979 ZI 1981 dans quatre 
petits bassins du bouclier canadien dans la r6gion des lacs experimentaux, au nord-ouest de IIOntario. On 
acidifie exp4rimentalemewt un de ces lacs, le lac 223 (L223), depuis 1976. La s6sosption des eufs, la fertilisation 
et le rythme de croissance n'ont pas 6t6 affect& serieusement par l'acidification du lac jessqu'h un pH de 5,l. Le 
durcissernent incomplet du compose de ciment-glaire formant la membrane de ibosphere et du p6doncule a 
entrain6 une perte d'eufs venant des pleopodes, amenant une diminution de la reproduction dans la population 
du L223. Sur le plan de la production d'czufs, I'altkration de la reproduction (definie cornme la diminution en % 
du mornbre d'eufs viables avant I'eclosion) dans les populations de reference a 6t4 en moyenne de 3,2 & 1,8 
(95% I.C.) par cornparaison aux niveaux de 18,7',36,2 et 29'4% de 4 979 2 1981 atteints dans le L223 a un  pH de 
5,2 2 5,6. La mortalit6 directe d'eufs n'expliquait qu'une faible partie de la natalit6 reduite dans la population daa 
L223 et ne s'est pas produite dans les lacs de reference. II y aura probablement perte de populations d'ecrevisses 
exposees ?i l'acidification du lac a la suite du dkclin de la reproduction avant que l'eau du lac ne devienne 
suffisamment acide pour etre toxique directement aux ecrevisses aduites. 
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mstacems are among the most sensitive organisms to 
Hake acidification (Hendrey et al. 1976; Leivestad et al. 
1976). Previous studies have been largely survey-ori- 
ented and have shown that distribution of crustaceans 

is curtailed below pH 6.0 (Oldand and Bkland 1985; Sutcliffe 
and Carrie 19731, or that communities experience reductions in 
diversity with increasing water acidity (Spmles 1975; Roff and 
Kwiatkowskl 1977; Fryer 1980). Inherent difficulties exist, 
however, in establishing causal relationships between pH and 
survey data. Few North American investigations have 
monitored the long-term response of crustaceans to progressive 
acidification in a single lake (Yan and Stms 1980; Malley et 91. 
1981; Nero and Schindler 1983). Consequently, there are few 
data on the sublethal effects of lake acidification upon cmsta- 
ceans, either benthic or planktonic. 

The acidification of softwater lakes and rivers poses a 
serious threat to the long-term survival of the crayfish Astacus 
astacus, often considered to be the most economically irnpor- 
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tant species in many Scandinavian waters (Svardson 1949). 
There are numerous references to A. astacus populations that 
have suffered from increasing acidity over recent years 
(Svardson in France 11 98 1 ; Hultberg 1976; Applberg 1980). 
Abrahamsson (1972) and Furst (1977a) have also documented 
several unsuccessful restocking attemps in lakes of low pH. In 
one case (Abrahamsson 1972), cessation of liming led to a 
failure of reproduction and extinction of crayfish when lake 
acidity increased to about pH 5.6. Despite the generally 
accepted belief that crayfish disappear from lakes as the pH 
drops below 6.0 (Earsen; Munthe-Kaas in Abrahamsson 1972; 
Almer et al. 1978), and that fishing yields have also decreased 
dramatically in such lakes (Svardson in France 198 I), the 
mechmisms of population decline are not known. Recently, as 
a result of laboratory experiments, Appejberg (1 98 1, 1985) 
suggested that failure in reproductive success could be one of 
the most important factors contributing to the low abundance 
of A. aslacus in water below pH 6.0. 

Contrary to the species Cmbams robustus (Collins et al. 
198 1 ; Berrill et al. 1985), laboratory work has indicated that 
several other North American Brconectid species, particularly 
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Orcsnectes tttridis (Hagen), are relatively sensitive to lqw pH 
in terms of ions-regulation, mortality, and behavioral modi- 
fications (Malley 1980; Morgan and McMahon 1982; France 
1984; Malley and Chang 1985; Ben-ill et al. 1985; France 
1985a, 198%). The purpose of this study was to provide 
detailed information on the effects of lowered pH on fecundity 
of 0. virilis, which together with data on prevalence of para- 
sitism (France and Graham 1985) and inhibited calcification 
(France, unpublished data), would aid in interpretation of the 
effects of a whole-lake acidification experiment upon this spe- 
cies (Davies, unpublished data; Schindler et al. 1985). 

Study Area 

The Experimental Lakes Area (ELA) is situated at 
93"30'-94"00'W and 49"30'-49"45WN, 300 km east of Win- 
nipeg, Manitoba. ELA is a headwater region containing small 
glacially fsmed basins in the Precambrian Shield. Lakes are 
oligotrophic, ice-covered during November through May, and 
have dirnictic thermal regimes. Orconectss virilis is the only 
crayfish species present in these lakes. Four ELA lakes were 
selected for detailed study of crayfish life history from I979 to 
1981: Lake 223 (E223). L224, L239, and L240. Mor- 
phoedaphic characteristics of these lakes of particular ssignlfi- 
cance to crayfish are provided in France (198%). Lake 223 has 
been experimentally acidified with sulfuric acid since 1976 to 
simulate effects of acid precipitation (Schindler et al. 1980; 
Schindler 1980; SchindHer and Turner 1982; Schindler et al. 
1985). The mean ice-free epilimnetic pH of L223 was 
decreased from about 6.8 in 1974- 1976, to 5.6 in 1979,5.4 in 
1980, and 5.1 in 1981. 

Methods 

During spring and early summer (May 15-June 19) from 
19'49 to 198 1, ovigerous 0. virisks were collected fmm the four 
study Iakes. Crayfish were gathered at night with a suction gun 
over a depth range of 0-6 m using SCUBA. Descriptions of 
collection sites and sampling methods are presented in France 
( 198%). Rostrum carapace length, weight, presence of eggs, 
cement gland development, and exoskeletal rigidity were 
recorded for each female. 

The distribution of eggs among pleopods and overall general 
condition of the female and attached eggs were closely exam- 
ined under a dissecting microscope. Counts of eggs were made 
after gently scraping and removing the eggs from pleopods 
with a blunt probe. The condition of pleopod egg development 
during 1980 was categorized into seven levels reflecting easily 
observed alterations in external color and morphological 
characteristics: 

Level I: newly-laid eggs characterized by a uniform 
black colour. 

Level 2: eggs uniform black-grey. 
Level 3: eggs grey with large light-brown spots 

developing. 
Level 4: muddy-grey appearance with small polar con- 

centration of purple-lavender colsur. 
Level 5: polar developmental disc becomes light-pink in 

colour, thoracic appendages becoming evident. 
Level 6: "eyed-stage" with obvious orange carapace 

and black eye-spots forming just prior to hatch- 
ing. 

Level 7 :  eggs in process of hatching and a few attached 
%-I young. 

Particular attention was directed to the occurrence and enu- 
meration of abnormal conditions such as inviable eggs and/or 
empty egg capsules and stalks. Occasionally pleopods were 
removed and number of empty capsules and stalks enumer- 
ated. After removal of attached eggs, females were weighed, 
and estimates of mean relative fecundity (number of eggs per 
gram mass of female) were calculated. During 1979, a com- 
parison was made of egg weight and diameter among the lakes. 

Some females were sacrificed and ovaries removed and 
examined to investigate the occurrence and extent of egg 
resorption. During the spring of 8980 this was categorized into 
five Bevels reflecting general appearance of the o v q :  

Level 1: ovary is a small, homogeneous, white-opaque 
mass of condensed particles, indicative of no 
resorption. 

Level 2: ovary is voluminous with translucent white 
particles more distinct and spherical than Level 
1, also indicative of no resorption with the 
white flecs representing formation of minute 
new eggs. 

Level 3: progressively larger bi-lobed ovary with old 
eggs in late states of resorption and reduced to 
isolated irregular yellow masses scattered 
amongst the white newly forming omytes; 
transition level. 

Level 4: large ovary filled with oocytes of various sizes 
and colours representing different stages of 
resorption of yolk substance, characterized by 
distinctive presence of large orange or red 
semi-spherical oocytes sf a similar size to suc- 
cessfully extruded eggs. 

Level 5: occurrence sf Iarge black oocytes rich in 
vitellus and identical in size and shape to suc- 
cessfully laid eggs, indicative of the earliest 
stages of degeneration prior to resorption sf 
released yolk substances; rest sf ovary similar 
to Level 4. 

In autumn of 1979 and 1980 (September 25-October 28), 
adult females were caught, ovaries removed, and counts made 
of all visibly developing eggs. The general condition of the 
female (i .e. occurrence of sperm plugs, cement gland develop- 
ment, and carapace rigidity) was also noted. Mature L223 and 
E224 females with obvious cement glands and s p m  plugs 
were held in recirculated L239 water (pH 6.6-7.0) over winter 
until oviposition occurred in April 198 1. 

Results 

Over 90% sf  the eggs on ovigerous 0. virilis were fastened 
to the pleopods (France 198%; Fig. 1A). Eggs of L223 females 
could always be removed more easily than those from females 
from reference lakes. 

Less secure attachment of pleopsd eggs in L223 females 
resulted in a higher proportion of females with reduced egg 
numbers than in reference Iakes (Fig. 2). In all cases there was 
a significant relationship (P < 0.05) between female carapace 
length and number of attached eggs (individuals with reduced 
number sf  eggs for a particular length are designated as open 
circles and not included in regression equations). Calculations 
of relative fecundity (number of eggs per g mass of female) of 
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FIG. 1. Distribntion of eggs over the abdomen of 8. virilis from E223 with (A) a full complement; (B) the majority of the brood lost; (C), (ID), 
(El pleopods bound together with unhardened glair-cement; and (F) partial egg mortality. Colour photographs of C and F in Anon. 1981, 1984. 

crayfish displaying no symptoms of reproductive stress 
(described below) showed no significant (P 9 0.05) Qif- 
ferences among Bakes (Table 1). Alternatively, if all the 
ovigerous crayfish, including those with reproductive irnpair- 
ment, were included in the analysis, the estimate of relative 
fecundity for the L223 sample was significantly (P < 0.05) 
lower than that for 5 of 6 comparisons with samples from the 
reference lakes. The number of ovarian eggs produced by 
mature 0. virilis was linearly correlated with female length 
and always greater than the number sf eggs successfully 
extruded and attached to the pleopods the subsequent spring 
(Fig. 2D, E, G) .  The disparity or percentage drop in count 
between mean ovarian and pleopod eggs over a similar and 

restricted animal size range for each sample was two-fold 
greater in L223 than in reference lakes (Table 2) 

Quantitative and qualitative comparisons of egg dttachment 
indicated that L223 crayfish were distinct relative to those fr6m 
the three reference lakes. The percentage of L223 females with 
a partial complement of eggs (open circles relative to 68osd 
circles in Fig. 2, recognized as described below) was 19.0% irm 
1979, 42.4% in 1980, and 47.7% in 1981 compared to levels 
of approximately 5% over the 3 yeas in reference lakes. The 
manner in which eggs were scattered over abdominal plespsds 
indicated that these few eggs were remnants of a much larger 
brood, the majority of which had been lost (Fig 1 B , cf. France 
1983). Often plespds of these individuals were intertwined 

Can. %. Fish. Aqucat. Sci., V01. 44. 1987 99 





TABLE 1 .  Comparison of relative fecundity (no. eggssg ' mass of female) among study lakes. Data presented as 
mean 2 SE (n) for each fecundity estimate; * = significantly (g < 0.05) different from L223 value. Successfully 
reproducing = only closed circles present in Fig. 2; all ovigerous = individuals with evident @air-cement or 
egg loss included, i.e. open circles from Fig. 2. 

Yew Condition L239 L240 L223 L224 

1979 successfully 22.2 & 0.7 (44) 19.7 2 0.8 (47) 19.5 & 0.7 (43) - 
reproducing 

allovigerous 21.1 k 1.0(46)* 1 8 . 6 +  0.7(58) 16.4 k 1.0(54) - 

1980 successful%y 20.8 + 1.2(28) 19.8 + 1 . 1  (29) 28.9 -+ 0.8 (47) 20.4 + 1.8 (13) 
reproducing 

all ovigerous 20.3 2 1.2 (31)" 17.9 2 1 . 1  (30)" 14.7 + 0.9 ($2) 20.4 k 1.8 (13)* 

198 1 successfuIIy - 20.1 _+ 1.5 (21) 19.8 _+ 1 . 1  (32) - 
reproducing 

a11 ovigerous 19.9 2 1.5 (22)* 14.3 + 1.2 (60) - 

?ABLE 2. Disparity between potential and realized reproductive capacity of 0. viaikis in EEA lakes. 
Data for each egg count presented as mean -+ SE (n). 

-- 

Disparity 
Year Lake Ovarian egg count Bleopod egg count (% drop in egg count) 

and bound together into a single gelatinous m a s  by an amber- 
eoloured substance (Fig. IC, D, E). The glue-like nature of 
this viscous compound actually fixed pleopods together and 
occasionally completely enveloped the few remaining eggs. 
Closer examination under a dissecting microscope revealed 
this "glair-compound" (Andrews 1906) to be composed of 
numerous egg-stalks and empty capsules that had previously 
ruptured at the distal end and lost their eggs (Fig. 3A, B). The 
clear, hardened egg-stalk ligaments of female crayfish from 
reference lakes with normal attachment and number of eggs 
stretched markedly when gulled, and displayed great resilience 
when released. The amber-coloured and soft, amorphous L223 
egg-stalk material, in contrast, pulled apart effortlessly, pro- 
ducing large gaps; it was not resilient. However, structural 
characteristics of glair-cement from L223 and L248 crayfish 
were not different when crayfish were incubated overwinter at 
neutral pH. Eggs of these crayfish were healthy and firmly 
attached to the pleopds with no indication of loss, mortality or 
resorption. 

Empty egg cases were distributed evenly over all pleopod 
sets in L223 females (France 1983). Individual pleopods were 
uniformly covered by egg capsules along their entire length 

and on both endo- and exopodite branches indicating that egg 
loss was not restricted to the terminus (Fig. 3C). Summation of 
remaining eggs and empty capsules produced numbers close to 
those expected on the basis of the female's carapace length 
(Fig. 2F, H; and L240 Fig. 26). This loss of eggs was not 
correlated with size of females and varied in its relative sever- 
ity among individual crayfish. Where it occurred, egg loss was 
generally high; most females had lost over 50% of the potential 
brood (France 1983). 

Egg mortality varied among crayfish as well as among 
pleopods on individual crayfish. The percentage of L223 
females with dead eggs was 6.9% in 1979, 16.9% in 1980, and 
13.8% in 1981 ; no females collected from reference lakes 
carried dead eggs. Such eggs were easily distinguished from 
healthy fertilized eggs by being bright orange or yellow and, 
depending when mortality occurred, they were often much 
smaller relative to successhlly developing eggs. Usually non- 
viable eggs were scattered throughout the pleopod egg mass 
(France 1983). Occasionally, however, dead eggs formed dis- 
tinct groupings about individual pleopd clusters, and were 
bound together into large discoloured masses surrounded by an 
amorphous, granular, opaque-white matrix which was proba- 

FIG. 2. Relationships of carapace length to number of eggs in ELA crayfish during 1979, 1980, and 1981. Open squares denote ovarian egg 
counts during the autumn of the previous year and closed circles denote pleopod eggs in the spring of the year indicated. Open circles represent 
females with a reduced complement of pleopod eggs and were not included in the regression equations. Dashed lines connecting triangles with 
circles represent the difference between counts of successfully attached eggs and empty egg capsules for single individuals. Regressions of 
ovarian eggs to carapace length for L223 crayfish during 8980 and 1981 are not shown: Y = -80.53 + 7 . 5 0 ~ ,  r = 8.710, n = 43; 8.' = 
- 105.13 + 8 . 5 0 ~ ~  a = 0.849, n = 44. 
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FIG. 3. Structure and distribution of empty egg capsules over 
pleopods from E223 crayfish. 

bly a fungus (Fig. 1E). No qualitative difference in attachment 
of live and dead eggs to the same female was detected. 

To circumvent the wide variability in egg Esss or mortality 
among individual crayfish and obtain a more precise assess- 
ment of reproductive impairment, egg production was 
expressed on a population basis (Table 3). Reproductive 
impairment (defined as the % decrease in the number of viable 
eggs prior to hatching) in the three reference populations aver- 
aged 3.2 + 1.8 ( 9 9 5  C.1.) while values of 18.7, 36.2, and 
29.4 were recorded during 1979-8 1 in L223. The majority of 
this impairment was contributed by egg loss as opposed to egg 
mortality. 

Quality characteristics of successfully carried eggs were 
similar among study lakes. In 1979, egg size and weight in 
L223 were not significantly different from those in the three 
reference lakes (Table 4). Rate of egg deve%opment in crayfish 
from L223 during spring 1980 (pH = 5.4) was not different 
from that in a reference population (Fig. 4). 

Fertilization of both ovigerous females and extruded eggs 
appeared unaffected by lake acidification. Mating pairs of 8. 
virilis in E223 were observed in fall 1980 at a lake pH of 5.4, 
and during spring and fall 198 1 at a lake pH of 5.1. Formation 
sf  sperm plugs thrsughout the fall and winter and their subse- 
quent absence in ovigerous females collected the following 
spring implied successful copulation. Furthermore, the persen- 
tage of mature fertilized females in the L223 population was 
not unusual (France 1985~). The sum sf viable eggs plus 
empty capsules for L223 female crayfish was only slightly 
smaller than that expected for crayfish of the same size in other 
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TABLE 3. Reproductive impairment of 8. virilis at ELA calculated on a total egg production basis 
per 

Control lakes Lake 223 

Reprduetive characteristic 1979-81 n=6  1979 1988 1981 

Total number of eggs examined 12132 2685 3963 2695 
Extimated number of empty capsules 435 605 1760 993 
5% eggs lost 3.2 2 1.8 18.3 30.8 26.9 
Number of dead eggs 0 1 B 314 90 
% eggs dead 0 0.4 7.9 3.3 
Population % reproductive failure 3.2 18.7 36.2 29.4 
prior to hatching 

lakes. This suggests that pH values as low as 5.1 probably do 
not severely reduce egg fertilization. 

Ovarian egg resorption in L223 crayfish was elevated rela- 
tive to reference lakes. In the reference lakes (L239 and L240 
combined data) 10.0% of the sampled female population were 
resorbing ovarian eggs compared to 29.4% in L223 (Fig. 5). 
The number of these eggs being internally resorbed, however, 
was low 4<5% of the total successfully extruded and attached 
for each crayfish). Egg resorption in L223 crayfish occurred 
independently of either pleopod egg loss or mortality. 

Discussion 

Reproductive "efficiency" of crayfish is generally low 
(Mason 1977). The number of ovarian eggs in 0. virilis was 
always higher than the number of embryos successfully 
extruded and attached to pleopods the following spring. The 
increased disparity between these egg counts for L223 crayfish 
relative to those in reference lakes, resulted from a much 
higher prevalence of ovigerous females with reduced numbers 
of attached eggs in L223, the degree of reduction increasing as 
the lake was progressively acidified. 

Discrepancies between ovarian and pleopod egg counts can 
be attributed to one or more 0%: (1) defective attachment of 
extruded eggs to pleopods, (2) mortality of attached eggs, (3) 
failure of fertilization, (4) incomplete extrusion of all eggs, or 
(5) other causes such as maternal cannibalism. 

Egg Attachment 

Oviposition in crayfish has been examined previously and 
little loss of eggs occurs normally during this period (Andrews 
1986; Mason 89'70a; Morrissy 8970). The most significant 
effect sf  lake acidification upon 0. viriiis reproduction was the 
failure sf secure attachment of pleopod eggs in L223 females. 
This resulted in a reduced total fecundity in L223 crayfish 
compared is those from reference lakes. Interestingly, 
Appelberg (1985) in laboratory experiments also found signifi- 
cantly fewer attached eggs in the Swedish species A. astackas 
exposed t s  pH 5.8 compared to crayfish spawning at pH 6.0 
and '7.8. Eggs lost from capsules wil% die because they require 
maternal pleopod activity for aeration and protection from 
fouling (Andrews B 906). 

The egg-stalk begins as a Wat, exceedingly delicate band of 
material, and with subsequent hardening becomes a narrow, 
twisted stalk of great tensile strength, forming a thick elastic 
outer case around the developing egg. It normally requires 
great effort to separate this stalk from the setae (Lereboullet 
1860; Andrews 1906). Yonge (8946) describes in detail the 

TABLE 4. Crayfish egg quality parameters in ELA study lakes during 
1980. Data presented as mean 5 SE (n). There was no significant 
(P > 0.05) difference among lakes. 

Egg diameter Egg dry weight 
Lake (mm) (mg) 

importance of both firm consistency and marked elasticity of 
egg membranes to successful reproduction in lobsters. Lake 
223 eggs could be easily removed from maternal pleopods 
because of the absence of these crucial properties. 

The outer egg membrane and binding cement have proper- 
ties indistinguishable from those of cuticle (Yonge 1937), and 
the processes involved with their formation are merely modi- 
fications of those present in the carapace following ecdysis 
(Lloyd and Yonge 1940; Cano in France 1981). Because 
decapod eggs and egg membranes are known to demonstrate 
decreased permeability at low pH (Lloyd and Yonge 1940; 
Appelberg B985), the lack of structural resilience and subse- 
quent adherence of eggs to the pleopod setae in L223 crayfish 
probably reflects an incomplete cuticular hardening of the 
glair-cement forming the egg capsule membrane and stalk. 
Similar processes involved with the synthesis and hardening of 
other structuraH layers in crayfish or lobsters are known to be 
extremely sensitive to depressed water pH (Malley 1980; 
Appelberg 1980; Morgan and McMahon 1982; Yonge 1937). 

Four further lines of evidence corroborate the hypothesis of 
association of egg loss in L223 to low pH. These include: 6 1) 
The overwintering of L223 and L248 crayfish at neutral pH 
shows that unhardened glair-cement is not a normal charac- 
teristic of L223 females and must therefore be attributed to 
some factor(s) associated with the Hake acidification experi- 
ment. Appelberg ( B 985), too, reported similar characteristics 
of the mucus secreted by cement glands of A .  astucus ovipsit- 
ing at low pH. (2) The symptoms of incomplete capsular 
hardening observed in L223 crayfish agrees with detailed 
visual descriptions from others of similar processes of reduced 
cuticular tanning or egg membrane formation (cf. France 
1983). (3) Because the developmental progression of 0. virikis 
embryos was unaltered by lake acidification to pH values 
between 5.1 -5.4, the basic parameters of egg quality affecting 
survival, i.e. size and weight (Thorson 1950) have remained 
unchanged by L223 acidification. This implies that excessive 
uptake of water (Balasundarran and Panadian 8982) by L223 
eggs cannot be the mechanism of increased recruitment failure 
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i " " ~  Collection Date No. 
May 10 

May 7 

May 20-26 

May 23 

June 11-13 

June 5 

June 25 

June18-23 

EGG DEVELOPMENTAL STAGE 

FIG. 4. Comparison of the rate of egg development through '7 stages 
(described in text) between k22J and E240 crayfish during spring 
1980. 

in that lake. (4) Due to actions of matemal grooming and 
feeding by recent hatchlings, the presence of ruptured egg 
cspsules during brooding is an abnormal condition that occurs 
only when the young have been artifically removed (Andrews 
1907; Mason 1970b, 1977). 

Egg Mortality and Fertilization 

Crayfish egg mortality is usually associated with fungal 
infection (Mason 1977; $ley 1977). The cause(§) and mecha- 
nism(~) of enhanced egg mortality in crayfish exposed to lake 
acidification are not well understood. Whether fungal egg 
infections are the direct cause of mortality (Fisher and Wick- 
ham 1976), or whether they occur after egg death (Woodland 
1967), is not known. The possibility that mortality could be 
due to decreased maternal pleopd oxygenation of developing 
eggs, especially critical in acid environments (Appelberg 
B981), was examined in the laboratory and dismissed (France 
1985a). Regardless of the mode of toxicity, direct mortality 
accounted for only 2-15% of the reproductive impairment 
observed over 3 years in L223 at pH 5. B -5 .Q. 

Likewise, the possibility that inihibition of fertilization, 
gametogenesis, and motility and viability of sperm.could have 
significantly contributed to decreased 0. virilis reproduction in 
L223 seems remote compared to the much more serious effects 
of egg loss. This may be in contrast to the situation with A. 
a.stacus (Appelberg 1985) which lacks an annulus venera&is so 
that the spematophores remain in a relatively exposed con- 

40 n El Control Lakes n.30 
bake 223 n=46 

LEVEL OF RESORPTION - 
FIG. 5 .  The percentage of different levels of ovarian egg resorption in 
crayfish from E223 and reference lakes during spring 1980. Fop. 
explanation of resorption index see text. 

dition compared to the situation in Orconectid crayfish 
(W. Momot, p r s .  comm.). 

Several studies have indicated that infertile or moribund 
eggs are easily lost, leaving only the ruptured capsules and 
stalks attached to the pleopods (Woodland 1967; Fisher and 
Wickham 1976; Aikem and Waddy in Ewnis 8980). However, 
loss of eggs from L223 crayfish occumed independently of egg 
viability and was not merely due to jettisoning of dead eggs, 
i.e. crayfish with a full complement of securely fastened eggs, 
and no empty capsules still carried dead eggs, whereas the 
remaining eggs of crayfish with many empty capsules were 
often all healthy. Small moribund eggs (implying early death) 
were successfully carried by females throughout development 
of the remaining healthy eggs, indicating that they are not 
preferentially lost. 

Egg Resorption 

Beamish et al. (1975) proposed that a failure of nomal Ca 
metabolism caused mature fish in acid waters to resorb unlaid 
oocytes. Resorption of ovarian eggs and subsequent mobiliza- 
tion of yolk substances into the blood can occur in crayfish 
subjected to physiologically stressful conditions (Stephens 
1952; Vey 1977). Atresia, however, was of little ecological 
importance in L223 as it only increased the total percentage of 
unlaid eggs from 0.4% (in reference situations) to 1.3% (in 
L223). Further evidence (France 1983) suggests that 8. virtlis 
in acid environments may actually attempt to form and develop 
their full complement of eggs with Ca obtained at the expense 
of exoskeleton hardness, via processes of internal carapace 
breakdown. 

Possible Consequences 

Experimental acidification of L223 has impaired reproduc- 
tion substantially compared to other lakes in the ELA region. 
Absence of secure attachment and subsequent loss of pIeopod 
eggs, probably due to incomplete hardening of the 
glair-cement, accounted for $5-9896 of the impairment. The 
extreme sensitivity of 0. virikis reproduction long before 
hatching occurs in June, poses a serious threat to the continued 
existence of these populations. In south-central Ontario 8. 
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virilis oviposits in late April (Bewill 1978), a time coincident 
with spring melting of snow and pH depressions in receiving 
waters (Jeffiies et al. 1979). Similarity of age frequencies 
between the L223 and reference populations in spring 11979 
(France 1983), indicates that recruitment had not been reduced 
by acidification prior to that date. To ensure the long-term 
survival of 0. virilis populations, a pH of no lower than 5.8 
seems desirable; acidification to pH 5.1 -5.6 detrimentally 
affected reproduction in E223. The E223 crayfish population 
was shown to decline to only a few percent of preacidification 
values by late fall 198 1, and to possible extinction by fall 1983 
at pH's between 5.0 and 5.1 (Davies in Schindler et al. 1985). 
In contrast, C .  robustus is much more tolerant, and can main- 
tain substantial abundance in softwater lakes at or below pH 
5.0 (Collins et al. 1981; Benil1 et al. 1985). 

In this study, I measured only the decrease in viable eggs 
prior to hatching. Embryonic mortality and hatching failure 
increased below about pH 5.5 for A. astacus, 0. propinquus 
and 0. rusticus (Appelberg 1985; Furst l977b; Bemill et al. 
1985). Also, following hatching, stage I young should nor- 
mally remain Rmly connected to the maternal females by an 
elastic klson thread originating from the egg membrane that 
previously enclosed the embryo (Andrews 1907; Mason 
197Bb). Preliminary experiments with 8. virilis hatching in 
low pH water, however, indicated a lack of secure attachment 
(D. Malley , FWI, unpublished data), which would prove lethal 
in nature (Andrews 1907). If these additional stresses are 
acting on 0. virilis populations, the total recruitment of new 
individuals could, of course, be much lower. 
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