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INTROTGOTION

Populations of four species of molluses
in a bed of aguatic macrophytes were
analvzed on the basis of samples taken
over a 17-month period [April 1864 1w
August 1965): three gastropods—{yraulus
deflectus (Say), Physa gyring Say, and
Valvate humeralis Say; and one pelscypod
Pisidium compressum Prime, From these
samples and from lzboratory experiments.
growth rate, birth rate, death rate, rate of
population change, and producton were
sstimated.

DeWitt {1954¢,b, 1855)

has studied the

i {omtributon from Montana State University
Agricultural Station, Project No, M5-844, Faper
Mo, 757 Journal Series. The investigation was sup-
ported by . 5. Public Health Service Tralning
Orant No.o 3T1-WP-1 and Hesearch Grant No.
WP-00125 from the Division of Water Supply and
Pollution Control.

% Present address: Department of Environmen-
tal Biolegy, University of Utsh, 3alt Lake City,
Utgh 84112, I wish to thank Dr. C. 1. 1. Brown,
who divected the study and aided in the prepara-
vion of the manuscript., Dr. 1 C. Wright gave
gdvice concerning methods of population analysis,
Assistance was alse given by Drs. B I Graham,
R. M. Homall, I X Mills, and R E. Moore, Mol
huscs were identified by Drs. ¥, van der Schalie
apd W. B, Heard. Officials of Yellowstone Na-
tional Fark cooperated in the studyv, and the
Yellowstone Park Company furnished laboratory
space.

ecology of Physe gyring, and Clampitt
{1963), Heard (1863). and Thomas (1939,
1963} investigated population dynamics of
species closely related to those 1 have
considered.

This investigation was confined 1o a sec-
tion of the Madison River 151 lan upriver
from the west boundary of Yellowstone
National Park, The Madison Hiver is
formed by the confluence of the Firehole
and Gibhon rivers, both of which receive
thermal water from gevsers and hot springs.
As a result, its temperature (Fig. 1) is
higher than that of most Northern Rocky
Mountain streams at a similar altitude
(2,046 m). No ice was obhserved at the
study area. The water is high in dissolved
solids and alkalinity, but low in divalent
cations {Table 1). Silicale is high, but i
appears to be largely in undissociated form.

The study area was 150 m long; & chan-
nel about 15 m wide and 2 m deep was
flanked on each side by shallows with
maximum depth of I m, covered by 2
heavy growth of aguatic plants (Fig. 2).
Surface current in late summer varied
from about 1 m/sec in midchannel to less
than I om/sec in the beds of vegetation,
In late winter, when the planis had died
down, swiace ocurrent over the shaliows
increased 0 15-20 om/sec and went up o
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Tasre 1. Chemival one
from the middle Madison |

e

c of woter samples
tiver (Boeder 1886

Mean
Conductivity
(B 10%) 274-488

Alkelinity {meg/Hter} 1.25-2.50
Caloium {meqg/liter) 3.08-4.21
hY } 800410
Sodium {meqg/liter) 2,104 80
Chloride {medg/Hter | 0.80-1.583
Bulfate {m {$,41-0.46
Phosphate {; 4.006-0.017
Silcate {meq/ 2.02-2.65

pH ' 7.30.7.59

50 cm/sec during the high waler stage
{about 1 May to 1 July i 1964 and about
I May to 20 July in 188%), The study area
is separated from similar habgtats above
and below by broad shallow riffles. Quali-
tative samples were taken from the entire
ares; gquantitative samples were taken only
from the shallows northwest of the channel
The bottom in the shallows was silt and
muck; the bottom of the channel was bed-
rock covered with a thin layer of sand
and gravel.

Potomogeton ngtons L. was the most
abundant plant. It ocourred in neazly pure
stands, as did P. foliosus Baf. which cov-
ered less of the area (Fig. 2). OUther
macrophytes were Ranunculus aquatilus
L., Hippurus vulgaris L., Elgocharis sp.,
Spargantum sp., Myriovhyllum exalbescens
Fern, Utricularia sp., Potamogeton fili-
formis Pers., Zannichellio palusivis L., and
Chare sp.

METHODS

Organisms were collected with a me-
chanical sampler {Gillespie and Brown
1968}, consisting of a 0.3 frame with an
attached net and 2z geardriven closing
mechapism, Mesh size averaged 4.8 07
mm, permitting significant losses of newly
hatched mdividuals of some species. Cor-
rection factors were applied when neces-
sary; these were determined by placing
known numbers of small size molluses
(class 1 see below) in the sampler net
with gilt and vegelation, washing as in the
field collections, and counting to find the
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proportion lost. Collestions for each date
were taken along transects, with sach tran-
sect located upstream from the previous
ones to avold sampling disturbed arecas.
Sites of individual samples were chosen at
rendom distances from shore in each tran-
sect, but only sites which fell within beds
of P, natans or P. folivsus were used. This
resulted in siratification of sampling for
both plani type and depth {0.5-L0m).

Bach sample was removed from the sam-
pler, placed in a plastc bag and preserved
¢ formalin, In the laboratory, samples
were rinsed free of formabin, and the mac-
roinvertebrates were separated from plant
material and detritus, sorted by species,
and preserved i T0% ethanol. The selected
species were then sorted into size classes
1, I, fif, and IV {from smallest to larg
est) and counted. Fingernail clams { Pisid-
it} were sized by sorting on a grid under
a microscope, and snails were washed
through a series of graded screenms. Adult
fingernail clams were dissected and em-
bryos counted, Al molluses were decalei-
fied with 05 w H{Cl, dried to constant
weight at 850, and weighed to the nearest
0.1 mg. The small error mtvoduced by this
procedure was ignored {Richards and
Hichards 1985).

Population number per square meter (W),
population biomass {W in mg/m?) and
mean individual biomass {Q in mg) were
estimated from collection data. Diift into
and out of the study area was found to be
negligible I Hmited sampling, and immi-
gration and emigration were assumed to be
balanced. Population statistics for rate of
popuiaton change, birth rate, and mortal-
ity rate were caleulated from the equation:

F= b d =GN

i dt, {1
where r, b, and d are, respectively, coeffi-
ctents of rate of population change, birth
{or hatching} rate, and mortality rate; N
iz the populafon, and ¥ iz time In davs
{ Edmondson 1880). In integral form:

N, = Nygt-Dt {

3

[

where ¢ is the base of natural logarithms,
N, is the pepulation at the tme of collec-
tion, and Ny is the population at the previ-

REGLEURGE N CTHI

Fic, 1. Average temperatures in Madison Biver
Apri mber 1965, Solid line from
thermograph data furnished by T O Wright, Dot
ted line estimated from maximumereinimum and
pocket thermometer daia,

w

ous collection, Taking the natural loga-
rithms of hoth sides and rearranging:
h-d={InN,-la Ny} /% {3}
The populations of gastropods, in which
reproduction was largely restricted o 2
short period In summer, were treated as
cohorts of uniform age. To avoid ervors
caused by including adults surviving from
the previous generation and immabure
individuzls hatched “ous of season,” cal
culations were restricted to the dominant
annual generation, which was followed
throngh the vear by size-frequency anal-
yses of all collections. This method of
interpreting population data is subject fo
the judgment of the mvestigator—espe-
cially with regard to selection of size
classes. MNevertheless, it probably gives a
more realistic picture of population dynam-
ics than trying to interpret data for the
total population. Average values of d were
determined by fitting a survivorship curve
to the population data by the method of
least squares. Summmer values for d were
assumed to continue through the repro-
ductive period, and the coefficient of hatch-
ing rate was calculated from:

S (4)

No data on egg production or mortality
were collected.

The population of P. compressum was
not freated as a cohort, since a significant
amount of veproduction occurred during
much of the vear. Because this species i3
hermaphroditic and ovoviviparous, the
finite birth rate (B) could be determined
by dissecting the adults, counting the em-
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T, 7. Madison River siudy arep, showing
yss section Hhrough X-%° and distibution of

or
plants.

hryos, and determining the average number
of embryos per individual {E). Then:

B=E/#, {5)

where # is the time of development {(in
davs) of the embrvos from the size of the
smallest counted to birth (equivalent to D
of Edmondson 1980; Wright 1965, and B
is expressed as births per individual per
day (Edmondson 1980). Only embryos of
4.52-mm length or greater were counted,
since smaller individuals were not easily
located by gross dissection, The coefficient
of instantaneous birth rate was caleulated
by

b= (B+1): (6)

7 was determined from population data,
and d was calenlated using equation (4}
Total reproduction (B') over a period of
time was caleulated by:

?:z: -gu Ean >

=

F e
o]

&
1"

where N, is the mean population during
each time interval, B, is the finite rate of
reproduction for each interval, %, is the
time in days of cach interval, and y is the
number of intervals in the total period.

Growth was estimated from data on field
populations and from measurements of
captive individuals, Instantaneous growth
rate was computed as:

A0/t = 20, (8)
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;fwff?xw;)zr Bio-
and coeffi-

Por cant

Diate S o W 3 1 £ 1Y ? E 54
1964
5 May 894 1003 7910 16 G838 476 125
28 Ton 185+ B89 255 00 189 64 162 SR baee e
7 Jui 303+ 744 593.5 13 182 284 34 O
23 Jul 526 + 77.3 4963 475 198 B3 262 S
6 Aug 1,928 = B357 6540 400 458 108 a5 GO 01009 0T
12 Sep 1,996 = 3774 7943 145 4r1 sl 10 oor U0 00T
o 0 T30S 35 w7 s 2aa 181 SO000 00N
7 Feb 486 =+ 238.1 9137 413 398 114 713 PO OB 000
23 Apr 165 64.0 B054 12 167 464 as7 Lo TOUR0 00042
g Tui 255 = 348 1578 208 470 173 1438 OOURE D00 R008
16 Aug 2,460 = 309.1 13728 326 429 156 89 o nome a0

where Q) is the mean shell-free dry weight
of individuals, g is the coefficient of growth
rate, and ¢ is time in days. {_Kiczzi tigns
were made from: )

g={InQ:-In{ /¢, (9]
where . is mean individual weight at time
of an ohservation, and Oy is mean individ-
ual weight at the time of an chservation 1
days earhcr, An average value of g was
obtained for each species by fitting a curve
to the data. Total net production (£,) was
estimated by the method of Allen {19513
and Neess and Dugdale (19538, For a
uniform age cohort, total nel production
equals the area wnder a graph of number
versus mean individual weight or growth-
survivorship curve. This is expressed by

P,= [ NdQ. {10}

Determinations of P, were obtained by
constructing g%‘aph% and cbiaining the area
with a poiaz planimeter. Data were also
fitted to the p@p@;iaimﬁ mogdel proposed
by Neess and Dugdale (1958) using the
oguation:

§3 :'sw,ﬂz?}’%<j"a“(f _{}H{}rzMEQQij 21}_\3

Since N is given as a fonction of ., pro-

éuctlon is obtained by integrating eguation
10
{10}

?l! =

p Qo (1K) QA F = Qpt-F), (12)

where k is the constant d/g, and O: is the
mean mdividual weight of adult animals.
This model implies that mortality and
growth vary seasovally in the same man-
ner, 5o that d/g is constant, while the
graphic method vields a value of P, inde-
pendent of the rela tlonshlg} of dand g The
estimated values of N, differed Sﬁmm&-hat
for the two methods, since N, for the
graphic method was caleulated as repro-
duction over a period of time (B'), and N,
for equation {12} was obtaimed by extrap-
olating the fitted curve, '
This method of obiaining F, was applied
directly to the populations of gastropods,
which were treated as cohorts. For the
fingernail clams, the method was modified.
Estimates of the growib-survivorship curve
were obtained by tollowing a size class of
individuals through their life cvele and by
use of an average size-frequency curve. A
eajculated value of net production (P.)
was obtained from these curves and di-
vided by Ny, the estimated number at birth
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{ obtained by extrapolation) in the growth-
survivorship curve. The production per
individual born into the };quumen was
computed as:

The net production of the popda{mﬁ over
a given ;3{:3;{}@ of time was obtained by:

?EEZB':?@, {Eé"

where B is caleulated from equation (7).

BESULTS
Physa gyrina

Examination of population data (Table
2) showed o spring low followed by a rapid
mcrease to a peak in August. Maximum
biomass (W) of the 1964-1965 generation
oceurred in September and minimumn bio-
mass in June. The increase in numbers
from June to August in 1964 was accom-
panied by a siﬂft m population structure
from 81.1% adults {classes 1If and IV) to
85.6% juveniles {classes I and II). Repro-
duction oconrred from July through Goto-
ber with a peak in July. Those individuals
hatched after 7 Joly and hefore 8 August
made up an estimated 78% of the 1964
generation; an attempt was made to follow
the life history of this cohort by size-fre-
guency analyses. Population and weight
estimates were used to calculate mortality
and growth rates (Table 3).

Tfne surviv orsth curve obiameé Was
fitted to equation (3), with & considered
equal to zero and average value of d
determined from the s?ape The hest ft
was obtained by dividimg the curve into
two parts with a d coefficient of 0.0187 in
Inte summer and fall, and 0.004% in winter
and spring. The hzv% estimate of N for
August 1965 may result from a sampling
error, but it is included in the above mor-
tality rates. If this August estimate s
correct, the population may have been con-
centrated in the Potemogeton beds durmg
breeding season and Iater dispersed to
other habitats, The high appasent mortal-
ity in fall may have resulted from dispersal
out of the study area. The coefficient
was determined for intervals between sam-
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i
menn ind mmi mez.a&&
growth refe cosfficlent (g)

Date i 2! 2 Z
10684
21 Jul 250 0.094
- 3.0453
& Aug 1,630 (.184
30268 00128
i% Sep Gil 5,312
G011 043132
& Oct 451 3,445
19485 4,0135 £.0140
T Teb a5 1575
0.0080 3.0043
95 Aps 80 2,196
0.0061 30002
9 Tt 33 2.926 »
~(0.0482 (1LO0ET
i3 Aug 28 2.560

33”,%3" equation 4), using the average values
of d for each time of vear {Table ). The
mazimm ohserved value of b was 0.1009
(21 ful-B Aug 1964), comesponding to 2
finite hatching rate of 0.1082 individuals
per individual per day (equation 6). The
total number of individuals introduced
into the population (B} during 1064 was
3,133

A growth curve was constructed from
the mean weight data, fitted to equation
g‘% 3, and the Loi,ﬁli,lé?"{it g was determined
from the slope. Growth 1 ate is expected to
vary, but a reasonably good fit was ob-
tained by breaking the data into two sec-
tions ceirﬂxp{mém{g to the bwo parts of the
survivorship curve. This gave miues for g
of 0.0175 in summer and fall and of 0.0027
n winter and sprmﬂ‘ The g coefficient of
individuals raised in aguaria at a mean
temperature of 195C averaged 0.0159.
DeWitt's (1954a) data vield a much higher
value {g=0.136) than any of the above,
Hut this 45 only an approximation, since his
growth data were converied from shell
length 1o shell-free dry weight for compari-
son with my resulis.

Survivorship and growth data were com-
hined {E'E_@' 3 and fitted to Neess and
Dugdale’s (1939) model (equation 11).
The average ’xﬁne of d/z obtained by the
method of least squares was 1.097, with

Z—f»i
il
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Tapre 4. Population data for Oyravlus deflectus. Spmbols as in Table 2

Per cont

iate & oomam W i I 1il iy ¥ 12 Fid
1964
5 May 2886 2509 502,00 8.5 473 401 8.1
00046 00233 00237
2% Tun 3436+ 10820 LO9LY 9% 503 433 3.9
LO08% 00334 0.0323
7 Jul 3173 4718 8364 156 428 391 25
80342 GOBBY  £.0523
21 Tui 5,192 -+ 1,800.2 8507 478 387 131 04
60025 00331 40323
& Aug 5,337 + 11156 4822  BTO 309 18 03
00054 00377 0.0323
12 Sep 6,010 -+ 1,531.6 2962 888 325 07 00
60084 00407 0.0523
5 Oct 7548 + BIGA 5702 692 295 12 01
1985 00002 20000 00002
7 Feb 7351 = 7384  1,9997 563 520 112 05
0052 00000 0053
23 Apr 4028+ 8704 13423 86 510 328 28
0031 00208 00237
5 T 3,502 - 509.8 6897 439 37.2 178 1.3
00361 00884 00323
16 Ang 15478 £ 36630 L3291 650 244 08 00

Fre g

Ny estimated at 2,754, Ratlos of d/g deter-
mined for the two sections of the survivor-
ship and growth curves were 1103 for
summer and fall and 1.558 for winter and
spring {avg 1.405).

~Hstimated values of @y =005 mg and
No == 2430 were used to caloulate net pro-
ducticn from field data by planimetry; the
value obtained was 85450 mg/m® The
vilue obtamed using equation {12} was
73007 me/m® (N =2754 Q=008 d/z
= 1,087, Since these values were for an
estimated 78% of the 1864 generation, the
valies were adjusted, assuwming that pro-
duction of mdividuals hatched at other
times of vear was equivalent o that of the
group studied. Total net production for the
19641985 generation was thus caloulated
to be 1,095.51 mg/m? from field data, and
93599 mg/m* from a model population
fitted to the data

Gyranlus deflectus
The field data (Table 4) show a low
population in early summer of 1984, fol-
lowed by a rather slow increase to a peak
in October. Population peaks are sccom-
panied by a changing population sbuchure
as with Physa. An attempt was made fo

follow a generation through a life ovcle
by size-frequency analysis, but meaningful
data were derived only from the winter
and spring samples. Datn from summer
collections  were difficult o inferpret
because the 1984 reproductive season ex-
tended from early July to Octoher with no
definite population peak. In  addition,
newly hatched animals were able to pass
through the net, so that during periods of
peak reproduction, esbmates were much
fower than the true population. Data in
Table 4 are uncorrected, but a correction
factor was applied to data used to calen-
inte population statisties {Table 5), assum-
ing a loss of 40% of class 1 individuals
during reproductive periods. Calculations
included an estimated 81% of the 1884~
1865 generation,

The survivorship curve was fitted to
equation {3); & was considered equal io
vero, vielding average d coefficients of
03,0048 for the winter months and 0.0323
for spring and early summer. Mortality of
a small group of Gyraulus was estimated
for a single month {6 Aug-12 Sep 1984)
during summer, and d was found 1o egual
0.0274, Thizs value is probably an undes-
estimate, since recraitment of voung ani-

MOLLUSCS IN I¥
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Fio. 3. Growth-mortality curve for Physe gy-
rina. MNatural logarithm of Ne/m® (W)} vs. nabs-
val logarithm of mean individual blemass (O],
with line of hest £t {eguation 12},

mals to the population could not be
accoumied for completely. The cosflicient
b was caleulated {equation 4), assuming
that d was equal to 0.0323 during the repro-
ductive season {Table 4} BReproduction
was assumed to be zero during winter. B’
was caleulated to be 28,315 {equation 7).

The growth curve vielded an average g
costficient of (.0084 when fitted to equa-
tion {8), with no increase in spring. Data
for the total population vielded almost
identical growth rates {g = 0.0083) for the
winter months (8 Oct 1964-25 Apr 1565).
An approximate g coefficient for summer of
0.03230 was determined from & group of
andmals raised in aguaria at a mean tem-
perature of 19.5C,

Diata for growth and survivorship were
combined {Fig. 4} and fitted to equation
{11}, even though date were inadequate
for fitting the entire carve. The caleulated
average value of /g was 1408, Assuming
a constant value of d/z and an average g
coefficient for summer of 0.0230, an aver-
age summer value for d of 0.0323 was
obinmed—identical to the spring and early
summer value.

Net production, which was caloulated
from feld data by planimebry using esth
mated values of = 0.037 mg and Ny =
22,5358, was 2708.25 mg/m®. The velue of
F, caleulated by egquation (12), with Q=
0.037 mg, Ny= 40120, and d/g = 1408,
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T, 4. Growth-morkality curve for Gyraulus
deflectus, [ 8See Fig. 4 and text for explanation.}

was 2.453.08 mg/m® Since these values
were for an estimated 81% of the 1964-1565
generation, total net production caleulated
from field date was 334352 mg/m® and
the value caleulated for a model population
fitted to the data was 3,028.47 mg/m*.

Valvata humeralis

The data (Table 8 show a population
mininam in August 19684 and an abrupt
recovery 1o a peak in September. The
September population did not reach the
level of the previcus Mav and was far
below the presumed level of the previous
autumn. Caleulation of population stais-
tics were based on the entire population
because the <hange from old to new
generation was so nearly complete and
the reproductive period o short. Most of
the 1963-1984 generation apparently died
before the 19064-1965 generation hatched.

Tapre 5. Population data for a cohort of Gyraulus
deflectus. Bymbols as in Table 3

Date B S o g
1064
8 Oet 11,3007 0073
1585 (L0837 8.0072
7 Feh 7.343 0.174
.0088 0.0081
25 Apr 4374 0,278
(0.0237 40051
9 Jul 736 0,408
(10533 30078
i8 Aug o7 0.551

# Oprrected for losses through net
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Tapinm 8, Populeiion dofe for Valvats humeralis. Symbole ge in Table 2

Feor cenl
Diate M oosn W i it iif Iv T B d
16684
5 May 7886 7994 28708 40 B4E5 114 41
~RO202 .0000 00202
28 Tun 2,585 = 8661 21,9 21 78n 21l 68
(111949 G.5000 3.1194
T Iul 380 = 204.8 328.6 0.5 652 338 07
-1,10282 00004 (1022
21 Ful 213+ TEE 742 48  T0E 247 04
~{1 0585 {0000 (1.G585
§ Aug B2+ 280 254 354 B85 81 04

12 Sep 2,738 = 898.0 27L3 845

50048 £1194 60244

131 43 Q1

-(3.0028 G.0000 (3.0028

S Oct 2,583 x 482.3 583.4 448 330 P S A

1965
7 Feb 997 = 1187 2750 27
25 Apr 1052 1740 3457 7.
9 Jul 366 = 857 1323 186
18 Aug 199 = 237 242 305

]

o

Ut

~3.5078 4.0000 0.0078
0.0007 G000 06007
~i303141 0.0000 0.6141

A 689 4.0 40

[89]
jaal
]

a0

72357 4.4
50315 §.0185 0.0504
B 15 84

Wewly hatched individuals could pass
through the net, and datz used in ealeula-
tHons {Table 7} were corrected assuming a
40% loss of class T individuals during the
reproductive period. Caleulations were as-
-sumed to include the entire 1964-1965
generation.

The survivorship curve, fitted to egua-
tion (3), vielded average d coefficients of
06173 in autumn, 00051 in winter, and
(0246 in spring and summer. High sum-
mer mortality apparently is a result of
adults dying after reproduction. A survi-
vorship curve could be fitted for the entire
period {12 Sep 1864-6 Tul 1965), with an
average vahie for d of G.0073. The coeffi-
cient b for the reproductive period, using
the average d value {0.0248) for the 25
April-16 August 1885 period, was 0.1189—
equivalent to a B rate of 0.13%, and a B
of 6886 individuals/m®

The growth corve showed a rapid rate
{g = 0.0333) during auvtumn {Sep-Oct)
and a very slow rate (g = 0.0018) during
the rest of the vear. No increase in growth
rate of adulis was observed in spring and
summer. The growth rate coefficient was
0.0550 for mdividuals raised in aguaria at
a mean temperatime of 19.3C,

The growth-survivorship curve {Fig. 3)
was fitted to eguation (11), vielding a cal-
culated average value for d/g of 1461, The
average d coeflicient was calenlated to be
.0486, assuming a constant ratio d/g and
an average g coefficient of 0.0333 during
the reproductive period. This value for
is considerably higher than the value used
above and could give a correspondingly
higher birth rate for the reproductive pe-
riod (b =10.1434).

Net production, calenlated by planimetry
from field date, using estimated values of
o= 0041 mz and Ny = 8,886, was 887.00
mg/m* Net production was 999.61 mg/m?
{or & moedel population fitted fo the data
using equation {12) with estimated values
of O = 0041, Ny = 16584, and d/g = 1,461

Pisidium compressum
The population of Pisidium was made
up almost entirely of P. compressum and
was treated as a monospeciic population
Although some P, casertonum were in-

cluded in the population, there were too

few to have any signilicant effect on the
caleuiations. The population minimum oc-
curred I July and the madmum in
October 19684 {Table 8). In 1965, the pop-
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Fro. 5. Growth-mortality curve for Valegic
hurmeralis. {See Fig. 4 and text for explanation.)

ulation minimum was in July and the maxi-
muwmn in August. However, no data were
collected after August, so further increases
may have ocourred. Maximum hiomass
was reached in late April or early May,
just before the high-water stage of the
viver, and minimum biomass cocurred just
after high water. The distribution of Pisid-
i was wuneven during the highowater
period, and the animals were {requently
swept inte piles in sheltered areas by the
swift curvent. For this reason sampling
was not adequate for the June 1864 collec-
tion, and data from this collection were
not used.

Populadon data were used to calculate
coefficients of v for each sampling period
{Table 8 and Fig. 8) using eqguation {1}.
The b coeflicients were calculated {equa-
tion 6} from the B values obtained with
equation {3}, The ¢ was difficult to deter-
mine acourstely, since growing embiryos
could not be cbserved imside the adulis
It was estimated at 11.5 days from size-
frequency analvsis of embryos collected in
late June and early July of 1984, and this
value was used In caloulating B for sum-
mer collections (Jul-Sep). An estimated
valne of ¥ = 18 davs was used to caleulate
B for spring and fall collections. The esti-
mated B for 1964 was 9,389 (equation 7).

The reproductive period for this species
was lengthy, extending from late April
through October with maximum reproduc-

i, 8 Coefficients of reproduction mte (b,
solid line} and rate of population change (7,
broken lne} for Pisidium comprassum, May 19064
through Angust 1565,

tion ocowrring in early Julv. As a result,
sive class I was the most numerous in ail
but one collection (Table 8), and only
one collection (7 Feb 1885} comtained no
embryos.

On two collection dates (21 Jul 1964 and
9 Jul 1865), a negative value of d was
obtained (Table 8 and Fig. 7). This is ob-
viously impossible, and probably resulted
from sampling error or may have been a
result of immigration into the study area.
Mortality was generally highest during
high-water periods {approx 1 May to 1
Jul), with an average d coefficient of
0.0212. Average values of d were 0.0061
for summer and {0016 for winter. An
estimate of d was also obtained by follow-
ing a cohort of Pisidium through summer
1984, assuming an average g coefficient of

Tanue 7. Population dota for g cohort of Valvata
humersglis. Symbols as in Table 3

Drate N 4 ] g
1064
Z Bep  4317% 1L0GET
001753 (L0333
G 0ot 2,708 1.215
1885 30083 (L0021
T ¥eb 997 0,276
~G0007 00633
23 Apr 1,052 £.328
0141 0613
2 Jul 386 3,362
(.8504 00013
16 Aug B4 {1,380

* Corrected for losses throngh net.
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Tazie 8, Population dote for Phidivm compressum. Symbols as in Table 2
- Por cent
Date N W 1 i IV # B 4
L‘}éé May 5138+ 36894 12808 355 37.8 187 &0 e 00073 00956
B L0 S WL 625 58S AL et coss 00298
21 Jul 1LBi10 = 5id4 287.6 5.6 270 07 424 00279 e
& Ang 2,829 o BOGE 4507 504 238 111 37 00185 0.0225 00055
12 Sep 5,885 = 2,280.5 TB0.4 3.8 375 100 17 . 60073 0067
11}8?5; Oet 2781 x 13228 7536 5l4 352 Eﬁi 2 "i 0.0015 0.000% 00015
7 Feb £.833 4 1.333.5 914 485 272 203 3.8 0014 00000 00014
25 Apr 4334+ 8243 932.4 540 2446 182 32 oid 00015 -
G Jul 1837 = 4008 2588 8446 201 B8R 14 00515 b0121 00193
i8 Aug 5,040 = 10044 T06.2 TRT 148 55 10

00530

0.0188. This vielded a value of 4 = 0.0074.

The g values were determined from field
data and from data obtained by rearing
individuals in plastic sereen cages anchored
in the stream. During winter months re-
production and mortality were low, a;zd
growth calculated from total population
data vielded an average value of g =
0.0027. An attempt was made to follow
growth by size-frequency analyses ém’%ng
spring and summer of both years. Spring
values were g = 00062 in 1984 and g=
0.0049 in 1965, Summer values were £ =
0.0232 in 1964 and g = 0.0180 in 1963
Data for captive individuals yielded a value
of g=00144 The average of these sum-
mer values wag (L0188,

A growth-survivership curve (¥Fig. 8)
was constructed from data on 2 cohort of
animals followed through sunmmer 1964 by
size-frequency analyses. This curve, rep-
resenting an estimated initial population

(Ny) of 1,320, was fitted to equation {117,
giving a value of d/g=0.382. The curve
was integrated planimetrically to yieldf
net production of 41839 mg (P, or 03154
mg per individual borm into the popula-
tion (P.). Using this value, and an esti-
mated value of B = 9.569/m? total net
production was calculated at 3,018.08 mg/

m? {equation 14). A value of d/g = 0.383
was obtamed from winter fleld data, and
estimated values of N, =0568 and {,=
0,038 myg were used to caleulate a net pro-
duction of 261197 me/m? (equation 12},
These caleulations do pot take Into account
the high mortality socurring in spring, and
so they may overestimate the actual met
production.
DISCUSSION

Statistical evalnation of patural popula-
tions is more difficult than for laboratory
populations. Population statistics based on
relatively simple exponential functions are
less precise than those based on more
complex models but are generally adequate
for describing the processes studied {Cole
1954, Hall (1964) suggested that simple
exponential models may be nseful in test-
ing the effects of particular environmental
variables, although they are of little value
in forecasting population changes.

Allen {1851) pointed out that estimating
production by determining the area under
a growth-survivorship curve is a more
accurate method than using the product
of mean population biomass and the num-
ber of population “turn-overs” He indi-
cated that the latter method {eg., Juday
1940, Lindeman 1841, Wright 1965 vields
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Frg. 7. Mortality rate coefficient {d) for a
population of Pisidium compregsum, May 1884
through July 1885,

an undersstmate of actual production.
The model growth-survivorship curve, pro-
posed by Meess and Digdale (1859, has
the advantages of allowing direct calcula-
tion of production from population siatis-
tics and permitting the estimaton {by
interpolation or extrapeolation) of poinis on
the curve for which data are unavailable.
In addition, it is based on simple exponen-
tal growth and mertality functions and can
be used with data commonly collected,
On the other hand, the model is essentially
empirical and requires that the ratio d/g
remaing constant, which will be true only
it mortality and growth rate respond o
environmental variations in the same way,

In this stndy, data showed good fit to
the model population curve for all species.
Goodness of it was tested by a chissquare
test using {n~3) degrees of freedom for
n observations with the following results:
Physa, p > 0.580; Gyroulus, p > 08500, Val-
vain, p > 0.975; Pisidium, p> 0850, As a
further test, producton caloulated by egua-
tiom {12) was compared with that caleo-
lated by planimetering the area under the
growth-survivorship curves, which is not
dependent on the fit of the model. Total
annual net production for all species was
7575 g/m? {equation 13)—within 10% of
the value caleulated by planimetry (8354
g/m®). This was less than the difference
expocted from sampling error. Data on
adult populations tended to depart from
the model in spring and early summer
when increased mortality, owing to high-
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Fro. 8. Growth-mortality curve for o popule-
tion of Pisidivm compressum. {Ses Fig. 4 and
text for explanation,

water conditions and proportionately large
numbers of senescent individuals in the
population, was not accompanied by in-
creased growth, There was another such
tendency when populations were largely
made up of verv young individaals, but
data were not adeguate to show this
clearly, Growth rates, especially in voung
animals, may have increased more sharply
with temperature than did mortality rates.
It appears that the Neess-Dugdale model
is adeqguate, within the limils of sampling
error, for calcalating net production of the
species inchided in this study, However,
estimates of reproduction obtained by ex-
trapolation (N on the growth-mortality
curve) differed significantly from those
obtained by calculation of B {eguation 7).

Mortality rates showed a general corre-
fation with temperature {Fig. 9}, but the
principal temperature-correlated cause of
mortality was probably predation. Re-
mains of snails and fingemail clams were
found in fish stomachs, although no de-
tailed stomach analyses were made. High
mwortality of adult Gyrawlus and Valvata
was observed in spring and early summer,
evidently the reselt of a combination of
high water and physiclogical aging; many
adults of these species apparently died
shortly after reproducing. Mortality of
Fhysa was much higher in spring of 1984
than in 1965. Immigration of adults into
the study area in spring and early sommer
of 1965 may have reduced the observed
moriality of Physe. Mortality of Pisidium
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Fic, 9. Average moriality rate cosffickents {d)

vs, femperature for four species of molhuses,

alse increased during high-water periods,
bat high mortality of adults in summer was
less obvioos, Mortality rates of FPhyse,
Valvata, and Pisidium showed a f@ﬁsiﬁm
correlation with population namber during
the two high-water periods (Fig. 18}
Diata were not adequate to show this cor-
relation for Gyraulus. Heaton (1966)
found large nombers of Gyroulus deflectus,
Bhysa gyring, andd Pisidium casertanum in
drift samples taken in spring and early
sommer at a station 11 km downstream.

Valvata had the highest growth rate ob-
served during the study {g = 0.0333) and
Guranlus the highest growth rate in winfer
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Fae. 10, Mortelity rate coeflicients {d) s, nat-
a1 logarithie of population number during
high-water pericds for populations of 7k gyring,

Valoota humeralis, and Pisidivm compressum.
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¥z, 11, Average growth rate coefficients {g)
vs, temperature (7)) for four species of molluses,

I

{g=000684). Temperature and the age
of individueals appeared to be the major
factors influencing growth rates within
species.  All species showed excellent cor-
relation of growth rate with femperature
(Fig. 11}, Growth of mature animals was
much slower than that of voung animals
even at summer temperatures. DeWitt
1318845), Tsikhon-Lukanina (1883), and
others have reported sigmoid growth
curves for molluses, with growth slowing
as the animals neared maturity. There
was no evidence that food supply limited
growth of any species. All species of gas-
tropods apparently reached maturity in one
vear, but some Physa probably survived the
second winter, Pisidium appeared to be at
least partly biennial. Individuals bormn in

13

?{};}m&;nz}s of C= rauius  deflecius
b and Valvais Jusnersiis (hroken Hoe},
Moy 1064 through Aagust 1983,
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fate summer and f21l did not reach ma-
turity until after their second winter, while
those born in spring probably matured in
summer of the following vear. There was
no evidence of separate annual and bien-
pial populations, and individual differences
seemed to depend entirely on date of hirth.

Reproduction  extended  over several
m{mfbs for all species except Valvata, which
reproduced for &jygmmmaitei}’ one miﬁszsﬁm
Reproduction of Gyraulus appeared to be
coneentrated into a shoxier period in 1865
than in 1964, The grestest reproductive
rate, which was correlated with shortest
reproductive period, ocowrred in Valvate
(h=10.1194). Maximum reproductive rates
were reached in July for all species except
Velvata.

Maximum and minimum populations of
Physa and Pisidium were approximately
the same for both swmmers, but Gyreulus
appeared to increase and Valooia to de-

rease over this period {Fig. 12). Such
&ppayem trends may be misle ,a{iing, as less
than two full cyeles of the populations
were studied.

The total annual net production of gas-
tropods was B.336 g/m® by planimetry and
4984 o/m* by eqguaton (12) with an aver
age value of 5.150 gf"mg This is equivalent
to 21,849 ¢ cal/m®, assuming a value of
4962 g m? g dry We1ght of molluse Hssue
[obtained by averaging values reported by
Golley {1961) and Paine (1863)]. The
average net production of Pisidium was
2815 g/m?, or 11998 g cal/m® If Teals
(1957} efficiency value of 0.25 for all
herbiveres is assumed to apply to the gas-
tropods, and his value of 0.47 for Pisidium
virginicum is assumed to apply to P. com-
pressum, total annual assimilation of the
gastropod populations was 87.796 g cal/m®,
and that of the Pisidium population was
25527 g cal/m* {total: 113,323 g cal/m?).
This value for total gastropod assimilation
is eguivalent to 2141 g/m? of plant mate-
rial, assuming a calorie content of 4,100
g calfg dry weight of plants. I 30% of
naterlal lngested is assimilated, ahout 43
g/m® ol plant material was  conswmed,
Plants were collected along with molluses

MABISON mYVER 113

1 the same samples and dry weights were
amgﬁefz { exdzzsa of Toots ). The stand-
ing crop of Pofamogeion spp. increased
from 866 g/m? in %;Hﬂ 1965 o 2;6{} T
in August 1965, s¢ that the minimum et
produciion of plant material was 1834
g/m* If the probable amount consumed
by gastropods Is added, the actual growth
must have exceeded 228 ¢/m” Thus the
gastropods, if they fed sxclusively on Pofa-
mogeton, assimilated approximately 10% of
the available net primary production or
somewhat more it a lower Nﬁorﬁzg equiv-
alent is assumed for the plant material,
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