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Summary. Life-history parameters (growth, reproduc- 
tion, and survival) were measured from one genetically 
heterogeneous and three homogeneous populations of 
tadpole shrimp (Triops longicaudatus) raised under three 
competitive levels: 5, 10, and 16 shrimp per 38-1 aquar- 
ium. Comparisons were made between the homogeneous 
populations (three monomorphic selfing lines) and a het- 
erogeneous population (a mixture of the three lines) to 
test for increased productivity in genetically variable 
populations, a prediction of the tangled bank hypothesis 
for a short-term advantage to sexual reproduction. In 
most comparisons, the mixture of inbred lines performed 
better than expected from their individual performances 
in pure cultures but did not outperform the best per- 
forming line in any comparison. Decomposition of the 
mixed culture's performance into performances of the 
component inbred lines showed that not all lines experi- 
enced release from competition in the mixed culture. 
No genotype X environment interaction was found for 
any of the three fitness correlates, indicating that all 
three lines performed similarly under the three competi- 
tive conditions. These results provide little support for 
the tangled bank hypothesis and suggest that the levels 
of heterogeneity necessary for detectable resource parti- 
tioning in these shrimp may involve factors not consid- 
ered in this study. 
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The persistence of sexual reproduction is perplexing 
when one considers the cost of producing males relative 
to all-female reproduction (Williams 1975; Maynard 
Smith 1978). This "cost of sex" is two-fold when females 

* Present address and address for offprint requests: S.C. Weeks, 
Center for Theoretical and Applied Genetics, P.O. Box 231, Cook 
College, Rutgers University, New Brunswick, NJ 08903, USA 

invest equally in male and female offspring and when 
males contribute no more than a haploid pronucleus 
to their offspring. The original explanation for this para- 
dox emphasized recombination and outcrossing as 
mechanisms for quickly incorporating advantageous 
mutations into a population (Fisher 1930; Muller 1932; 
Crow and Kimura 1965; Maynard Smith 1968). Accord- 
ing to this hypothesis, the advantage of sexuality is maxi- 
mal when populations are large, beneficial mutations 
occur frequently, and the selective advantage per muta- 
tion is small (Crow and Kimura 1965). Recently, this 
explanation has been rejected due to its invocation of 
group selection (Williams 1975; Maynard Smith 1978; 
Bell 1982) and has been superseded by explanations in- 
volving a short-term, individual advantage to sex (Wil- 
liams 1975; Glesener 1979; Hamilton 1980; Bell 1982; 
Rice 1983; Case and Taper 1986). 

Most short-term models of the maintenance of sexual 
reproduction invoke benefits of phenotypically variable 
progeny in a temporally or spatially varying environ- 
ment (Bell 1982). The "tangled bank" model (Ghiselin 
1974; Bell 1982, 1985) assumes spatially heterogeneous 
environments cause varying selective pressures that 
maintain sexuality and that habitats (patches) consist 
of an array of resource types which no individual pheno- 
type is capable of exploiting completely. Phenotypically 
diverse offspring may utilize more of the available re- 
sources than phenotypically uniform progeny. Individ- 
uals experiencing the least resource competition are 
those with the rarest phenotypes, relative to their re- 
source base, which results in selection for constant rear- 
rangement of parental genotypes to enable production 
of these rare phenotypes. Implicit in this argument is 
the assumption that there are not enough clones to ex- 
ploit all (or even many) resource types (Bell 1982). 

Comparing performances of clonal or inbred lines 
grown in pure culture versus their combined perfor- 
mances in mixed culture has been proposed as an appro- 
priate test of the tangled bank hypothesis (Bell 1985). 
Bell outlines two general predictions that would be con- 
sistent with the tangled bank hypothesis: 1) mixtures 



of  clones should exhibit a higher yield than  that  expected 
f rom the average o f  the c o m p o n e n t  lines g rown in pure 
culture, and 2) clonal  or  inbred lines should  pe r fo rm 
differently in different envi ronments ;  or in other  words ,  
there should be s t rong genotype  X env i ronment  interac- 
tions. 

In  the present  s tudy,  we have addressed these predic- 
t ions by compar ing  per formances  o f  three inbred lines 
o f  the no tos t r acan  shrimp Triops longicaudatus ( tadpole 
shrimp) in pure versus mixed culture to determine 
whether  increased phenotyp ic  variability leads to in- 
creased product ivi ty ,  and,  if so, whether  the increased 
product iv i ty  is consistent  with the tangled bank  hypothe-  
sis. Several ecological fitness correlates (egg produc t ion ,  
growth,  and survivorship) were measured  at three densi- 
ties o f  the three lines g rown in pure culture and in a 
mixture o f  all three lines to explore two quest ions:  (1) 
does a phenotypica l ly  variable g roup  o f  shr imp show 
higher product iv i ty  in these artificial patches than do 
m o n o m o r p h i c  g roups?  and (2) do the individuals in 
phenotypica l ly  variable groups  experience reduced com-  
peti t ion as predicted by the tangled bank  model  ? 

Experimental organism 

Triops longicaudatus inhabi t  freshwater  ephemeral  ponds  
ranging  f rom 50 ~ N lati tude in western N o r t h  Amer ica  
th rough  Central  Amer ica  and  into South  Amer ica  
(Longhurs t  1955). Triops popula t ions  exhibit wide varia- 
t ion in sex ratio,  usually being strongly female-biased 
(Linder 1952). It  appears  tha t  sexual popula t ions  consist  
o f  a mixture  o f  facultatively hermaphrod i t i c  females and  
sexual males and  that  clonal popula t ions  conta in  only 
the fo rmer  (Weeks unpubl.) .  Longhur s t  (1955) found  
that  individuals f rom clonal popula t ions  had  testicular 
tissue intermixed with ovar ian  tissue and p roposed  that  
asexual r eproduc t ion  was accomplished by self-fertiliza- 
tion. 

Tadpole  shrimp complete  their life cycle in 30 
40 days. They  p roduce  desiccation-resistant  resting eggs 
which ha tch  within 24 h after hydra t ion ,  given appro-  
priate levels o f  light, temperature ,  and oxygen (Takahas-  
hi 1977; Scott  and Grigar ick  1978, 1979). Naupli i  quick- 
ly develop into juveniles, which then settle on the p o n d  
f loor to take up the omnivorous  habits characterist ic 
o f  adul t  tadpole  shrimp. Individuals at tain sizes o f  15-  
20 m m  in as few as 10 days and  reach sexual matur i ty  
as soon  as 9 days after ha tching  (Takahashi  1977; Weeks 
unpubl.) .  Tadpole  shr imp p roduce  up to 246 eggs per 
day  which are buried o r  stuck to vegetat ion and p o n d  
detritus (Takahashi  1977). Given its reproduct ive  poly-  
morph i sm,  as well as its relatively short  genera t ion time, 
Triops is a suitable experimental  animal  for  testing the 
predict ions o f  the tangled bank  model.  

Materials and methods 

All three clonal lines used in this experiment are patchily distrib- 
uted in several ponds near Portal, Arizona. Most ponds contain 
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Table 1. Experimental design (see text for further details). Number 
of replicates per line by density treatment are shown in parentheses 

Line Density 

Low Intermediate High 

Clone I 5 clone I 10 clone 1 16 clone 1 
(n = 5) (n = 7) (n = 5) 

Clone 2 5 clone 2 10 clone 2 16 clone 2 
(n = 7) (n = 5) (n = 6) 

Clone 3 5 clone 3 i0 clone 3 16 clone 3 
(n = 7) (n = 5) (n -- 8) 

Mixed 2 clone l, 4 clone 1, 6 clone 1, 
1 clone 2, 3 clone 2, 5 clone 2, 
2 clone 3 3 clone 3 5 clone 3 
(n = 6) (n = 6) (n = 5) 

only a single clone, but clones 2 and 3 co-occur in a single known 
location. All three lines used in this study were collected from 
monoclonal ponds. Clone 2 has more legless tail segments ("long" 
form) than clones 1 and 3 (" short" form). The short-form lines 
differ at one of 13 electrophoretically sampled loci, whereas both 
short-form lines differ from the long-form line at 7 of the 13 sam- 
pled loci (Sassaman unpubl.). 

The experiment was run as a completely randomized 4 x 3 fac- 
torial design. There were four "line ~ treatments: (1) pure clone 1 ; 
(b) pure clone 2; (c) pure clone 3 ; and (d) a mixture of the three 
clonal lines (Table 1). Each line was reared under three density 
treatments: (a) low (five shrimp fed 0.20 g/day/shrimp); (b) inter- 
mediate (ten shrimp fed 0.I0 g/day/shrimp); and (c) high (sixteen 
shrimp fed 0.0625 g/day/shrimp). The mixed treatments were set 
up as follows: (a) low density=two clone 1, one clone 2, and two 
clone 3; (b) intermediate density = four clone 1, three clone 2, and 
three clone 3 ; and (c) high density = six clone 1, five clone 2, and 
five clone 3 (see Table 1). The number of replicates per culture 
X density combination ranged from five to eight (Table 1). 

Shrimp were reared in 38-1 glass aquaria, which were allowed 
to dry out naturally to simulate desert conditions. No treatment 
was allowed to dry out completely; in the longest-lived replicates, 
5 10 1 of water were added to prevent desiccation-related mortality. 
Initial food (Wardley goldfish food) per tank was held constant 
at 1.0 g/day and was proportionately reduced with mortality within 
each treatment (i.e., when one shrimp in a treatment of five died, 
the overall quantity of food per tank was decreased by 0.20 g/day). 
The above feeding regime was used to keep food per shrimp con- 
stant within each treatment so that a reduction in number of shrimp 
did not lead to increased food per individual for the surviving 
shrimp. Therefore, constant competitive pressure for food was 
maintained throughout the experiment on all surviving shrimp. 
Space per individual was under no experimental control except 
for initial conditions, and therefore increased with increasing mor- 
tality. 

Three measures of productivity were recorded in each treat- 
ment: (a) growth, measured as increase in individual biomass; (b) 
egg production, measured as total eggs produced per experimental 
tank; and (c) survivorship, measured as survivors per day. Experi- 
mental tanks were siphoned daily to remove dead shrimp and to 
record the number of survivors per day. The original water was 
then reintroduced into the tanks and the appropriate quantity of 
food was added. This procedure allowed measurement of survivor- 
ship with the least possible disturbance. Experiments continued 
and data were collected until the last shrimp in each tank died. 

Egg production was measured at the end of each experiment 
by screening out eggs from the soil in each tank with a 300 micron 
screen (egg sizes ranged between 325 and 375 microns in diameter). 
Two categories of eggs were recorded: (a) intact eggs (any egg 
with no apparent physical damage), and (b) eggshells (eggs with 
obvious physical defects). Only eggshells that were greater than 
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50% the diameter of a nomal egg were counted to avoid overcount- 
ing damaged eggs. Most eggshells were almost entirely intact with 
a single large tear. Triops longicaudatus have a tendency to canniba- 
lize their own eggs, leaving only empty eggshells (Weeks pers. ob- 
serv.). Therefore, eggshells are not necessarily a direct result of 
inferior eggs. 

Statistical procedures 

All data were analyzed using the General Linear Models and Life- 
test procedures of the SAS statistical package (SAS Institute 1982). 
All parametric univariate comparisons were tested for normality 
of data (SAS Proc Univariate) and homogeneity of variance (Bart- 
lett's test). 

Average increase in individual biomass per tank was calculated 
by measuring the biomass of each shrimp at time of death and 
subtracting the average biomass of the shrimp at the start of the 
treatment. Total biomass was computed for the tank, and this value 
was subsequently corrected for density by dividing by the number 
of shrimp initially added to the tank. Average number of eggs 
per individual was calculated by dividing the total number of eggs 
produced in a tank (intact eggs + eggshells) by the number of female 
shrimp in each tank. 

A two-way multivariate analysis of covariance was used to 
compare mean egg production and biomass. The number of 
"shrimp-days" (surviving shrimp per day summed over days) was 
used as a covariate to standardize for the possible confounding 
effect of differing survivorship between density and line treatments. 
The covariate, shrimp-days, affected all line X density treatments 
homogeneously (P>0.05) within each comparison. Growth and 
egg production in mixed culture were compared against monoclon- 
al growth and reproduction using an orthogonal contrast of the 
mixed treatments versus a weighted combination (weighted by the 
numbers of each clone initially added in the mixed treatment) of 
the three clonal lines. 

Survivorship was analyzed by comparing survivorship curves 
for the four cultures (3 clones and mixed) averaged across replicate 
tanks. Heterogeneous survivorship among cultures was compared 
separately within each density treatment with the Logrank chi- 
square test (Mantel 1966; Peto and Peto 1972) in the Lifetest proce- 
dure (SAS Institute 1982). In this distribution-free test, two or 
more survival curves are compared through the use of a chi-square 
analysis. The calculation of observed failures is simply the summa- 
tion of all deaths over the time period of study, resulting in an 
observed value for each group. The expected number of failures 
is calculated by estimating the "extent of exposure to risk of death" 
for each group being compared (Pcto et al. 1977). A chi-square 
value is then calculated for each group and these values are 
summed for all groups. The total chi-square value is compared 
to a standard chi-square table. The benefit of the Logrank chi- 
square test is its use of the entire survivorship distribution relative 
to a portion of that distribution for single measures of survival 
(such as "lethal dose-50" or median survival) which can lead to 
unreliable results (Peto et al. 1977). 

A comparison of performance of the clonal lines in mixed 
relative to pure culture (see below) was accomplished by partition- 
ing the growth and survivorship of clonal forms (short versus long) 
in the mixed cultures and comparing this to each form's growth 
and survivorship in pure culture. In the growth analysis, a direct 
statistical comparison was available for the long-form line 
(clone 2), whereas clones 1 and 3 were indistinguishable and there- 
fore were combined into a short-form category. 

Growth and egg data were log-transformed. The transformed 
data were subsequently found to be normally distributed except 
for the comparison of increase in individual biomass between 
shrimp grown in pure and mixed cultures (P<0.01) (see below). 
All comparisons had homogeneous variances (P> 0.05) except the 
comparison mentioned above (P<0.005) and eggs produced per 
female reproductive day (0.025 < P < 0_01). 

Results 

Comparisons of overall performance 

At the low and  in termediate  densities, survivorship was 
higher in the mixed than  the pure cultures (Fig. 1), 
though  this difference was no t  statistically signif icant  
( logrank chi-square,  0.05 < P < 0.10). Survivorship was 
equivalent  a m o n g  all lines at the highest densi ty ( logrank 
chi-square,  P > 0 . 4 0 ) .  A compar i son  of mixed survival  
to tha t  expected f rom a weighted average of  survivorship 
in the three pure  lines, revealed significantly higher survi- 
vorship at the in termedia te  densi ty only ( logrank chi- 
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Fig. 1 A-C. Tadpole shrimp survivorship m mixed and pure culture. 
Predicted (mixed-exp.) and observed (mixed-obs.) survivorship are 
displayed. Density treatments are: A five (low), B ten (intermedi- 
ate), and C sixteen (high) shrimp per tank 



555 

0- 

t ~  

E 
0 

r n  

' d  - 2  

A 
CLone  1 

�9 C l o n e  2 

C l o n e  3 

. . . .  ~ . . . .  M i x e d - o b s .  ~ e x p  

-3 
4 6 8 10 12 14 16 

B 
7.0- 

4.0 �84 

3.0 . . . . . . . . . . . . . . . . . . .  
4 6 8 10 12 14 16 

Densi ty  

Fig. 2A and B. Measures of growth rate and egg production of 
Triops lines at each density: A Average individual biomass for 
tadpole shrimp in all lines at all densities and B Average individual 
egg production per female (see text for calculations of these vari- 
ables). Adjusted means and standard errors are plotted for each 
line at each density. Observed and predicted performance is shown 
for the mixed cultures 

6 , 0 "  

133 v 5.0 
c 

square, P < 0.05; Fig. 1). Survivorship was never signifi- 
cantly higher than that  of  the best surviving line at any 

-density. Survivorship was significantly reduced with in- 
creasing density (logrank chi-square, P < 0.01). 

Individual biomass and number  of  eggs per female 
showed a denisty effect, indicating increased levels of  
competit ion, as well as a clonal line effect, indicating 
heterogeneous line performance in both the univariate 
and multivariate comparisons (Table 2, Fig. 2). Average 
growth in the mixed t reatment  was higher than that  o f  
pure cultures of  clone 1, and average egg product ion 
was higher in mixed than in pure cultures of  clone 2 
(Tukey's HSD,  P<0 .05) .  Neither growth nor  egg pro- 
duction was highest overall in the mixed treatment.  
Shrimp in the mixed treatment  did produce more  eggs 
but did not grow faster than expected f rom a weighted 
average of  the clonal lines grown in pure culture (Ta- 
ble 2). There was no significant difference between mixed 
and average pure performance ( P >  0.05), when both egg 
product ion and growth were considered simultaneously 
(Table 2). 

Neither fitness correlate showed a significant density 
X line interaction at either the univariate or multivariate 
level; the F-ratio being less than one in all measures 

Table 2. Univariate and multivariate two-way analysis of covari- 
ance results. Average individual biomass and average egg produc- 
tion per female are the dependent variables compared in a 4 x 3 
factorial design of four lines crossed with three densities. Shrimp- 
days was used as a covariate to adjust for the possibly confounding 
effect of differential survival between treatments 

Source Num Den Mean F Pr > F 
(df) (dO square" 

Shrimp-days 
a) Biomass 1 59 8.8969 6 6 . 3 4  0.000l 
b) Eggs 1 59 7.8776 15.60 0.0002 

Density 
a) Biomass 2 59 4.8199 3 5 . 9 4  0.0001 
b) Eggs 2 59 13.2776 2 6 . 2 9  0.0001 
c) MANOVA 4 i16 0.3855 17.71 0.0001 

Line 
a) Biomass 3 59 0.4636 3.46 0.0220 
b) Eggs 3 59 3.9507 7.82 0.0002 
c) MANOVA 6 116 0.5453 6.83 0.0001 

Density x line 
a) Biomass 6 59 0.1174 0.88 0.5186 
b) Eggs 6 59 0.0743 0.15 0.9889 
c) MANOVA 12 116 0.8918 0.57 0.8625 

Orthogonal contrast-mixed vs. pure 
a) Biomass 1 59 0.0223 0.17 0.6849 
b) Eggs 1 59 2.0514 4.06 0.0484 
c) MANOVA 2 58 0.9167 2.64 0.0802 

Error 
a) Biomass -- 59 0./341 -- - 
b) Eggs - 59 0.5051 - - 

Value reported for MANOVA is the Wilks' Lambda statistic 

(Table 2). The nonsignificant interactions indicated that  
all lines ranked similarly under increasing density and 
that the mixed treatment  had a similar decrease in pro- 
ductivity with increasing density as did the phenotypi-  
cally uniform lines (Fig. 2). 

Clonal performance in mixed and pure culture 

Clonal performance was separated into short-form 
(clones I and 3) versus long-form (clone 2) performance 
in mixed relative to pure culture, to assess whether all 
clonal lines were experiencing" incomplete"  competi t ion 
in the mixed treatments.  The two morphological  forms 
showed differential survival at the two lowest densities 
(logrank chi-square, P <  0.05). Plots of  survivorship ver- 
sus days in t reatment  (Fig. 3) showed that  the short-form 
shrimp survived better in the mixed treatments at the 
intermediate density (logrank chi-square, P<0 .0 1 )  
whereas clone 2 shrimp survived equally well in both 
mixed and pure culture at all densities ( P >  0.25). 

Analysis of  covariance for increase in biomass in 
pure relative to mixed treatments for the two shrimp 
forms showed a significant line effect (Table 3). In this 
analysis, the mixed treatment  was divided into short- 
form (clones I and 3) and long-from (clone 2) perfor- 
mance. Thus, there are five culture treatments (clone 1, 
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Fig. 3A-C. Survivorship of short-form (S.F.) and long-form (C2) 
shrimp in mixed and pure culture. Densities are: A Low=five 
shrimp per tank; B Intermediate=ten shrimp per tank; and C 
High= 16 shrimp per tank. Survivorship in pure tanks (-Pure) is 
shown as filled symbols and solid lines whereas that in mixed tanks 
(-Mix) is shown as open symbols and dashed lines. Heterogeneous 
survivorship was found in the low and intermediate densities (lo- 
grank chi-square; P<0.05) but not at the high density (P>0.10) 

2, and 3 in pure culture, short-form shrimp in mixed 
culture, and long-form shrimp in mixed culture) crossed 
with three density treatments. Growth was significantly 
lower in clone 2 when in the presence of the short-from 
shrimp than when grown in pure culture (Tukey's HSD, 
P < 0.05). Clone 2's performance was poorest at the low 
and intermediate densities with the difference unappar- 
ent at the highest density (fig. 4). The short-form's per- 
formance in this comparison indicates that growth was 
not significantly different (P>0.05)  in mixed and pure 
culture. 

Table 3. ANCOVA for the effects of density, line, and density X 
line interaction on growth rate of tadpole shrimp grown in pure 
and mixed cultures. The five line treatments in this comparison 
are: (a) Clone 1 pure, (2) Clone 2 pure, (3) Clone 3 pure, (4) Short- 
form (Clones I and 3) mixed, and (5) Long-form (Clone 2) mixed. 
Shrimp-days was used as the covariate as described above 

Source Biomass/Indv. 

df MS F P 

Shrimp-days 1 5.621 7.28 < 0.01 
Density 2 2.085 2.70 n.s. 
Line 4 3.546 4.59 < 0.005 
Density x line 8 0.708 0.92 n.s. 
Error 75 0.772 

Total 90 
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Fig. 4. Adjusted mean individual biomass of short-form (Clone 1 + 
Clone 3) and long-form (Clone 2) shrimp in pure and mixed cul- 
ture. Clone 2 performance is illustrated by squares whereas short- 
form performances are represented by circles. Performances of the 
clonal lines in pure culture (-exp) are shown as open symbols 
and dashes lines whereas mixed performances (-obs) are represented 
by filled symbols and solid lines 

Discussion 

The experimental design used in this study allowed us 
to test two predictions of  the tangled bank hypothesis 
as outlined by Bell (1985): (I) the mixture of  inbred 
shrimp lines should exhibit a higher yield than that ex- 
pected from the average of  the component  lines grown 
in pure culture, and (2) the three inbred lines should 
perform differentially in different environments. There 
are two possible mechanisms by which a mixed treat- 
ment could outyield pure treatments of  the component 
members: (a) an absolute difference in yield at all densi- 
ties; and (b) increased relative yield of  the mixture under 
increased resource competition. 
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The first prediction appears to be borne out in these 
experimental treatments. Survivorship and egg produc- 
tion in the mixed treatment clearly showed higher than 
expected performance based on average responses in the 
pure cultures, though growth was nearly the same as 
expected. This result supports the tangled bank hypothe- 
sis, and is in agreement with many similar experimnents 
which have found increased yield in mixtures relative 
to the expected yields of component lines grown in pure 
culture (e.g., Gustafsson 1953; Sakai 1955; Allard 1961; 
Lewontin and Matsuo 1963; Bhalla and Sokal 1964; 
England 1968; Allard and Adams 1969; Moav and 
Wohlfarth 1974). 

A more stringent test of the tangled bank hypothesis 
is to compare the performance of the mixed treatments 
to that of the best performing component line (Bell 
1985). An example of such a relationship is that of AR 
and CH inversion lines of Drosophila pseudoobscura 
grown separately and in mixtures (Beardmore et al. 
1960; Battaglia and Smith 1961; Dobzhansky and Pav- 
lovsky 1961; Beardmore 1963; Dobzhansky et al. 1964). 
Mixed AR and CH populations sustain more individuals 
than either the AR or CH lines grown in pure culture 
under condtions of adult crowding (Dobzhansky and 
Pavlovsky 1961) and larval crowding (Beardmore et al. 
1960) at 25 ~ C. Under "optimal" conditions (e.g., no 
competition at any stage of the life cycle), the mixed 
AR and CH populations perform as expected by perfor- 
mance in pure culture (Ohba 1967). The above experi- 
ments provide strong support for the tangled bank hy- 
pothesis by showing that mixed populations perform 
better than expected as well as better than the best per- 
forming component line in competitive environments. 
In our study, none of the three fitness correlate were 
significantly higher in the mixed treatment relative to 
that exhibited by the best performing line in pure culture. 

Although many experiments do show increased per- 
formance of a mixture relative to that expected from 
the component lines, the mechanism of the increased 
productivity is not entirely clear. The tangled bank hy- 
pothesis relies on facilitation or incomplete competition 
between lines grown in mixture. Replacing a number 
of competing individuals of like phenotype with individ- 
uals of an alternate phenotype should decrease competi- 
tion, and therefore increase productivity for all individ- 
uals involved. The greater the difference in phenotype, 
the lower the likelihood of resource overlap, and the 
greater the likelihood of release from resource competi- 
tion. In this experiment, we expected that individuals 
of all three clones in the mixed culture would show in- 
creased productivity relative to individuals reared in 
pure culture. Decomposition of the mixed performance 
into short-form (clones I and 3) and long-form (clone 2) 
performance is an appropriate test of this prediction. 
The short-form shrimp clearly survived better in mixed 
relative to pure culture. Short-form growth was similar 
in both treatments. On the other hand, long-form survi- 
vorship was nearly the same under the two treatments, 
and growth was significantly reduced in mixed relative 
to pure culture. This is an unexpected result when one 
considers that long-form shrimp are electrophoretically 

and morphologically very different from either of the 
short-form clones, which are themselves morphologi- 
cally indistinguishable. 

Kearsey (1965) has shown that a nonlinear relation- 
ship between productivity and resources in two lines of 
Drosophila rnelanogaster can lead to a competitive inter- 
action between lines that yields better than expected pro- 
ductivity in mixed relative to pure cultures. Clearly, an 
improved performance in mixed culture can be the result 
of competitive interactions of component lines (Kearsey 
1965; Nunney 1983). Thus, while increased productivity 
of mixed populations is a necessary component of the 
tangled bank hypothesis, it is not sufficient to conclude 
that incomplete competition produces the superior per- 
formance without showing that the increased productivi- 
ty is a result of equal or greater performance of all com- 
ponent lines. 

Increased relative yield of the mixture under in- 
creased resource competition is a second mechanism by 
which a mixed treatment could outyield pure treatments 
of the component members. No fitness correlate showed 
a significant density X clonal line interaction, and in- 
creasing density seemed to obscure rather than enhance 
the differences between observed and expected survivor- 
ship. This finding contradicts most theoretical works 
that assume phenotypically variable populations will be 
increasingly superior in patches with increasing numbers 
of propagules (Williams and Mitton 1973; Williams 
1975; Maynard Smith 1976; Taylor 1979; Bulmer 1980; 
Bell 1985). Our finding is consistent with a study by 
Ellstrand and Antonovics (1985) on Anthoxanthum odor- 
atum in which sexual progeny were found to have higher 
productivity than asexually propagated tillers of equiva- 
lent size, but only at lower densities. Decreased mixed 
advantage with increased density indicates that sexually 
produced (variable) individuals may indeed have an 
adaptive advantage over their asexually produced (uni- 
form) counterparts, but that high densities may mitigate 
this advantage. Above a certain density, phenotypically 
variable individuals may be equivalent to phenotypically 
uniform individuals. This is counterintuitive when one 
assumes that variable offspring partition their resources 
and, therefore, should be less adversely affected by in- 
creased levels of competition than uniform offspring that 
are unable to accomplish such partitioning. 

Finally, the second assumption of the tangled bank 
hypothesis, that the three inbred lines should perform 
differentially under the three density treatments, was not 
supported by this experiment. It is clear from Figs. 1-3 
that all three clonal lines ranked similarly under all three 
density treatments. Neither egg production nor growth 
exhibited a significant density X clonal line interaction, 
indicating similar reductions in both parameters under 
increasing density. In fact, very little of the total varia- 
tion in these two factors was explained by the density 
X clonal line interaction at either the univariate or multi- 
variate level. Thus, these three inbred lines maintained 
their relative positions under all three competitive envi- 
ronments; a result not predicted by the tangled bank 
hypothesis. 

It appears that some level of resource partitioning 
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has been at ta ined in the mixed cultures, but  a significant 
a m o u n t  o f  overlap mus t  still exist which causes a com-  
petitive interact ion between the long- and  shor t - fo rm 
shrimp. This result is incompat ib le  with an explanat ion 
relying on resource par t i t ioning for  main tenance  o f  phe- 
notypic  variability in a spatially he terogeneous  environ- 
ment.  The two forms o f  shrimp have fixed differences 
at over  ha l f  o f  the loci examined,  a s i tuat ion similar 
to that  f ound  between two facultatively self-fertilizing 
strains o f  the land snail Rumina decollata (Selander and 
K a u f m a n  1973; Selander and H u d s o n  1976). This genet- 
ic difference is m u c h  greater  than one would  ever expect 
a m o n g  p rogeny  o f  a single individual,  and yet  significant 
resource par t i t ioning was still no t  demonst rab le  in this 
experiment.  Thus,  if spatial heterogenei ty  and  resource 
par t i t ioning are i m p o r t a n t  in reducing the levels o f  sib- 
sib compet i t ion  in natura l  popula t ions  o f  these shrimp, 
the degree o f  heterogenei ty needed to p roduce  such par-  
t i t ioning is significantly greater  than  that  provided  by 
a l abora to ry  s imulat ion o f  a single pa tch  at one poin t  
in time. 

It  is possible tha t  the l abora to ry  condi t ions  did not  
proper ly  simulate a he terogeneous  environment ,  and  
therefore resource par t i t ioning was impossible given the 
levels o f  pheno typ ic  variability. This a rgumen t  can be 
levied against  any  l abora to ry  experiment  in which re- 
source par t i t ioning is no t  found,  and m a y  indeed prove 
to be an insurmountab le  barr ier  to such experimental  
endeavors.  Nevertheless,  it is impor t an t  to unders tand  
the level o f  envi ronmenta l  variabili ty tha t  is sufficient 
to main ta in  sexuality in the short  term. The tangled bank  
hyypothesis  leads us to believe that  the env i ronment  is 
composed  o f  numerous ,  part i t ionable " m i c r o n i c h e s "  
which may  no t  be obvious  to h u m a n  observers (Bell 
1982, 1985). Obvious  envi ronmenta l  factors,  such as pre- 
dators ,  parasites,  compet i tors ,  and larger scale environ- 
menta l  f luctuations,  m a y  have been necessary to provide  
the level o f  heterogenei ty  u p o n  which these three inbred 
lines could have subdivided niche-space. 
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