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ABSTRACT 

The determinants of sexual dimorphism in a family 

of false scorpions (Pseudoscorpionida, Chernetidae) were 

investigated experimentally and with a literature analysis 

of comparative morphometric and habitat data. Species 

vary in the extent to which males and females differ in 

size of the conspicuous, prehensile pedipalps. Patterns 

within the Chernetidae suggest that dimorphism is a 

highly variable condition, relatively unconstrained by 

phylogenetic influences. The evolution of species with 

enlarged male pedipalps appears to be associated with 

a change from nonpairing to pairing sperm transfer 

behavior, and aggressive mate acquisition by males. 

Experiments with Dinocheirus arizonensis demonstrate a 

high correlation between male combat ability and chela 

size. Comparison of male and female life histories 

show prolonged development in males, and morphological 

comparisons implicate pedipalp dimorphism as a causative 

factor in this developmental rate difference. Prolonged 

development may be particularly costly to males, given the 

pattern of female sexual receptivity in this species. 

Females were found to become unreceptive soon after mating 

xi 
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and remain so throughout a protracted period of brood 

development. Experimental manipulations suggest that the 

male developmental rate cost is only outweighed under high 

density conditi~ns when superior combat ability results in 

increased mating success. Repeated measures experiments 

failed to show any correlation between male pedipalp size 

and number of spermatophores accepted by a female. 

Parent-offspring regressions suggest the existence 

of additive genetic variance for male chela size and 

indicate a strong genetic correlation between this trait 

and cephalothorax length. Full-sib phenotypic correlations 

suggest that in ~. arizonensis sexual divergence through 

sexual selection may be constrained by a high genetic 

correlation between males and females. Finally, the role 

of phoresy in the colonization of ephemeral, patchy 

habitats is investigated. Results support the hypothesis 

that attachment of pseudoscorpions to larger, more mobile 

arthropods represents a behavior functioning specifically 

for dispersal. 



CHAPTER 1 

SEXUAL SELECTION: AN OVERVIEW 

Male animals produce small, motile sperm. Females 

produce large, nonmotile eggs. Because of this disparity, 

the sexes tend to differ in anatomical characteristics 

involved in copUlation, gamete production and provisioning 

of offspring. In many species, however, males and females 

also differ in structures only secondarily associated with 

reproduction <Darwin 1871). For example, sexually 

dimorphic coloration is prevalent among birds <Selander 

1972; Baker and Parker 1979), while in mammals (Ralls 

1977; Alexander et al. 1979) and arthropods (Richards 

1927; Ridley 1983) the sexes often differ in size. 

Members of one sex may even possess structures lacking in 

the other, e.g., antlers of deer stags (Clutton-Brock et 

al. 1982), bizarre eye stalks of male platystomatid flies 

(McAlpine 1979), or resonating air sacs of grouse cocks 

(Wiley 1974). These and other sexually. dimorphic traits 

are thought to have evolved as a consequence of the 

economics of gamete production (see Parker 1984). Female 

reproductive success is usually limited by the resources 

available for egg production, whereas male reproductive 

1 



success is determined largely by the number of successful 

matings achieved (Bateman 1948; Trivers 1972). The mating 

tactics adopted by the sexes differ accordingly (Alexander 

and Borgia 1979; Parker 1983). The high cost of egg 

production predisposes females to safeguard their 

investment and discriminate between potential mates 

(Williams 1966). By contrast, the low cost of sperm 

production generally favors frequent, nonselective matings 

by males (for exceptions see Dewsbury 1982; Warner and 

Harlan 1982; Heiber and Cohen 1983; Gwynne 1984). 

Anisogamy tends to generate a bias in the operational sex 

ratio (ratio of receptive males to receptive .females; 

Emlen and Dring 1977), with receptive females constituting 

the scarce resource for which males must compete. 

Competing individuals are likely to vary in traits 

affecting their potential to achieve fertilizations. 

Through intrasexual competition and/or mate choice, 

(i.e., sexual selection, Darwin 1871), this existing 

variation in traits becomes realized as variation in male 

fertilization success (see Arnold 1983). If trait 

variation has a heritable basis (Falconer 1981), sexual 

selection may lead to the evolution of radical differences 

between.the sexes (Lande 1980). Male-male competition as 

the force behind the evolution of enlarged male size and 

other traits related to combat ability has been well 

'( 
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established (Ghiselin 1974; Halliday 1983; Howard and 

Kluge 1985). However, the general significance of mate 

choice has been and continues to be the subject of much 

debate (e.g. Wallace 1889; Huxley 1938; Bateson 1983). 

Although sexual selection is frequently presented as the 

result of either choice or direct competition, in practice 

these processes are rarely mutually exclusive. Indeed, 

many dimorphic traits may well result from the 

complementary actions of male-male competition and female 

choice (Cox and Le Boeuf 1977; Borgia 1981). For this 

reason, the importance of female choice in sexual 

selection has proven difficult to assess (but see 

Downhower et al. 1983; Thornhill 1983; Kodric-Brown 1985). 

Whatever the modus operandi, it is variation in 

reproductive success among individuals of one sex (usually 

males) that provides the raw material upon which sexual 

selection acts. The extent to which specialized 

adaptations for mate acquisition evolve in males (i.~., 

the degree of sexual dimorphism) should be determined in 

part by the extent to which males and females diverge in 

variance of reproductive success (Wade 1979; Wade and 

Arnold 1980; Arnold and Wade 1984). Genetic differences 

and environmental factors such as nutrition do inevitably 

generate a certain level of variation in both males and 

females (Kodric-Brown and Brown 1984). However, in males 

-----.-----
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this basic variability is augmented by variation in the 

number of successful matings achieved. 

4 



CHAPTER 2 

AGGRESSION, DENSITY AND SEXUAL DIMORPHISM 
IN CHERNETID PSEUDOSCORPIONS 

One approach to understanding the evolution of 

sexual dimorphism through sexual selection lies in an 

investigation of the factors influencing variation in 

male mating success (Orians 1969). In general, males 

endeavor to maximize number of matings by competing for 

females or for monopolization of the resources critical to 

female reproduction (see Williams 1975). Theory in 

behavioral ecology suggests that ecological constraints 

influence the extent to which males are successful in 

achieving these ends (Verner and Willson 1966; Orians 

1969; Trivers 1972; Bradbury and Vehrencamp 1977; Emlen 

and Oring 1977; Borgia 1979; Wittenberger 1979; Thornhill 

and Alcock 1983). It is argued that spatial distribution 

of mates and/or resources and temporal patterns of female 

receptivity are of primary importance. Low density, 

uniform habitats and synchronous, short duration of female 

receptivity are predicted to be associated with sexually 

monomorphic species, since they render control by males 

either impossible or unprofitable. High density, patchy 

5 



habitats and asynchronous female receptivity, on the 

contrary, make monopolization by males possible, and 

should be associated with sexually dimorphic species. 

In order to test the hypothesis that ecological 

factors constrain the extent to which sexual selection can 

operate, this paper documents patterns of sexual 

pedipalpal dimorphism in one family of pseudoscorpions, 

the Chernetidae. A conspicuous feature of all 

pseudoscorpions is their large, chelate pedipalps which 

serve as organs of prey capture (Chamberlin 1931). In the 

family Chernetidae, males invariably also use their 

pedipalpal chelae to forcefully grasp and maneuver females 

during spermatophore transfer (Weygoldt 1966a,b, 1969, 

1970; Thomas and Zeh 1984; see Chapter 3). Various 

aspects of their biology make chernetids particularly 

suitable organisms for the study of sexual dimorphism. 

1) They occupy a diversity of habitats, ranging from 

forest litter to clumps of rotting desert vegetation. 

2) They occur at a wide range of population densities. 

3) They exhibit varying degrees of sexual dimorphism in 

their pedipalpal chelae (see Chamberlin 1931; Muchmore 

1974a; Fig. 1). 4) Sexual differences in chela size and 

morphology, if present, are primarily restricted to the 

adult ,stage (Weygoldt 1969; Chapter 5). Once adult, the 

individual undergoes no further molting. 

--------- --
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Fig. 1. Comparative Photographs of Male and Female 
Dinocheirus arizonensis. 

----------"-----
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Consequently, adult chela size (as measured for purposes 

of this paper, see Materials and Methods) is fixed and 

independent of age. 5) Postzygotic maternal investment is 

high (Chamberlin 1931; Weygoldt 1969; Zeh and Smith 1985), 

and females remain unreceptive throughout the development 

of their embryonic young (Chapter 3) which are nourished 

in a brood sac connected to the genital aperture. Since 

paternal care is absent, this female investment pattern 

tends to result in a highly biased ratio of receptive 

males to receptive females (operational sex ratio, Emlen 

and Dring 1977; reviewed by Sutherland 1985). In 

conjunction with patchy habitat utilization, this biased 

operational sex ratio is predicted to generate intense 

competition among males. 

A literature analysis of the distribution of 

dimorphism among North American chernetid genera is 

presented, and the relationship between sexual dimorphism, 

body size and density is examined. Experimental 

manipulations are then used to evaluate the functional 

significance of dimorphic pedipalps in Dinocheirus 

arizonensis (Banks). This highly dimorphic chernetid 

species (Figs. 2 and 3) utilizes the ephemeral and 

spatially discontinuous habitat provided by rotting 

saguaro cacti (Carnegiea gigantea [EngelmJ) in the 

Sonoran Desert. This research integrates experimental work 

8 
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on the behavior of a single species with comparative data 

on patterns of sexual dimorphism in the family as a whole. 

By combining analyses at two levels, the study attempts to 

assess the significance of behavior and ecology in the 

distribution of a sexually dimorphic trait among a clade 

of pseudoscorpion species. 

Materials and Methods 

In both the literature analysis and the 

experimental study, degree of sexual dimorphism was 

assessed in terms of difference between male and female 

chela (pincer) silhouette area (see below). The biological 

grounds for focusing on this trait rather than on some 

measure of body size such as cephalothorax length are as 

follows: first, the chelae function directly in male 

aggression (Thomas and Zeh 1984) and mate capture 

(Weygoldt 1969; Chapter 3), and are composed primarily of 

muscle tissue (Chamberlin 1931); second, across species, 

enlarged male chelae are not simply the allometric 

correlate of enlarged male body size (see Table 1); third, 

detailed morphological study of ~. arizonensis has 

demonstrated that this trait provides a highly accurate 

measure of the proportions of nymphal soma allocated to 

body and pedipalps in the adult pseudoscorpion (Chapter 

5); finally, in ~. arizonensis sexual differences in total 

---------- ---------.--------~--
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Table 1. Comparison between Males and Females for Carapace 
Length and Chela Silhouette Area among North American 
Species of Chernetidae. 

Character 
Measured 

A) Carapace 
Length 

B) Chela 
Silhouette area 

Number of species in which: 

Male Larger Female Larger 

8 30 

28 24 

---_._----------------_._ ... _--_. 

Ties 

7 

o 



weight result entirely from the greater mass of the male 

pedipalp, and sexual chela differences account for 80% of 

this sexual disparity in pedipalp weight (Chapter 5). 

Literature Analysis of North American Chernetidae 

13 

Generic Status. Scaling and Sexual Dimorphism. A 

list of all species inhabiting continental North America 

north of Mexico was compiled with the aid of Hoff (1958) 

and W.B. Muchmore (personal communication). The original 

data set consisted of 23 genera and 74 species. Only 

genera with two or more species, for which data included 

male and female morphometrics, were treated in the 

statistical analyses: a total of 10 genera and 51 species 

(Appendix 1). For each species and sex, chela silhouette 

area was estimated as the product of mean length and depth 

of the chelal hand (see Chamberlin 1931 for methods). 

Although detailed hand measurements are included in 

published species descriptions, frequently only the ranges 

for each sex and not the means are given. In these cases, 

the mean was interpolated as the midpoint of the range. 

The sexual difference in chela silhouette area (log [male 

chela silhouette area minus female chela silhouette areaJ) 

was then used as the measure of chelal dimorphism. When 

morphometric data for both males and females were 

available from multiple references, measurements were 

.---------- ------- --- ----- -



14 

weighted by sample size to determine average values for 

species. A one-way analysis of covariance (ANOCOVA) was 

used to partition variation in sexual dimorphism with 

genera as factor levels and log [female chela silhouette 

area] as a covariate (BMDP-83 PIV, Dixon 1983). A constant 

(1) was added prior to log-transformation of variables to 

eliminate undefined values. 

Population Density and Sexual Dimorphism. Hoff's 

studies on the pseudoscorpions of Illinois, New Mexico and 

Colorado (1949, 1956, 1959, 1963) provided data on density 

for approximately 50% of the species used in this 

analysis. Other important sources included Benedict and 

Malcolm (1982), Nelson (1975), Hoff and Clawson (1952), 

and Chamberlin (1952). Unfortunately,. sampling method5 

vary between species and among investigators. It was 

assumed that inconsistent sampling between species was 

random with respect to the true relationship between 

sexual dimorphism and density. This inconsistency probably 

contributed to error variance, thereby reducing the power 

of the test. Because of probable lower. error variance 

associated with sampling from discrete habitats, data 

analysis was also conducted on a subset consisting of 

nest-inhabiting species. Density was calculated by 

dividing total individuals collected (adults and nymphs) 

by number of collections (see Appendix 1) and was 
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determined for 42 of the 51 species. Ambiguous data (e.g., 

"great numbers" in one of six collections of 

Acuminochernes crassopalpus, Hoff 1949) were excluded from 

the analysis. A stepwise linear regression (BMDP-83, P2R) 

was performed with log [densityl and log [female chela 

silhouette areal as independent variables, and chelal 

dimorphism (log [male chela silhouette area minus female 

chela silhouette areal) 'as the dependent variable. 

Experiments with Dinocheirus arizonensis 

All experiments were carried out with 

pseudoscorpions collected from natural populations in the 

vicinity of Tucson, Arizona. Experiments were conducted in 

the laboratory because of the difficulties associated with 

observing behavior in the field. Since males and females 

readily mate in encounter arenas, and females produce 

offspring which develop to maturity under laboratory 

conditions, it was assumed that these results reasonably 

depict processes occurring in the field. Only individuals 

in apparent vigorous physical condition were utilized in 

the experiments. Those incapable of rapidly righting 

themselves when overturned were excluded. Healthy 

individuals were kept in isolation with ample food 

(Drpsophila melanogaster) and moisture for an adjustment 

period of at least 24 hr. 
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Male Aggressjon and Relative Chela Size. 

Collections were made between March 1980 and February 

1981. Twenty-three pairs of males (46 different 

individuals) were chosen randomly and possible territorial 

influences on behavior were avoided by simultaneously 

introducing two individuals into a 50 mm diameter petri 

dish. When three aggressive encounters between the males 

had been observed, the identities of the aggressor and the 

subordinate were recorded. During the last 19 of these 

trials, combat duration was also recorded. On completion 

of the experiments, chela size was measured. Males were 

anesthetized with COe , and camera lucida outlines were 

made of a lateral view of the right chelal hand with the 

aid of a Wild M5D stereomicroscope. The silhouette area of 

the chelal hand was calculated by planimetry of the 

outline. 

Effects of Relative Chela Size and Density on 

Mating Success. Individuals were collected as tritonymphs 

(the third and final nymphal stage) between September and 

November 1983, and underwent their terminal molt in 

isolation to ensure virginity. Anesthetized individuals 

were marked on the cephalothorax or abdominal tergites 

with nontoxic paint (see Fig. 4 in Thomas and Zeh 1984). 

Chela size was determined by the camera lucida/planimetry 

method, and 40 males were ranked from smallest to largest 



on the basis of chela size. Males were then divided into 

two groups: ranks 1 to 20 = "small;" ranks 21 to 40 = 

"large." To maintain an approximately constant difference 

between the chela sizes of large and small males in each 

replication, small individuals with ranks 1 through 4 

17 

were matched with large individuals with ranks 21 through 

24, and so on. Within each replication, density treatments 

were randomly assigned to experimental units. No 

systematic color coding scheme was used to differentiate 

between large and small males to avoid possible observer 

bias. Two large and two small males were added to an 

observation chamber containing two females, and 

interactions were observed for a period of one hour. For 

each male the following data were recorded: 1) attack 

behaviors (against males, females, and/or mating pairs); 

2) successful displacements of males engaged in mating (= 

"takeovers", see Fig. 4), and 3) number of spermatophores 

transferred (see Chapter 3 for detailed discussion 

of sperm transfer behavior). In these observations, number 

of spermatophores deposited was equated with number of 

spermatophores actually transferred to the female. Male 

positioning of the female over the spermatophore after 

deposition makes direct observation of transfer difficult 

(personal observation). However, the assumption was 

partially tested by isolating post-experimental females in 

----_ ... _-_.-
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A 

B 
Fig. 4. Mating Competition in ~. arizonensis. A) Lone 

male at lower right approaches mating pair. 8) Lone male 
(at upper left) grasps chela of paired male (at lower 
center) in an attempted mating takeover. The paired male 
maintains his grasp on the chela of the female (at upper 
right) • 
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environments conducive to brood sac development. Nineteen 

of 20 mated females produced broods, indicating that 

insemination had occurred in nearly every case. The effect 

of density on these variables was examined by varying the 

size of the observation chamber. The low density treatment 

utilized an arena of 60 cme , while the high density 

treatment took place in an area of 30 cme • Five 

replications at each density were carried out. A two-way 

ANOVA (BMDP-83, P2V, Dixon 1983) on. summed output of each 

size class was used to assess the effects of relative 

~hela size and density. In order to stabilize vari~nce, 

data on spermatophores transferred and takeovers were 

~[y + 0.5] transformed for statistical analysis (where 

Y = value of dependent variable; see Sokal and Rohlf 

1981). 

Results 

Literature Analysis of North American Chernetidae 

Generic Status, Scaling and Sexual Dimorphism. A 

graph of the distribution of chelal dimorphism among 

chernetids illustrates wide variation in levels of 

dimorphism within genera (Fig. 5). In Fig. 5, a ratio 

measure of sexual dimorphism is used only to facilitate 

visual comparison. Although mean levels of dimorphism 

--_.-----
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Fig. 5. Patterns of Sexual Dimorphism in Chernetidae: 
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differ somewhat between genera (Fig. 6), these differences 

are not significant, especially when the relationship 

between dimorphism and female chela silhouette area is 

taken into account (Table 2, ANDCDVA: F •. ~ = .9408, P = 

.502). Sexual differences in chela silhouette area 

increase with female chela size (regression coefficient = 

.279, F 1 •100 := 10.53, P = .0024), indicating that larger 

species tend to be more dimorphic (Fig. 7). Female chela 

size is highly correlated with cephalothorax length, i.e., 

with overall body size (r = .921, P « .001). The slopes 

of dimorphism versus female chela size do not differ 

between genera (F •. 31 = .5651, P = .815). Finally, 

differences between generic means for sexual dimorphism 

are only marginally significant if female chela size is 

not included as a covariate in the analysis (ANDVA: F .... 1 

= 1.8253, P = .0927). 

Population Density and Sexual Dimorphism. A weak 

but significant correlation exists between dimorphism and 

density (r = .305, P = .047). Taken together in a stepwise 

linear regression, female chela size and density account 

for 36% of the total variation in sexual dimorphism (see 

Tab I e 3 , F.... = 10.89, P = .0002). If the regression 

analysis is restricted to species collected from nests, 

the partial correlation of density with dimorphism 

increases from .266 to .384 (Table 3), and female chela 



Table 2. Comparison of Generic Means for Sexual 
Dimorphism. 

A) Analysis of Covariance with female chela silhouette 
area as the covariate. B) Analysis of variance on same 
data without including the covariate. 

Source 

A) ANOCOVA 

Between 
Genera 

Covariate 
(Slope) 

SS 

.0025 

.0031 

Error .0118 
(Among Species) 

Equality .0017 
of Slopes 

Error 

B) ANOVA 

Between 
Genera 

.0101 

.0060 

Error .0149 
(Among Species) 

MS F p 

9 .0003 .9408 .5015 

1 .0031 10.5262 .0024 

40 .0003 

9 .0002 .5651 .8147 

31 .0003 

9 .0007 1.8253 .0927 

41 .0004 

23 



Dimorphism in Chernetidae 
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size and density account for a greater proportion of total 

variance in dimorphism (RI!! = .543, Fe .• = 4.76, P < .05, 

see Appendix 1 for raw data). 

Experiments with Dinocheirus arizonensis 

Male Aggression and Relative Chela Size. 

Encounters between males invariably result in aggression, 

consisting of a two-step sequence (for photographs, see 

Thomas and Zeh 1984:Fig. 4). Upon approach, males halt and 

engage briefly « 5 seconds) in an apparent appraisal of 

one another, involving slow, jerking movements of their 

raised chelae. Then, sudden, forceful grasping of each 

other's chelae is followed by a chela-pulling struggle, as 

each male attempts to gain a solid hold (this sudden 

grasping behavior will subsequently be referred to as 

"attack"; similar forms of male aggressive behavior have 

been observed in other chernetids, e.g., Weygoldt 1966a,b 

1969). One individual is eventually overpowered, and 

either flees by pulling away or submits by remaining 

motionless. The quantitative results demonstrate a strong 

association between chela size and fighting ability: males 

with larger chelae were dominant in 18 of the 23 

encounters (XI!! = 7.35, P <.01, Table 4). This relationship 

becomes more apparent when outcomes are categorized by 

difference in chela silhouette area of the two combatants 

------------_._---_ .... _ ... _- . 



Table 3. Summary of Stepwise Linear Regression Indicating 
Correlations between Sexual Dimorphism and Density or 
Size of a Species. 

A) Analysis based on entire data set. B) Analysis 
restricted to species collected from nests. 

Source SS df 

A) DATA FROM ALL COLLECTIONS 

Regression .0066 
Residual .0118 

Multiple R = 
Mu I tip Ie Re = 

.5986 
.3583 

2 
39 

MS 

.0033 

.0003 

F 

10.89 

Partial Correlations with Sexual Dimorphism 

P 

.0002 
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Variable: Density Female Chela Silhouette Area 

Regression 
Step 

o 
1 
2 

.3055 

.2660 

.2660 

B) COLLECTIONS FROM NESTS 

Regression .0016 
Residual .0013 

Multiple R = 
Mu I tip I e Re = 

.7370 
.5432 

2 
8 

.5563 
~5563 

.5406 

.0008 

.00017 
4.76 (,05 

Partial Correlations with Sexual Dimorphism 

Variable: 

Regression 
Step 

o 
1 
2 

Density 

.6665 

.3843 

.3843 

Female Chela Silhouette Area 

.6812 

.6812 

.4220 



Table 4. Morphological Traits as Predictors of Male 
Aggressive Ability in D. arizonensis. 

Trait 

Chela Silhouette 
Area 

Cephalothorax 
Length 

Total Body 
Length 

Number of Encounters 
in Which Trait of 
Dominant Male Was 

Larger Smaller 

18 5 

15 8 

13 10 

---.----~--

7.35 
<P < .01) 

2.13 
<P > .10) 

.393 
<P >.50) 
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(Fig. 8). Dominance by males with smaller chelae occurred 

only when chela differences were slight. Furthermore, the 

duration of the struggle between males is inversely 

related to the difference in their chela size (Fig. 9). 

Total body length is a poor predictor of aggressive 

ability (X e = .391, n.s., Table 4) and is only weakly 

correlated with chela silhouette area (Chapter 5). 

Although cephalothorax length is significantly correlated 

with chela silhouette area (Chapter 5), it is a less 

reliable indicator of aggressive ability (X e = 2.13, 

p > .10), 

28 

Effect of Relative Chela Size and Density on 

Mating Success. Examination of main effects reveals that 

number of spermatophores transferred is significantly 

affected by relative chela size F 1,l6 = 17.23, P = .0008) 

i.e., males with large chelae transfer more spermatophores 

(Tables 5 and 6). However, the significant interaction 

between densi ty and reI at i ve chel a si ze (F 1,16 = 12.58, P 

= .0027) and the simple comparisons of the effects of 

relative chela size (low density: F 1,l6 = .0915, n.s.; 

high density; F1,Uo = 14.81, P < .01) indicate that size 

advantages are manifested only at high density (see Table 

6). The.greater success in spermatophore transfer among 

large males apparently results from both their higher 

attack rates (FI,Uo = 3.05, P = .100), and greater ability 

--_ .. _ .. _-
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to displac:e other males through takeovers (F I • I • = 9.23, 
P = .0064). 

Disc:ussion 

The literature analysis revealed that pedipalpal 

dimorphism in the family Chernetidae is a highly variable 

c:ondition with male c:hela silhouette area ranging from. 

60% to 150% of that of the female. Partitioning of the 

variation into between- and within-genera c:omponents 
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indic:ates that sexual dimorphism is not well defined along 

taxonomic: lines. Sinc:e the distribution of this c:harac:ter 

is inc:onsistent with the phylogeny, it seems valid to 

c:onc:lude that historic:al origins are unlikely to have 

strongly influenc:ed patterns of dimorphism in these 

spec:ies (see Dobson 1985). Moreover, the extreme 

variability in levels of dimorphism within genera (Fig. 

5) suggests that this c:onc:lusion would be robust to 

modific:ations in the phylogeny of the group. Historic:al 

fac:tors (i.e., desc:ent from a c:ommon anc:estor) c:ould, of 

c:ourse, ac:c:ount for sexual dimorphism in those c:hernetids 

not inc:luded in this analysis, suc:h as the monotypic: 

genera. Cladistic: investigation of the hierarc:hic:al 

relationships between all genera in the family would 

enable a more prec:ise assessment of the role of historic:al 

fac:tors in c:hernetid sexual dimorphism (see Eldredge and 

----_.----
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Table 5. Two-way ANOVA Summary of the Main and Interactive 
Effects of Relative Chela size (Relchela) and Density. 

A) number of spermatophores transferred (Nsperm); B) 
number of attack behaviors (Attacks) and C) number of 
successful takeovers (Takeovers) (see Methods for 
definitions). 

Source SS df MS F P 

A) NSPERM 

Density .1163 1 .1163 2.54 .1309 

Relchela .7904 1 .7904 17.23 .0008 

D X R .5768 1 .5768 12.58 .0027 

Error .7339 16 .0459 

B) ATTACKS 

Density 31.25 1 31.25 3.05 .1000 

Relchela 31.25 1 31.25 3.05 .1000 

D X R 1.25 1 1.25 .12 .7315 

Error 164.00 16 10.25 

C) TAKEOVERS 

Density .07036 1 .07036 .63 .4387 

Relchela 1.09624 1 1.09624 9.23 .0064 

D X R .24676 1 .24676 2.21 .1563 

Error 1.78445 16 .11153 

-------_.--- -



T.bl. 6. Tr ••••• n. " •• n. * .E for Two-w.v ANDVA EMp.r' •• n' on a.hav'oral Eff.c'. of D.n.l.v and 

R.I ••• v. Ch.l •••••• 

LOW DENIIITV HlaH DENUTV 

MLCHELA N.p.r. A ••• " ... T .... ov.r. 

.IIALL t.a * .811 6.0 * t." .1111 * .a. .1111 * .a, 

LARSE 8.0 * .811 .... * .a. 8.60 * .811 11.0 * t." I.a .. * .a. 
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Cracraft 1980; Ridley 1983; Carothers 1984). 

Across chernetid species, sexual dimorphism was 

found to vary positively with size (as measured by female 

chela silhouette area). This relationship is pervasive 

among animal taxa and has been attributed to both adaptive 

(Clutton-Brock 1985) and nonadaptive causes (Huxley 1932; 

Maynard Smith 1978). Recent quantitative genetic models 

suggest that genetic correlations between the sexes can 

greatly restrict the evolution of sexual dimorphism, 

especially when selection is weak and environmental 

fluctuations prevent attainment of genetic equilibrium 

<Lande 1980). In ~. arizonensis preliminary quantitative 

genetic studies have provided evidence of such a genetic 

correlation for chela size between the sexes (Chapter 5). 

Most recently, Leutenegger and Cheverud (1982, 1985) have 

proposed the variance dimorphism hypothesis to explain the 

correlation between size and dimorphism within clades. 

According to this view, greater trait variance in one sex 

(males) would enable that sex to respond more strongly to 

directional selection. Paradoxically, even in the absence 

of sexual selection, natural selection for increased size 

in both sexes could transform an originally monomorphic 

species into a dimorphic one. 

Although nonadaptive causes (genetic correlation 

between the sexes, see Chapter 5) may be implicated 

._-------_._----------
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in the size-dimorphism correlation within the Chernetidae, 

variance dimorphism does not appear to have played a 

significant role. Evidence bearing on this question comes 

from the relationship between size and dimorphism in the 

Cheiridioidea (Fig. 10), a group closely related to the 

Chernetidae (Weygoldt 1966b). Males in this taxon deposit 

structurally simple spermatophores on the substrate, 

and do not physically interact with the female during 

sperm transfer (Weygoldt 1966b, 1969, 1970; Thomas and 

Zeh 1984). Sexual dimorphism is common in these nonpairing 

species: males are smaller than females (Chamberlin 1931; 

see Fig. 10). Enlarged male size is virtually unknown in 

the Cheiridioidea and, moreover, there is a highly 

significant relationship between species' size and sexual 

dimorphism (r = -.947, P < .001; data in Appendix 2). The 

larger the species, the smaller is the male relative to 

the female. This relationship contradicts the prediction 

of the variance dimorphism hypothesis which assumes a 

greater variance in males (Cheverud et al. 1985). Natural 

selection for smaller size, acting on a subset of 

monomorphic species, should produce a lineage in which 

males smaller than females occur in smaller-sized species. 

Rather, the negative correlation in Cheiridioidea between 

species' size and size of male relative to female suggests 

that reduced male size is the result of sexual selection 



Dimorphism in Cheiridioidea 
r = -.947. P < .001 
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acting uniformly on cheiridioidean species. Consistent 

with this interpretation is the nonsignificant 

relationship between size and dimorphism in Cheiridioidea 

when a ratio measure of sexual dimorphism is used (r = 

-.273, P = .377). It is hypothesized that small male 
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size is a consequence of sexual selection for more rapid 

development in males, thereby increasing the probability 

that spermatophores are encountered by receptive females 

(Thomas and Zeh 1984; Zeh and Smith 1985; also see Wiklund 

and Fagerstrom 1977). Nonpairing behavior is generally 

considered to represent an ancestral condition in 

pseudoscorpions (Chamberlin 1931; Beier 1932; Weygoldt 

1966b; Schaller 1979). An outgroup comparison (see 

Maddison et al. 1984) with the Cheiridioidea suggests 

that sexual dimorphism in the form of smaller males is the 

primitive condition in Chernetidae. The evolution of 

species with enlarged male pedipalps following a change 

from nonpairing to pairing behavior strongly implicates 

sexual selection as a cause of chernetid dimorphism. 

Results of the experiments reported here on 

Dinocheirus arizonensis provide evidence that sexual 

selection in the form of male combat has been a 

significant force in the evolution of sexual dimorphism, 

and that male aggressive ability is reliably predicted by 

relative chela size. Processes other than sexual selection 
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could explain such sexual divergence in morphology (see 

Price 1984). For example, direct ecological forces could 

lead to sexual divergence, if dimorphism resulted in 

reduced competition and increased foraging efficiency in 

members of a breeding pair (Temeles 1985). This mechanism 

can be eliminated as a cause of chernetid dimorphism since 

in pseudoscorpions social bonds approaching this 

complexity are known only in the family Atemnidae (Brach 

1978). A recent genetic model by Slatkin (1984) suggested 

that ecological forces (e.g., competition for food), 

acting directly on each sex, could not only maintain but 

actually provide the initial impetus for sexual 

differences in a quantitative character. It seems 

unlikely, however, that enlarged male chelae in chernetids 

have evolved to reduce competition between males and 

females. Dimorphism is primarily restricted to the adult 

stage (Chamberlin 1952; Weygoldt 1969; Chapter 5) whereas 

feeding by males is most intense during nymphal stages 

when the sexes are morphologically similar. 

Experimental work on ~. arizonensis also indicated 

that the mating advantage conferred by large chelae 

depends strongly on density. This relationship is 

explicable in terms of 1) aggressive mate acquisition 

behavior of males and 2) methods of sperm transfer and 

characteristics of mating behavior (see Thomas and Zeh 

--- -_._------
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1984; Chapter 3). In the absence of competition, mating 

events, involving the transfer of multiple spermatophores, 

may last as long as two hours (Chapter 3). Males generally 

seem unable to distinguish sex without contact, and use 

their pedipalpal chelae to forcefully grasp the chelae of 

any individual encountered (see Fig. 4). In probabilisitic 

terms, the potential for takeovers of mating pairs by 

large males must increase with density. Similar effects of 

density on mating success have been reported for dung 

flies (Borgia 1980) and wood frogs (Howard and Kluge 

1985). Ghiselin (1974) has argued that throughout the 

animal kingdom density increases the importance of male 

combat, and consequently acts es a primary determinant of 

male reproductive tactics. If this density effect has been 

a significant factor in the evolution of sexual dimorphism 

in Chernetidae, then dimorphic species should occur at 

higher local population densities than monomorphic 

species, especially during breeding periods. A positive 

correlation between density and dimorphism was, in fact, 

detected in the comparative analysis of chernetid species. 

In the Chernetidae pairing behavior involving 

aggressive capture of mates (Weygoldt 1966a,b, 1969; 

Chapter 3) provides the potential for male combat to 

become a significant selective force for increased chela 

size. The fact that in many chernetid species males are 

--_ ... -._ .. _--_. 



smaller than females indicates that pairing is not the 

sole factor determining levels of dimorphism. Studies 
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of the life history consequences of dimorphism suggest 

that another decisive factor may be the cost of enlarged 

male chela size in terms of prolonged development (Chapter 

5). This developmental rate cost seems particularly acute, 

given the pattern of female sexual receptivity in D. 

arizonensis. Females become unreceptive soon after mating 

and remain so throughout an extensive period of brood sac 

development (Chapter 3). The findings reported here 

suggest that it is only at high density that this cost of 

sexual dimorphism is outweighed by the benefit of 

increased male mating success. 

---~-.--.- ------.-.--~--- ._- _ ... 



CHAPTER 3 

AN EXPERIMENTAL STUDY OF FEMALE SEXUAL RECEPTIVITY 

Male competition as the force behind the evolution 

of enlarged male size and other traits related to combat 

ability has been well established <Ghiselin 1974; Halliday 

1983; Howard and Kluge 1985). However, the general 

significance of mate choice has beer and continues 

to be the subject of much debate (e.g., Wallace 1889; 

Huxley 1938; Bateson 1983). Although sexual selection 

is frequently presented as the result of either choice or 

direct competition, in practice these processes are 

rarely mutually exclusive. Indeed, many dimorphic traits 

may well result from the complementary actions of male 

competition and female choice (Cox and Le Boeuf 1977; 

Borgia 1981). For this reason, the importance of female 

choice in sexual selection has proved difficult to assess 

(but see Thornhill 1983; Kodric-Brown 1985). This paper 

examines the potential influence of female choice on a 

sexually dimorphic trait which is known to function 

in male combat (Chapter 2) in the pseudoscorpion, ~. 

arizonensis (Banks). 

41 
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Among pseudoscorpions, great diversity exists in 

mating behavior and methods of sperm transfer. At one 

extreme, males deposit spermatophores in the absence of 

females, e.g., Tridenchthoniidae, Chthoniidae, 

Neobisiidae, Garypidae, Pseudogarypidae, Cheiridiidae and 

some Olpiidae (Weygoldt 1966b 1969 1970; Schaller 1979; 

Thomas and Zeh 1984). At the other extreme, male and 

female cheliferids engage in complex pairing behavior 

following elaborate courtship by the male (Weygoldt 1969). 

Courtship involves display of the ram's horn organs, a 

pair of erectile tubes originating from the genital 

atrium. After depositing a spermatophore on the substrate, 

the male grasps the female, and uses modified foretarsi to 

assist in sperm uptake (see Kew 1912; Vachon 1949; 

Weygoldt 1969). Mating behavior has been most extensively 

studied in the family Chernetidae (Weygoldt 1970), which 

includes the species examined here. In all 10 chernetid 

genera investigated, pairing occurs with little or no 

courtship (Kew 1912; Levi 1953; Weygoldt 1970). Males 

generally seem unable to distinguish sex without contact, 

and use their pedipalpal chelae to forcefully grasp the 

chelae of any conspecific encountered (Figs. 11 and 12). 

Contact between males gen~rally results in combat 

(Weygoldt 1966a; Chapter 2), and unreceptive females also 

respond aggressively. Males maintain their hold on 



Male Captures Female 

Time Lapse 1 

First Spermatophore Deposited 

End Sperm Uptake Phase 

Loop May Repeat Time Lapse 2 , 

~ Spermatophore Deposited 

Female Terminates Mating 

Fig. 11. Summary of the Major Stages in the Pairing 
Behavior of ~. arizonensis. 
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receptive females throughout a protracted "mating dance" 

which may involve the deposition and uptake of several 

spermatophores. Although males position the female over 

the spermatophore, they do not otherwise assist in sperm 

uptake. 
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Marked sexual dimorphism is apparent in ~. 

arizonensis and many other chernetid species: males 

possess heavier pedipalps with the greatest difference 

apparent in the large, prehensile chelae (Muchmore 1974; 

Chapter 5). By contrast, in terms of overall body size 

(cephalothorax length), in most species females are larger 

than males: enlarged male pedipalps are not simply the 

result of allometry (Chapter 2). Recent experiments with 

~. arizonensis show a strong association between relative 

male chela size and combat success (Chapter 2). In 

addition, males with larger chelae have greater mating 

success under conditions of high density. Thus, pedipalpal 

dimorphism is functionally significant in the context of 

sexual interference between males (Chapter 2). 

Potentially, enlarged male pedipalps could also function 

directly in mating, either by enabling males to prolong 

their grasp on females, or by influencing female choice. 

In thes~ organisms, it is important to distinguish the 

components of female choice. In the classic sense (Darwin 

1871), females may choose among males prior to forming 

------.--- ---------_._----------
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pairs. In ~. arizonensis, this component of choice is 

highly constrained by the mate acquisition behavior of 

males and by male-male interference (Thomas and 2eh 1984). 

However, female choice may also involve decisions such as 

the duration of the mating event (Sakaluk 1984) or, in 

matings with multiple spermatophore transfer, the number 

of sperm packets accepted. This latter component of choice 

may be significant in chernetid pseudoscorpions. The 

purpose of this study was twofold: 1) to evaluate the 

relationship between male chela size and number of 

spermatophores transferred in the absence of male-male 

interactions, and 2) to quantitatively examine changes in 

female receptivity through time and as a result of 

previous mating experience. The results are then 

considered in the general context of pseudoscorpio~ 

reproductive biology. Several additional questions 

regarding female receptivity emerge from these experiments 

and avenues for future research are suggested. 

Materials and Methods 

Mating Experience and Female Receptivity 

For these experiments individuals were taken from 

the Fl generation of a breeding program conducted to 

estimate heritability of chela and body size (Chapter 5). 
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Between April and June 1985 tritonymphs were obtained from 

rotting saguaro cacti (Carnegiea gigantea [EngelmJ) in the 

vicinity of Tucson, Arizona. Sibling offspring from 

matings between these field-c~llected pseudoscorpions 

provided the individuals used in this investigation. Ten 

broods were selected randomly from 36 broods reared. From 

each of the 10 broods, two females were chosen at random 

and separated into two treatment categories. In all cases, 

individuals had eclosed no more than two weeks prior to 

selection. The same randomization procedure was used to 

select males. In both treatment categories each female was 

mated a total of three times and on each occasion.was 

paired with a virgin male: 20 females and 60 males were 

used in the experiment. The treatments differed in time 

interval between successive matings: 24 hr versus 48 hr; 

for the interim period females were returned to individual 

rot-provisioned gallon jars. The design was thus a single 

factor experiment with repeated measures on the same 

individuals (Winer 1971). Pedipalpal dimorphism was 

quantified on the basis of silhouette area of the chelal 

hand. The chela constitutes the largest component of the 

pedipalp: 61.4% and 52.8% of total pedipalp weight in 

males and females, respectively (Chapter 5). Its weight is 

highly correlated with that of the total pedipalp (r = 

.994, see Chapter 5). In fact, 80% of the sexual 

------------~---
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difference in pedipalp weight is accounted for by 

differences in chela weight (Chapter 5). Chelae consist 

primarily of muscle tissue (Chamberlin 1931), and function 

directly in male aggression and mate capture (Fig. 12, see 

Chapter 2). Potential differences among males, other 

than those of cephalothorax length and chela size, were 

minimized by pairing each female with sibling males. The 

effect of male chela size was evaluated by including male 

minus female chela silhouette area as a covariate in the 

analysis (BMDP-83, Program 2V, see Dixon 1983). The 

influence of male body size was also evaluated: sexual 

difference in cephalothorax length was included as a 

covariate in a separate analysis. Individuals were placed 

in 50 mm diameter petri dishes and the total number of 

spermatophores transferred during mating was recorded. 

Each observation was continued until mating was 

aggressively terminated by the female (Fig. J2). 

Morphometries were obtained from COe-anesthetized 

individuals upon completion of the experiments. A Wild M5D 

stereomicroscope equipped with an ocular micrometer was 

used to measure cephalothorax length. Each camera lucida 

outline of a lateral view of the chelal hand was measured 

with a LI-3100 area meter (LI-COR, INC.) to determine 

chelal hand silhouette area. 

-----,._------------
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A B 

c D 
Fig. 12. Photographic Sequence of Mating in ~. 

arizonensis. A) Male initiates mating by grasping both 
chelae of the female. B) Male leads female to mating site. 
C) Male holds female over spermatophore during sperm 
uptake phase. D) Female rejects male. 



Spermatophore Deposition Rate and Female Receptivity 

Data on the duration of mating stages were 

recorded i.e., time elapsed between successive 

spermatophore depositions (see Fig. 11). Because of the 

low number of spermatophores transferred in second and 

third matings, only first matings were considered in this 

analysis. Data on first matings were extracted and pooled 

with 24 observations on virgin female matings made in 

1984. These pooled data were used to examine correlations 

between time to spermatophore deposition and female 

receptivity (BMDP-83, Program 6D). 

Results 

Mating Experience and Female Receptivity 
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The raw data and ANOVA summary are presented in 

Tables 7 and 8 respectively. Female receptivity was 

quantified as the number of spermatophores transferred 

during a mating event. The effect of mating experience was 

highly significant: female receptivity decreased linearly 

with number of previous matings (main effect: Fe,e = 

41.94, P < .0001, see Fig. 13). Linearity was confirmed by 

partitioning the mating experience sum of squares into 

linear and quadratic contrasts (F 1 = 87.98, P < .0001, see 

Table 9a). The main effect of time interval between 
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Table 7. Results of Repeated Measures Experiment on Female 
Receptivity. 

Data in each cell represent the total of 10 replications. 
The data were ~[y + .5J transformed for statistical 
analysis, where Y = number of spermatophores accepted by a 
female. 

Factor 
Mating 

Factor A: 
Interval First 

24 hour 

Raw Data 31.0000 

.J Transformed 18.7479 

48 hour 

Raw Data 35.0000 

.J Transformed 19.7624 

Column 
Totals 

Raw Data 66.0000 

.J Transformed 38.5104 

B: 
Experience 

Second 

20.0000 

15.1829 

18.0000 

14.2697 

38.0000 

29.4526 

-----_._--

Third 

7.0000 

9.9829 

0.0000 

7.0711 

Row 
Total 

58.0000 

43.9137 

53.0000 

40.7560 

Grand 
Total 

7.0000 111.0000 

17.0540 84.6697 
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matings was not significant (F •. l? = .83, P = .376). This 

main effect, which measures interval influence on 

receptivity averaged over the three levels of mating 

experience, was subdivided into its component simple 

effects (interval influence at a single level of mating 

experience). Interval had no significant effect at the 

first and second matings (P > .50), but approached 

significance at the third (F •. 3 !! = 2.845, P = .100, Table 

98). Male chela size had no consistent effect on number of 

spermatophores transferred when included as a covariate in 

the analysis (pooled regression coefficient = -.25812, 

n.s.). Enlarged male chelae thus conferred n~ advantage at 

any level of female mating experience (Figs. 14 - 16). The 

same conclusions he~d for cephalothorax length (pooled 

regression coefficient = .89961, n.s.). 

Spermatophore Deposition Rate and Female Receptivity 

Prior to pooling, the 1984 observations again 

showed no relationship between number of spermatophores 

accepted and male chela size (r = -.0077, P = .971). In 

the pooled observations on 44 virgin female matings, the 

number of spermatophores transferred ranged from one to 

seven. There was a significant negative correlation 

between time taken by males to deposit the initial 

spermatophore and number of spermatophores ultimately 

--_._-_.--- --------------------
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Female Receptivity and Mating Experience 
4~----------------~--~~--------~~~~----~ -e- 24hr 

-W-48hr 

o+-----------------------~--------------------~ o 1 2 

Number of Prior Matin,s 

Fig. 13. Female Receptivity versus Mating Experience. 

---------- --_._ .. 



Table 8. ANOCOVA Summary of the Effects of (1) Time 
Interval between Matings and (2) Mating Experience on 
Female Receptivity. 
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The covariate included here is sexual difference in chela 
surface area. Analysis is unchanged by including sexual 
difference cephalothorax length as a covariate (see text). 

Source SS df MS F P 

Between individuals 

Time .15435 1 .15435 .83 .3756 
interval between matings 

Covariate .28677 1 .28677 1.54 .2317 
(reg. coeff. = .99498) 

Erro·,- 1 3.16900 17 .18461 
(indiv. within groups) 

Within individuals 

Mating 10.97312 2 5.48656 41.94 <.0001 
experience 

Interaction .55188 2 .27594 2.11 .136* 
(interval x experience) 

Covariate .38183 1 .38183 2.92 .0964 
(reg. coeff. = -1.16755) 

Error 2 4.57868 .13082 
(experience x indiv. within groups) 

Pooled Regression Coefficient for Covariate = -.25812 

* Incorporates Huynh-Feldt epsilon factor degrees of 
freedom adjustment (see Huynh and Feldt 1976; Frane 1980). 
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accepted (r = -.536, P < .0001, Fig. 17). This correlation 

suggests that deposition rate may be a criterion by which 

females determine duration of mating events. The link 

between deposition rate and receptivity is further 

suggested by examining data grouped according to the 

number of spermatophores transferred (Figs. 18 and 19, see 

Table 10 for AND VA summary). In all groups, a significant 

increase was apparent in time lapse between the 

penultimate and final spermatophore, accepted by the female 

(see contrasts in Table 11). 

Discussion 

These experiments failed to show any effect of 

either male cephalothorax length or sexually dimorphic 

pedipalps on female acceptance of spermatophores. Results 

did indicate, however, that mating experience, 

spermatophore deposition rate, and interval between 

matings all influence female receptivity to some degree. 

Two aspects of the reproductive biology of pseudoscorpions 

may explain these findings. First, morphological studies 

have shown that in pairing pseudoscorpions females possess 

well developed spermathecae (see Legg 1974; Muchmore 

1975). Pseudoscorpion sperm are encased in proteinaceous 

cysts, which, in addition to protecting sperm during the 

interval between spermatophore deposition and sperm uptake 
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(Legg 1973), may allow sperm to remain viable for extended 

periods in the female reproductive tract. Observations 

made during heritability experiments (Chapter 5) 

demonstrated that sperm storage in ~. arizonensis enables 

females to produce at least three broods from a single 

mating (personal observation). Second, all pseudoscorpions 

nourish embryos within a brood sac which covers the 

genital aperture (Vachon 1938; 2eh and Smith 1985). Gravid 

females are completely unreceptive (based on 20 

observations, unpublished data) and could only take up 

spermatophores by brood sac abortion. The first brood sac 

becomes visible five days after virgin mating, 

irrespective of the number of subsequent matings. While 

females in the 24 hr treatment showed limited receptivity 

two days after first mating, the 48 hr treatment 

demonstrated that females had become completely 

unreceptive by the fourth day (see Fig. 13). Embryonic 

development within the brood sac requires approximately 

three weeks (27 OC), after which protonymphs emerge and 

cluster on the mother·s body for an additional two days 

before dispersing (personal observation>. Second and third 

brood sacs were formed within two days of protonymph 

dispersal. These observations suggest that: 1) one or two 

matings may provide adequate sperm for the reproductive 

life of the female, and 2) a critical point is reached 

-----_ ... _--- .. 



Table 9. Main Effect of Mating Experience Partitioned 
into Linear and Quadratic Contrasts. 

B) Tests of the simple effects of interval between 
matings. 

A) Mating Experience (Factor B with q Levels) 

Contrast First Second Third SSe F P 

1 0 -1 11.509 87.98 <.0001 

1 -2 1 .093 .71 >.5000 

Fl,as = 
MS.rror2 

MSe = contrast mean square 

MS~~~ = Mean square of 
error 2 (Table 8) 

B) Time Interval (Factor A with p Levels) 

Level of 
F ac tor B T elt,q T Ita,q F P 

First mating 18.7479 19.7624 .345 >.500 

Second mating 15.1829 14.2697 .279 >.500 

Third mating 9.9829 7.0711 2.845 .100 

where Tp,q = Total for cell at level p of Factor A 
and level q of Factor B (from Table 7). 

Fl,as = 
(Tp,q - Tp.,q)2! 

2nMS .. c• 11 

MS"e.U = weighted average of two error mean squares 
from Table 8 (see Winer 1971:529-532) 
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Table 10. Repeated Measures ANOVA on Time Lapse between 
Successive Spermatophore Depositions during Single Mating 
Events. 
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Results are based on virgin female matings observed in 
1984 and 1985. Data are grouped according to the number of 
spermatophores transferred (=Nsperm) and only groups with 
)2 observations were analyzed. 

Nsperm Source SS df MS F p 

3 Between 265.65 12 22.14 

Depositions 101.55 50.77 3.91 .0661* 

Error 311.63 24 . 12.98 

4 Between 519.30 13 39.95 

Depositions 903.30 3 30 1 • 1 0 15 • 16 .0007* 

Error 774.36 39 19.86 

5 Between 103.54 6 17.26 

Depositions 254.11 4 63.53 21.21 .0016* 

Error 71.89 21 2.99 

7 Between 54.11 3 18.04 

Depositions 427.86 6 71.31 22.08 .0012 

Error 58.14 18 3.23 

* Incorporates Huynh-Feldt epsilon factor degrees of 
freedom adjustment (see Huynh and Feldt 1976; Frane 1980). 

---_ .. -- ..... _- ----------------
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Fig. 18. Time Elapsed between Successive Spermatophore 
Depositions versus Spermatophore Deposited: 1. NSPERM = 
total number of spermatophores accepted • 

. _---_._-._ ... ---
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NSPERM = 5 
N=7 

20~------------------------------------------~ 

1st 2nd 3rd 6th 

NSPERM 7 
N=4 

~~~------------------------------------------~ .:i 
's -

2ncl Sl'd 4th 6th 8th 7th 
Spermatophore Deposited 

Fig. 19. Time Elapsed between Successive Spermatophore 
Depositions versus Spermatophore Deposited: 2. . 
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between the second and fourth day after initial mating, 

beyond which further mating is detrimental to brood 

development. This would explain why the effect of interval 

was restricted to third matings: these occurred before the 

critical point in the 24 hr treatment and after in the 48 

hr treatment. 

Physiological constraints therefore appear to 

result in a "rec:eptivity window." This study suggests 

that it is within this window that spermatophore 

deposition rate and mating experience exert their 

influence on female receptivity. Deposition rate was 

related to receptivity in two ways. I) There was a 

negative correlation between time to first deposition 

and total spermatophores transferred (Fig. 17), and II) 

females invariably terminated mating following a 

significant increase in time taken to deposit a 

spermatophore (Figs. 18 and 19, Table 11). Several 

hypotheses can be evaluated based on their ability to 

explain relationships I and II above. According to the 

simplest hypothesis, females allocate a fixed length of 

time to mating. This hypothesis is consistent with 

relationship I but not II, i.e., it does not predict 

rejection by the female following a significant increase 

in the time elapsed between spermatophore depositions, 

irrespective of the absolute number of spermatophores 
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Table 11. Orthogonal Contrasts for Each ANOVA Presented in 
Table 10. 

For.each Nsperm category, the most significant increase in 
time elapsed between successive depositions occurs with 
the final spermatophore deposited. 

Spermatophore Deposited 
1ST 2ND 3RD 4TH 5TH 6TH 7TH 

Nsperm Contrast Coefficient F 

3 -1 -1 2 60.25 4.64 .050 

-1 1 o 41.30 3.18 .100 

4 -1 -1 -1 3 860.52 43.34 <.001 

-1 -1 2 o 10.21 0.51 >.500 

-1 1 o o 32.57 1.64 > .100 

5 -1 -1 -1 -1 4 221.26 73.87 <.001 

-1 -1 -1 3 o 27.43 9.16 <'050 

-1 -1 2 o o 0.86 0.29 >.500 

-1 1 0 o o 4.57 1.53 >.250 

7 -1 -1 -1 -1 -1 -1 6 323.15 100.04 <.001 

-1 -1 -1 -1 -1 5 0 85.01 26.32 <'010 

-1 -1 -1 -1 4 0 0 16.20 5.02 < .100 

-1 -1 -1 3 0 0 0 1.33 0.41 >.500 

-1 -1 2 0 0 0 0 0.17 0.05 >.900 

-1 1 0 0 0 0 0 2.00 0.62 >.500 

-.--_._ .. _-------



66 

deposited. In addition, duration of mating event and 

success in sperm transfer are not i~dependent, as would be 

predicted (r = .658, P < .001, Fig. 20). A second 

hypothesis proposes that deposition rate signals overall 

male quality since ability to rapidly produce and deposit 

spermatophores may, for example, reliably reflect success 

in resource acquisition. This hypothesis cannot stand as a 

complete explanation since, again, it predicts I but not 

II. A possible causal link between male nutrition and 

spermatophore deposition rate could be investigated 

through experimental manipulation of diet. Finally, 

according to a third hypothesis, deposition rate signals 

spermatophore quality, e.g., sperm concentration within 

the packet. Relationships I and II follow from this 

hypothesis which would also give an explanation for female 

acceptance of spermatophores from second males 

encountered. Further testing of this hypothesis requires 

dissection of spermatophores to determine sperm content. 

Overall, this study found no functional 

significance to pedipalpal dimorphism in the context of 

female choice. Rather, results suggest that rapid 

reproduction provides the main impetus for female mating 

decisions in ~. arizonensis. Such female behavior is 

compatible with the exigencies of reproduction in the 

ephemeral and unpredictable environment of the cactus 

------_ .. -----
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rot (Chapter 4). The moist, arthropod-rich habitat of a 

rotting saguaro cactus deteriorates to dried-out ribs 

and integument within one to several months (Steenbergh 

and Lowe 1977). Rapid reproduction is especially crucial 

in D. arizonensis because dispersal, as in many 

monosphyronid pseudoscorpions (see Beier 1948, Muchmore 

1971, Legg 1975), occurs through phoresy, i.e., by 

attachment to larger, more mobile species, usually flying 

insects. The 'phoretic agent in this case is the cactus 

fly, Odontoloxozus longicornis Hennig (Neriidae) which 

undergoes larval development and pupation in saguaro rots 

(see Ryckman and Olsen 1963; Mangin 1979 1984 for data 
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on Q. longicornis). Adult pseudoscorpions grasp a hind leg 

of the nerjid fly soon after it ecloses and in this way 

are transported to a fresh rot (Chapter 4). Hence, 

offspring failing to mature and disperse before 

desiccation of the rot will not successfully reproduce. 

These findings underscore the need to take account of the 

environmental and life history constraints acting on 

organisms when considering the nature ~nd importance of 

female choice in sexual selection (see Parker 1983). 

------~--- - ---------- --- ----



CHAPTER 4 

THE PSEUDOSCORPION, THE SAGUARO AND THE FLY: 
PHORETIC DISPERSAL IN A DESERT ARACHNID 

The structuring of the physical environment into 

discrete, habitat "patches" may have profound evolutionary 

consequences for life history patterns, reproductive 

tactics and species interactions (Levins 1968; Parker and 

Stuart 1976; Wilson 1983). Of obvious importance to 

organisms dependent on ephemeral, discontinuously 

distributed habitats is the capacity for effective 

dispersal. Recent game theory models suggest 'that 

dispersal from even stable habitat patches can result in 

increased fitness (Hamilton and May 1977). Development of 

specialized mechanisms for dispersal may, however, be 

costly. This is particularly evident in terrestrial 

arthropod species exploiting patchy microhabitats which 

deteriorate through time. Traits necessary for dispersal 

may seriously hamper efficient foraging in confined 

microhabitats. Terrestrial arthropods have evolved various 

adaptations in response to these conflicting requirements. 

For example, the holometabolous mode of development 

allows larval insects to burrow into solids, such as soil, 

and plant and animal tissues, unencumbered by external 
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wing pads (Hinton 1977). Allocation of resources to 

dispersal mechanisms may also compromise reproductive 

output. The pervasive phenomenon of environmentally-cued 

wing polymorphism among insects appears to represent a 

tactic for minimizing such trade-offs (see reviews in 

Hamilton 1978; Matsuda 1979). 
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Apterous arthropods inhabiting discontinuous 

terrestrial habitats face an even greater challenge. 

Despite inherently limited dispersal capabilities, many 

wingless species have overcome obstacles to patchy habitat 

utilization by exploiting the greater mobility of other 

species. Known as phoresy, this use of one animal by 

another for transport (Wilson 1980) is well documented 

among mites <Lindquist 1975) and entomophagous insects 

(Clausen 1976). The importance of phoresy in mite 

dispersal has been clearly established. Some pyemotids are 

known to produce environmentally induced dispersal 

phenotypes (" phoretomorphs," see Moser and Cross 1975; 

Smiley and Moser 1976), and genetically based polymorphism 

for carrier preference has been demonstrated in 

Peochilochirus necrophori which is phoretic on several 

species of burying beetles (Wilson 1982). By contrast, 

although phoretic pseudoscorpions were observed as long 

ago as the eighteenth century (Poda 1761 cited in Beier 

1948), the significance of phoresy in this arachnid order 
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remains controversial (see review in Muchmore 1971, Lloyd 

and Muchmore 1975). Many authors regard pseudoscorpion 

phoresy as a behavior functioning specifically for 

dispersal (liThe Dispersal Hypothesis," Beier 1948; 

Weygoldt 1969; Legg 1975). However, since pseudoscorpions 

typically attach to arthropods almost small enough to be 

preyed upon, other authors view such phoresy as the 

accidental byproduct of an unsuccessful predation attempt 

(liThe Predation Hypothesis, II Vachon 1940,1954; Muchmore 

1971). Less commonly, pseudoscorpions are found attached 

to larger animals, e.g., cerambicid beetles (Beck 1968), 

mice (Muchmore and Hentschel 1982) and rats (Muchmore 

1972). These relatively long term associations are less 

controversial and are known to involve a predator/prey 

relationship: the pseudoscorpion consumes ectoparasites of 

the host (Beier's (1948) phagophilie). 

Although taxonomically widespread among 

pseudoscorpions, phoresy appears to be most common in the 

family Chernetidae (see Beier 1948; Muchmore 1971,1982). 

Chernetids represent 21% of all pseudoscorpion species 

(Chamberlin and Malcolm 1960), but account for 

approximately 55% of those which are known to engage in 

phoresy (Legg 1975). Species in this family occupy a 

diversity of habitats, ranging from persistent 

accumulations of forest litter to transient clumps of 

----_ ... __ .-
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decaying vegetation (Hoff 1959; Legg 1975). This paper 

examines the role of phoresy in Dinocheirus arizonensis 

(Banks), a chernetid pseudoscorpion utilizing the 

ephemeral and spatially discontinuous habitat provided by 

rotting saguaro cacti (Carnegiea gigantea [EngelmJ) in the 

Sonoran Desert. These cactus rots are also utilized by the 

neriid fly, Odontoloxozus longicornis Hennig, which mates 

and oviposits on the rot surfaces (Mangin 1979; 1984). 

Larval and pupal stages develop wit~in the rots, and ~. 

arizonensis has been found phoretic on adult flies in the 

field (N = 7; personal observation and R.L. Smith and M. 

McGee personal communication). Under laboratory 

conditions, the pseudoscorpions may also prey on adult 

neriid flies (see Fig. 21). This system is therefore 

particularly well suited for comparing predictions of the 

predation and the dispersal hypotheses. The determinants 

of phoretic and predatory behavior were assessed 

experimentally. Two experiments were conducted. One 

compared the incidence of phoresy on post-teneral adult 

versus eclosing flies. The second incorporated a repeated 

measures approach to examine the effects of gender and 

social context on the rate of attachment, and changes in 

phoretic behavior through time. The results are compared 

to patterns of colonization by ~. arizonensis of 

artificially induced rots monitored in the field. Finally, 
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Fig. 21. Phoresy versus Predation. A) Male ~. 
arizonensis phoretic on female neriid fly, R. longicornis. 
B) Female pseudoscorpion preying upon neriid fly. 

73 



74 

the predation/dispersal debate over pseudoscorpion phoresy 

is reconsidered in the light of these experimental 

findings. 

Materials and Methods 

Pseudoscorpions and neriids used in the phoresy 

experiments (Experiments 1 and 2) were derived from 

natural populations inhabiting rotting saguaro cacti in 

the vicinity of Tucson, Arizona. Experiment 1 was 

conducted in November/December 1985, using pseudoscorpions 

which were laboratory-bred Fl offspring of field-collected 

individuals. Experiment 2 was carried out between February 

and August 1985. Pseudoscorpions were collected as 

d~utonymphs (second nymphal stage) and molted to maturity 

in the laboratory. All replications of the phoresy 

experiments were established in 5 cm (single-individual 

treatments) or 10 cm (paired-individual treatments) 

diameter petri dishes (observation arenas). Neriid pupae 

were obtained by rearing field-collected larvae on a 

mixture of standard Drosophila medium and liquid extract 

of rotting saguaro. Replications were monitored three 

times per day from initiation of each experiment to its 

termination 48 hr after eclosion or addition of a fly. 

Behaviors were scored as no response, phoresy, or 

predation. In predation, the pseudoscorpion uses its 
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pedipalpal chelae to grasp and its chelicerae to puncture 

and consume the body (usually the abdomen) of the fly. 

This behavior is clearly distinct from phoresy in which 

the pseudoscorpion uses a chela to maintain a grasp on the 

trochanter of a fly's hind leg (see Fig. 21). For 

hypothesis testing, it was assumed that phoresy and 

predation were independent to the extent that predation 

events did not bias incidence of phoresy among treatment 

categories. This assumption was supported by the results 

of Experiment 2: predation occurred randomly with respect 

to all treatment categories (see Results). The study of 

colonization patterns was conducted between March 1983 and 

June 1984 in the Tucson Mountain Unit of Saguaro National 

Monument. ~. arizonensis remains reproductively and 

probably phoretically active throughout the year. Phoretic 

individuals have been observed in the field in February, 

March, May and September. 

Experiment 1: Do Pseudoscorpions Preferentially Prey on or 
Attach to Newly Eclosed Neriids? 

This experiment compared the proportion of 

individuals engaging in phoresy and predation in two 

treatment groups, one exposed to eclosing flies, the other 

to post-teneral adults. Each replication involved placing 

a male and a female ~. arizonensis in an observation 
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arena. In the treatment group to be exposed to newly 

eclosed flies, one neriid pupa was added to each petri 

dish. Time to eclosion could not be precisely controlled; 

therefore, duration of male/female interaction preceding 

exposure to a neriid was standardized between treatment 

groups by pairing replications. Twenty-four hours 

following eclosion in a first treatment replication an 

adult fly was added to its second treatment counterpart. 

(This procedure controlled for potential diel patterns of 

attachment). Twenty replications were established for each 

treatment group and maintained at 27 ± 1°C on a 12 hr 

light:12 hr dark photoperiod. One-tailed Fisher's exact 

tests were used to compare the incidence of phoresy and 

predation in the two groups. 

Experiment 2: Do Gender and Social Context Influence the 
Incidence of Phoresy and Predation? 

Observation arenas were set up as follows for each 

of 23 replications: male alone; female alone; male pair; 

female pair; and male/female pair (i.e., 182 experimental 

units at the outset due to the mortality in one female 

pair replication before completion of the first trial). 

All pse~doscorpions had undergone their final molt within 

two weeks of the first trial of the experiment. One neriid 

pupa was added to the single-individual treatments and two 
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pupae to two-individual treatments. To examine changes 

through time, the experimental procedure was repeated 

approximately six weeks after termination of the first 

trial. The same pseudoscorpions were used and were not fed 

between trials. Because of instances of mortality among 

the pseudoscorpions, there were 19 or 20 replications for 

the second trial. The experiment was originally conceived 

as a two-way ANOVA repeated measures design with gender 

and social context as factors, and rate of phoresy or 

predation (cases of phoresy or predation per individual) 

as the response variable. However, this design generated 

discrete values of the dependent variables. First and 

second trial results were therefore summed (cases of 

phoresy per individual in two trials) to provide a closer 

approximation to a continuous distribution. Finally, 

significant results were checked using nonparametric 

measures of association (Fisher's exact test). ANOVAs were 

performed on square root transformed data and the analyses 

were carried out with BMDP 1983, programs 2V and 4F (Dixon 

1983) • 

Colonization Study: Do Colonization and Dispersal Patterns 
Reflect Gender Differences in Phoretic Behavior? 

Determining the precise age of natural rots is 

difficult; therefore the decomposition process was 

-------------- ----- --
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artificially induced by injecting rot extract (presumably 

containing the bacterium Erwinia carnegieana, see 

Steenbergh and Lowe 1977) into damaged regions of freshly 

fallen cactus. Quantitative pseudoscorpion samples were 

obtained by sieving and sorting sawn-off .235 me sections 

of rot (based on formula for the lateral surface area of a 

cylinder, 2nrh). This destructive technique limited the 

number of samples per rot to three: 1. one month after rot 

initiation; 2. during prime decomposition state and peak 

arthropod abundance, three to seven weeks after the first 

sampling, and 3. in final stages of rot desiccation, three 

to seven weeks after the second sampling. A total of nine 

rots, from 4 m to 10 m in composite length, were sampled 

in this manner. Intervals between samplings differed as a 

result of seasonal variation in the rate of saguaro rot 

progression. However, for each rot the time lapse between 

successive samplings was held constant. A repeated 

measures ANOVA design was used to examine changes in 

density and sex ratio through sampling periods (BMDP 1983, 

Program 2V). Ratios were arcsin transformed for 

statistical analyses. 



Table 12. Comparison of the Incidence of Phoresy and 
Predation on Eclusing versus Post-teneral Flies. 
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Fly Category Category of Pseudoscorpion Response 

No Phoresy Phoresy Total 

A) INCIDENCE OF PHORESY 

Eclosing 32 8 40 

Adult 38 40 

70 10 80 

Category of Pseudoscorpion Response 

No Predation Predation Total 

B) INCIDENCE OF PREDATION 

Eclosing 36 4 ·40 

Adult 37 3 40 

73 7 80 
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Results 

Experiment 1: Do Pseudoscorpions Preferentially Prey on or 
Attach to Newly Eclosed Neriids? 

Eclosing and teneral flies are more vulnerable to 

capture and injury than are post-teneral adults. Thus, 

with emerging flies, the predation hypothesis predicts a 

higher incidence of mortality, while the dispersal 

hypothesis predicts a higher incidence of phoresy. The 

rate of predation did not differ between the two 

treatments (P = .500, Table 12), but phoresy occurred 

significantly more often in the group exposed to eclosing 

flies (P = .0436, Table 12). 

Experiment 2: Do Gender and Social Context Influence the 
Incidence of Phoresy and Predation? 

The ANOVA on data pooled from both trials (Table 

13) indicates that gender exerted a significant main 

effect on rate of phoresy (F1.ue = 4.63, P = .0336) but 

that social context did not (Fe.ue = .06; P = .940). In 

all social contexts there were more cases of phoresy by 

females than by males (see Fig. 22). Neither gender 

(F1,lle = .0035, P = .953) nor social context (Fe,ue = 

2.07, P - .1309) significantly influenced rate of 

predation (Table 14; Fig. 23). The repeated measures ANOVA 

(Table 15) showed a marginally significant increase in 



Phoresy: Sexual Comparisons 
Trials 1 & 2 Combined 
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Fig. 22. Comparison of Male versus Female Phoresy 
Rates. 
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Predation: Sexual Comparisons 
Trials 1 & 2 Combined 
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Fig. 23. Comparison of Male versus Female Predation 
Rates. 
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overall <male and female) phoresy rate for the second 

trials (Faelle = 3.05, P = .0837). However, this overall 

effect masked a significant difference between the sexes 

in the effect of trial. A 2-tailed Fisher's exact test 

(data provided in Table 13) showed a highly significant 

increase in phoresy among females during the second trials 

<P = .0137) whereas male incidence of phoresy remained 

unchanged (P = 1.00). Predation rates did not vary 

significantly between trials for either sex <Table 15). In 

all cases the nonparametric tests corroborated the results 

indicated by the ANOVAs. Since social context consistently 

had no effect on rate of phoresy or predation, data were 

lumped for these tests (Table 13). 

Colonization Study: Do Colonization and Dispersal Patterns 
Reflect Gender Differences in Phoretic Behavior? 

Density of adult ~. arizonensis varied 

significantly between sampling periods (Table 16), with 

greatest abundance occurring in second samples (Fig. 24). 

Comparison of linear and quadratic contrasts (see 

Rosenthal and Rosnow 1985) confirmed the humped shape of 

the relationship (Fa = .319, P > .5; Fq = 12.12, P < 

.005). By contrast, the proportion of females in the 

population declined linearly with sample period <Table 16; 

Fig. 25; F 1 = 21.41, P < .001; F q = 2.60, P > • 10). In 

----_._ .... _-._- -----_ .. _-_._._--



Table 13. Summary of Results of Experiment 2 Showing 
Incidence of Phoresy and Predation among Males and 
Females in the Two Trials. 

For simplicity, categorization by social context is 
omitted, since this treatment had no effect on the 
response variables (see Table 14 and text). 

Trial Category of Pseudoscorpion Response 

No Phoresy Phoresy Total 

A) PHORESV 

Trial 1 ' Female 88 90 

Male 89 3 92 

Trial 2 Female 70 10 80 

Male 76 2 78 

Category of Pseudoscorpion Response 

84 

No Predation Predation 'Total 

B) PREDATION 

Trial 1 Female 72 18 90 

Male 76 16 92 

Trial 2 Female 61 19 80 

Male 61 17 78 

------ .. -~- --- --------



Table 14. ANOVA Summary Table Showing the Main and 
Interactive Effects of Social Context and Gender on 
Rate of Phoresy and Predation. 
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The sum of each individual's response in trials 1 and 2 
was used as the dependent variable and only complete cases 
were included. 

SOURCE SS df MS F P 

A) RATE OF PHORESY 

Context .00292 2 .00146 .06 .9400 

Gender .10909 1 .10909 4.63 .0336 

C X G .03842 2 .01921 .82 .4452 

Error 2.63947 112 .02357 

B) RATE OF PREDATION 

Context .27006 2 .13503 2.07 ~1309 

Gender .00023 1 .00023 .00 .9526 

C X G .13105 2 .06553 1.00 .3694 

Error 7.30362 112 .06521 



Table 15. Repeated Measures ANOVA Summary Table for 
Experiment 2. 

In addition to evaluating the effects of social context 
and gender, this analysis examines change in individual's 
response from trial 1 to trial 2. 

SOURCE SS df MS F P 

A) RATE OF PHORESY 

Context .00478 2 .00239 .19 .8268 

Gender .04515 1 .04515 3.60 .0605 

C X G .02716 2 .01358 1.08 .3425 

Error 1.41868 113 .01255 

Trial .03371 1 .03371 3.05 .0837 

T X C .02999 2 .01499 1.35 .2622 

T X G .07608 1 .07608 6.87 .0100 

T X C X G .01025 2 .00512 .46 .6306 

Error 1.25084 113 .01107 

B) RATE OF PREDATION 

Context .16880 2 .08440 2.14 .1230 

Gender .00002 1 .00002 .00 .9835 

C X G .07688 2 .03844 .97 .3813 

Error 4.42643 112 .03952 

Trial .01220 1 .01220 .42 .5186 

T X C .00320 2 .00160 .05 .9466 

T X G .00710 1 .00710 .24 .6222 

T X C X G .20748 2 .10374 3.57 .0315 

Error 3.25711 112 .02908 

------------------

86 
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addition, female density was significantly greater than 

male density for the initial samples (paired t test, t = 

2.98, P = .0175, 2-tailed), but this relationship reversed 

for the second sampling period (t = -2.53, P = .0353). 

Nymphs were only observed in second and third samplings. 

Discussion 

Experimental results and those of the colonization 

study indicate that phoretic behavior may explain 

colonization patterns in D. arizonensis. Of the two 

sexes, females were more likely to engage in phoresy 

and were more influenced by time and food deprivation. As 

rots progressed, the ratio of females to males declined in 

a linear fashion. Taken together, these findings suggest a 

dispersal system in which there is a tendency for phoretic 

females to be the first to colonize and the first to 

abandon the transient habitat of a cactus rot. Comparative 

observations show that phoresy among pseudoscorpions is 

most common in inseminated and gravid females (Beier 

1948). The experiments conducted here were not 

specifically designed to isolate differences in the 

phoretic behavior of virgin versus mated females. 

Nevertheless, mated females (in male/female pairs) did 

exhibit a slightly higher rate of phoresy than unmated 

females (female alone; female pair; see Fig. 22). The 
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female bias in dispersal patterns may perhaps be best 

understood in the context of pseudoscorpion reproductive 

biology. Females store sperm for prolonged periods and can 

produce several broods from a single mating. Maternal 

investment is high: embryos are nourished for two to three 

weeks within a brood sac carried on the underside of the 

female's abdomen (Weygoldt 1969). Initiation of a brood 

sac late in the progression of a rot may result in 

offspring that fail to mature and disperse. The higher 

propensity for phoresy among females would seem to be 

evolutionarily stable (sensu Maynard Smith 1982): females 

must disperse to ensure the successful development of 

their offspring. Given this behavior and the very limited 

period of sexual receptivity in females (Chapter 3), male 

reproductive success may be best achieved by deferring 

phoresy in order to mate with females about to disperse. 

Finally, the absence of nymphs from the first set of 

samples supports the assertion that phoresy in 

pseudoscorpions is limited to adults (Beier 1948; Weygoldt 

1969) • 

The results presented here show that ~. arizonensis 

is most commonly phoretic on eclosing neriid flies, upon 

which it can and does also prey. This apparent preference 

could simply stem from eclosing flies' susceptib~lity to 

attachment. Alternatively, the higher incidence of phoresy 

-----.. --- ------------- ---"'-



Table 16. Repeated Measures ANOVA Summary of the 
Colonization Data. 
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Changes in adult density and proportion of females in rots 
through sampling periods are evaluated. Through time, 
adult density follows a quadratic curve while proportion 
of females decreases linearly. 

SOURCE SS 

A) ADULT DENSITY 

Between 3489.40741 
Rot Error 

Sampling 1406.19907 
Period 

Linear 36.12517 

Quad.· 1370.07380 

Within 1808.92593 
Rot Error 

df 

8 

2 

1 

1 

16 

MS F P 

436.17593 

703.09954 6.22 .0100 

36.12517 .32 NS 

1370.07380 12.12 <.005 

113.05787 

B) PROPORTION OF FEMALES IN ROTS 

Between .28443 
Rot Error 

Sampling 
Period 

Linear 

Quad. 

Within 
Rot Error 

1.26050 

1.12383 

.13666 

.83978 

8 

2 

1 

1 

16 

.03555 

.63025 12.01 .0007 

1.12383 21.41 <.001 

.13666 2.60 >.100 

.05249 

--------- ---------- -
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on eclosing flies may represent an active preference which 

increases the efficiency of phoresy as a dispersal 

mechanism. Because rots decay through time, eclosing flies 

are more likely to.disperse to new rots than would a 

randomly selected member of the adult neriid population. 

These findings do not support the suggestion that 

transport of pseudoscorpions by other arthropods is 

accidental, motivated by hunger, and occurs simply because 

pseudoscorpions are incapable of consuming their hosts 

(Vachon 1940; Muchmore 1971). Were this the case, 

predation should have been highest on vulnerable eclosing 

flies, and phoresy most common on active post-teneral 

adults. The predation hypothesis would also presumably 

predict an increase in rate of predation on eclosing flies 

with time and food deprivation. In fact, the predation 

rate remained unchanged while female phoresy rate 

increased. By contrast, this experimental study supports 

the conclusion reached by Beier (1948), Weygoldt (1969), 

and Legg (1975) that the attachment of pseudoscorpions to 

the appendages of flies and other arthropods represents a 

behavior functioning specifically for dispersal. The dual 

predatory/phoretic nature of the relationship between 

~. arizonensis and ~ longicornis may also explain in part 

the long-standing predation/dispersal controversy in the 

literature. Isolated observations of either phoresy or 

-----_ .. _._----



predation could lead to opposing interpretations based on 

accurate but incomplete evidence. 
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Still to be determined is the nature of the cues 

which induce phoretic behavior in pseudoscorpicns. Initial 

observations suggest that olfactory stimuli released by 

eclosing and teneral flies might play an important role. 

Preliminary experiments were therefore conducted in which 

neriid pupae were crushed and the resultant slurry applied 

to adult flies. No significant increase in rate of phoresy 

occurred when pseudoscorpions were exposed to these as 

opposed to untreated flies. The greater rate of attachment 

to eclosing flies observed in Experiment 1 may indicate 

that pseudoscorpions use behavioral as well as olfactory 

cues when engaging in phoresy. Olfaction clearly affects 

detachment of the pseudoscorpion from the fly (personal 

observation>. Phoretic female pseudoscorpions, which were 

transferred from petri dishes to gallon jars containing 

dried-out saguaro tissue, remained attached for up to 17 

days. In each case (N = 5> when liquid rot extract was 

added to the dried out tissue, the pseudoscorpion 

"disembarked" within 10 minutes. 

Despite the disagreement over current function 

generated by the predation/dispersal controversy, it is 

generally accepted that pseudoscorpion phoresy had its 

evolutionary origin in predatory behavior <Beier 1948; 

----------
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Weygoldt 1969). Assuming this hypothesis to be correct, 

small size, prehensile chelae and predacious habit 

constitute exaptations (sensu Gould and Vrba 1982) for 

pseudoscorpion dispersal. Vrba (1983) argues that 

exaptations may often have major consequences for 

macroevolutionary patterns such as magnitude of speciation 

in a lineage. Patterns in pseudoscorpion diversification 

appear to be consistent with this view (Legg 1975). The 

Pseudoscorpionida, with its 2000+ species (Muchmore 1982) 

is considerably more diverse than its sister taxon 

(Weygoldt and Paulus 1979), the Solpugida (900+ species, 

Muma 1982). Solpugids differ from pseudoscorpions in 

lacking prehensile chelae, an important exaptation for 

phoretic dispersal. Single comparisons are, of course, of 

limited utility: pseudoscorpions and solpugids also differ 

in several traits unrelated to dispersal. Nevertheless, 

diversification can be strongly linked to effective 

dispersal mechanisms in several independent lineages of 

terrestrial arthropods. Evidence in support of this link 

is provided when a contrast approach (Felsenstein 1985) is 

used to compare species richness in sister taxa: 1. 

Insecta (800,000) vs. Entognatha (2540) (Hennig 1981); 2. 

Araneae. (35,000) vs. Amblypygi (70) (Platnick and Gertsch 

1976; Levi 1982), and 3. Acari (30,000) vs. Ricinulei (33) 

(Weygoldt and Paulus 1979; Johnston 1982; Levi 1982). In 
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each contrast the taxon possessing the greater number of 

species also possesses more highly specialized mechanisms 

for dispersal: flight in the insects; ballooning in the 

spiders, and phoresy in the mites. Phoresy provides 

species otherwise confined by their limited sensory and 

locomotor capacities with the ability to exploit transient 

and discontinuous habitats (Mitchell 1970). As a result 

of rare, long-distance dispersal events, phoretic 

inseminated females could also act as propagules in 

founding new populations, thereby facilitating speciation 

(J.H. Brown personal communication). Such a mechanism 

would explain the existence of species apparently endemic 

to small islets in the Florida Keys (e.g., Parachernes 

bisetus, see Muchmore and Alteri 1974). Thus, at the 

macroevolutionary level, phoresy may have been a 

significant factor in the diversification of the 

Pseudoscorpionida. 

-------------~- ~~ 



CHAPTER 5 

LIFE HISTORY CONSEQUENCES OF SEXUAL DIMORPHISM 
IN A CHERNETID PSEUDOSCORPION 

Response to natural selection may be severely 

restricted by trade-offs between fitness components 

(Williams 1966; Gadgil and Bossert 1970; Antonovics 1976; 

Charlesworth 1980; Rose 1982; Schaffer 1983). Lande (1982) 

has argued that genetic correlations among life history 

traits influence the direction and rate of character 

change under selection, and that these correlations 

ultimately stem from pleiotropic effects exerted by many 

loci. Strong genetic correlations between homologous 

traits in males and females may also restrain their 

evolutionary divergence through sexual selection (Lande 

1980; Leutenegger and Cheverud 1982; Cheverud et al. 

1985). Conversely, in nonequilibrium populations sexual 

dimorphism could evolve even in the absence of 

differential selection. Greater trait variance in one sex 

would enable it to respond more fully to directional 

selection acting equally on both sexes (Leutenegger and 

Cheverud 1985). Consequently, species' attributes may be 

as much the products of phylogenetic history and genetic 

constraints as they are adaptive responses to recent 
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environments (Gould and Lewontin 1979; Cheverud et al. 

1985) • 

The general significance of these constraints in 

natural populations may be best determined by empirical 

research which combines the correlative methods of 

comparative studies (e.g., Baker and Parker 1979; Ridley 

1983; Felsenstein 1985) with quantitative genetic 

analyses. Such research would involve formulation of 

hypotheses concerning the functiona~ or ecological 

utility of characters based on nonrandom associations 

between traits and environments. Mating designs and 

artificial selection experiments <Falconer 1981) would 

then be conducted on a subset of the species to establish 

the extent of genetic variance and covariance underlying 

the traits in question (see Palmer and Dingle 1986). 

Unfortunately, however, little empirical work has been 

directed towards identifying taxa amenable to both levels 

of analysis. One family of arachnids, the chernetid 

pseudoscorpions, is particularly well suited for 

comparative ecological study and for quantitative genetic 

investigation. The Chernetidae comprises more than 390 

species (Chamberlin and Malcolm 1960), 75 of which 
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occur throughout North America over a wide range of 

habitats <W.B. Muchmore personal communication). The small 

size, high fecundity and relatively short life cycles of 

----_._-_. --------_._--- ---- ---
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these pseudoscorpions enable multi-generation selective 

breeding programs. Presented here are preliminary findings 

of research whose ultimate objective is to assess the 

importance of genetic versus ecological factors (sensu 

Emlen and Dring 1977) in the evolution of sexual 

dimorphism in Chernetidae. Two previous papers (Chapters 

2 and 3) explored the functional significance of sexually 

dimorphic pedipalps (Fig. 26) in the chernetid Dinocheirus 

arizonensis, a species inhabiting rotting saguaro cacti in 

the Sonoran Desert. Enlarged male pedipalps enhance 

aggressive ability and increase mating success under 

conditions of high density (Chapter 2). Fema~e 

reproductive behavior, including high levels of maternal 

investment and short duration of sexual receptivity, 

appears to indirectly influence sexual selection by 

intensifying male combat. However, experimental work 

failed to show any direct effect of enlarged pedipalps on 

female mating decisions (Chapter 3). All chernetid males 

use their chelae to initiate mating by forcefully grasping 

the female (Weygoldt 1966,1969,1970; Thomas and Zeh 1984; 

Chapters 2 and 3). Despite this shared mating behavior, 

pedipalpal dimorphism among chernetids is highly variable 

with male chela size ranging from 60% to 150% of that 

of the female (Chapter 2). Partitioning of the variation 

into between- and within-genera components suggests that 

-
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c 
Fig. 26. Comparison between the Sexes for Pedipalp 

Morphology. A) young tritonymph; B) adult female, and C) 
adult male. 

-------- ---_. ---
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the distribution of sexual dimorphism in Chernetidae is 

not constrained by phylogeny (Chapter 2). This paper 

examines the life history consequences of sexually 

dimorphic pedipalps in Dinocheirus arizonensis. Two 

studies were conducted. One provided a detailed analysis 

of male versus female allocation of nymphal soma to 

various morphological characters of the adult stage (i.e., 

proportion of total mass committed to body, pedipalps 

and chelae). The second compared male and female adult 

morphologies, in addition to determining sexual 

differences in developmental periods (fertilization 

to adult). Parent-offspring regressions are used to 

provide initial estimates of heritability and other 

quantitative genetic parameters. Finally, the factors 

influencing sexual dimorphism in Chernetidae are 

considered in the light of these findings. 

Materials and Methods 

Experimental Populations 

R. arizonensis nymphs were collected from natural 

populations inhabiting rotting saguaro cacti (Carnegiea 

gigantea CEngelm]) in the vicinity of Tucson, Arizona. 

Pseudoscorpions pass through three instars prior to the 

terminal adult molt: proto-, deuto- and tritonymph. For 

-------._-- -----.-----
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the somatic allocation comparison, 42 tritonymphs matured 

in separate 5 dram vials at 23 ± 2°C. Each individual was 

provided with 2 to 3 cm3 of larvae-rich medium taken from 

high density Drosophila melanogaster cultures. Sections of 

fibrous brown paper were crumpled to provide nesting 

substrate for nymphal molts. The parental generation of 

the developmental period/heritability study (84 

individuals) was established from deutonymphs, using the 

same method. 

Experimental Design 

Somatic Allocation Comparison. At the onset of 

molting torpidity (see Weygoldt 1969), 24 males and 19 

,females were deprived of food. Within 24 hr of completion 

of the adult teneral period, individuals were killed with 

ethyl acetate, and immediately weighed on a Cahn 29 

Automatic Electrobalance. Both pedipalps of each 

individual were severed at the proximal end of the 

coxo-trochanteral joint (see Chamberlin 1931) under a 

dissecting microscope and weighed. Chelae were then 

removed at the tibio-chelal joint and also weighed. 

Incisions were slightly biased to prevent leakage of body 

fluids from the segments to be measured. The following 

traits were assessed for each individual: total, body, 

pedipalp and chela weights; pedipalp mass and chela 



mass as percents of total; chela mass as percent of 

pedipalp; adult and tritonymph chela silhouette areas 

(for methods see Chapter 2>, and adult cephalothorax 

and total body lengths. Tritonymph chela silhouette area 

was measured from exuviae. 
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Developmental Period/Heritability Study. The 

parental generation consisted of forty-two individuals of 

each sex randomly paired in 5 cm diameter petri dishes. 

Thirty-six of the inseminated females subsequently 

produced 696 Fl offspring which were reared to the 

deutonymphal stage as full sib families in gallon jars. ~. 

arizonensis shows 90% to 100% survivorship when raised 

through one or two nymphal stages on Drosophila (personal 

observation>. However, earlier attempts to rear 

individuals from fertilization to maturity on this single 

prey item resulted in high mortality and incomplete 

sclerotization in the tritonymph to adult molt (personal 

observation>. For this reason each jar was provisioned (on 

two occasions> with 500 cm3 of saguaro rot which had been 

mixed to ensure homogeneity and sorted to remove large 

insects and pseudoscorpion contaminants. Deutonymphs were 

transferred to individual vials to complete maturation and 

were maintained throughout development at 27 ± lOCo The 

duration of development from fertilization to adulthood 

was determined to the nearest day for each individual. 
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Chela silhouette area and cephalothorax length of each 

adult were also measured, as described elsewhere (Chapter 

2) • 

Statistical Analysis 

Somatic Allocation Comparison. Comparisons 

between males and females were made for all 12 traits, 

using two-sample t-tests (BMDP Program 3D, Dixon 1983). 

Correlation matrices of the 12 traits were calculated 

separately for each sex. A repeated measures ANOVA was 

used to compare chela silhouette areas of males and 

females at the tritonymph and adult stages (BMDP 1983, 

Program 2V, Dixon 1983). 

Developmental Period/Heritability Study. 

Developmental periods, chela silhouette areas and 

cephalothorax lengths of Fa generation males and females 

were compared, using a two-way ANOVA (BMDP-83, Program 

2V). For hypothesis testing, the interaction between sex 

and family (35 d.f.) was used as the error term since 

siblings were reared together during early development. 

Offspring-on-sire regressions weighted according to family 

size and intraclass correlation coefficients were used to 

estimate heritabilities of chela silhouette area and 

cephalothorax length (see Falconer 1963:203-205). Because 

of sexual differences in trait variance, regressions were 

---- -------- _ .. _- ------.---- ------- -_.- ._._-



calculated separately for each sex with adjustment made 

for variance differences, as described by Falconer 

(1981:153-154) (analysis was carried out with BMDP 1983 

Program 1R, using case weight option). The 

offspring-on-sire regression provides a "clean" estimate 

of heritability (Mitchell-aIds 1986) since it avoids 

potential covariance due to an environmental maternal 

effect. Heritabilities and their standard errors were 

obtained by doubling the regression coefficient and its 

standard error (Falconer 1981). The genetic correlation 

between cephalothorax length and chela silhouette area 

was computed, using arithmetic means of weighted 

cross-covariances in offspring and sires (Reeve 1955). 

Results 

Somatic Allocation Comparison 
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Overall, males weighed significantly more than 

females (~= 1.81, P = .0392; see Table 17), the 

difference being attributable to high~r pedipalp mass (~= 

6.11, P < .0001). Body mass (total mass minus pedipalp 

weight) did not vary significantly between the sexes (~ = 
-.12, P = .4519). Although there was a positive 

correlation between body mass and cephalothorax length in 

both sexes (males: r = .657, females: r = .739), it was 

--_ .. _-- .. _---
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Table 17. Comparison of Mean Values for Male versus 
Female Morphological Characters Based on Somatic 
Allocation Study. 

Significance levels from one-tailed t-tests. Length in mm, 
mass in mg, surface area in mme. 

Trait 

Total mass 
(TM) 

Pedipalp mass 
(PM) 

Male 

3.674 

1.384 

Chela mass .853 
(CM) 

Proportion TM .381 
in palps (PMfTM) 

Proportion PM .614 
in chelae (CMfPM) 

Proportion TM .234 
in chelae (CMfTM) 

Body mass 2.289 
(TM-PM) 

Cephalothorax 1.210 
length (CL) 

Total body 3.163 
length (TBL) 

Chela silhouette .221 
area nymph (CSA~) 

Chela silhouette .744 
area adult (CSA~) 

Female P 

3.249 1.81 .0392 

.939 6.11 < .0001 

.496 7.75 < .0001 

.290 8.62 < .0001 

.528 16.69 < .0001 

.153 11.89 < .0001 

2.311 - .12 .4519 

1.192 .62 .2711 

3.309 -1.02 .1594 

.179 4.88 < .0001 

.502 8.07 < .0001 

._-----------_._----._. 
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pedipalp mass which showed the strongest correlation with 

cephalothorax length in males (r = .846). The greater 

somatic allocation to pedipalps of males relative to 

females (38% vs. 29% of total weight) was primarily 

associated with males' more massive chelae: sexual chela 

differences accounted for 80% of the difference in adult 

pedipalp weight. Variation in chela silhouette area 

between males and females at the tritonymph stage was 

significant, although small compared to adult differences. 

This ontogenetic divergence in chela size of the sexes is 

reflected in the highly significant interaction between 

gender and developmental stage (F1,H = 40.49, P < .0001, 

Table 19). Mass measures were generally highly 

inter-correlated (Table 18), with the strongest 

relationship existing between chela and pedipalp mass 

(male: r = .9941; female: r = .9902). Chela silhouette 

area and mass measurement were also highly correlated in 

both sexes (males: r = .9474; females: r = .9119 ). Body 

mass and pedipalp or chela mass were more weakly 

correlated in males (r = .6758, r = .6760, respectively) 

than in females (r = .8973, r = .8678, respectively). 

Developmental Period/Heritability Study 

Sexual comparisons for chela silhouette area and 

cephalothorax length in F. individuals (Figs. 2, 3 and 28) 

-----------------_.----_._--.-- ------------_._-- -
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Tabla 18. Pheno'yplc Correla'lon. ".'rlca. Co.put.d '.para'.lv ~or At "ole and .t F •• al. Tral'. 

"aa.ured In 'h. ao •• 'lc Alloca'lon "udy. 

Tral' T" P" C" P"+T" CHIP" CHIT" T"-P" CL TaL CaAny 

At CORRELATION "ATRI. FOR "ALEa 

P" • 83S .. 

C" .a33' .99"" 

P"+T" -.119'" .I,es .1600 

CHIP" ... 81 .. .S?IIS .'s's .IB,e 

CH+T" -.B'''B .e.?8 .30'" .9?aS .Ises 

TH-PH .9691 .'?Sa ."'S9 -.'0'71 • 390" - ... 82 .. 

CL .??03 .8"'B .saa? .0 .. 13 ... sao .I .. SS .'s's 

TIlL .S"SS .30113 .all" -.IIOB6 .l?ea - ... e8S .S963 .O? .. e 

CIiAny .3nll .... 03 ... SOI .eee ... .O?SII .1111113 .aall .Srl9" -.e,es 

CBAad • ?BS9 .9"'3' .9 ... ? .. .1'701 .6 .. ?1 .31a ... .'3 .... .?3911 .R916 ... IBI 

at CDRRELATION HATRIX FOR FE"ALEB 

PK .9 .. 111 

CK .980S .9901 

PKn" -.e31'" .08ge .183a 

CK+P" .16?6 .B960 ... 2SB .B96'7 

CKn" -.I .. S9 .16B? .BUS .9S9a .IIS39 

TK-P" • 9983 •• 91 .. •• "'9 -.I"'S .1I"'S -.B'SO 

CL .?SIS .?3Ie .6a?S -.e989 .OS80 -.e3IS .?al6 

TIL .se?s .... O? ... 'S? -.3930 .0''''6 -.31SS .SS9a .013' 

CBAny .lIello .Sl .. e ..... 1 .. -.IIS?a -.B391 -.e660 .Sllli ... ?S .. .8a .. a 

C8Aad .8 .... 9 .9800 .9119 -.ISS" .3S .. ? -.01101 .?'''' • 610? • S .. 90 .'ss .. 
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Table 19. Repeated Measures Analysis of Variance Comparing 
Chela Silhouette Area of Males and Females at the 
Tritonymph and Adult Life History Stages. 

SOURCE SS df MS F P 

Gender .36121 1 .36121 50.95 <.0001 

Error 1 .25522 36 .00709 

Life 3.31322 1 3.31322 761.86 <.0001 
stage 

G )( Ls .17609 1 .17609 40.49 <.0001 

Error 2 .15656 36 .OO~35 

---'---'-- -'---------_._-_._-- -~ 
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matched those reported above: chelae were significantly 

larger in males (F 1038 = 596.51, P < .0001; Table 20), 

while cephalothorax length did not vary between the sexes 

(F 1 • 38 = 1.35; P ) .10;. Table 20). The estimates obtained 

suggest low heritability for and high genetic correlation 

between chela silhouette area and cephalothorax length. 

The son-on-sire estimate showed chela size to be 

moderately heritable (~e = .351, SE = .176; Fig. 29), 

although the daughter-on-sire regression produced a 

nonsignificant result (he = .074, SE = .148). A similar 

pattern was evident for cephalothorax length (son-on-sire: 

~e = .235; SE = .168; daughter-on-sire: he = .090, SE = 
.132). The genetic correlations between chela silhouette 

area and cephalothorax length were positive and highly 

significant: son-on-sire: ra = .874 ± .010; 

daughter-on-sire: ra = .982 ± .035. Because of potential 

bias by both dominance and maternal environmental effects, 

estimates of genetic correlations based on full-sib 

phenotypic covariance were excluded from the analysis. At 

the phenotypic level, however, correlation between the 

sexes for chela silhouette area based on family means was 

highly significant (r = .481, P =.006). (The upper limit 

to the genetic correlation between the sexes for chela 

silhouette area is thus 2rF8 = .962). 

--------_._--- -_ .... _-
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Fig. 28. Male versus Female Cephalothorax Length. 
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At 63.27 days, mean duration of male development 

was 3.20 days longer than that of the female (Fl." 
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= 84.75, P < .0001; Fig. 27; Table 20). Using weighted 

family means, there was a marginally significant positive 

phenotypic correlation between developmental period and 

chela silhouette area in males (r = .269, P = .502). 

Within families, sexual dimorphism in developmental period 

was also positively correlated with sexual difference in 

chela silhouette area (r = .300, P = .038; Fig. 30). 

Discussion 

The morphological and life history findings 

reported here demonstrate that sexual dimorphism in D. 

arizonensis is essentially an adult phenomenon, not fully 

manifested until the final molt, and representing a costly 

investment for males. Enlarged male pedipalps enhance 

fighting ability and mating success (Chapter 2), but are 

apparently acquired at the cost of prolonged nymphal 

development during which males accumulate more food 

resources and allocate a greater proportion of these 

resources to adult pedipalps than do females. 

It could be argued that sexual disparity in duration 

of development in ~. arizonensis is not causally related 

to pedipalpal dimorphism but stems from other differences 

between males and females. Such a hypothesis is, however, 

---- -------------- ------- ------------------- -



Table 20. Two-way Analysis of Variance Summary Table of 
Sexual Comparisons in the F, Generation of the 
Heritability Study. 

SOURCE SS df MS F P 

A) DEVELOPMENTAL PERIOD 

Family 5196.99036 35 148.48544 12.29 <.0001 

Gender 1321.93172 1 1321.93172 109.38 <'0001 

F x G 423.01559 35 12.08616 

Error 9732.78057 624 15.59740 

B) CHELA SILHOUETTE AREA 

Family 1.41284 35 .04037 2.79 <.0100 

Gender 8.61959 1 8.61959 596.51 <'0001 

F x G .50586 35 .01445 

Error 5.11380 624 .00820 

C) CEPHALOTHORAX LENGTH 

Family .59891 35 .01711 3.89 <.0100 

Gender .00596 1 .00596 1.35 >.2500 

F x G .15415 35 .00440 

Error 2.18140 624 .00350 

113 
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inconsistent with: 1. the positive correlation between 

sexual difference in developmental period and sexual 

dimorphism in chela size, and 2. the absence of sexual 

differences in body mass after removal of the pedipalps. 

In fact, among arachnids it is generally the female rather 

than the male which is larger and matures more slowly 

(Thomas and 2eh 1984). This protandry (early emergence of 

males) is predicted to occur in association with certain 

life history characteristics, including discrete 

generations, a restricted breeding season and a limited 

period of female sexual receptivity (Wiklund and 

Fagerstrom 1977; Fagerstrom and Wiklund 1982; Bulmer 

1983; Iwasa et ale 1983). By contrast, when generations 

overlap and/or occurrence of receptive females is 

staggered through time, the advantage of protandry may be 

outweighed, if males must compete for mates and prolonged 

development can confer greater competitive ability (see 

Trivers 1972; Warner 1984; 2eh and Smith 1985). In ~. 

arizonensis breeding occurs throughout the year (Chapter 

4). Colonization of ephemeral saguaro rots takes place 

through phoresy (Chapter 4) and the stochasticity of this 

dispersal mechanism contributes to asynchrony in 

generations and reproduction. Furthermore, under the high 

density conditions generated in patchy cactus rot habitats 

(Chapter 4), combat ability is a significant factor in ~. 

--------------- ---------
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Chelal vs. Developmental Dimorphism 
r = .300, P = .038 
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arizonensis male mating success (Chapter 2). 

Taken together, the results of these experiments 

on ~. arizonensis and the correlative data on chernetid 

species (Chapter 2) suggest a plausible selectionist 

interpretation of the distribution of sexual dimorphism in 

the family Chernetidae. According to this hypothesis, 

population density and temporal patterns of female 

emergence/receptivity interact to determine the life 

history costs and benefits faced by a species, and 

thus influence the degree to which sexual dimorphism 

evolves. A test of this hypothesis requires quantitative 

studies of the life histories of non-sexually dimorphic 

chernetid species. 

In order to demonstrate a connection between 

selection and evolution, the genetic basis of the traits 

involved must be determined (see Arnold 1983). This 

study represents the first phase in my investigation of 

the quantitative genetics of sexual dimorphism in 

chernetid pseudoscorpions. No previous work on 

pseudoscorpion development has entailed large-scale 

breeding programs, and considerable time was therefore 

expended in developing mass rearing techniques. As a 

result, .the parental generation was established from 

field-collected nymphs, and data were limited to Fl 

offspring. Due to the greater environmental variance 



present in the parental generation, these results 

therefore probably provide minimum estimates of 

heritability. In addition, single generation mating 

designs may often fail to produce significantly non-zero 

estimates of quantitative genetic parameters 

<Mitchell-Olds 1986). Results must be interpreted 

cautiously, given the inherent imprecision and necessity 

for large sample sizes associated with such designs 
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<Van Vleck and Henderson 1961; Falconer 1981; 

Mitchell-Olds and Rutledge 1986; Palmer and Dingle 1986). 

More precise estimates would be obtained from data on Fl 

and Fe generations of laboratory-reared populations. 

Nevertheless, the results reported here do provide some 

evidence of additive genetic variance underlying male 

chela size. However, they also indicate that sexual 

divergence in ~. arizonensis may be constrained by genetic 

correlation between the sexes. 

Sexual dimorphism in major phenotypic characters 

evolves through an interaction between genetic factors, 

life history trade-offs and selection. Life history 

compromises and selection may provide the impetus for 

enlarged male pedipalps in chernetid pseudoscorpions. 

However, the degree to which these factors result in 

sexual dimorphism may depend critically on the genetic 

structure of particular populations. 
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LITERATURE DATA ON BEXUAL DI"ORPHIB" IN CHERNETIDAE 
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APPENDIX 2 

LITERATURE DATA ON SEXUAL DIMORPHISM IN CHEIRIDIOIDEA 

Abbreviations as in Appendix 1 except B. = Benedict. 

Species Nm Nf MCSA FCSA Ref M 

Cheiridium insperatum 5 6 .027 .029 HC.52 

C. firmum 1 11 .017 .019 H.52 

Apocheiridium fergusoni 2 1 .023 .029 B.78 

A. ferumoides 12 8 .032 .038 B.78 

A. granochelum 3 4 .015 .019 B.78 

A. inexpectum 5 8 .016 .017 B.78 

A. mormon 3 3 .026 0032 B.78 

A. stannardi 1 3 .025 .023 H.52 

Garyops depressus* 12 11 .123 .143 H.63b 

G. pumilus* 4 5 .104 .126 H.63b 

Idiogaryops paludis 9 6 .049 .054 HB.56 

* species names after Harvey (1985) 

122 



LIST OF REFERENCES 

Alexander, R.D., and G. Borgia. 1979. On the origin and 
basis of the male-female phenomenon, pp. 417-440. In 
M.S. Blum and N.A. Blum (eds.), Sexual Selection and 
Reproductive Competition in Insects. Academic Press, 
New York. 

Alexander, R.D., J.L. Hoogland, R.D. Howard, K.N. Noonan, 
and P.W. Sherman. 1979. Sexual dimorphisms and 
breeding systems in pinnipeds, ungulates, primates, 
and humans, pp. 402-435. In N. Chagon and W. Irons 
(eds.), Evolutionary Biology and Human Social 
Behavior: An Anthropological Perspective. Duxbury 
Press, North Scituate, Massachusetts. 

Antonovics, J. 1976. The nature of limits to natural 
selection. Ann. Missouri Bot. Gard. 63:224-247. 

Arnold, S.J. 1983. Sexual selection: the interface of 
theory and empiricism, pp. 67-108. In P. Bateson 
(ed.), Mate Choice. Cambridge University Press, 
Cambridge, England. 

Arnold, S.J., and M.J. Wade. 1984. On the measurement of 
natural and sexual selection: theory. Evolution 
38:709-719. 

Baker, R.R., and G.A. Parker. 1979. The evolution of bird 
colouration. Phil. Trans. R. Soc. B. 287:63-130. 

Banks, N. 1895. Notes on Pseudoscorpionida. J. New York 
Entomol. Soc. 3:1-13. 

Bateman, A.J. 1948. Intra-sexual selection in Drosophila. 
Heredity 2:349-368. 

Bateson, P. (ed.> 1983. Mate Choice. Cambridge University 
Press, Cambridge, England. 

Beck, L. 1968. Aus den Regenwaldern am Amazonas I. Natur. 
und Museum 98:24-32. 

123 

------------------ -



124 

Beier, M. 1930. Die Pseudoskorpione des Wiener 
Naturhistorischen Museums. III. Ann. Naturhist. Mus. 
Wien 44:199-222. 

Beier, M. 1932. Pseudoscorpionidea II. Subord. 
Cheliferinea. Das Tierreich 58:1-294. 

Beier, M. 1948. Phoresie und Phagophilie bei 
Pseudoscorpionen. Oesterreich. 2001. 2. 1:441-497. 

Benedict, E.M., and D.R. Malcolm. 1982. Pseudosco~pions 
of the family Chernetidae newly identified from 
Oregon (Pseudoscorpionida, Cheliferoidea). J. 
Arachnol. 10:97-109. 

Borgia, G. 1979. Sexual selection and the evolution of 
mating systems, pp. 19-80. In M.F. Blum and N.A. Blum 
(eds.), Sexual Selection and Reproductive Competition 
in Insects. Academic Press, New York. 

Borgia, G. 1980. Sexual competition in Scatophaga 
stercoraria: size- and density-related changes in 
male ability to capture females. Behaviour 
75:185-206. 

Borgia, G. 1981. Mate selection in the fly Scatophaga 
stercoraria: female choice in a male-controlled 
system. Anim. Beh. 29:71-80. 

Brach, V. 1978. Social behavior in the pseudoscorpion 
Paratemnus elongatus (Banks) (Pseudoscorpionida, 
Atemnidae). Insectes Sociaux 25:3-11. 

Bradbury, J.W., and S.L. Vehrencamp. 1977. Social 
organization and foraging in emballonurid bats. III. 
Mating systems. Behav. Ecol. Sociobiol. 2:1-17. 

Bulmer, M.G. 1983. Models for the evolution of protandry 
in insects. Theor. Populo Bioi. 23:314-322. 

Carothers, J.H. 1984. Sexual selection and sexual 
dimorphism in some herbivorous lizards. Am. Nat. 
124:244-254. 

Chamberlin, J.C. 1931. The arachnid order Chelonethida. 
Stanford University Publ. Bioi. Sci. 7:1-284. 

----_.----- ------------ -----



Chamberlin, J.C. 1952. New and little known false 
scorpions <Arachnida, Chelonethida) from Monterey 
County, California. Bull. Am. Mus. Nat. Hist. 
99:259-312. 

125 

Chamberlin, J.C., and D.R. Malcolm. 1960. The occurrence 
of false scorpions in caves with special reference to 
cavernicolous adaptation and to cave species in the 
North American fauna <Arachnida-Chelonethida). Am. 
MidI. Nat. 64:105-115. 

Charlesworth, B. 1980. Evolution in Age-Structured 
Populations. Cambridge University Press, Cambridge, 
England. 

Cheverud, J.M., M.M. Dow, and W. Leutenegger. 1985. The 
quantitative assessment of phy~ogenetic constraints 
in comparative analyses: sexual dimorphism in body 
weight among primates. Evolution 39:1335-1351. 

Clausen, C.P. 1976. Phoresy among entomophagous insects. 
Ann. Rev. Entomol. 21:343-368. 

Clutton-Brock, T.H. 1985. Size, sexual dimorphism, and
polygyny in primates, pp. 51-60. In W.L. Jungers 
(ed.), Size and Scaling in Primate Biology. Plenum 
Press, New York. 

Clutton-Brock, T.H., F.E. Guinness, and S.D. Albon 1982. 
Red Deer: Behavior and Ecology of Two Sexes. 
University Chicago Press, Chicago. 

Cox, C.R., and B.J. Le Boeuf. 1977. Female incitation of 
male competition: a mechanism of mate choice. Am. 
Nat. 111:317-335. 

Darwin, C. 1871. The Descent of Man and Selection in 
relation to Sex. John Murray, London. 

Dewsbury, D.A. 1982. Ejaculate cost and male choice. Am. 
Nat. 119:601-610. 

Dixon, W.J. (ed.) 1983. BMDP Statistical Software. 
University California Press, Berkeley, California. 

Dobson, S.F. 1985. The use of phylogeny in behavior and 
ecology. Evolution 39:1384-1388. 

-------_._---



Downhower, J.F., L. Brown, R. Pederson, and G. Staples. 
1983. Sexual selection and sexual dimorphism in 
mottled sculpins. Evolution 37:96-103. 

126 

Eldredge, N., and J. Cracraft. 1980. Phylogenetic Patterns 
and the Evolutionary Process: Method and Theory in 
Comparative Biology. Columbia University Press, New 
York. 

Emlen, S.T., and L.W. Oring. 1977. Ecology, sexual 
selection, and the evolution of mating systems. 
Science 197:215-223. 

Fagerstrom, T., and C. Wiklund. 1982. Why do males emerge 
before females? Protandry as a mating strategy in 
male and female butterflies. Oecologia 52:164-166. 

Falconer, D.S. 1963. Quantitative inheritance, pp. 
193-216. In W.J. Burdette (ed.), Methodology in 
Mammalian Genetics. Holden-Day, San Francisco. 

Falconer, D.S. 1981. Introduction to Quantitative 
Genetics. 2nd. Ed. Longman, New York. 

Felsenstein, J. 1985. Phylogenies and the comparative 
method. Am. Nat. 125:1-15. 

Frane, J.W. 1980. The univariate approach to repeated 
measures: foundation, advantages, and caveats. BMDP 
Technical Report No. 69, BMDP Stastical Software, 
University California Press, Berkeley, California. 

Gadgil, M., and W. Bossert. 1970. Life historical 
consequences of natural selection. Am. Nat. 104:1-24. 

Ghiselin, M.T. 1974. The Economy of Nature and the 
Evolution of Sex. University California Press, 
Berkeley, California. 

Gould, S.J., and R.C. Lewontin. 1979. The spandrels of San 
Marco and the Panglossian paradigm: a critique of the 
adaptationist programme. Proc. R. Soc. Lond. 
205:581-598. 

Gwynne, D.T. 1984. Sexual selection and sexual differences 
in mormon crickets <Orthoptera: Tettigoniidae, 
Anabrus simplex). Evolution 38:1011-1022. 



Halliday, T.R. 1983. The study of mate choice, pp. 3-32. 
In P. Bateson (ed.), Mate Choice. Cambridge 
University Press, Cambridge, England. 

Hamilton, W.O. 1978. Evolution and diversity under bark, 
pp. 154-175. In L.A. Mound (ed.), Diversity of 
Insect Faunas. Blackwell, Oxford, England. 

Hamilton, W.O., and R.M. May. 1977. Dispersal in stable 
habitats. Nature 269:578-581. 

Harvey, M.S. 1985. The systematics of the family 
Sternophoridae (Pseudoscorpionida). J. Arachnology 
13:141-209. 

Heiber, C.S., and J.A. Cohen. 1983. Sexual selection in 
the lovebug, Pleca nearctica: the role of male 
choice. Evolution 37:987-992. 

Hennig, W. 1981. Insect Phylogeny. J. Wiley & Sons, 
Chichester, England. 

Hinton, H.E. 1977. Enabling mechanisms. Proc. XV Int. 
Entomol. Soc. 15:71-83. 

127 

Hoff, C.C. 1947. The species of the pseudoscorpion genus 
Chelanops described by Banks. Bull. Mus. Compo Zool. 
98:473-550. 

Hoff, C.C. 1948. Hesperochernes thomomysi, a new species 
of chernetid from California. J. Wash. Acad. Sci. 
38:341-345. 

Hoff, C.C. 1949. The pseudoscorpions of Illinois. Bull. 
Illinois Nat. Hist. Surv. 24:409-498. 

Hoff, C.C. 1952. Two new species of pseudoscorpions from 
Illinois. Illinois Acad. Sci. Trans. 45:188-195. 

Hoff, C.C. 1956. Pseudoscorpions of the family Chernetidae 
from New Mexico. Am. Mus. Novit. 1800:1-66. 

Hoff, C.C. 1958. List of pseudoscorpions of North America 
north of Mexico. Am. Mus. Novit. 1875:1-50. 

Hoff, C.C. 1959. The Ecology and Distribution of the 
Pseudoscorpions of North-Central New Mexico. 
University New Mexico Publ. BioI. 8:1-68. 



128 

Hoff, C.C. 1961. Pseudoscorpions from Colorado. Bull. Am. 
Mus. Nat. Hist. 122:409-464. 

Hoff, C.C. 1963a. Pseudoscorpions from the Black Hills of 
South Dakota. Am. Mus. Novit. 2314:1-10. 

Hoff, C.C. 1963b. Sternophorid pseudoscorpions chiefly 
from Florida. Am. Mus. Novit. 2159:1-14. 

Hoff, C.C., and J.E. Bolsterli. 1956. Pseudoscorpions of 
the Mississippi River drainage area. Trans. Am. Micr. 
Soc. 75:155-179. 

Hoff, C.C., and D.L. Clawson. 1952. Pseudoscorpions from 
rodent nests. Am. Mus. Novit. 1585:1-38. 

Howard, R.D., and A.J. Kluge. 1985. Proximate mechanisms 
of sexual selection in wood frogs. Evolution 
39:260-277. 

Huxley, J.S. 1932. Problems of Relative Growth. Methuen, 
London. 

Huxley, J.S. 1938. Darwin's theory of sexual selection. 
Am. Nat. 72:416-433. 

Huynh, H., and L.S. Feldt. 1976. Estimation of the Box 
Correction for degrees of freedom from sample data in 
the randomized block and split-plot designs. J. Educ. 
Statist. 1:69-82. 

Iwasa, Y., F.J. Odendaal, D.O. Murphey, P.R. Ehrlich, and 
A.E. Launer. 1983. Emergence patterns in male 
butterflies: a hypothesis and a test. Theor. Populo 
Bioi. 23:363-379. 

Johnston, D.E. 1982. Acari, pp. 111-169. In S.P. Parker 
(ed.), Synopsis and Classification of Living 
Organisms. Vol. 2. McGraw Hill, New York. 

Kew, H.W. 1912. On the pairing of pseudoscorpions. Proc. 
Zool. Soc. Lond. 25:376-390. 

Kodric-Brown, A. 1985. Female preference and sexual 
selection for male coloration in the guppy (Poecilia 
reticulata). Behav. Ecol. Sociobiol. 17:199-205. 

Kodric-Brown, A. and J.H. Brown. 1984. Truth in 
advertising: the kinds of traits favored by sexual 
selection. Am. Nat. 124:309-323. 



Lande, R. 1980. Sexual dimorphism, sexual selection, and 
adaptation in polygenic characters. Evolution 
34:292-307. 

Lande, R. 1982. A quantitative genetic theory of life 
history evolution. Ecology 63:607-615. 

129 

Legg, G. 1973. The structure of encysted sperm of some 
British Pseudoscorpiones (Arachnida). J. 2001. Lond. 
170:429-440. 

Legg, G. 1974. A generalized account of the female 
genetalia and associated glands of pseudoscorpions 
(Arachnida). Bull. Brit. Arach. Soc. 3:42-48. 

Legg, G. 1975. The possible significance of spermathecae 
in pseudoscorpions (Arachnida). Bull. Brit. Arach. 
Soc. 3:91-95. 

Leutenegger, W., and J.M. Cheverud. 1982. Correlates of 
sexual dimorphism in primates: ecological and size 
variables. Int. J. Primatol. 3:387-402. 

Leutenegger, W., and J.M. Cheverud. 1985. Sexual 
dimorphism in primates: the effects of size, pp. 
33-50. In W.L. Jungers (ed.), Size and Scaling in 
Primate Biology. Plenum Press, New York. 

Levi, H.W. 1953. Observations on two species of 
pseudoscorpions. Can. Entomol. 85:55-62. 

Levi, H.W. 1982. Araneae and Ricinulei, pp. 77-95. In S.P. 
Parker (ed.), Synopsis and Classification of Living 
Organisms. Vol. 2. McGraw Hill, New York. 

Levins, R. 1968. Evolution in Chahging Environments. 
Princeton University Press, Princeton, New Jersey. 

Lindquist, E.E. 1975. Associations between mites and other 
arthropods in forest floor habitats. Can. Entomol. 
107:425-437. 

Lloyd, J.E., and W.B. Muchmore. 1975. Pseudoscorpions 
phoretic on fireflies II. Florida Entomol. 
58:241-242. 



130 

McAlpine, O.K. 1979. Agonistic behavior in Achias 
australis (Diptera, Platystomatidae) and the 
significance of eyestalks, pp. 221-230. In M.S. Blum 
and N.A. Blum (eds.), Sexual Selection and 
Reproductive Competition in Insects. Academic Press, 
New York. 

Maddison, W.P., M.3. Donoghue, and D.R. Maddison. 1984. 
Outgroup analysis and parsimony. Systematic Zoology 
33:83-103. 

Mangin, R.L. 1979. Reproductive behavior of the cactus 
fly, Odontoloxozus longicornis, male territoriality 
and female guarding as adaptive strategies. Behav. 
Ecol. Sociobiol. 4:265-278. 

Mangin, R.L. 1984. Reproductive ecology of three 
cactophilic Diptera (Diptera: Drosophilidae, 
Neriidae, Syrphidae). Pan-Pacific Entomol. 
60:326-331. 

Matsuda, R. 1979. Abnormal metamorphosis and arthropod 
evolution, pp. 137-256. Xu A.P. Gupta (ed.)p 
Arthropod Phylogeny. Van Nostrand Reinhold, New York. 

Maynard Smith, 3. 1978. The Evolution of Sex. Cambridge 
University Press, Cambridge, England. 

Maynard Smith, 3. 1982. Evolution and the Theory of Games. 
Cambridge University Press, Cambridge, England. 

Mitchell, R. 1970. An analysis of dispersal in mites. Am. 
Nat. 104:45-431. 

Mitchell-Olds, T. 1986. Quantitative genetics of survival 
and growth in Ipatiens capensis. Evolution 
40:107-116. 

Mitchell-Olds, T., and 3.3. Rutledge. 1986. Quantitative 
genetics in natural plant populations: a review of 
the theory. Am. Nat. 127:379-402. 

Moser, 3.C., and E.A. Cross. 1975. Phoretomorph: a new 
phoretic phase unique to the Pyemotidae <Acarina: 
Tarsonemoidea). Ann. Entomol. Soc. Am. 68:820-822. 

Muchmore, W.B. 1971. Phoresy by North and Central American 
pseudoscorpions. Proc. Rochester Acad. Sci. 12:79-97. 



131 

Muchmore, W.B. 1972. A remarkable pseudoscorpion from the 
hair of a rat (Pseudoscorpionida, Chernetidae). 3. 
Arachnol. 2:25-36. 

Muchmore, W.B. 1974a. Clarification of the genera 
Hesperochernes and Dinocheirus (Pseudoscorpionida, 
Chernetidae). Florida Entomol. 57:397-407. 

Muchmore, W.B. 1974b. Pseudoscorpions from Florida. 3. 
Epactiochernes, a new genus based on Chelanops 
tumidus Banks (Chernetidae). Florida Entomol. 
57:397-407. 

Muchmore, W.B. 1975. Use of spermathecae in the taxonomy 
of chernetid pseudoscorpions. Proc. 6th Int. 
Arachnol. Congr., pp.17-20. 

Muchmore, W.B. 1976. Pseudoscorpions from Florida and the 
Caribbean area. 5. Americhernes, a new genus based on 
Chelifer oblongus Say (Chernetidae). Florida Entomol. 
59:151-163. 

Muchmore, W.B. 1982. Pseudoscorpionida, pp. 96-102. In 
S.P. Parker (ed.), Synopsis and Classification of 
Living Organisms. Vol. 2. McGraw Hill, New York. 

Muchmore, W.B., and C.H. Alteri. 1969. Parachernes 
(Arachnida, Chelonethida, Chernetidae) from the coast 
of North Carolina. Entomol. News 80:131-137. 

Muchmore, W.B., and C.H. Alteri. 1974. The genus 
Parachernes (Pseudoscorpionida, Chernetidae) in the 
United States, with descriptions of new species. 
Trans. Am. Entomol. Soc. 99:477-506. 

Muchmore, W.B., and E. Hentschel. 1982. Epichernes 
aztecus, a new genus and species of pseudoscorpion 
from Mexico (Pseudoscorpionida, Chernetidae). 3. 
Arachnol. 10:41-45. 

Muma, M.H. 1982. Solpugida, pp. 102-105. In S.P. Parker 
(ed.), Synopsis and Clkassification of Living 
Organisms. Vol. 2. McGraw Hill, New York. 

Nelson, S. 3r. 1975. A systematic study of Michigan 
Pseudoscorpionida (Arachnida). Am. MidI. Nat. 
93:257-301. 

--'---------------- ---- - ---



Nelson, S. Jr., and G.V. Manley. 1972. Dinocheirus 
horricus n. sp., a new species of pseudoscorpion 
(Arachnida, Pseudoscorpionida, Chernetidae) from 
Michigan. Trans. Amer. Micr. Soc. 91:217-221. 

Orians, G.H. 1969. On the evolution of mating systems in 
birds and mammals. Am. Nat. 103:589-603. 

Palmer, J.~., and H. Dingle. 1986. Direct and correlated 
responses to selection among life-history traits 
in milkweed bugs (Oncopeltus fasciatus). Evolution 
40:767-777. 

132 

Parker, G.A. 1983. Mate quality and mating decisions, pp. 
141-166. In P. Bateson (ed.), Mate Choice. Cambridge 
University Press, Cambridge, England. 

Parker, G.A. 1984. Sperm competition and the evolution of 
animal mating strategies, pp. 1-60. In R.L. Smith 
(ed.), Sperm Competition and the Evolution of Animal 
Mating Systems. Academic Press, New York. 

Parker, G.A., and R.A. Stuart. 1976. Animal behavior as a 
strategy optimizer: evolution of resource assessment 
strategies and optimal emigration thresholds. Am. 
Nat. 110:1055-1076. 

Platnick, N.I., and W.J. Gertsch. 1976. The suborders of 
spiders: a cladistic analysis (Arachnida, Araneae). 
Am. Mus. Novit. 2607:1-15. 

Price, T.O. 1984. The evolution of sexual size dimorphism 
in Darwin's finches. Am. Nat. 123:500-518. 

Ralls, K. 1977. Mammals in which females are larger than 
males. Q. Rev. BioI. 52:245-276. 

Reeve, E.C.R. 1955. The variance of the genetic 
correlation coefficient. Biometrics 11:357-374. 

Richards, O.W. 1927. Sexual selection and allied problems 
in insects. BioI. Rev. 2:298-364. 

Ridley, M. 1983. The Explanation of Organic Diversity. 
Clarendon Press, Oxfprd, England. 

Rose, M.R. 1982. Antagonistic pleiotropy, dominance, and 
genetic variation. Heredity 48:63-78. 



Rosenthal, R., and R.L. Rosnow. 1985. Contrast Analysis: 
Focused Comparisons in the Analysis of Variance. 
Cambridge University Press, Cambridge, England. 

133 

Ryckman, R.E., and L.E. Olsen. 1963. Studies on 
Odontoloxozus longicornis (Diptera: Neriidae). Part 
II. distribution and ecology. Ann. Entomol. Soc. Am. 
56: 470-472. 

Sakaluk, S.K. 1984. Male crickets feed females to ensure 
sperm transfer. Science 223:609-610. 

Schaffer, W.M. 1983. The application of optimal control 
theory to the general life history problem. Am. Nat. 
121:418-431. 

Selander, R.K. 1972. Sexual selection and dimorphism in 
birds, pp. 180-230. In B.G. Campbell (ed.), Sexual 
Selection and the Descent of Man 1871-1971. Aldine 
Press, Chicago. 

Slatkin, M. 1984. Ecological causes of sexual dimorphism. 
Evolution 38:622-630. 

Smiley, R.L., and J.C. Moser 1976. Two new phoretomorphic 
Siteroptes from galleries of the southern pine 
beetle. Beitr. Entomol. Berlin 26:307-322. 

Steenbergh, W.F., and C.H. Lowe. 1977. Ecology of the 
Saguaro: II. National Park Scientific Monograph 
Series, No.8. 

Sutherland, W.J. 1985. Measures of sexual selection, pp. 
90-101. In R. Dawkins and M. Ridley (eds.), Oxford 
Surveys in Evolutionary Biology, vol. 2. Oxford 
University Press, Oxford, England. 

Temeles, E.J. 1985. Sexual size dimorphism of bird-eating 
hawks: the effect of prey vulnerability. Am. Nat. 
125:485-499. 

Thomas, R.H., and D.W. Zeh. 1984. Sperm utilization 
strategies in arachnids: ecological and morphological 
constraints, pp. 179-221. In R.L. Smith (ed.), Sperm 
Competition and the Evolution of Animal Mating 
Systems. Academic Press, New York. 

Thornhill, R. 1983. Cryptic female choice and its 
implications in the scorpionfly Harpobittacus 
nigriceps. Am. Nat. 122:765-788. 

-------------



Thornhill, R., and J. Alcock. 1983. The Evolution of 
Insect Mating Systems. Harvard University Press, 
Cambridge, Massachusetts. 

134 

Trivers, R.L. 1972. Parental investment and sexual 
selection, pp. 136-179. In B. Campbell (ed.), Sexual 
Selection and the Descent of Man, 1871-1971. Aldine, 
Chicago. 

Vachon, M. 1938. Recherches anatomiques et biologiques sur 
la reproduction et la developpement des 
pseudoscorpions. Ann. Sci. Nat. (Zool.) 1:1-207. 

Vachon, M. 1940. Remarques sur la phoresie des 
pseudoscorpions. Ann. Soc. Entomol. Fr. 109:1-18. 

Vachon, M. 1949. Ordre des pseudoscorpions, pp. 437-481. 
In P-P. Grasse (ed.), Traite de Zoologie. Masson, 
Paris. 

Vachon, M. 1954. Nouveaux cas des phoresie chez les 
pseudoscorpions. Bull. Mus. Hist. Nat. Paris 
2:572-575. 

Van Vleck, L.D., and C.R. Henderson. 1961. Empirical 
sampling estimates of genetic correlations. 
Biometrics 17:359-371. 

Verner, J., and M.F. Willson. 1966. The influence of 
habitats on mating systems of North American 
passerine birds. Ecology 47:143-147. 

Vrba, E.S. 1983. Macroevolutionary trends: new 
perspectives on the roles of adaptation and 
incidental effect. Science 221:387-389. 

Wade, M.J. 1979. Sexual selection and variance in 
reproductive success. Am. Nat. 114:742-747. 

Wade, M.J., and S.J. Arnold. 1980. The intensity of 
sexual selection in relation to male sexual behavior, 
female choice, and sperm precedence. Anim. Behav. 
28:446-461. 

Wallace, A.R. 1889. Darwinism. MacMillan and Co., London. 

Warner, R.R. 1984. Deferred reproduction as a response to 
sexual selection in a coral reef fish: a test of life 
historical consequences. Evolution 38:148-162. 

-------- --------------



Warner, R.R., and R.K. Harlan. 1982. Sperm competition 
and sperm storage as determinants of sexual 
dimorphism in the desert surfperch, Micrometus 
minimus. Evolution 36:44-55. 

135 

Weygoldt, P. 1966a. Mating behavior and spermatophore 
morphology in the pseudoscorpion Dinocheirus tumidus 
(Banks). BioI. Bull. 120:462-467. 

Weygoldt, P. 1966b. Vergleichende Untersuchungen zur 
Fortpflanzungsbiologie der Pseudoscorpione: 
Beobachtungen uber das Verhalten, die 
Samenubertragungsweisen und die Spermatophoren 
einiger einheimischer Arten. Z. Morphol. Okol. Tiere 
56:39-92. 

Weygoldt, P. 1969. The Biology of Pseudoscorpions. Harvard 
University Press, Cambridge, Massachusetts. 

Weygoldt, P. 1970. Vergleichende Untersuchungen zur 
Fortpflanzungsbiologie der Pseudoscorpione II. 
Z. Zool. Syst. Evol.-forsch 8:241-259. 

Weygoldt, P., and H.F. Paulus. 1979. Untersuchungen zur 
Morphologie, Taxonomie und Phylogenie der 
Chelicerata. II. Cladogramme und die Entfaltung der 
Chelicerata. Z. Zool. Syst. Evolut.-forsch. 
17:177-200. 

Wiklund, C., and T. Fagerstrom. 1977. Why do males emerge 
before females? A hypothesis to explain the incidence 
of protandry in butterflies. Oecologia 31:153-158. 

Wiley, R.H. 1974. Evolution of organization and life 
history patterns among grouse (Aves: Tetraonidae). Q. 
Rev. BioI. 49:201-227. 

Williams, G.C. 1966. Natural selection, the costs of 
reproduction and a refinement of Lack's principle. 
Am. Nat. 100:687-690. 

Williams, G.C. Sex and Evolution. Princeton University 
Press, Princeton, New Jersey. 

Wilson, D.S. 1980. The Natural Selection of Populations 
and Communities. Benjamin/Cummings, Menlo Park, 
California. 

-------------------------- .--- ------ - ----



136 

Wilson, D.S. 1982. Genetic polymorphism for carrier 
preference in a phoretic mite. Ann. Entomol. Soc. Am. 
75:293-296. 

Wilson, D.S. 1983. The effect of population structure on 
the evolution of mutualism: a field test involving 
burying beetles and their phoretic mites. Am. Nat. 
121:851-870. 

Winer, B.J. 1971. Statistical Principles in Experimental 
Design. McGraw-Hill, New York. 

Wittenberger, J.F. 1979. The evolution of mating systems 
in birds and mammals, pp. 271-349. In P. Marler and 
J. Vandenbergh (ed.), Handbook of Behavioral 
Neurobiology, vol. 3. Plenum Press, New York. 

2eh, D.W., and R.L. Smith. 1985. Paternal investment by 
terrestrial arthropods. Am. 2001. 25:785-805. 


