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ABSTRACT 

The study of variation in arachnid genitalic structures has contributed to 

the fields of systematics and sexual selection. Simon (1892-1903) in his Histoire 

Naturelle des Araignees first divided the ecribellate higher spiders into two groups, the 

Haplogynae and Entelegynae, using reproductive morphology. Spider genitalia have 

been used as a taxonomic tool for distinguishing between taxa because of their species-

specific morphological variation. Variation in spider genitalic morphology has inspired 

evolutionary biologists to test mechanisms of sexual selection by which the variation 

could evolve, ranging from Fisherian run-away selection, chase-away selection, and 

sperm competition. 

The Tetragnathidae are particularly interesting for a comparison between 

haplogyne and entelegyne reproductive morphologies. Within this entelegyne family, a 

reversal to haplogyny has occurred. Sixteen representative members of this family and 

five outgroup taxa were examined with scanning and transmission electron microscopy in 

order to describe the fine structure of spermathecae, including the distribution and density 

of spermathecal gland pores. While the function(s) of the glandular secretion are 

unknown, the distribution and density of spermathecal gland pores is discussed with 
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regard to possible functions of the glandular secretion. The potential influence of 

spermathecal gland secretions on mating behavior and sperm competition is considered. 

Sperm release patterns have been examined in entelegynes, but previously were 

not available for haplogynes. The relationship between copulation duration and sperm 

release was determined in Tetragnatha versicolor, the first examination of sperm release 

patterns in any haplogyne spider. In this species, copulation duration is not proportional 

to sperm release. 

To examine the relative influence of spermathecal morphology and numerical 

sperm competition on paternity, sperm release and paternity was assessed in the 

entelegyne Nephila clavipes and the haplogyne Tetragnatha versicolor. The data clearly 

support differential sperm release between males as the cause of previously reported first-

male advantage in Nephila clavipes and the mixed patemiQr found for N. clavipes and 

Tetragnatha versicolor in this study. 

The natural history, mating behavior, and sperm release were determined for a 

previously unstudied tetragnathid species, Glenognatha emertoni. This is the second 

examination of haplogyne sperm release behavior as well as the first description of an 

unusual escape behavior. 
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INTRODUCTION. The study of variation in arachnid genitalic structures is useful from 

the perspectives of systematics and sexual selection. Simon (1892-1903) in his Histoire 

Namrelle des Araignees first divided the ecribellate higher spiders into two groups, the 

Haplogynae and Entelegynae, using genitalic characters. Spider genitalia have been used 

as a taxonomic tool for distinguishing between taxa because of their extensive and often 

species-specific variation and complexity. Variation in spider genitalic morphology has 

inspired evolutionary biologists to test mechanisms of sexual selection by which the 

variation could evolve. Evolutionary mechanisms tested span the range from Rsherian 

run-away selection, chase-away selection, to sperm competition. 

Sperm competition, defined as the competition of the ejaculates of two or more 

males for the fertilization of a given set of ova (Parker, 1970), has been widely studied in 

many taxa with internal fertilization (Smith, 1984; Birkhead and Moller, 1992; Eberhard, 

1996; Birkhead and Moller, 1998). The three main hypotheses that attempt to explain 

variation in sperm competition are: (i) numerical sperm competition (Parker, 1970), (ii) 

female sperm storage organ morphology, and (iii) cryptic female choice or male 

manipulation of female processes (Thomhili, 1983; Eberhard, 1996; Rice, 1996; Holland 

and Rice, 1997; Eberhard, 1998). Leaving aside the difficulties of cryptic female choice 
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for now, distinguishing between these hypotheses is challenging, in part, because detailed 

knowledge of both female sperm storage organ morphology and male sperm release 

behavior is either absent or difficult to obtain. 

One has the opportunity to examine both female sperm storage organ morphology 

and male sperm release in spider taxa. As is possible for some insect taxa (Simmons et 

al., 1993; Gage, 1994; E^tnick and Markow, 1994), the amount of sperm released to 

female spiders can be quantified (e.g. Christenson and Cohn, 1988; Cohn, 1990; 

Bukowski and Christenson, 1997; Bukowski etal., in press). Female sperm storage 

organs, the spermathecae, are fairly sclerotized which makes them particularly suitable 

for scanning electron microscopy. Spermathecal morphology is often used to 

differentiate between species yet, while many species are dissected at a gross level, few 

detailed studies exist, and even fewer examine the fine structure of the spermathecal 

ducts, spermathecal accessory glands and their gland pore distribution. 

Spermathecal morphology is extremely variable within the spider family 

Tetragnathidae (Levi, 1980). There has been a gradual reversal from an entelegyne 

conduit-style spermatheca morphology to a haplogyne cul-de-sac style spermatheca 

within the Tetragnathidae (Wiehle, 1967; Levi, 1980, 1981; Austad, 1984; Hormlga et 
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al., 1995; but see Uhl and Vollrath, 1998). Austad (1984) proposed that haplogyne taxa 

would have last-male advantage for fertilization because the last sperm to enter the 

spermatheca would be the first to be used in fertilization due to the cul-de-sac shape of 

the sperm storage organ. The entelegyne taxa would have first-male advantage for 

fertilization because the first sperm to enter the spermatheca would be nearest the 

fertilization duct and used first in fertilization, while the last sperm to enter would be the 

furthest from this duct and the last to be used (Austad, 1984). 

The diversity of spermathecal morphologies present may partially explain the 

intense examination of mating behavior in this family (Simon, 1895; Gerhardt, 1921; 

LeSar and Unzicker, 1978; Robinson and Robinson, 1980; Vollrath, 1980; Robinson, 

1982; Christenson and Cohn, 1988; Christenson, 1989, 1990; Eberhard a/., 1993; 

Eberhard, 1994; Prenter, era/., 1994; Eberhard and Huber, 1998; Elgar, 1998; Huber, 

1998; West and Toft, 1999; Schneider et al., 2000; Danielson-Fran^ois et al., in press; 

Danielson-Fran9ois and Bukowski, submitted; Danielson-Fran^ois, in prep). In 

particular, the hypothesis that the reproductive morphology will influence sperm 

precedence pattern such that entelegynes favor first-male priority and haplogynes favor 

last-male priority (Austad, 1984) has received much attention. Yet, without detailed 
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knowledge of spermathecal morphology these predictions can be misleading as the 

proximity of insemination and fertilization ducts may cause some entelegynes to be 

considered functionally haplogyne for the purpose of predicting sperm precedence 

patterns (Uhl and Vollrath, 1998). Additionally, the impact of gland pore location on the 

spermathecae may have important ramifications for sperm activation and competition. 

The function(s) of the gland secretion(s) have yet to be determined but hypotheses range 

from sperm maintenance to sperm expulsion from the spermathecae (reviewed in Coyle 

et al., 1983). In particular, sperm competition could be influenced by secretions that 

aided the formation of a mating plug, differentially capacitated sperm, or affected sperm 

storage and expulsion. A close examination of the distribution and density of the 

spermathecal gland pores may provide insight into the generality of hypotheses for the 

function(s) of the spermathecal secretions. 

This dissertation combines a general examination of tetragnathid spermathecal 

structures with focused analyses of mating behavior, sperm release and sperm 

competition in several taxa. This work will allow future research to continue with the 

detailed knowledge of the fine structure of spermathecae of many species and also inform 

past studies on tetragnathids in this widely researched group. This dissertation explores 
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(i) the evolution of spermathecal structures within the Tetragnathidae, (ii) the first 

examination of sperm release in a haplogyne spider, (iii) a comparative study of the 

effects of spermathecal morphology and relative sperm release on paternity patterns, and 

(iv) the second examination of sperm release in a haplogyne as well as the natural history 

of a previously unstudied tetragnathid species. There are four appendices. 

Appendix A ("Evolution of spermathecal structures within the spider family 

Tetragnathidae.") describes variation in the fme structure of spermathecal morphology, 

duct morphology and accessory gland pore distribution within the Tetragnathidae. 

Sixteen tetragnathid taxa and five outgroups were analyzed in this study. Spermathecal 

morphology and structures were assessed using traditional dissection techniques as well 

as scanning electron microscopy. 

Appendix B ("Female mating history influences copulation behavior but not 

sperm release in the orb-weaving spider Tetragnatha versicolor (Araneae, 

Tetragnathidae)."), co-authored with Todd C. Bukowski, is an examination of sperm 

release and mating behavior, in particular the relationship between copulation duration 

and sperm release in the haplogyne Tetragnatha versicolor. The project was conceived 

and executed as a collaborative effort. I assessed mating behavior, my co-author assessed 



15 

sperm release, and together we analyzed the data and wrote the manuscript. This study is 

the first examination of sperm release patterns in any haplogyne spider. 

Appendix C ("Causes of variation in paternity: differential sperm release versus 

sperm stratification in two orb-weaving spiders.") examines the relative influence of 

numerical sperm competition and of spermathecal morphology on paternity in two 

tetragnathids; the haplogyne Tetragnatka versicolor and the entelegyne Nephila clavipes. 

Appendix D ("Natural history, mating behavior and sperm release in the 

haplogyne Glenognatha emertoni (Araneae: Tetragnathidae).") is the second examination 

of haplogyne sperm release behavior as well as the first description of mating behavior 

and natural history in a previously unstudied tetragnathid species, G. emertoni. 
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PRESENT STUDY. The methods, results and conclusions of this study are presented in 

the papers appended to this thesis. The following is a sununary of the most important 

fmdings in these papers. 

The morphological work on spermathecal structures is the first to use a 

phylogenetic framework to understand variation in these structures across both haplogyne 

and entelegyne taxa and to attempt to evaluate hypotheses of glandular function based on 

variation in gland pore distribution in the Tetragnathidae. The implications for the 

glandular secretion function(s) are considered with regard to sperm competition and 

mating behavior. The spermathecal structure research is complemented by a behavioral 

study on the relative influences of spermathecal morphology and numerical sperm 

competition on paternity in related haplogyne and entelegyne tetragnathid spiders. 

Finally, sperm release, copulation duration and mating behavior are described for the first 

time in two species of tetragnathids. 

In Appendix A, I examined the evolution of spermathecal structures within the 

spider family Tetragnathidae. Given the existing diversity in spermathecal morphology 

within the Tetragnathidae, this group is ideal for examining variation in spermathecal 
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structures. The following is a brief summary of the methods, results and conclusions of 

this study. The spermathecal structures of sixteen representative members of this family 

and five outgroup taxa were examined with gross dissection, clearing and scanning 

electron microscopy. The spermatheca, spermathecal ducts, and spermathecal gland 

pores were described for each species. Spermathecal shape and gland pore distribution 

tended to be similar within genera and fairly similar within spermathecal type, haplogyne 

or entelegyne. The basal entelegyne Nephilinae were most similar to the entelegyne 

outgroup taxa studied whereas the derived haplogyne Tetragnathinae were more similar 

to the haplogyne outgroup taxa. Yet, the entelegyne Metinae exhibited a wide range of 

variation, with some taxa more similar to the entelegyne Nephilinae, some more similar 

to the haplogyne Tetragnathinae and others difficult to classify. The variation in 

distribution and density of the cuticular gland ductules suggests that the function(s) of the 

glandular secretion are likely to be variable across taxa. The observed variation in pore 

distribution also suggests that particular functions seem very unlikely. 

Before examining the influence of spermathecal morphology on paternity, I first 

needed to determine whether sperm release patterns were modified based on female 

mating history, as has been found in most other orb-weaving spiders (Christenson, and 
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Cohn, 1988; Christenson, 1990; Suter 1990; Masumoto, 1993; Andrade, 1996; Bukowski 

and Christenson, 1997; Elgar et al., 2000; Schneider et al., 2000; Bukowski et al., in 

press). In Appendix B, my co-author and I examined whether sperm release patterns 

changed with female mating history in the hapiogyne Tetragnatha versicolor, using the 

sperm quantification techniques of Bukowski and Christenson (1997). We determined 

whether sperm release was dependent on the duration of copulation, female mating 

history, age, size or mass. To assess the pattern of sperm release in regard to female 

mating history, we mated virgin males to either virgin or non-virgin females. We found 

that sperm transfer was not directly proportional to copulation duration and that female 

mating history influenced copulation duration. Whereas mating behavior was different 

with respect to female mating history, sperm release was not. Males released equivalent 

amounts of sperm to females, regardless of mating history. Overall, this study shows that 

sperm release is not directly proportional to copulation duration in the orb-weaving 

tetragnathid spider Tetragnatha versicolor. Estimation of sperm release is best achieved 

by direct counts in this system, rather than inferring sperm release by using copulation 

duration. We determined that the sperm release pattern found in this species suggests 

that it should exhibit mixed patemiQr. This is the first spider shown to exhibit equivalent 
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sperm release to virgin and non-virgin females and the first haplogyne for which sperm 

release patterns have been determined. 

In Appendix CI examined the role of female spermathecal morphology and 

differential sperm release in explaining variation in paternity patterns for two orb-

weaving tetragnathid spiders, Nephila clavipes and Tetragnatha versicolor, whose 

spermathecae are entelegyne and haplogyne, respectively. The sperm quantification 

methods were based on the techniques of Bukowski and Christenson (1997). In order to 

mark the offspring from different males, a subset of the males used in the study were 

irradiated, following the procedures of Christenson and Cohn (1988). Males were 

randomly assigned to the intact fertile (F) or irradiated (S) treatments. To assess the 

importance of male order in paternity, fertile and irradiated males were randomly 

assigned to be the first, second or third mate for a particular female, yielding FS and SF 

treatments in Tetragnatha versicolor yielding FFS and SFF treatments in Nephila 

clavipes. Mated females were cared for during the subsequent months as they laid their 

egg sacs, until they died naturally. After hatching, the egg sacs were opened and the 

number of hatched spiders and unhatched were counted to generate a proportion of 

hatchedrunhatched eggs. This proportion was used to assess the proportion of offspring 
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fertilized by the fertile (intact) and the irradiated males. The paternity observed from the 

egg sacs was compared to the paternity expected from the relative amounts of sperm 

released by each male to mate with a particular female. Overall, sperm release 

predictions for both species indicated sperm mixing would be common and sperm mixing 

was commonly observed from egg sacs. Yet. individual cases of first- or last-male 

advantage were also predicted in a few cases based on relative sperm release between 

males. There were differences in sperm release between the two species. Nephila 

clavipes males released their complete ejaculate to the females they mated, whereas 

Tetragnatha versicolor males released only a partial ejaculate to the females they mated. 

Female mating history did not influence sperm release in either species, in contrast to 

previous work on Nephila clavipes. Male mating order did not influence paternity, 

suggesting that female SSO morphology does not influence paternity in either species, in 

contrast to Austad's (1984) hypothesis. 

In Appendix D I examined sperm release pattern in the haplogyne Glenognatha 

emertoni in order to determine whether releasing a partial ejaculate to females, regardless 

of mating history, was unique to T. versicolor amongst the haplogyne tetragnathids. The 

habits of G. emertoni are unknown so I also examined the natural history of this species 
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in order to have a context for the mating behavior and sperm release patterns I studied. 

The natural history of this species revealed that there is ample opportunity for sperm 

competition just as there is for T. versicolor, which occupies the same habitat. I found 

that the number of sperm released and overall duration of copulation is not influenced by 

female mating history in Glenognatha emertoni. Male G. emertoni release equivalent 

numbers of sperm to virgin and non-virgin females, similar to T. versicolor. The pattern 

of partial ejaculate release was also found in G. emertoni, so this pattern is not unique to 

T. versicolor amongst the haplogyne tetragnathids. 
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ABSTRACT 

The study of arachnid genitalic structures is useful from the perspectives of systematics 

and sexual selection. Spider genitalia have been used as a taxonomic tool for 

distinguishing between taxa because of their extensive and often species-specific 

morphological variation. Variation in spider genitalic morphology has inspired 

evolutionary biologists to test mechanisms of sexual selection by which the variation 

could evolve, ranging from Fisherian run-away selection, chase-away selection, and 

sperm competition. While many species have been dissected at a gross level, few 

detailed studies exist that examine female spermathecal ducts, spermathecal accessory 

glands and their gland pores. Hypotheses have been proposed to explain both male 

behavior and the outcome of sperm competition based on the number and location of 

spermathecal ducts alone. Far less attention has been paid to the spider spermathecal 

gland pores, which penetrate the cuticular wall of the spermathecae, allowing glandular 

secretions to pass into the lumen of the spermathecae. The spider family Tetragnathidae 

has particularly variable spermathecal morphologies, ranging from entelegyne to 

haplogyne genitalic characters. Sixteen representative members of this family and five 

outgroup taxa were examined with scanning and transmission electron microscopy in 
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order to describe the fine structure of spermathecae, including the distribution and density 

of spermathecal gland pores. The function(s) of the glandular secretion are unknown. 

The distribution and density of spermathecal gland pores is discussed with regard to 

possible functions of the glandular secretion. The potential influence of spermathecal 

gland secretions on mating behavior and sperm competition is considered. 

Key Words; Spermatheca, genitalia, accessory gland, arachnid, Tetragnathidae 

INTRODUCTION 

The study of variation in arachnid genitalic structures has contributed to the fields 

of systematics and sexual selection. Simon (1892-1903) In his Histoire Naturelle des 

Araignees first divided the ecribellate higher spiders into two groups, the Haplogynae and 

Entelegynae, using genitalic characters. Spider genitalia have been used as a taxonomic 

tool for distinguishing between taxa because of their extensive and often specles-speclflc 

morphological variation. Variation in spider genitalic morphology has inspired 

evolutionary biologists to test mechanisms of sexual selection by which the variation 
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could evolve, ranging from Fisherian run-away selection, chase-away selection, and 

sperm competition. 

Genitalic structures are highly variable within the spiders. While many species 

are dissected at a gross level, few detailed studies exist, and even fewer examine 

spermathecal ducts, spermathecal accessory glands and their gland pores. The 

standardization of terminology is still in process as the incredible diversity of structures 

and scarcity of detailed studies makes it difficult to compare homologous structures 

across taxa. This paper stands to do such for the spider family Tetragnathidae. The 

Tetragnathidae are particularly interesting for comparing entelegyne and haplogyne 

genitalic characters. Within the family Tetragnathidae there are entelegyne, haplogyne 

and semi-entelegyne taxa. Haplogyne females typically have a simple genital opening 

(gonopore) and paired sperm storage organs (spermathecae) which are connected to the 

genital cavity by a single duct (Figure la). Entelegyne females typically have an external 

genitalic plate (epigynum) encasing insemination ducts leading to paired spermathecae 

which are connected to the genital cavity by separate fertilization ducts (Figure lb). 

Semi-entelegyne is another class of female spider genitalia proposed by Wiehle (1967), 

that he placed as intermediate between entelegynes and haplogynes. 
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Much attention has been paid to the number of ducts connecting to the 

spermathecae and their possible influence on sperm competition (Austad, 1984; recently 

reviewed in Elgar 1998). Less attention has been paid to accessory gland structures and, 

in particular, the number and distribution of spermathecal gland pores. Spermathecal 

gland pores have been found in the spermathecae of nearly every spider examined for 

them (reviewed in Coyle ef a/., 1983; Lx)pez and Juberthie-Jupeau, 1983; Sierwald, 1989; 

Uhl, 1994b; Uhl and Vollrath, 1998; Uhl, 2000). Spermathecal gland pore ductules 

penetrate the cuticular wall of the spermathecae and the glandular secretions pass into the 

lumen of the spermathecae (Coyle et al., 1983; Uhl, 2000). The function(s) of the gland 

secretion(s) have yet to be determined but hypotheses range from sperm maintenance to 

sperm expulsion from the spermathecae (reviewed in Coyle et al., 1983). In particular, 

sperm competition could be influenced by secretions that aided the formation of a mating 

plug, differentially capacitated sperm, or affected sperm storage and expulsion. A close 

examination of the distribution and density of the spermathecal gland pores may provide 

insight into the generality of hypotheses for the function(s) of the spermathecal 

secretions. 
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The diversity of spermathecai morphologies present may partially explain the 

intense examination of mating behavior in this family (Simon, 1895; Gerhardt. 1921; 

LeSar and Unzicker, 1978; Robinson and Robinson, 1980; VoUrath, 1980; Robinson, 

1982; Christenson and Cohn, 1988; Christenson, 1989, 1990; Eberhard et al., 1993; 

Eberhard, 1994; Prenter, era/., 1994; Eberhard and Huber, 1998; Elgar, 1998; Huber, 

1998; West and Toft, 1999; Schneider et al., 2000; Danielson-Franfois et al., in press; 

Danielson-Fran^ois and Bukowski, submitted; Danielson-Fran^ois, in prep). In 

particular, the hypothesis that the reproductive morphology will influence sperm 

precedence pattern such that entelegynes favor first-male priority and haplogynes favor 

last-male priority (Austad, 1984) has received much attention. Yet, without detailed 

knowledge of spermathecai morphology these predictions can be misleading as the 

proximity of insemination and fertilization ducts may cause some entelegynes to be 

considered functionally haplogyne for the purpose of predicting sperm precedence 

patterns (Uhl and VoUrath, 1998). Additionally, the impact of gland pore location on the 

spermathecae may have important ramifications for sperm activation and competition. In 

the tetragnathid Leucauge mariana, decapsulated sperm were found beneath glandular 

pores inside the largest spermathecai chamber (Eberhard and Huber, 1998). This study 
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will allow future research on these species to continue with the detailed knowledge of the 

fine structure of female reproductive organs and also inform past studies in this widely 

researched group. 

Representative members of the family Tetragnathidae from the entelegyne 

nephilines, semi-entelegyne metines and haplogyne tetragnathines were examined in a 

variety of ways, from gross dissection to scanning electron and transmission electron 

microscopy. The diversity and location of spermathecal ducts and gland pores were 

described. The evolution of these structures is discussed in reference to previously 

published phylogenies which aimed, in part, to test the monophyly of the Tetragnathidae 

and Tetragnathinae and which found both groups strongly supported (Hormiga et al., 

1995; Scharff & Coddington 1997; Griswold et ai, 1998; Rgure 2). Appropriate 

outgroups for comparison with the Tetragnathidae were chosen from the basal haplogyne 

Sicariidae {Loxosceles arizonica) and related entelegyne Araneidae {Argiope aurantia, 

Micrathena sagittata) and Linyphiidae (Linyphia clathrata, L. triangularis). 
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METHODS 

Representative members of the Tetragnathidae were chosen based on the 

availability of samples and their taxonomic importance (Scharff & Coddington 1997; 

Griswold etaL, 1998; Rgure 2; Appendix 1). Where possible, species whose mating 

behavior has already been described were chosen. The basal tetragnathid taxa are the 

entelegyne subfamily Nephilinae, the intermediate taxa are the entelegyne and semi-

entelegyne members of the subfamily Metinae, and the derived taxa are the haplogyne 

subfamily Tetragnathinae (Figure 2). The tetragnathine genera {Tetragnatha, 

Glenognatha, Pachygnatha) were originally considered Haplogynae genera in their own 

right by Simon (1892-1903). Not until revision of the Tetragnathidae by Levi (1980, 

1981) was the haplogyne subfamily Tetragnathinae placed within the entelegyne 

Tetragnathidae. Their placement within this family is strongly supported (Hormiga et 

al., 1995; Scharff and Coddington 1997; Griswold et al., 1998). As described by Wiehle 

(1967), semi-entelegynes (Meta and Metellina) have an epigynum with insemination 

ducts whose openings into the spermathecae are so close to the genital groove that the 

ducts into the spermathecae may also be the fertilization ducts (but see Levi, 1980). The 
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genus Zygiella has characters of both tetragnathids and araneids (Roth, 1993); Roth 

(1993) places them with the metines whereas others place them with the araneids (Levi, 

1974; Hormiga et al., 1995; Sharff and Coddington, 1997). This placement of Zygiella 

within the metines may be reconsidered in future studies. 

Some specimens were generously loaned from the Harvard Museum of 

Comparative Zoology and are referred to by their unique identification number. Other 

specimens were collected and voucher specimens deposited in the curated insect 

collection of the University of Arizona, Tucson AZ 85721 (see Appendix I). 

Gross dissections were performed on females stored in 60-70% EtOH and 

schematic drawings were made from specimens cleared with clove oil. Genitalia were 

cleared in clove oil and observed with light microscopy in order to examine extremely 

fragile fertilization ducts that potentially might be digested with KOH during specimen 

preparation for scanning electron microscopy (SEM, see protocol described below). 

After examination in clove oil, specimens were rinsed in acetone and stored in 

70% EtOH. Spermathecae from each species were prepared for scanning electron 

microscopy (see protocol described below) and film negatives were made for each 

specimen. Female genitalia with intact accessory glands were also prepared for 
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transmission electron microscopy (TEM, see protocol described below) from Tetragnatha 

versicolor and Glenognatha emertoni. 

Scanning Electron Microscopy 

For scanning electron microscopy spermathecae were dissected out and glandular 

material was removed via digestion in a 10% KOH solution for several hours until the 

spermathecal pores were clearly visible. Digital photographs of spermathecae were taken 

with a Nikon Coolpix 995 at 4S0dpi after clearing. Samples were then transferred into 

70% EtOH overnight and then three changes of 100% EtOH. Samples were critical-point 

dried (Anderson, 1952; Cohen, 1977) and mounted before being gold sputter-coated and 

viewed on ISI W66 scanning electron microscope. 

Transmission Electron Microscopy 

Abdomens were partially dissected and placed in fixative (4% formaldehyde, 1% 

glutaraldehyde in 0.1VI P04 pH 7.4 phosphate buffer (Trump and Jones, 1978) at room 

temperature. To encourage penetration of the fixative through the sclerotized 

spermathecae, 3 cycles of heating and cooling were applied (microwave for 30 seconds to 
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raise the temperature 15°C and then let rest for IS minutes and repeat (Gibberson, et al., 

1997; Lindley, 1997). Specimens were rinsed O.IM PCM pH 7.4 twice and placed in a 

postfixative (1.0% Osmium Tetroxide in distilled water) for an hour before being rinsed 

with distilled (DI) water twice and being dehydrated. Dehydration consisted of a series 

of 10 minute EtOH treatments beginning at 30%, 50%, 70%, 9S%, and ending at 100% 

(Hayat, 1989). Specimens were then placed in propylene oxide (PO) solvent at room 

temperature for two hours and placed into a S0% PO/ S0% Unicryl/EponrAraldite over 

night. Then specimens were placed in 100% resin solution (Unicryl/Epon:Araldite) 

microwaved for 30 sec every 8 hours for 32 hours and, fmally. cured in the microwave 

for IS min at 95°C and one hour at lOO^C and then placed at 7S°C and allowed to cure 

for eight hours (Gibberson, et al., 1997; Lindley, 1997). Samples were sectioned with a 

diamond knife, placed on grids, stained with saturated aqueous Uranyl Acetate (Hayat, 

1993) and Reynolds lead citrate (Reynolds, 1963), and examined using a Hitachi 500 

transmission electron microscope. 
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RESULTS 

Spermathecae and Ducts 

The spermathecal bulb, or chamber, may range in shape from spherical to ovoid 

to an elongated tubular form. The more elongated forms may allow the spermatheca to 

be differentiated into a head, stalk and base {sensu Sierwald, 1989, 1997). The 

spermathecal head has spermathecal gland pores and is surrounded by glandular material. 

The spermathecal stalk and base lack obvious spermathecal gland pores, but may have 

surrounding glandular material. Rather than a differentiated head, stalk, and base, 

spermathecae may instead have multiple chambers, connected by short ducts to each 

other and only one chamber directly connected to the insemination duct. In this case. 

only one of the chambers has spermathecal gland pores and might be considered 

homologous to the spermathecal head, while the other chambers may be homologous to 

the stalk and spermathecal base described above. In apposition to this, spermathecae may 

be bilobed or trilobed, where each lobe is directly connected to the insemination duct and 

may or may not be connected to the other lobe(s). In one case, a bilobed spermathecae 

had the two lobes connected via a flexible median sac that connected both lobes to each 



other and to the insemination duct. The muiti-lobed spermathecae are to be differentiated 

from the case where the bilaterally paired spermathecae are connected via a flexible 

median "sac," as has been described for G/e/jognar/ia emertoni (Levi, 1980, 1981). 

Ducts connecting to the spermathecae varied in location, size, length, aspect, 

degree of sclerotization and flexibility. Typically, spherical spermathecae had ducts 

connecting near to one another on the spermatheca. Spermathecae with a differentiated 

head, stalk and base never had ducts connecting to the head of the spermatheca (a 

situation also observed in Pisauridae; Sierwald, 1989, 1997). The size and length of the 

ducts varied widely, with insemination ducts tending to be longer and larger in diameter 

than fertilization ducts (but see Linyphiidae). Insemination ducts tended to be twisted 

and convoluted in aspect, while fertilization ducts tended to be short and direct (but see 

Linyphiidae). The degree of sclerotization and flexibility of the ducts was also variable. 

Insemination ducts tended to be more sclerotized than fertilization ducts. Haplogyne taxa 

tended to have less sclerotized ducts when compared to entelegyne taxa. Highly flexible, 

saccate ducts were found in the derived haplogyne tetragnathines. 



41 

Glandular Ductules 

Sclerotized glandular ducts, cuticular ductules, were observed in all taxa (Plate 1). 

Cuticular ductules varied in spatial distribution, density, length and sclerotization. 

Ductules were located on the spermathecae, the spermathecal head, and in a few cases on 

the insemination duct as well. Ductule distribution ranged from evenly-spaced singletons 

to dense twenty-ductule clusters. In taxa with clustered ductules, the pores were often 

located on a portion of the spermatheca, rather than across the entire surface. The density 

of ductules varied from sparse to extremely dense. Length of ductules was variable. 

Only cuticular ductules were observed; fragile, less sclerotized ductules may have been 

digested by KOH during sample preparation and would not have been observed with 

scanning electron microscopy. The cuticular ductules penetrate the spermathecae with 

canals and presumably the glandular secretion passes into the spermathecal lumen via 

these canals or pores, which can be seen in cross section (Plate 2). In parasagittal 

sections of the ductules, the pores appear as light canals in the sclerotized portion of the 

spermathecal cuticle (Plate 2c). Cross-sections of cuticular ductules in Tetragnatha 

versicolor revealed thick walls. 
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Accessory Glands 

Accessory glands with elongate cells were observed surrounding the 

spermathecae of all taxa studied using light microscopy. In a few cases, the glands also 

covered part of the insemination ducts. Additional spermathecal glandular material from 

Tetragnatha versicolor was prepared for transmission electron microscopy. In 

Tetragnatha versicolor, the glandular material surrounding the ductules appears to have a 

high density of glycogen granules (Plate 3). There also appear to be glycogen granules 

within the spermathecal lumen (Plate 3). 

General Characteristics 

Haplogynes. Typically, the haplogyne spermathecae examined tended to be ovoid 

or elongate and were clearly bilobed in the Tetragnatha species. Mostly, haplogyne taxa 

had a short duct directly connected to the spermatheca. The degree of duct sclerotization 

and, consequently, flexibility varied among taxa. Tetragnathine taxa had the least 

sclerotized and most flexible ducts. The basal Haplogynae studied had greater duct 

sclerotization than the tetragnathines, yet the degree of sclerotization was still far less 
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than that of the entelegyne taxa. Glandular ductules were often clumped and in the 

tetragnathines were present only on the distal surface of the spermathecae. 

Semi-entelegynes. The semi-entelegyne taxon examined in this study was 

determined to be entelegyne because extremely fragile and thin-walled fertilization ducts 

were found when specimens were cleared with clove oil. The fertilization ducts were not 

seen with scanning electron microscopy. 

Entelegynes. Typically, the entelegyne spermathecae examined tended to be 

spherical or ovoid rather than elongate, but there were some notable exceptions. Mostly, 

entelegyne taxa had heavily sclerotized insemination ducts that were longer and had a 

larger diameter than the lightly-sclerotized fertilization ducts. Both ducts typically 

connected to the spermathecae near to one another. Glandular ductules were usually 

evenly-spaced over the entire surface of the spermathecae. Ductule density ranged from 

sparse to fairly dense, although not as dense as was observed for some haplogyne taxa. 

Taxonomic Data: Outgroup 

Haplogynae. The spermathecae of the basal haplogyne Loxosceles arizonica are 

simple, ovoid structures. The glandular pores were concentrated along the length of the 
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common duct, rather than on the spermathecal bulb itself (Plate 4a-b). The concentration 

of glandular pores seemed to be greatest on the laterad distal portion of the common duct, 

in reference to sagittal plane. The glandular pores upon the common duct are organized 

into clumps ranging from one to six pores in a common depression (Plate la, 4b). 

Entelegynae. The entelegyne Argiope aurantia has a spherical spermatheca with 

glandular pores distributed over the spermathecal bulb, rather than on the extremely thin 

and sclerotized insemination duct. The distribution of the glandular pores is even and 

fairly dense across the spermathecal bulb (Plate 4c). The insertion of the insemination 

and fertilization ducts onto the spermathecae follows the typical entelegyne pattern 

(Rgure lb). The entelegyne Micrathena sagittata has an ovoid, bilobed spermatheca 

with glandular pores distributed over the spermathecal bulb (Plate 4f). The glandular 

pores seem to be evenly dispersed across the spermathecal bulb on all surfaces. The 

apparent insertion of the fertilization duct onto the insemination duct connecting to the 

spermatheca is a modification of the Qrpical entelegyne pattern. 

Linyphiidae. Wiehle (1967), in his refining of Haplogynae and Entelegynae, 

decided that ecribellate spiders with spermathecae that were derivatives of the uterus 

extemus were haplogyne while entelegynes had spermathecae derived from the epigynal 
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plate. Given this set of definitions, it is difficult to place the Linyphiidae in either 

category, although they are usually placed with the entelegynes. The unusual atrium-

epigyna (see Wiehle, 1967) leads to a short insemination duct and a tortuously long and 

twisted fertilization duct. Of the two Linyphia species examined, there was a consistent 

pattern of glandular pores being located on the most distal portion of the structure, which 

appears to be the spermathecal bulb (Plate 4d-e). The glandular pores are sparse. It is 

not clear if the spermathecal bulb is bilobed, although it has that appearance. 

Taxonomic Data: Ingroup 

Tetragnathines. The haplogyne Tetragnatha species typically had bilobed 

spermathecae with the exception that T. laboriosa has bilobed spermatheca whose lobes 

are connected by a true median sac (see Levi, 1981 for discussion of lobes as holdfasts 

for conductor tip rather than median sacs). I do not consider this a trilobed spermatheca 

because there are no cuticular ductules on the median sac and it is very flexible. The 

common duct is mostly membranous, saccate and connects directly to the spermatheca. 

Glandular pores are located on the most distal surface of the spermathecae and not on the 

common duct (Plates 5a-c and 6a-c). This is quite different than the location for the 
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haplogyne Loxosceles arizonica, whose pores are located on the common duct itself 

(Plate 4b). The glandular pores upon the spermathecal bulb surface in T. elongata and T. 

versicolor are organized into clumps from four to twenty pores in a common depression 

(Plates lb and 6a,c). It is interesting to note that T. laboriosa has sparser, more evenly-

spaced glandular pores than its congeners (Plate Ic, Sb). The spermathecal wall is lightly 

sclerotized in the Tetragnatha species, but in one species, Glenognatha emertoni, an 

extremely large thin-walled median sac is present and it was difficult to obtain clear 

views of the spermathecae using scanning electron microscopy because of its collapse 

during critical-point drying. I did verify the presence of glandular pores using light 

microscopy but was unable to determine if they occur across the entire, single-chambered 

spermatheca or are only on the distal surface. 

Metines. Spermathecal shape in this group varied widely. The semi-entelegyne 

Metellina curtsi had an elongate spermatheca (Plate 7c, 8e-f), as did the metine 

Chrysometa, Tylorida and Metabus taxa. In Dolichogruaha pentagona, the elongated 

spermathecae were differentiated into a head, stalk and base (sensu Sierwald, 1989, 1997; 

Plate 7a, 8a-b). In contrast, the Zygiella species had spherical spermathecae with long 

insemination ducts and short fertilization ducts (Plate 9b-c, lOb-c), similar to both 
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nephiline and entelegyne taxa. Leucauge venusta had unusual multi-chambered 

spermathecae, the first chamber being the largest and most-thin walled (Plate 9a, lOa). In 

contrast, Tylorida striata has a large, thin-walled chamber but it is the last chamber of the 

spermatheca (Plate 5d). The situation appears to be similar for Metabus gravidas (Plate 

9f), which appears to have a large, thin-walled chamber and either multiple connecting 

chambers or a very convoluted connecting duct. 

Insemination ducts tended to be longer, larger in diameter, and more sclerotized 

than fertilization ducts. Insemination ducts typically attached directly to spherical 

spermathecae, but attached to the basal portion of elongate spermathecae rather than the 

head. The semi-entelegyne taxon, Metellina, appeared to have fragile transparent 

fertilization ducts attached to the base of the spermathecae although these ducts were 

only observed in cleared specimens using light microscopy and were not detectable using 

scanning electron microscopy (Plate 7c, Plate 8e-f). Fertilization ducts were difficult to 

determine on the Chrysometa taxa and not determined for two species. One Chrysometa 

species had such complex genitalic folding that the course of ducts also remained 

undetermined (Plate 7b and 8c-d). Other Chrysometa spp. have proven similarly difficult 
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with connecting ducts that "seem to follow the course of an Escher-like paradox" and are 

among the most complex orb-weaver ducts examined (Levi, 1986). 

Given the diversity in spermathecal morphology, it is perhaps not surprising that 

there is no consistent pattern of spermathecal glandular pore location across the metine 

taxa. There are trends within genera, such that Chrysometa species (Plates 5e-f, 6e-f, 7b 

and 8c-f) glandular pores location and density are more similar to the Tetragnatha 

species whereas Zygiella species (Plates 9b-c and lOb-c) glandular pores location and 

density are more similar to nephiline species. The glandular pores of Metellina (Plates 7c 

and 8e-f) were also more similar to the Chrysometa and Tetragnatha species. An unusual 

pattern was found for Dolichognatha whose glandular pores are located on the 

insemination duct and at the base of the spermathecal bulb (Plates 7a and 8a-b). This is 

the only species studied to have pores located on a duct with the exception of the 

haplogyne Loxosceles arizonica. The metine Leucauge venusta has unique spermathecae 

which have multiple chambers, and glandular pores were located on the outermost of 

these chambers (Plates le, 9a and lOa). The outermost chamber is large and thin-walled, 

collapsing upon critical-point drying. However, glandular pores can be seen on the distal 

surface of the spermathecal chamber most proximal to the insemination duct. Pores 
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appear to be clumped in groups of two to four, but this may be a result of the folding of 

the spermathecal wall as it dried (Plate le). Glandular pores were not found on the inner 

spermathecal chambers, which are more sclerotized. The metine Tylorida striata also has 

pores located on the largest chamber, a thin-walled structure that collapsed upon 

treatment for SEM. These pores are evenly spaced and do not appear to be clustered, 

although the collapse of the chamber wall makes this observation difficult. An unusual 

aspect of the cuticular ductules is that they appear to be coiled (Plate 5d). The metine 

Metabus gravidas did not appear to have pores in its thin-walled spermathecal chambers 

during dissection and none were detected using scanning electron microscopy. However, 

the thin-walled spermathecal chamber collapsed during preparation for SEM, so it might 

have obscured the presence of pores. The spermathecae has a thin-walled chamber filled 

with textured extra-cellular material that appeared to be glandular tissue. 

Nephilines. The nephilines clearly have spherical spermathecae. The 

insemination ducts tended to be longer and more heavily sclerotized than the fertilization 

ducts. Both ducts inserted nearby on the spermatheca. Glandular pores are evenly-

spaced and fairly dense across all surfaces of the spermathecal ball (Plates 9d-e and lOd-

e). Intact ductules were fragile and easily broken resulting in difficulty finding intact 
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ductules in all but the newly collected specimens (Plate lOf)- The location of the 

glandular pores on the spermathecal bulb, rather than on the ducts in nephilines agrees 

with the distribution found on the spermathecae of the entelegynes Argiope aurantia and 

Micrathena sagittata. As first noted by Higgins (1989), virgin N. clavipes spermathecae 

were collapsed in comparison to mated females' spermathecae, so mated females' 

spermathecae appeared fuller and more spherical than virgin spermathecae, which were 

dimpled and crumpled in appearance. Insemination ducts were more sclerotized and did 

not appear to differ between virgin and mated females. There are no obvious glandular 

pores on the insemination ducts in either species seen under scanning electron 

microscopy, contrary to notes made by Uhl and Vollrath (1998) of their presence on the 

insemination duct of Nephila eduUs. However, dissections under light microscopy did 

reveal the typical elongated glandular cell material surrounding both spermathecae and 

insemination ducts. 
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DISCUSSION 

Genitaiic structures are diverse in spiders, and the family Tetragnathidae is a 

particularly diverse family with its haplogyne and entelegyne taxa. Spermathecal shape 

varied widely between haplogynes and entelegynes and also between nephiiines, 

tetragnathines and metines. There were trends within taxa such that nephiiines tended to 

have spherical, single-chambered spermathecae, tetragnathines tended to have bilobed 

spermathecae, and metines had a variety of spermathecal morphologies. For entelegynes, 

insemination ducts are typically longer than fertilization ducts, a pattern noted by 

Eberhard (1996). The insemination and fertilization ducts typically insert nearby on the 

spermathecae, a pattern noted by Levi (1980) for most entelegyne spiders. Spermathecal 

gland pore distribution, density and structure also varied between taxa although there 

were trends within genera. Within the nephiline species examined, the pores appear to be 

distributed evenly around the entire surface of the spermathecal bulb similar to the 

exemplar entelegyne studied {Argiope aurantia, Micrathena sagittata). Within the 

Tetragnatha species examined, the pores are organized into dense clumps and localized 

on part of the spermathecal bulb. Within the metines, pore location on the spermathecal 
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bulb varies from the basal nephiline type (Zygiella species^ to the derived tetragnathine 

type {Chrysometa species, Metellina curtsi, Tylorida striata and Leucauge venustd). 

There is one exception, the metine Dolichognatha pentagona, which has glandular pores 

located on the insemination duct itself, similar to the exemplar haplogyne studied 

(Loxosceles arizonica). The location of the glandular pores might reveal their potential 

function(s) in these taxa. 

The function(s) of spider spermathecal gland secretions remain unknown, but 

several authors have suggested hypotheses. Engelhardt (1910) hypothesized that the 

spermathecal gland secretions retain and maintain stored sperm. Cooke (1966) noted that 

a secretion of the spermathecal gland coated the eggs of the haplogyne Dysdera crocata 

as they were extruded. Brignoli (1976) suggested that the secretion may lyse the protein 

envelope surrounding encapsulated sperm, in preparation for fertilization. Kovoor (1982) 

postulated that a portion of the epidermal glands, which would include the spermathecal 

accessory gland, could secrete "lubricants" that facilitated insertion of male palpi. Coyle 

et al. (1983) provided histochemical evidence that large amounts of glycogen may be 

associated with sperm stored in the spermathecae and is consistent with the sperm 

maintenance function suggested by Engelhardt (1910). They acknowledge the possibiliQr 
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that the glycogen may be supporting intense secretory activity serving some other 

function such as expulsion of sperm before oviposition, or multiple functions, as more 

than one cell type was discovered in the spermathecal gland (Coyle, et al., 1983). Uhl's 

(1994a, 1994b) careful morphological work suggests that the sperm mass adheres to the 

secretion of the spermathecal gland in the basal spider family Pholicidae, which lack 

spermathecae. Foelix (1996) suggests that the secretion could be the mechanism by 

which sperm is moved from the spermatheca to the uterus extemus for fertilization. 

Eberhard and Huber (1998) suggest that one function of the gland secretion is to create a 

mating plug as it interacts with fresh ejaculate, and such mating plugs have been found in 

Leucauge mariana. Christenson (pers. comm.) suggests that the spermathecal gland 

secretions may function to de-cyst and capacitate sperm in Nephila clavipes. 

Additionally, the secretion could function to "flush" sperm out of the spermathecae, 

exiting through the copulatory ducts and being discarded by the female. 

Accessory gland cell types associated with spermathecal pores are generally type 

three {sensu Noirot and Quennedey, 1991; Uhl, 20(X)). More than one cell type has been 

found in spider spermathecal accessory glands (Coyle et al. 1983; Uhl, 2000) which 

suggests that the accessory gland secretion may have multiple functions. Given that 
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gland secretions may be diverse in function, one might expect these functions to differ 

between taxa. Careful examination of the placement and density of spermathecal pores 

across spider taxa might suggest particular hypotheses of secretion function(s). 

The data in this study is consistent with secretion function(s) of decapsulating 

sperm, capacitating sperm, sperm "flushing," and formation of an internal or external 

mating plug. When pores are consistently located on the portion of the insemination duct 

(or common duct, in haplogynes) nearest to the spermatheca, as in the haplogyne 

Loxosceles arizonica and the metine Dolichognatha pentagona, secretion might function 

to form an internal plug which retains sperm within the spermathecal bulb and/or 

prevents rivals' sperm from entering the spermathecal bulb. When the pores are located 

in the first chamber of a multi-chambered spermatheca {Leucauge venustd), the secretion 

might form an outer plug. The putative function of the secretion to "flush" sperm is 

consistent with pores on the first chamber of multi-chambered spermathecae and their 

presence in single-chambered spermathecae. The putative function of 

decapsulation/capacitation is suggested by the presence of pores on all spermathecae. An 

interesting line of evidence for this may be found in the distribution of pores across 

spermathecal morphologies. Spherical spermathecae have pores across the entire surface. 
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while tubular spermathecae have pores on the distal surface only. The number of pores is 

also higher in taxa with tubular spermathecae; that could provide internal sperm 

competition via differential sperm decapsulation/capacitation. An investigation into the 

diffusion of the secretion into a spherical volume as compared against a cylindrical 

volume could be illuminating. 

Other alternatives for secretion function are sperm maintenance, sperm expulsion 

into the uterus extemus, sperm adhesion, palpal lubrication, and spatial constraints. That 

the secretion might maintain the sperm is suggested by the presence of pores on all 

spermathecae: however, it should be noted that pore density is highly variable, with some 

taxa having fewer than twenty pores and others potentially having hundreds of pores. 

This observation would not be consistent with a nutritive function unless sperm are 

extremely different in their metabolic requirements across taxa; or, perhaps, if the added 

glandular pores are conveying a different secretion with a different function from 

nutrition. Yet, the glandular material surrounding the spermathecae of Tetragnatha 

versicolor and of the spermathecal lumen revealed what appeared to be glycogen 

granules throughout This finding would be consistent with the sperm maintenance 

function of the glandular secretion originally suggested by Engelhardt (1910), but is also 
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consistent with sperm expulsion (see Coyle et al., 1983). Sperm expulsion into the uterus 

extemus would be consistent with the presence of pores on all taxa, but not consistent 

with the presence of pores in the first chamber of multi-chambered spermathecae as is 

seen in Leucauge venusta. Sperm adhesion to the spermathecal wall in order to prevent 

passive loss is a possibility, as sperm adhere to the glandular secretion in a pholcid (Uhl, 

1994), but in my view very unlikely in taxa with segregated spermathecae to retain 

sperm. The palpal lubrication suggested by Kovoor (1982) would be consistent with the 

distribution of gland pores in the common duct of haplogynes, near the genital cavity, or 

in the insemination duct of entelegynes, near the epigyna. Yet, this particular distribution 

did not occur in the taxa examined. Finally, one should note that the distribution of gland 

pores could simply be due to different space limitations within the epigynal cavity (for 

entelegynes) or within the abdomen, generally. 

When pores are distributed on the spermathecal bulb, as is the case for the rest of 

the nephiline, metine and tetragnathine taxa, a secretion function that influences sperm 

stored within the bulb seems more likely. Glandular secretions could retain, expulse, 

maintain, activate and/or capacitate stored sperm. The even distribution of pores across 

the nephiline and metine ZygiellA species as well as their spherical spermathecal bulb 
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morphology suggests that the secretion influences stored sperm uniformly. The 

consistent localization of glandular pores on distal portions of the more tubular 

spermathecai bulbs in the Tetragnatha and Chrysometa species suggests the glandular 

secretion may not influence all stored sperm uniformly and might have a different 

function from that found in the more basal metine and nephiline taxa. Indeed, in the 

metine Leucauge mariana sperm in the first chamber nearest the pores had become 

decapsulated and later chambers of the spermathecae contain decapsulated sperm, 

suggesting the function of the gland secretion was to decapsulate sperm, as later 

chambers did not have pores (Eberhard and Huber, 1998). Sperm retention may be 

critical in the Tetragnatha and Chrysometa species, which typically have a flexible, wide, 

and unsclerotized common duct leading to the spermatheca. The localization of the 

glandular secretions on distal portions of the spermathecae could serve to retain sperm by 

adhesion or by a hardening of the sperm mass itself to prevent leakage. If there are 

multiple cell types in the spermathecai gland, one secretion might cause the sperm mass 

to harden, which could later be counter-acted by another secretion to dissolve the sperm 

mass and decapsulate/capacitate sperm. 
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Entelegyny and haplogyny are not the only variables need to predict mating 

behavior and sperm precedence patterns. Particularly if the glandular secretion serves in 

the formation of a mating plug, internal or external, this would have consequences for 

mating behavior. The variation in glandular pore distribution and density suggests that 

the influence of the glandular secretion is likely to be different across taxa. There may be 

more than one kind of secretion, as at least one species has more than one glandular cell 

type, which suggests multiple functions of the glandular secretion(s). Given the variation 

in glandular pore distribution within the Tetragnathidae, this family would be a good 

candidate for future experimentation to determine the function(s) of the glandular 

secretion. 
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Table I. Comparison of characters for the taxa studied. Spermathecal shape— spherical, 

tubular, coiled, bilobed, comma-shaped, more than one chamber, very thin-walled. Pore 

density— very high, high, very low, low; dispersion is noted as clustered or evenly spread. 

Pore placement— over entire length of spermatheca, distal end of spermathecae (furthest 

away from insemination duct), proximal end (closest to ducts), on the insemination duct; 

on one surface only, all surfaces. Ductule structure- short, medium, long. Note the 

exception of Tylorida striata, which has unusual coiled ductules. 

Taxa Spermathecal 

shape 

Pore density Pore 

placement 

Ductule 

structure 

Insroup 

Tetragnathidae 

Nephila clavipes SPHERICAL HIGH ENTIRE SSO, 

all surfaces 

SHORT 

Nephilengys 

cruentata 

SPHERICAL HIGH ENTIRE SSO, 

all surfaces 

SHORT 

Tylorida striata TUBULAR HIGH DISTAL, one 

surface 

COILED 

Dolichognatha 

pentagona 

SPHERICAL, 

WITH STALK 

VERY LOW PROXIMAL 

TO DUCT, one 

surface 

SHORT 
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Taxa Spermathecal 

shape 

Pore density Pore 

placement 

Ductule 

structure 

Ingroup 

Metabus gravidas TUBULAR 

Zygiella X-notata SPHERICAL LOW ENTIRE SSO, 

all surfaces 

MEDIUM 

Zygiella atrica SPHERICAL VERY LOW ENTIRE SSO, 

all surfaces 

SHORT 

Chrysometa zelatopa TUBULAR, 

COMMA-

SHAPED 

LOW, 

CLUSTERED 

TUBULAR 

,one surface 

LONG 

Chrysometa 

alboguttata 

TUBULAR, 

COILED, 

BILOBED 

HIGH, 

CLUSTERED 

DISTAL, one 

surface 

LONG 

Chrysometa species TUBULAR, 

COILED 

HIGH, 

CLUSTERED 

DISTAL, one 

surface 

MEDIUM 

Metellina curtsi TUBULAR LOW, 

CLUSTERED 

DISTAL, one 

surface 

LONG 

Leucauge venusta TUBULAR, 

MULTICHAM 

BERED 

HIGH, 

CLUSTERED 

DISTAL, one 

surface 

SHORT 

Tetragnatha elongata TUBULAR, 

BILOBED 

VERY HIGH, 

CLUSTERED 

DISTAL, one 

surface 

MEDIUM 
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Taxa Spennathecal 

shape 

Pore density Pore 

placement 

Ductule 

structure 

Ingroup 

Tetragnatha 

versicolor 

TUBULAR, 

BILOBED 

VERY HIGH, 

CLUSTERED 

DISTAL, one 

surface 

MEDIUM 

Tetragnatha 

laboriosa 

TUBULAR, 

BILOBED 

HIGH DISTAL, one 

surface 

MEDIUM 

Glenognatha 

emertoni 

SPHERICAL, 

THIN WALL 

— — — 

Outgroups 

Haplogyne 

Sicariidae 

Loxosceles arizonica TUBULAR HIGH, 

CLUSTERED 

PROXIMAL 

TO DUCT, all 

surfaces 

MEDIUM 

Entelegyne 

Araneidae 

Argiope aurantia SPHERICAL HIGH ENTIRE SSO, 

all surfaces 

SHORT 

Micrathena sagittata BILOBED HIGH ENTIRE SSO, 

All surfaces 

MEDIUM 

Taxa Spennathecal Pore density Pore Ductule 
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shape placement structure 

Outgroup 

Linyphiidae 

Linyphia clathrata BILOBED? LOW DISTAL, one 

surface 

MEDIUM 

Linyphia triangularis BILOBED? LOW DISTAL, one 

surface 

MEDIUM 

NOTE- Linyphia spp. have unusually coiled fertilization ducts and small, distal 

spermathecae which may be bilobed and have pores on one lobe only. 
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Figure I. The internal female reproductive organs of (a) haplogyne and (b) entelegyne 

spiders consist of duct(s) connecting to the spermatheca, the spermathecal bulb (sb), the 

surrounding glands (g), and the canal pores (p) through which glandular secretions pass 

into the spermathecal lumen. Haplogynes have a common duct (cd), whereas entelegynes 

have separate insemination (id) ducts connecting to the spermathecae and fertilization 

(fd) ducts connecting to the uterus extemus to fertilize ova as they pass from the oviduct 

(ov). 

Figure 2. Phylogeny of the Tetragnathidae with outgroups (adapted from Hormiga et al., 

1995; Scharff and Coddington, 1997; with the placement of Zygiella in the metines after 

Roth, 1993). 



oviduct 

gonopore 

oviduct 

epigynum 



76 

Loxoscales arizonica 

Aigiope aunntia 

LinypMa dathrata 

Linyphia triangulaffs 

Nephia davipes 

NapMenBys cfusntata 

Zygiela X-notata 

^giala atrica 

Tylorida striata 

Oolchognatlia pentasona 

m&OOUS giewEHB 

OnyaonietB Telitopa 

• Chiysomataalwguttata 

Clwysometa species 

MetsHra curtsi 

LBucauBevenima 

Taiiiyimliaeloiioata 

.Temonatha vaisicoior 

Tetragnatha M»riasa 

Gtenognatha emeitoni 



77 

Plate 1. Ductule morphology of the haplogyne Laxosceies arizonica (a), the 
haplogyne tetragnathines Tetragnatha versicolor (b), T. laboriosa (c), the metmes 
Chrysometa zelatopa (d), Leucauge venusta (e), and the nephlline Nephilengys 
cruentata (f)* 
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Plate 2. Ductule structure in Tetn^piatha versicolor, SEM of ductules on the 
exterior of the spennatheca (a, b), TEM of spemuthecal wall with canals visible 
in the sclerotized portion of the cuticle (c), cross-section through a ductule in 
lumen of the spennatheca (d, e), cross-section through ductules and glandular 
material surrounding the spermathecal wall (!)• 



Plate 3. TEM of spermathecal glands of Tetragnatha versicolor and 
what appear to be glycogen granules in the exterior glands of 
spermatheca (a), and in the lumen of the spermatheca (h). 
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Plate 4. Scanning electron micrographs of the spermathecae of the haplogyne 
Loxosceles arizonica (a, b), the entelegynes Argiope aurantia (c), Linyphia 
triangularis (d), L. clathrata (e), and Micrathena sagittata (f). 
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Plate 5. Sketches of the right spermathecae of the haplogyne Tetragnatha 
versicolor (a), T. laboriosa (h), T. elongata (c), and the me tines 
Tyiorida striata (d), Chrysometa alboguttata (e), and C. zelatopa (f). Co, 
copulatory opening; id, insemination duct; and fd, fertilization duct 



Plate 6. Scanning electron micrographs of the spermathecae of the haplogynes 
Tetragnatha versicolor (a), T. Utboriosa (b), T. eUmgata (c), and the metines 
Tylorida striata (d), Chrysometa alboguttata (e), and C. zelatopa (f). 



83 

a 

id 

fd 

'̂ t̂ ftognathapentagona (a), a Itisfaly 
convoluted^O'wm t̂e species wliose duct structure is difficult to 
detemune (b), and Metettina curtsi (c). Labels same as Plate 5 



Plate 6. Spermathecae of the me tines DoUchognatha pentagona (a, b), 
Chrysometa species (c, d), and MeteUina curtsi (e, f). 



id 

id 

Plate 9. Sketches of the spennathecae of the metines Leucauge 
venusta (a), ZygieUa X-notata (b), Z. atrica (c), and the nephilines 
NephUa clav̂ es (d), Nephilengys cruentata (e), and the metine 
Metabus gravidus (f). 
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Plate 10. Scanning electron micrographs of the spennathecae of the metines 
Leucauge venusta (a), Z. X-notata (b), ZygieUa atrica (c)and the nephilines 
NephUa clavipes (d), Nephiiengys cmentata (e), and the gland pore ductules of 
well-preserved N. clavipes (f). 
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APPENDIX I. Exemplar taxa examined in connection with this study. Where appropriate 

the unique MCZ identification number is included. 

HAPLCXjYNAE 

Sicariidae 

Loxosceles arizonica (Gertsch and Mulaik). Arizona, Pima County, Tanque 

Verde Road, Greenlawn Pets. 2000 G. Binford 

ENTELEGYNAE 

Araneidae 

Argiope aurantia (Fabricius) Louisiana. Bayou LaForche, Belle Chase Parrish, 

F. E. Hebert Center. 2000 A. Danielson-Fran^ois 

Micrathena sagittata (Walckenaer) Louisiana. Bayou LaForche, Belle Chase 

Parrish, F. E. Hebert Center. 1999 A. Danielson-Fran^ois 

Linyphiidae 

Linyphia clathrata (Sundevall) Maryland: Harford County, Pylesville, Eden 

Mill. 2000 A. Danielson-Fran9ois 

Linyphia triangularis (Clerck) 27311 Germany. Nordrhein-West-falen: Laasphe 

1977 H. Zibrowius 

Tetragnathidae 

Nephilinae 

Nephila clavipes (Linnaeus). Louisiana. Bayou LaForche, Belle Chase Parrish, 

F. E. Hebert Center. 2000 A. Danielson-Fran^ois 
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Nephilengys cruentata (Fabricius) 27321 Brazil est. Sao Paulo: Sao Jose de 

Campos. 1987 Dr. Rambaud 

Metinae 

Metellina curtsi (McCook) 27295 Washington. Clallam County. 1984 W. P. 

Maddison 

Metabus gravidas (O. Pickard-Cambridge) 21222 Costa Rica: Monteverde 1970 

Ruth Buskirk 

Tylorida striata (Thorell) 27324 New Guinea Morobe Prov. Wau; 1979 H. 

Levi, Y, Lubin and M. Robinson 

Zygiella X-notata (Clerck) 27317 Oregon: Linn County. 1978 M. LaBrie 

Zygielia atrica (C. L. Koch) 27314 Massachusetts: Essex County. 1969 H. Levi 

Chrysometa zeiatopa (Keyserling) 27233 Ecuador: Vn Chiles 2000/3100 M 

1985 L. Peiia 

Chrysometa alboguttata (O. Pickard-Cambridge) 27299 Colombia Valle: Lago 

Calima 1973 W. Eberhard 

Chrysometa species (89-028WM) Ecuador: Pinchincha: Maquipucuna Reserve 

1989 W. Maddison 

DoUchognatha pentagona (Hentz) South Carolina: Oconee County. 1998 G. 

Bodner 

Leucauge venusta (Walckenaer) Louisiana. Bayou LaForche, Belle Chase 

Parrish, F. E. Hebert Center. 1999 A. Danielson-Fran^ois 

Tetragnathinae 



89 

Tetragnatha elongata (Walckenaer) Maryland. Harford County: Bush River. 

1997 A. Danielson-Fran^ois 

Tetragnatha versicolor (Walckenaer) Arizona. Patagonia, TNC. 1996. A. 

Danielson-Franfois 

Tetragnatha laboriosa (Hentz) Arizona. Patagonia, TNC. 1996. A. Danieison-

Fran^ois 

Glenognatha emertoni (Simon). Arizona. Sierra Vista, Huachuca Mts, Garden 

Canyon. 1999. A. Danielson-Fran^ois 
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APPENDIX B 

FEMALE MATING HISTORY INFLUENCES COPULATION BEHAVIOR BUT NOT 

SPERM RELEASE IN THE ORB-WEAVING SPIDER TETRAGNATHA VERSICOLOR 

(ARANEAE, TETRAGNATHIDAE). 
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'Department of Ecology and Evolutionary Biology, University of Arizona, Tucson. AZ 

^Center for Insect Science, University of Arizona, Tucson, AZ 
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ABSTRACT 

We examined copulation behavior and sperm release in relation to female mating history 

in the haplogyne spider Tetragnatha versicolor. Males exhibited significant behavioral 

differences during copulation with virgin and non-virgin females in the frequency and 

duration of pedipalp insertion and the overall duration of copulation. Although males 

were as likely to mate non-virgin as virgin females, during mating, males showed twice 

as many pedipalp insertions and half the copulation duration with non-virgin as compared 

to virgin females. Despite overt behavioral differences, the numbers of sperm released to 

virgin and non-virgin females did not significantly differ. Males released half of the 

sperm contained within their pedipalps, regardless of female mating history. We suggest 

the numbers of sperm released might explain the unbiased paternity with respect to male 

mating order in this species. 

KEY WORDS: Sperm release, copulation duration, sexual selection, arthropod, spider 
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INTRODUCTION 

Sperm competition occurs when sperm from more than one male compete for a 

given set of ova (Parker, 1970). Males who produce large numbers of sperm often have 

the advantage in sperm competition (Parker 1982, 1984, 1993) when sperm mix 

randomly within female sperm storage organs (e.g. Martin, et al. 1974; Simmons, 1987; 

Wedell, 1991) or displace previous males' ejaculates (Parker & Simmons, 1991; 

Simmons & Parker, 1992). Depending on the underlying mechanism of sperm 

competition, a male's fertilization success will typically increase with the number of his 

sperm stored within a female relative to those of other males (Parker et al., 1990). When 

sperm release is proportional to copulation duration, males that copulate longer have 

higher fertilization success (Parker 1984; Dickinson, 1986; Rubenstein, 1989; 

Schwagmeyer and Foltz, 1990; Parker and Simmons, 1991; Simmons and Parker, 1992; 

Elgar, 1998; Parker and Simmons, 2000). Copulation may serve functions in addition to 

the release of sperm, such as copulatory courtship (Eberhard, 1996; Ward, 1993) and 

implementation of sperm competition avoidance mechanisms (Parker, 1970, 1984; 

Waage, 1979; Smith 1979; Gage, 1992; Harshman and Prout, 1994; Dickinson 1995; 
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reviewed in Simmons and Siva-Jothy 1998). Such activities might vary with female 

mating history, and would tend to limit the relationship between copulation duration and 

sperm release. Studies that examine the relationship between natural variation in 

copulation behavior and numbers of sperm released via direct counts are relatively rare 

(but see Rtnick and Markow, 1994; Cook and Gage, 1995; Markow, 1996; Bukowski and 

Christenson, 1997; de Jong et al., 1998; Wedell and Cook, 1999; LaMunyon 2000; Snook 

and Markow, 2001) and yet quite useful in interpreting the mechanisms underlying 

paternity patterns (Cook et al., 1997; Simmons and Siva-Jothy, 1998). 

We examined copulation duration and male sperm release directly by quantifying 

the amount of sperm released to virgin and mated females in the orb-weaving spider 

Tetragnatha versicolor (Walckenaer). Spiders are unusual in that they exhibit indirect 

sperm transfer, that is, sperm are transferred from the testes, which are located in the 

abdomen, to modified appendages, pedipalps, located on the prosoma (Montgomery, 

1903). Consequently, all sperm available for transfer during mating are readily 

quantifiable. One can compare the quantity of sperm in the pedipalps of unmated males 

with those of mated males and determine the numbers of sperm released to the female. 

Selection on sperm release patterns via sperm competition might be expected to be 
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common in spiders. Spider taxa are predisposed to sperm competition because females of 

many species often mate with multiple males and store sperm for an extended period of 

time (Austad, 1984). 

Female spiders have sperm storage organs which can be generally divided into 

two morphological categories, entelegyne and haplogyne, although intermediates exist 

(Wiehle, 1967; Uhl and Vollrath, 1998). Entelegyne spiders store sperm in their 

bilaterally paired spermathecae, sclerotized sperm storage organs that have separate 

insemination and fertilization ducts (Austad 1984). The relative numbers of sperm 

released by two males to mate with a female appears to be a primary factor determining 

paternity patterns in entelegyne spiders (Christenson, 1990; Suter 1990; Vfasumoto, 1993; 

Andrade, 1996; Bukowski and Christenson, 1997; Elgar et al., 2000; Schneider et al., 

2000; Bukowski et al., in press; but see Watson, 1990). In some cases, paternity is 

positively correlated with copulation duration, which suggests that sperm release is 

directly related to copulation duration and, in addition, female mating history does not 

influence copulatory behavior (Andrade, 1996; Elgar et al., 2000; Schneider et al., 2000). 

Yet in other cases, copulation duration is not related to the numbers of sperm released; 

however, female mating history does influence copulatory behavior (Austad, 1982; 
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Christenson, 1990; Bukowski and Christenson, 1997; Bukowski etal., in press). Males 

in these latter cases copulate with non-virgin females, yet few or no sperm are 

transferred, yielding a bias in paternity towards the first male. 

Haplogyne spider taxa have been less studied and the relationships between 

copulation duration and paternity are less clear. Most haplogyne spiders store sperm in 

cul-de-sac spermathecae which have only one duct for both insemination and fertilization 

(Austad 1984). Exceptions are the Pholcidae, which do not have spermathecae but rather 

store sperm embedded in female glandular secretions discharged from the posterior wall 

of the female genital cavity (Uhl, 1994, 1996; Uhl et al., 1995; Yoward, 1998; Huber and 

Eberhard, 1997; Kaster and Jakob, 1997). Three haplogynes show last-male biased 

paternity (Kaster and Jakob, 1997; Yoward, 1998; West and Toft, 1999) while one other 

shows a paternity pattern not biased with respect to male mating order (Eberhard et al., 

1993). Copulation duration is known for three of these species, two with a last-male 

biased paternity and one with unbiased paternity and in all cases the second male 

copulates for shorter duration than the first male (Kaster and Jakob, 1997; Eberhard et al., 

1993; Yoward, 1998). The mechanism underlying the significant paternity advantage of 

the last male is unclear. Two species, one with a paternity biased toward the second male 
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and one with paternity unbiased with respect to male mating order show sperm extrusion 

during or immediately after copulation (Uhl et al., 1995; Huber and Eberhard, 1997). 

Sperm release patterns have not been studied in any haplogyne spider. Consequently, it 

is difficult to generalize relationships between female mating history, copulation 

behavior, and sperm release in haplogyne spiders. 

We presented male Tetragnatha versicolor (Walckenaer) to virgin and mated 

females, and documented variation in the copulation duration, and the numbers of sperm 

released. Preliminary data on the haplogyne T. versicolor revealed that paternity is 

unbiased with respect to male mating order (P, =0-47±0.08; Danielson-Fran^ois, unpubl. 

data), rather than last-male biased as has been seen in the congener T. extensa (West and 

Toft, 1999). Given that T. versicolor has an unbiased paternity pattern, we predicted that 

males would release equivalent amounts of sperm. In order to understand what paternity 

pattern would be predicted for each mated female in the study, we used the relative 

number of sperm released by the first and second male to predict what paternity pattern, 

Pj (sensu Boorman and Parker, 1976), would be expected from sperm release alone. 
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METHODS 

Tetragnatha versicolor were collected along streambeds in Garden and Ramsey 

Canyons in the Huachuca Mountains in Southeast Arizona. The collection sites are 

characterized as mid-elevation riparian areas with permanent streams. Adults have been 

observed mating in the field throughout the summer and fall seasons (Danielson-

Fran^ois, unpublished data). Juvenile males and females were collected between 

November 1998 and October 1999, and brought into the laboratory and held in 20 ml 

polystyrene vials. Spiders were fed ad lib. daily on houseflies (Musca domesticd) and 

walnut flies (Rfiagoletis juglandus). The animals were observed daily for molting and the 

date molted was noted. 

Procedures for Staged Matings 

Males were at least three days post-molt before being used in staged matings to 

ensure they had inducted sperm into their palps. Virgin (A^=22) and non-virgin (yv=l9) 

females were first presented males between five and 31 days of molting to adulthood. 
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Virgin and non-virgin females did not significantly differ in age (F,j22=0.91, P=0.35). 

Age was defined as the number of days since the fmai molt, including the first day. All 

but three females were mated twice and are included in both the virgin and non-virgin 

categories. Of the three females that were included only in the virgin category, two laid 

eggs during their 48 hour remating interval and thus were not used for a second mating, 

and the other was inadvertently mated to a male that had only one functional palp and 

was removed from the study. 

E^or to mating, females were individually placed into glass aquaria (30.5 X 15.0 

X 20.5 cm) containing about 2 cm of water and several twigs. Females were allowed 

about 5 min to settle onto one of the twigs and then a male was randomly selected and 

placed onto the twig nearest the female. All encounters were videotaped with a macro 

lens (Micro Nikkor Nikon 105mm) on a NEC color CCD camera model NX ISA mounted 

on a bogen ball head and attached to a wooden platform. While recording, live signal 

was displayed on a video monitor resulting in '^20x magnification. Staged encounters 

were terminated when the spiders disengaged their chelicerae. This indicates the end of 

sexual interaction as pairs have never been observed to immediately re-couple after 

cheliceral disengagement (Danielson-Fran^ois, personal observations). If mating with a 
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virgin or non-virgin female did not occur within 15 min, the male was removed and the 

female was presented another male until mating occurred. With the exception of one 

male, all males and females mated. Immediately after cheliceral disengagement, males 

were removed from the aquarium, killed by hypothermia and tibia-patella I length was 

measured. Thus, males were unable to re-fill their palps with sperm after mating. 

Videotapes were later transcribed and we recorded latency to mating (in s), which 

palp was inserted (left and right), duration of palp insertion (in s), number of insertions, 

and total time spent in copula. Mating was defined as the total series of palp insertions 

from initial cheliceral engagement until cheliceral disengagement, after which the male 

departs the female. Palp insertion was defined as the complete insertion of the embolus 

into the female's gonopore that was followed by at least one full inflation and deflation of 

the hematodochae of the palp. The video recording method allowed us to see the 

embolus being inserted and each inflation thereafter. Insertions were distinguished from 

flubs, where the male would scrape his palp along the female's gonopore and release the 

embolus but not inflate the hematodochae. Videotapes were also carefully examined for 

the presence of sperm extrusion from the female's reproductive tracL 
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Procedures for Sperm Quantification 

In order to characterize sperm release patterns in relation to female mating 

history, we first examined virgin males to determine the typical number of sperm a male 

has prior to copulation. We quantified the number of sperm in the palps of virgin males 

(A^=18) over the course of the study period. To determine the number of sperm released, 

we compared sperm counts obtained from virgin males with those in palps of mated 

males. 

The methods for quantifying sperm in palps were based on a modification of the 

methods of Bukowski and Christenson (1997). Palps were removed by cutting through 

the palpal femur under a dissecting microscope. Right and left palps were then labeled 

and kept separate. Each organ was placed in a 1.5-ml polypropylene centrifuge tube 

(Brinkman) with 400 ftl of a solution of 1ml of 0.9% saline and 10 ftl of 10% Triton-

XI00 detergent drawn from a common stock. Sperm tended to aggregate and treatment 

with detergent facilitated a homogeneous distribution within a sample. Each organ was 

ground with forceps, and centrifuged at 1000 g for 10 min. Within 5 min, the samples 

were ultrasonicated using a Branson sonicator with a 3.2 mm probe at a low level 



102 

(approximately 2% of total power output) for about 20 s. The preparations were then 

vortexed for approximately 10 s and a sample was immediately drawn and placed on a 

hemacytometer. Sperm were then counted under a light microscope at X400. All of the 

values reported are estimates of total numbers of sperm in the palps based on linear 

extrapolations of actual counts to the total sample volume. All summary statistics of 

continuous variables are reported throughout the Results section as x ±SE. 

RESULTS 

Patterns of Copulatioii Behavior 

Overt courtship in T. versicolor appeared very subtle or non-existent, contrary to 

that seen in most orb-weaving spiders (LeSar and Unzicker, 1978; Robinson and 

Robinson, 1980; Robinson, 1982) but similar to Tetragnatha elongata (Danielson-

Fran^ois et al., in press). Once a male contacted an accepting female, they immediately 

paired. Pairing involved engaging their chelicerae by vigorously grappling to interlock 

cheliceral fangs and assuming a ventral-to-ventral mating position. The male then used 
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his 3*^ pair of legs to contact the female's abdomen and often moved her into position, 

sometimes even shaking her until he successfully inserted his palp. During mating, the 

male inserted his left and right palps sequentially into the female's reproductive tracts, 

and while inserted the hematodochae inflated and deflated repeatedly. In most cases, 

each palp was inserted more than once. Sperm extrusion from the female was not 

observed during any staged mating. 

Female mating history did not influence the likelihood that the pair would mate. 

Encounters between males and virgin females (22 of 26) and non-virgin females (19 of 

22) were just as likely to result in copulation (X2=0.1573, df=l, P=0.99). Of the spiders 

that mated, all but two engaged chelicerae within 30 s upon placement into the aquaria. 

The two males required 3.5 (with non-virgin female) and 5.0 min (with virgin female), 

respectively, prior to chelicerai engagement. 

Female mating history significantly influenced number of palp insertions, 

duration of individual insertions and overall copulation duration. Overall, males spent 

nearly twice as long in copula with virgin than non-virgin females (Fij2=9.97, P=0.0035; 

Figure la). Palp insertions with virgin females (199 ±12 s, yv=71) were significantly 

longer in duration than those with non-virgin females (68 ±10 s, yv=94; Fi ,63=71.20, 
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P^.OOOl). Yet, males made significantly more palp insertions with non-virgin than 

virgin females (F,j9=8.l6, P=0.0079; Figure lb). Total copulation duration was not 

significantly related to male and female body size or age for either virgin or non-virgin 

females (P-values ranged from 0.16 to 0.98, Table I). 

Female mating history significantly influenced the duration of palp insertion: 

virgins had insertions of longer duration than non-virgins. Upon visual inspection of the 

data, the overall distribution in duration of palp insertion appeared bimodal with one 

cluster less than ISO s (described as short) and the other greater than ISO s (described as 

long; Figure 2). While palp insertions with virgin females tended to be long in duration 

(41 of 71), insertions with non-virgin females tended to be short in duration (89 of 94; 

Rsher's exact test, P^.OOOI; Figure 2). Rrst insertions with virgins were, on average, 

three times longer than those with non-virgins (F|j,=lS.67, P=0.0004;1S1 s, yv=20; 

and S3 ±8 s, N=3, respectively). This trend continued with the second insertions, which 

were also longer in duration for virgins than non-virgins (F,j,=4.39, P=0.0445; 239 ±32 

s; and 71 ±17 s, respectively). For all females, there was no difference in the sum total of 

insertion duration between the first and second palp used (F,_j,=0.67, P=0.42). When 

males mated virgin females, about half showed short duration first insertions followed by 
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a long duration insertion of the opposite palp and a long insertion of the initial palp 

before the mating ended. The remaining half showed an initial long duration palp 

insertion followed by a long duration insertion of the opposite palp, and occasionally, 

additional long palp insertions. When males mated non-virgin females, all first palp 

insertions were short in duration and followed by many repeated short insertions with 

both palps. Considering only the first insertion of the first palp used, those with virgin 

females were as likely to be short (A^=l I) as long (^=11) while those with non-virgin 

females were all categorized as short (yv=17; virgin vs. non-virgin. Fisher's exact test, 

P=0.0002). The initial insertion was not captured on videotape for two non-virgin 

females due to movement during mating obscuring the mating pair until the camera was 

re-adjusted. Considering all palp insertions, those with virgin females were significantly 

longer in duration than those with non-virgin females (F, ,63=71.20, P^.OOOl). 

Female mating history significandy influenced the number of palp insertions: 

more insertions were seen with non-virgins than virgins (F,^=8.16, P=0.0079; Rgure 

lb). The number of times a given palp was used during mating was highly dependent on 

the duration of the first insertion for that given palp. When the first insertion was short 

(<150 s) the palp was always used again (^=45) and when the first insertion was long 
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(>150 s), the palp was rarely used again (6 of 31; Rsher's exact test, P^-OOOl). All non-

virgins had short first insertions and had more insertions overall. Palp insertion almost 

always proceeded in a stricUy alternating pattern. Two males were clearly outliers in the 

number and pattern of insertions; one male did not follow the typical alternating pattern 

and repeatedly inserted its right palp while another male inserted his palps 26 times, 

rather than two to eight as was typical and neither male was included in the analyses of 

insertion number. Males usually completed mating with a given female using the same 

palp that they used initially, thus first palps were used once more than second palps 

(F,_29=23.0I, P^.OOOl). This trend of inserting the first palp more often than the second 

was not significantly different between virgin and non-virgin females (F,^=l.27, 

P=0.27; Figure lb). The overall number of insertions was not significantly related to 

male and female body size or age for either the virgin or the non-virgin females (P-values 

ranged from 0.16 to 0.99, Table I). 

Patterns of Sperm Release 
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Despite differences in the total duration of copulation and the number of palp 

insertions, the number of sperm released by males to virgin and non-virgin females did 

not differ significantly (P>0,05). Males released about half of the sperm contained 

within their palps to a female, regardless of her mating history (Figure 3). The estimated 

total sperm contained within individual palps of virgin males ranged from 385 xlO^ to 

1673 xlO' sperm and for palps combined ranged from 923 x 10^ to 2901 xlO^ sperm. For 

virgin males, body size was positively, but not significantly, correlated with total sperm 

number (left + right palps) contained within the palps (r=+0.44, F, ,6=3.92, P=0.0653). 

Larger males tended to contain more sperm within their palps than smaller males. Total 

sperm number for virgin males was not significantly related to male age (r=-K). 17, 

F, ,0=0.28, P=0.6l). Furthermore, the number of sperm in the left palp was significantly 

correlated with the number of sperm in the right palp (r=+0.54, F, ,6=6.55, P=0.0210). 

A comparison of the number of sperm contained within the palps of virgin males 

and males that mated with virgin or non-virgin females revealed a significant difference 

among the groups (F2.47=l 1.94, F^.(XX)1; Rgure 3). There was no overall significant 

difference in sperm number found in palps used first or second in copulation for mated 

males or left and right palps for virgin males (F, 47=0.12, P=0.73). Type of mating 
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experience (unmated, virgin female, and non-virgin female) interacted with order of palp 

usage (first and second) to significantly influence the number of sperm remaining in the 

palps (F,47=4.40, /'=0.0L78; Figure 3). Males mating with virgin or non-virgin females 

had slightly more sperm in the first than second paip used, while virgin males had slightly 

more sperm in the right than the left palp. Newman-Keuls post-hoc tests revealed that 

virgin males had significantly more sperm contained in their palps than males mated to 

virgin or non-virgin females (both P-values <0.01). However, the palp sperm content of 

males mated to virgin or non-virgin females did not differ significandy (P>0.05). An 

analysis of the total sperm remaining in the palps (left + right palps) also showed a 

significant overall difference among virgin males and males that mated with virgin and 

non-virgin females (F2.jg= 12.45, P^.OOOl; Rgure 3). Newman-Keuls post-hoc tests also 

revealed significant differences between virgin males and both males with virgin females 

and males with non-virgin females (both P-values <0.0l) and no significant difference 

between males with virgin and non-virgin females (P>0.05). 

The total duration of copulation was not significantly related to the number of 

sperm remaining in the palps after copulation with virgin or non-virgin females (both P-

values > 0.20; Table I). Similarly, the number of palp insertions was not significandy 
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related to the number of sperm remaining in the palps after copulating with virgin or non-

virgin females (both P-values > 0.82; Table I). The number of sperm remaining in the 

palps after copulation with virgin or non-virgin females was not significantly related to 

male or female body size or age (P-values ranged from 0.23 to 0.97, Table I). 

DISCUSSION 

Male T. versicolor released equivalent numbers of sperm to virgin and non-virgin 

females despite striking differences in copulation behavior. Although males were as 

likely to mate non-virgin as virgin females, males showed twice as many palp insertions 

and half the copulation duration with non-virgins as compared to virgins. Clearly, total 

copulation duration is not proportional to sperm release in T. versicolor. Males 

apparently gain information about female mating history as indicated by the differences 

in copulation behavior. These findings suggest that copulation behaviors may serve 

functions beyond sperm release in T. versicolor. 

This is the first spider studied where males release equivalent numbers of sperm 

to females regardless of their mating history. Releasing equivalent numbers of sperm 
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regardless of the male's mating order (i.e., female's mating history) has been modeled by 

Parker (1998) to exist as an ESS when there is a loaded raffle and males have perfect 

information about their role although males are randomly either in the favored or 

disfavored role (Parker, 1998). However, in a fair raffle, releasing equivalent numbers of 

sperm whether the male is the first or second to mate is predicted when the sperm 

competition intensity increases beyond two ejaculates in direct competition regardless if 

males have perfect information or no information about the average ejaculate expenditure 

in a population (Parker, 1998). Such a release pattern would also indicate that females, 

on average, mate with more than two males. 

Not only do the two male T. versicolor mated to a given female release 

approximately equivalent numbers of sperm, but they also release approximately half of 

the sperm contained within their palps. It is unclear why males do not release their full 

ejaculate. Males clearly have the capacity to release more sperm during mating because 

approximately half of the ejaculate remained in the palps. Males of at least one related 

tetragnathid species release their entire ejaculate during copulation {Nephila clavipes, 

Christenson 1989; Danielson-Fran^ois, unpubl. data) but are limited to this one ejaculate 

(Christenson, 1989). T. versicolor are apparently not as limited in total sperm numbers. 
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as they are able to refill the palps with sperm after copulation and thus have at least one 

new ejaculate for future mating opportunities (Danielson-Fran^ois, unpubl. data). How 

males apportion their sperm among females depends on the average number of mates that 

both males and females will obtain over their lifetime, the number of sperm a male can 

produce and the level of sperm competition (Parker, 1998). Once again, Parker's (1998) 

models reveal that as the sperm competition risk increases above two ejaculates in direct 

competition, there should be a decrease in ejaculate expenditure and, therefore, would be 

allocated equally across females, irrespective of female mating history or local 

competition. It may be that releasing half of the sperm within their palps is the optimal 

male strategy, if there is a high level of sperm competition risk in the population. 

Under some conditions, male T. versicolor might release their entire ejaculate. 

Males in several taxa release greater numbers of sperm in the presence of other males 

(Bellis er a/., 1990; Gage, 1991; Gage and Baker, 1991; Simmons era/., 1993). Multiple 

males of T. versicolor have been observed competing for access to a single female 

(Danielson-Fran^ois, pers, obs.). Perhaps male T. versicolor act similarly and release 

their entire complement of sperm when mating in the presence of another male. Our 

method of presenting males sequentially, rather than simultaneously, may have precluded 
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such a finding. Full sperm release might be expected when two male spiders compete for 

a female and mate in rapid sequence and has been predicted by game theoretical models 

(Parker. 1998). Full sperm release might also be expected when females are gravid and 

nearing oviposition, as male preference for gravid females has been shown in the 

congener T. elongata (Danielson-Fran^ois, et al., in press). 

That males release equivalent amounts of sperm suggests that sperm competition 

alone could generate mixed paternity, as has been seen in this species (Danielson-

Fran9ois, unpubl. data). Given the relative sperm release by each male to a given female, 

we estimated the P, value predicted for each female in this study. We estimated the 

relative numbers of sperm released to the female by the first and second male mated to a 

particular female and determined the P, values for each female based on the sperm 

release patterns. The number of sperm each male released was estimated by subtracting 

the total number of sperm remaining in the palps after mating from the mean total 

number of sperm contained within the palps (left + right) of unmated males. From the 

estimates of numbers of sperm released, we then calculated the predicted P, values, that 

is the predicted percentage of offspring sired by the second male to mate. Using the 

convention of Christenson and Cohn (1988), we categorized predicted paternity patterns 
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as first-male biased (P, ̂  0. 33), mixed paternity {P2=0. 33 - 0.66), and second-male 

biased iP2^.66). The sperm release data suggest that most double matings will result in 

mixed paternity (N= 14) while a few will result in first iN=2) or second (N=3) male 

biased paternity patterns. The few cases of predicted first or last-male advantage may be 

explained by males of different sizes being mated to the same female. A trend exists that 

larger males have more sperm in their palps and, therefore, would release more sperm 

during mating than smaller males. In the cases where first or second male advantage was 

found, larger males always had the advantage regardless of male mating order. When 

males of equivalent size (and equivalent ejaculate size) are mated to a female, mixed 

paternity would result Overall, predicted values averaged 0.50 ±0.05 (yv=l9), a value 

which compares favorably with paternity values obtained in this species (P2=0.47±0.08; 

Danielson-Frangois, unpubl. data). 

The differences in copulation behavior seen with virgin and mated females might 

reflect differences in requirements for storing sperm. Male T. versicolor appear to gain 

information about female mating history: they deliver a greater number of insertions of 

much shorter duration when mating with non-virgin females. The trend toward males 

with virgin females showing a short initial insertion followed by a long insertion with the 
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opposite palp, suggests that half of all males do not receive or differentially act on 

information about the female's virgin status until they have gained copulation experience 

with both of her reproductive tracts. Female secretory processes related to reproduction 

may be dependent on copulatory stimulation (e.g. Eberhard, 1996) and virgin females 

might require different patterns of stimulation to initiate this process. Copulation 

behavior might influence the sperm storage process as it does sperm uptake and storage 

in another spider (Bukowski and Christenson, 1997). The greater frequency of insertions 

when mating with non-virgin females may also reflect re-positioning of the first male's 

sperm. Future studies should examine how copulation behavior relates to sperm use in 

this species. 

Male T. versicolor release equivalent amounts of sperm to females, regardless of 

female mating history; however, overall copulation duration is not directly proportional 

to sperm release in T. versicolor. Copulation duration is probably equivalent to sperm 

release up to the point in time where sperm release is complete, and after this point 

copulation is serving functions beyond sperm release. Future studies should determine 

how predicted P2 based on relative sperm release accurately reflect observed P2 values 

from paternity studies. The ability to measure sperm release provides an excellent 
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situation for testing the underlying mechanisms of sperm competition (see Cook et al. 

1997) in this species. 
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Table I. Correlation coefficients (AO for relationships between size and age and total 

number of insertions, total duration of copulation and total sperm remaining in palps after 

mating with virgin or non-virgin females. None of the relationships were significant (all 

/*-values >0.20). 

Female 

History 

Sex Regressor # Copulations Duration of Total Sperm 

Copulation Remaining 

Virgin Male 

Female 

Non-virgin Male 

Female 

Age 

Size 

Age 

Size 

Age 

Size 

Age 

<0.001(9) +0.19(10) +0.41(10) 

+0.33 (20) +0.20 (22) +0.10 (22) 

+0.03(13) +0.01(13) -0.02(14) 

+0.11(17) +0.01(18) -0.28(18) 

+0.37(12) +0.42(12) +0.19(13) 

+0.21(17) +0.05(18) +0.01(19) 

+0.51(13) +0.41(13) +0.48(14) 

Size +0.26 (14) +0.25 (15) +0.01(16) 
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RGURE LEGENDS 

Rgure 1. Mean (±SE) total duration (la) and number of palp insertions (lb) for the first 

and second palps used in mating as well as for both palps combined for males copulating 

with virgin (A^=22) or non-virgin (A^=19) T. versicolor females. Males showed a lower 

number of palp insertions of longer duration with virgin females and a greater number of 

palp insertions of shorter duration with non-virgin females. 

Figure 2. Frequency distribution of the duration of all palp insertions with virgin (2a. 

yv=7l) and non-virgin (2b, Afe94) female T. versicolor. Overall, insertion duration was 

bimodal. Most palp insertions with virgin females were relatively long (>150 s) while 

with non-virgin females most insertions were relatively short (<1S0 s) in duration. 

Rgure 3. The mean (±SE) number of sperm (Ix 10^) remaining in first and second palps 

used in copulation and both palps combined (total) after male T. versicolor mated with 

virgin or non-virgin females as well as the sperm contents in the palps of virgin males. 

For virgin males, left palps were cast as first palp used while right palps were cast as 
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second palp used. Males released about half the sperm contained in their palps regardless 

of whether mating with virgin or non-virgin females. 
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APPENDIX C 

CAUSES OF VARIATION IN PATERNITY: DIFFERENTIAL SPERM RELEASE 

VERSUS SPERM STRATIHCATION IN TWO ORB-WEAVING SPIDERS. 
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ABSTRACT 

Paternity patterns, measured as the proportion of offspring sired by the last male to mate 

are typically variable both within and between species. There are three main 

hypotheses to explain variation in paternity patterns: (i) sperm precedence resulting from 

sperm stratification via the morphology of the female sperm storage organs (SSO), (ii) 

numerical sperm competition, and (iii) cryptic female choice. The mechanisms 

underlying these three hypotheses are only partly understood due to the difficulty of 

separating the influences of female SSO morphology, male sperm release, and cryptic 

female choice. This study examined the role of female SSO morphology and differential 

sperm release in explaining variation in paternity patterns for orb-weaving spiders. Two 

orb-weaving spiders within the family Tetragnathidae were chosen because of differences 

in female SSO morphology and male mating behavior. A subset of males was irradiated, 

generating marked males for use in the mating studies. Sperm release by each male to his 

mate was quantified and used to generate paternity predictions. The observed paternity 

patterns were quantified by counting hatched and unhatched offspring for each egg sac 

laid. Overall, sperm release predictions for both species indicated sperm mixing would 

be common. Individual cases of first- or last-male advantage were also predicted for a 
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few females based on relative sperm release between males. Overall, observed paternity 

matched the sperm release predictions, suggesting that sperm mixing is conmion. Male 

mating order did not influence paternity; female SSO morphology did not influence 

paternity in either species. There was a wide range in found in this study that is 

discussed in relation to differential sperm release by males. 

KEY WORDS; Sperm competition, release, precedence, P,, Tetragnathidae 
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INTRODUCTION 

Sperm competition, defined as the competition of the ejaculates of two or more males for 

the fertilization of a given set of ova, has been part of sexual selection theory since its 

introduction by Parker (1970a). Parker shifted the focus on male mating success from 

premating to postmating success by focusing on variance in paternity success. Variance 

in paternity success has been studied in many taxa with internal fertilization (Smith 1984, 

Birkhead and Moller 1992, Eberhard 1996). Typically, such studies involve females 

mated to two males and the outcome of sperm competition is measured as the proportion 

of the eggs fertilized by the last of the two males to mate {P;, sensu Boorman and Parker 

1976). Uniform mixing of ejaculates is rarely seen such that a precedence pattern, either 

first-male or last-male priority, is common (Simmons and Siva-Jothy 1998). The main 

precedence pattern observed in insects is a last-male advantage pattern (Parker 1970a, 

1984; Gwynne 1984; Birkhead and Moller 1998). However, nearly all species show an 

extremely wide, and as yet unexplained, intraspecific range of variation in precedence 

pattern the origin and significance of which is unknown (Lewis and Austad 1990, 

Simmons and Siva-Jothy 1998). When testing for the presence of a particular mechanism 
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of sperm competition, it is necessary to first generate a predicted distribution of P, values 

to compare against observed P2 values from the experiment. If the two distributions 

match, there is circumstantial evidence supporting the hypothesized mechanism of sperm 

competition (see appeal by Cook et al. 1997). 

There are three major hypotheses for explaining variation in paternity patterns. 

Rrst, variation in paternity results from sperm competition (Parker 1970a). Theory 

predicts that the production of large numbers of sperm is an advantage in sperm 

competition when sperm mix randomly within the female sperm storage organs (SSO) or 

when males displace previous males' ejaculates (Parker 1984, 1990, 1993, 1998). Males 

may adjust their sperm release when the risk of sperm competition is higher (Baker and 

Beilis, 1989, 1993; Bellis etal., 1990; Gage, 1991; Gage and Baker, 1991; Simmons et 

al., 1993; Cook and Gage, 1995), which could provide a mechanism for the prevalence of 

last-male advantage in insects. Second, paternity patterns result from sperm stratification 

via the morphology of the female SSO. Walker (1980) argued that female sperm 

utilization strategies may generate precedence, for example, by the gross morphology of 

the SSO such that tubular SSO promote sperm displacement favoring last-male advantage 

and spherical SSO promote displacement favoring first-male advantage or mixed 
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paternity. Third, variation in paternity arises from sexual conflict over fertilization 

resulting in postmating prezygotic (cryptic) female choice and/or male manipulation of 

female processes (Thorahill 1983, Eberhard 1996, Rice 1996; Holland and Rice 1997; 

Eberhard 1998). It is extremely difficult to demonstrate tlie effect of cryptic female 

choice on paternity success independent of the effects of sperm competition, but a few 

well-planned studies have done so (reviewed in Eberhard 1996; LaMunyon and Eisner 

1993; Dickinson 1997; but see Eberhard 1998). 

Distinguishing between these underlying mechanisms and their potential 

interactions within a species can be exceedingly difficult, as female SSO morphology is 

not highly variable within a species. A comparative approach may reveal the impact of 

female SSO morphology on variation in paternity success. Leaving aside the difficulties 

of cryptic female choice for now, the ideal comparison would be between species that 

differ in the morphology of female SSO and where sperm release can be directly 

quantified. For some taxa the amount of sperm released to females can be quantified 

(e.g. Cohn 1990; Simmons et al. 1993; Gage 1994; Pimick and Markow 1994; Bukowski 

and Christenson 1997; Bukowski et al., 2001). A between- and within-species 

comparison would allow examination of the interaction of sperm stratification (via 
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female SSO morphology) and numerical sperm competition (via differential sperm 

release by males), two major hypothesized mechanisms underlying variation in paternity 

success. 

Variation in genitalic structures is common in spiders and genital morphology has 

been used by taxonomists since Simon (1892-1903) in his Histoire Naturelle des 

Araignees first divided the ecribellate higher spiders into two groups, the Haplogynae and 

Entelegynae. The differences in SSO morphology between entelegynes and haplogynes 

inspired Austad's (1984) hypothesis that entelegynes ought to exhibit first-male 

advantage whereas haplogynes ought to exhibit last-male advantage. Entelegyne spiders 

have separate insemination and fertilization ducts that form a conduit reproductive tract 

(Figure la) and are thought to promote first-male advantage via sperm stratification such 

that the first sperm stored is the first to be used in fertilization (Austad 1984). Haplogyne 

spiders have cul-de-sac shaped reproductive tracts, with one common insemination and 

fertilization duct (Rgure lb) which is thought to promote last-male advantage if sperm 

are stratified within the female SSO such that the last sperm stored are the first to be used 

in fertilization (Austad, 1984). Austad's hypothesis requires sperm stratification within 

SSO of haplogynes and entelegynes. If there is no stratification and equivalent-sized 
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ejaculates mix uniformly, regardless of SSO morphology, the result would be no 

precedence (Rgure 1). 

Criticisms of the Austad (1984) hypothesis exist (Uhl and Vollrath, 1998) but 

tests of this hypothesis continue (Yoward, 1996; West and Toft, 1999). Arguments 

against the hypothesis depend on detailed knowledge of spermathecal morphology, which 

is poorly known for many species used in behavioral studies, and on sperm release 

behavior, which is also poorly known for many species used in behavioral studies. The 

proximity of insemination and fertilization ducts in entelegynes could cause some species 

to be considered "functionally haplogyne" (Figure Ic, sensu Uhl and Vollrath, 1998). 

The nature of the cul-de-sac SSO may vary between haplogynes. Most haplogyne 

spiders store sperm in paired cul-de-sac spermathecae with the exception of the 

Pholcidae. The haplogyne E*holcidae store sperm embedded in female glandular 

secretions discharged from the posterior wall of a single, median genital cavity, 

considered analogous to the cul-de-sac morphology (Wiehle, 1967; Uhl, 1994, 1996; Uhl 

etal., 1995; Yoward 1996, 1998; Huberand Eberhard, 1997; Kaster and Jakob, 1997). 

While some entelegynes do exhibit first-male advantage and some haplogynes do exhibit 

last-male advantage, a range of values from 0-100% and mixed paternity success have 
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been found in all studied species (reviewed in Elgar 1998; Uhl and Vollrath 1998). The 

incredible variation in ^nay result from underlying differences in sperm release 

between males. Spermathecal capacity might also influence the amount of sperm stored 

from subsequent males. Despite the increasing number of spider species in which either 

first or last-male biased sperm precedence has been found, few studies have directly 

addressed how precedence might be related to the relative numbers of sperm released by 

the first and last males to mate. 

Differences in sperm precedence patterns should also affect mating systems 

(Smith 1984). The traits separating entelegynes and haplogynes are not limited to sperm 

precedence patterns and reproductive morphology- male mating behavior is also 

conspicuously different. Entelegyne males cohabitate with or guard penultimate and 

newly-molted females while not associating with mated females, which is consistent with 

a first-male paternity advantage (Austad 1984; Eberhard et al., 1993). Yet, the same 

"first-in, first out" paternity pattern observed in entelegyne species could also be 

explained by a pattern of sperm release where males release significant quantities of 

sperm to virgins and few or no sperm to non-virgins (Christenson, 1990; Suter 1990; 

Masumoto, 1993; Bukowski and Christenson, 1997; Bukowski et al., 2001) rather than 
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SSO morphology. Why later males would release few or no sperm to mated females 

needs to be explored in this case. Lower sperm release from subsequent males could 

result when the insemination duct is mechanically blocked, perhaps from an internal 

mating plug or damage to the insemination duct. Haplogyne males do not cohabitate 

with or guard immature females (Austad, 1984; Eberhard, et ai, 1993), which is 

consistent with a last-male paternity advantage. Fewer hapiogynes have been studied 

than entelegynes. Of the four haplogyne species examined, three show last-male biased 

paternity (Pholcidae: Kaster and Jakob, l997;Yoward, 1998; Tetragnathidae: West and 

Toft, 1999) while one shows a paternity pattern not biased with respect to male mating 

order (Pholcidae: Eberhard et aL, 1993). Yet, the "last-in, first-out" paternity pattern 

reported in hapiogynes (Yoward, 1996, 1998; Kaster and Jakob, 1997; West and Toft, 

1999) could also be explained by either greater sperm release by the last male to mate or 

removal of previous males' ejaculates by subsequent males. 

Following the comparative approach, 1 have chosen two related species of spiders 

that represent different female SSO morphologies with different predictions about mating 

behavior and paternity success. 1 have chosen one entelegyne and one haplogyne species 

within the orb-weaving spider family Tetragnathidae that differ in mate-guarding 
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behavior, Nephila clavipes and Tetragnatha versicolor. Nephila clavipes is an 

entelegyne and exhibits mate guarding of newly-molted females (Christenson and Goist, 

1979). Newly molted females are repeatedly mated and guarded by the same male for 

days before disappearing into the canopy and returning days later to construct a web, 

feed, and be mated by other males (Christenson, 1990). I chose to study Nephila clavipes 

because numerous studies have clearly demonstrated first-male priority in this species 

(Christenson and Cohn, 1988; Christenson, 1990). The first-male advantage reported for 

N. clavipes (Christenson and Cohn, 1988) has been shown to be related to relative 

numbers of sperm released as subsequent males rarely release all of their sperm. 

Subsequent males do not or cannot release a full ejaculate to previously mated females 

(Christenson and Cohn, 1988). It is clear that the lengthy and repeated copulations by the 

first male accomplish something beyond mere sperm release, which occurs within the 

first 15 min of the first copulation (Christenson, pers. comm.). The lengthy and repeated 

copulations (~20 minutes out of every hour for the first 48 hours) of the first male may be 

swelling the insemination ducts closed or damaging them such that sperm release by 

subsequent males is reduced (Christenson, 1990) during postmate guarding (Cohn et al., 

1988). In this species, the insemination ducts are heavily sclerotized, as are the 
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spermathecae. It has been noted by Higgins (1989) that the spermathecae inflate to a 

spherical shape and become more scierotized after mating. Tetragnatha versicolor is a 

haplogyne and does not guard or cohabitate with immature females (Danielson-Fran^ois, 

unpubl. data). This genera and its haplogyne sister genera are unusual because they are 

derived from within a group of entelegyne spiders, they underwent an independent 

reversal to the haplogyne spermathecal morphology (Levi, 1981). Sperm release in T. 

versicolor suggests that sperm mixing would be common, rather than last-male advantage 

(Danielson-Fran9ois and Bukowski, submitted). Paternity patterns have never been 

examined in this species, although last-male advantage was noted in the congener T. 

extensa (West and Toft, 1999). 

Male sperm release is readily quantifiable in spiders. Spiders are unusual in that 

they exhibit indirect sperm transfer, that is, sperm are transferred from the testes to 

modified appendages, pedipalps (palps), located on the prosoma (Montgomery 1903). 

This process is known as sperm induction and occurs after the male's final molt to 

adulthood (Foelix, 1996). Consequently, all sperm available for transfer during mating 

by virgin males are readily quantifiable. One can compare the quantity of sperm in the 

pedipalps of unmated virgin males with that remaining in the palps of mated males and 
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determine the numbers of sperm released to the female by the mated males (Christenson 

and Cohn, 1988; Bukowski and Christenson, 1997; Bukowski, etal., 2001). The sperm 

transfer of males should be influenced by the amount of precedence present, yielding 

testable predictions (Parker, 1990). In particular, Parker (1990, 1998) has predicted an 

evolutionary stable strategy for two males that 'know' whether they are the first or second 

to mate, but these roles are randomly assigned, then sperm numbers should be the same 

for both males whether the 'raffle' for fertilization is fair or unfair (but see Mesterton-

Gibbons, 1999; Lance and Chao, 2(X)1). 

Based on ejaculate stratification within SSO, Austad's hypothesis predicts N. 

clavipes will exhibit first-male advantage and T. versicolor will exhibit last-male 

advantage. In order to examine the influence of absolute numbers of sperm transferred 

on paternity success, I will take advantage of the unique natural history of N. clavipes by 

allowing first males only one copulation, which is sufficient for sperm release, thereby 

allowing subsequent males to release sperm to mated females without encountering 

obstructed insemination ducts. If paternity success depends upon relative numbers of 

sperm released by each male mated to a female, then differential sperm release should 

explain paternity success. These mechanisms could potentially interact, for example, if 
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stratification occurs it would overwhelm numerical competition if the ejaculates have 

similar amounts of sperm; on the other hand, if one ejaculate is far greater than another 

the effects of stratification may not be distinguishable from numerical sperm competition. 

The comparison of these mechanisms depends on knowing the absolute and relative 

numbers of sperm released by each male to each female in the study as well as the 

observed paternity success. 

METHODS 

CoUection and Rearing 

Nephila clavipes were collected along lagoons within the F. E. Hebert Center, 

Belle Chase, LA. The collection sites are characterized as hardwood bottomland forest. 

Adult males (A^=300) were collected in the field between two and three days after the 

final molt during sperm induction before they left their webs to search for females. They 

were then housed in large one foot square mesh cages in the field for three days to be 

allowed enough time to continue with sperm induction. After irradiation (see below) 

males were kept in the field in separate plastic cups with mesh lids and sprayed daily with 

water. Penultimate-stage females (A^=100) were collected one to two days before their 
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final molt from 4 July through 22 July 2000 and housed in one-foot square mesh cages in 

the field. Cages were checked twice daily for molting females and the time of the molt 

noted. Females were fed daily a diet of mealworms (6 medium Tenebrio molitor) and 

were supplemented with crickets and sprayed with water mist to keep them well 

hydrated. 

Tetragnatha versicolor (N—16 males, N=60 females) were collected along 

streambeds in Garden and Ramsey Canyons in the Huachuca Mountains in Southeast 

Arizona. The collection sites are characterized as mid-elevation riparian areas with 

permanent streams. Juvenile males and females were collected between August and 

December 2000, and brought into the laboratory and held in 20 ml polystyrene vials. The 

animals were observed daily for molting and the date molted was noted. Spiders were 

fed daily on equivalent amounts of houseflies {Musca domestica) and their vials scrubbed 

clean every 24 hours. 

Spermathecal Morphology 

Gross spermathecal morphology was determined directly through dissections 

using light microscopy. The location of spermathecal ducts was examined by clearing 
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spermathecae with clove oil. Both the shape of the speimathecae and the location of the 

insemination and fertilization ducts were examined for both species. 

Labelling Males 

Precedence patterns were determined using standard intact:irradiated male 

technique (following Parker, 1970). However, for one species three males were mated to 

a female and for the other species two males were mated to a female (see Procedures for 

Staged Matings). The proportion of undeveloped eggs was then used to calculate, Ps, the 

proportion of offspring sired by the irradiated male. Mature males were randomly 

assigned to either intact, fertile (F) or irradiated (S) treatments. Males in the S treatment 

were irradiated with 3000 rads from a cobalt-y-emitter (Cobalt 60 source). Adult male 

Nephila clavipes were given three days after beginning sperm induction in order to 

complete sperm induction before irradiation. Males were transferred to cylindrical pasta 

shells, stuffed with cotton on both ends, and taken to the Tulane Medical School's Eye 

Center and irradiated with the help of Dr. Brian GepharL All males were given the same 

treatment of packaging in pasta shells and transported to the center but only a subset of 

males was irradiated each time on 4 July and 6 July 20(X). Adult male Tetragnatha 
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versicolor were given at least one week after molting in order to induct sperm before 

irradiation. All males remained in their polystyrene rearing vials and were taken to the 

University Medical Center, Tucson, AZ. All males were given the same treatment of 

storage in polystyrene vials and transportation to UMC but only a subset of males was 

irradiated. 

Procedures for Staged Matmgs 

In order to saturate spermathecal capacity, adult N. clavipes females were mated 

to three adult males and adult T. versicolor females were mated to two adult males. 

Although different numbers of males were mated to females between the two species, 

comparisons between them are still valid because the relative amount of sperm released 

by each male mated to a female is being quantified. For purposes of comparison, I 

attempted to reach spermathecal capacity in each species and it should be noted that 

female N. clavipes are much larger spiders with larger spermathecae than T. versicolor. 

Yet, the body sizes of males are comparable because N. clavipes is a sexually dimorphic 

species with female gigantism. Male size and sperm number are correlated in M 

clavipes, so males were separated into three significantly different size classes (small. 
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medium, large) and size was controlled for by mating a female to three males of similar 

size. One of the three N. clavipes males was irradiated with gamma irradiation and the 

other two males were intact and fertile. The order of males mated to the female was 

either fertile, fertile, irradiated (FFS) or irradiated, fertile, fertile (SFF). Female sizes 

were also spread throughout these treatments and there was no significant difference in 

female sizes between singly-mated (F or S) or triply-mated (FFS or SET) treatments. 

Previous studies have not yet demonstrated a significant correlation between male size 

and sperm number in T. versicolor (Danielson-Fran^ois and Bukowski, submitted), but 

males were approximately matched for size. Adult T. versicolor females were mated to 

two adult males. One of the two males was irradiated with gamma irradiation and the 

other was left intact and fertile. The order of males mated to the female was FS or SF 

and females and males were assigned randomly to each trial type. 

Nephila clavipes: It is important to note that while later males are normally 

inhibited in sperm release due to the effect of lengthy copulations of first males, I ensured 

sperm release by each of the three males by allowing each male to copulate once with the 

females, meaning that each male used each palp once during copulation. As females 

molted to their adult and final molt, a male was placed on her web, allowed to use each 
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palp once during mating and then removed. Male copulation, palp insertion, and use of 

the left or right palp were recorded for all copulations where hematodochal inflations 

were seen during palp insertion. Females were randomly assigned to treatments of F, S, 

SET and FFS. After the first male had mated with each of his palps (i.e. mated both sides 

of the female reproductive tract), he was immediately removed. Males were taken into 

the laboratory and killed via hypothermia and their sperm counted. Males were not killed 

immediately after mating as males have no sperm remaining in the testes with which to 

recharge their palps (Christenson, 1990). For the first set of females, the next male was 

added and watched until he mated, and then the final male added and watched. Later, I 

changed the protocol and third males were not removed immediately after mating the 

female. Instead, the first two males were added one after the other the same as before, 

but the third male was added and left in the cage overnight 

Tetragnatha versicolor. Several days after the female's final molt, two males 

were mated to a given female sequentially within 15 minutes of each other. Prior to 

mating, females were individually placed into glass aquaria (30.5 X 15.0 X 20.5 cm) 

containing about 2 cm of water and several twigs. Females were allowed about 5 min to 

settle onto one of the twigs and then a male was randomly selected and placed onto the 
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twig nearest the female. All encounters were videotaped with a macro lens (Micro 

Nikkor Nikon 105mm) and displayed on a video monitor resulting in '^20x magnification. 

Staged encounters were terminated when the spiders disengaged their chelicerae. This 

indicates the end of sexual interaction as pairs have never been observed to immediately 

re-couple after cheliceral disengagement (Danielson-Francois, personal observations). If 

mating with a virgin or non-virgin female did not occur within 15 min, the male was 

removed and the female was presented another male until mating occurred. Immediately 

after cheliceral disengagement, males were removed from the aquarium, killed by 

hypothermia and tibia-patelia I length was measured. Thus, males were unable to re-fili 

their palps with sperm after mating. 

Videotapes of T. versicolor mating were later transcribed and I recorded latency 

to mating (in s), which palp was inserted (left and right), duration of palp insertion (in s), 

number of insertions, and total time spent in copula. Mating was defined as the total 

series of palp insertions from initial cheliceral engagement until cheliceral 

disengagement, after which the male leaves the female. Palp insertion was defined as the 

complete insertion of the embolus into the female's gonopore that was followed by at 

least one full inflation and deflation of the hematodochae of the palp. The video 
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recording method allowed me to see the embolus being inserted and each inflation 

thereafter. Videotapes were also carefully examined for the presence of sperm extrusion 

from the female's reproductive tract 

Procedures for Sperm Quantification 

In order to characterize sperm release patterns in relation to female mating 

history, I first examined virgin males to determine the number of sperm a male might 

have prior to copulation. I quantified the number of sperm in the palps of virgin males 

over the course of the study period. To determine the number of sperm released, I 

compared sperm counts obtained from virgin males with counts of sperm remaining in 

palps of mated males. To estimate the effect male size had on sperm number, virgin 

males of various sizes were killed, measured for tibia-patella length of leg I and their 

sperm counted. 

The methods for quantifying sperm in palps were based on a modification of the 

methods of Bukowski and Christenson (1997). Palps were removed by cutting through 

the palpal femur under a dissecting microscope. Right and left palps were then labeled 

and kept separate. Each palp was placed in a l.S-ml polypropylene centrifuge tube 
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(Brinkman) with 400 n\ of a solution of I ml of 0.9% saline and 10 of 10% Triton-X 

detergent drawn from a common stock. Sperm tended to aggregate and treatment with 

detergent facilitated a homogeneous distribution within a sample. Each organ was 

ground with forceps, and centrifuged at 1000 g for 10 min. Within 5 min, the samples 

were ultrasonicated using a Branson sonicator with a 3.2 mm probe at a low level 

(approximately 2% of total power output) for about 20 s. The preparations were then 

vortexed for approximately 10 s and a sample of 15 n\ was immediately drawn and 

placed on a hemacytometer. Sperm were then counted under a light microscope at x400. 

All of the values reported are estimates of total numbers of sperm in the palps based on 

linear extrapolations of actual counts to the total sample volume (Bukowski and 

Christenson, 1997). The methods for quantifying sperm in female spermathecae were 

similar to those described above with the exception that samples were counted in 400 y\, 

sonicated for one full minute and immediately placed on the hemacytometer and counted 

without vortexing. The methods for quantifying sperm release in T. versicolor were 

similar with the exception that all samples were crushed and sonicated in 200 fil and 

immediately before counting 400 ftl was added to the sample, which was vortexed and 

placed on the hemacytometer. 
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The expected Ps was calculated by determining the relative sperm release by the 

irradiated and fertile males to each female in the study. To determine the relative sperm 

released, the average number of sperm remaining in the palps of the mated males was 

subtracted from the amount of contained in the palps of virgin males. Due to the 

previously published information on male sperm number and male size in N. clavipes 

(Cohn, 1990), virgin males were classified as small, medium or large. To calculate sperm 

release, mated males were paired for size with the appropriate set of virgin males. A 

better way to calculate sperm release would be to regress virgin male size on palp sperm 

number and use the relationship to determine sperm release for males of any size. In this 

case, sperm release is a compound variable involving variation in virgin male palp sperm 

and variation in remaining sperm in mated male palps. 

Examination of Female Sperm Storage and Additional Controls 

Wild-caught females nearing oviposition were killed and the sperm in their 

spermathecae quantified (see above) to determine how much sperm was stored by 

females in the field. In N. clavipes, a subset of spermathecae from mated females were 

measured along with female size to determine variation in spermathecal size. In order to 
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control for other factors that reduce hatching, in each mating study, females were mated 

to a single fertile male to determine the typical percentage of unhatched eggs per egg sac. 

In each mating study, as a control for the motility of irradiated sperm, females were 

mated to a single irradiated male and sacrifices before oviposition to determine if 

irradiated sperm were motile. To determine whether the irradiation was complete, other 

females were mated to irradiated males and the numbers of hatched: unhatched eggs per 

egg sac were noted. 

Oviposition 

M clavipes egg sacs were laid one month after the females' final molt and mating 

trials. Sacs hatched from 8-29-00 through lO-S-00. After several days to allow the egg 

sac to mature, offspring were scored. T. versicolor first egg sacs were laid within a week 

or two of the mating and all additional sacs were laid several weeks later. Sacs hatched 

from 12-5-00 to 3-5-00, approximately one month after being laid by the female. After 

egg sac maturation, offspring were scored (see below). 
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Scoring Observed Precedence Patterns 

Egg sacs were collected as they were laid by both species. Once the eggs 

hatched, offspring were allowed several days to reach the second instar because of the 

fragile nature of early-instar spiderlings, before counting the eggs and offspring. All eggs 

were examined and counted under 40x power stereomicroscope. All offspring were 

scored as fully-developed pre-larva, larva or nymph. Observed precedence patterns were 

generated by the ratio of undeveloped fertilized eggs to larval/nymph stage offspring. 

Analyses 

The population of Ps values from the SFF and FFS trials for N. clavipes and the 

FS and SF trials for T. versicolor were compared. To compare observed and expected Ps 

distributions, a Kolmogorov-Smimov test was used following the procedure of Cook and 

Parker (1997). All summary statistics of continuous variables are reported throughout the 

Results section as x ±SE. 
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RESULTS 

Copulatory Behavior 

Nephila clavipes female mating history did influence the likelihood that the pair 

would mate. Typically, females actively fended off males both immediately after molting 

and after they had been mated once. Males persistently and vigorously courted both 

virgin and non-virgin females. Males persisted in courtship even after repeated rejection 

by the same female. No mating occurred when females were too aggressive and either 

attacked the male, removing several legs, or otherwise reacted aggressively, causing the 

male to retreat Persistent males, which did not retreat after repeatedly being attacked, 

were consumed. Males also courted penultimate females and females in the process of 

molting. 

Tetragnatha versicolor female mating history did not influence the likelihood that 

the pair would mate. Presentations of males to virgin females and non-virgin females 

were as likely to result in immediate copulation (N=24; X2=2, df=l, /»=0.16). Of the 

spiders that mated, all engaged chelicerae within 30 s upon placement into the aquaria. 

Males showed no obvious overt courtship, vibratory or otherwise, prior to cheliceral 

engagement Immediately after cheliceral engagement the male inserted one palp. After 
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insertion, the hematodochae inflated and deflated repeatedly. After palp removal, the 

other palp was inserted. During subsequent insertions mates continued to alternate palps. 

Variation in Number of Sperm Contained in Palps with Male Body Size 

The amount of sperm present in virgin males was quantified for a range of male 

sizes and did vary with male size for both species, with larger males having more sperm 

than smaller males in their palps (Table 1). Testes were not dissected and assessed for 

sperm quantity direcdy, although during routine dissection Tetragnatha versicolor males 

extruded sperm from their testes after induction while Nephila clavipes did not have 

sperm in their testes after their initial induction. 

Palps of Nephila clavipes virgin males contained large quantities of sperm (Table 

I). For all virgin males, body size was positively, and significandy, associated with total 

sperm number (left + right palps) contained within the palps (r=+0.855, F, ,3=32.6, 

/'<0.000l). The total number of sperm ranged from 669,000 to 1,262,000 sperm for both 

palps combined for large virgin males (x=l,054,000 ± 81,000) and ranged from 298,000 

to 916,000 for small virgin males (x=633,000 ± 80,000). Larger males tended to contain 
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more sperm within their palps than smaller males. M clavipes males only inducted sperm 

once and had no further sperm available in the testes. 

Palps of Tetragnatha versicolor virgin males contained large quantities of sperm 

(Table 1). The estimated total sperm contained within individual palps ranged from 

1,799,000 sperm to 3,213,000 sperm for both palps combined (x= 2,623,000 ± 187,000). 

For virgin males, body size was not significantly associated with total sperm number (left 

+ right palps) contained within the palps (r=+0.109, F,^=060, P=0.S2); however, only a 

small range of male sizes were sampled (tibia-patella from 10.0-11.6 mm). Additionally, 

after induction T. versicolor testes still contained sperm (N=2, x =3,135,000) which was 

extruded during routine dissection. 

Patterns of Sperm Release 

For both species, patterns of sperm release were determined for all males that 

copulated with females (Table 2). Mated AT. clavipes tended to release their entire 

ejaculate to females regardless of male order (Table 2). All mated N. clavipes contained 

far less sperm in their palps than virgins, ranging from no sperm to 140,000 (x=23,000 ± 

5,000). A comparison of the number of sperm contained within the palps of virgin and 
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all mated males revealed a significant difference between them (F, 62=27.0, P<0.0001; 

Tables I and 2). Male order (first, second or third) and palp sperm remaining was 

significantly different across males (^2^1=5.09, P=0.0096; Table 2). Rsher's PLSD post-

hoc tests revealed the source of the significant differences from the ANOVA to be the 

significantly larger numbers of palp sperm retained by third males. Rrst (/'=0.0025) and 

second (/*=0.073) males released more sperm than third males to females. 

The mating status of the female significantly influenced sperm release for M 

clavipes but not for T. versicolor. For T. versicolor, the palp sperm content of males 

mated to virgin or non-virgin females did not differ significantly (N=:20; first male 

x=826,350 ±l 15,900; second male x=%3,480 ±84,000; F,j8=0.92, P=0.345), resulting 

in equivalent sperm release by males to both virgin (x=l,796,000 ±l 15,900) and non-

virgin (x=l,659,000 ±84,000) females. Virgin males had far more sperm contained in 

their palps than mated males. An analysis of the total sperm contained in the palps (left + 

right palps) showed virgin males had significantly higher amounts of sperm in their palps 

than mated males (F, 45=84.6, P<0.(XX)1; Tables I and 2). Post-hoc Rsher's PLSD 

revealed that there were significant differences in sperm number contained between 

virgin and first mated males (P<0.0001) and also between virgin and second mated males 
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(P<0.0001), but still not between first and second mated males (P=0.350). On average, 

male T. versicolor released between half to two-thirds of the sperm contained within their 

palps to a given female regardless of her mating history while male N. clavipes released 

all, none or a portion of their sperm to a given female. 

Spennathecal Morphology 

Gross dissection revealed that N. clavipes is an entelegyne. It has a 

spherical spermatheca with the entry and exit ducts for sperm located fairly close together 

(Hgure 2a). It may be considered "functionally haplogyne" (sensu Uhl and Vollrath, 

1998) as far as sperm stratification is concerned. The insemination duct is very narrow 

and sclerotized in contrast to T. versicolor, whose insemination duct is flexible. 

Dissection revealed that T. versicolor is a haplogyne with paired spermathecal cul-de-sac 

lobes of ovoid shape (Figure 2b). The spermathecae are sclerotized but the common duct 

is not In fact, the duct is so flexible that solidified sperm masses from the spermatheca 

can be easily expelled through the duct, causing its distension, with slight pressure. 
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Spennathecal Capacity 

Sperm in Nephila clavipes spermathecae were counted in several sacrificed 

single-mated females, wild-caught females, and triply-mated females that had died 

(Figure 3). The number of sperm contained in spermathecae of singly-mated, triply-

mated and wild-caught females was significantly different (F,^^.66, P=0.0008; Table 

3). Triply-mated females stored three times as many sperm as the singly-mated females 

(F,.,;=25.1, P=0.(XX)l; Table 3). Wild-caught females had significantly more sperm in 

their spermathecae than singly-mated females (F,,7=6.53, P=0.02l), but significantly 

fewer than triply-mated females (^,.,,=6.91, /'=0.022; Table 3). This might be considered 

an estimate of mating frequency. 

Spermathecal size is positively correlated with female size, as measured by the 

tibia-patellar segment of the right leg of pair I (^=18, r^=0.634, P<0.0001). The amount 

of sperm stored in the spermathecae was positively, but not significantly, correlated with 

female size for triply-mated females (N =5, r^=0.747), but less so for wild-mated females 

(iV =7, r^=0.42l) and not correlated for singly-mated females (/V=12, 0.253). 

Spennathecal size was not measured for all females in the study, but the available data 

revealed that spermathecal size was positively, but not significantly, correlated with the 
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amount of sperm stored in the spermathecae for triply-mated females (N =3, r=0.869), 

but not for singly or wild-mated females (N=10, r^= 0.093; N =5, r=0.265). 

Several single-mated Tetragnatha versicolor females were sacrificed and sperm 

in spermathecae counted (n=2, x=t83,000 ±15,000). Doubly-mated females were not 

sacrificed because of limitations on the number of available spiders. Wild-caught 

females nearing oviposition were killed and their spermathecae dissected, but little sperm 

was found. One difficulty encountered during dissection was that the sperm mass can be 

easily massaged out of the spermathecae due to the flexible nature of the insemination 

duct (see below), making it difficult to accurately quantify stored sperm in this species. 

However, digital pictures were taken of two sperm masses mid-way through dissection 

and they appeared to fill the spermatheca. 

Irradiation Controls 

Virgin females were mated to sterilized males in order to determine if the 

irradiation of males was complete. None of the eggs hatched from sacs laid by females 

mated to irradiation males. The amount of sperm released from irradiated males was not 

significantly different from the amount of sperm released by intact males (F/j4=0.218, 
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P=0.64). The size of irradiated males was not significantly different from that of intact 

males (F/jo=0.007, P=0.93). The egg numbers laid by females mated to a single 

irradiated male were not significantly different from the egg numbers by from females 

mated to a single fertile male (x=799 ± 73; x=729 ± 27, Mann-Whitney U-test, £/=3, 

PsO.S 1). Both the Nephila clavipes and Tetragnatha versicolor females mated to 

irradiated males had active and motile sperm before oviposition. Sperm dissected from 

the spermathecae became motile after a few minutes in a 0.9% saline solution. 

Male Order Effects: Sperm Stratification via SSO 

There was no significant difference between hatching rates for the ETS and SFF 

trials for N. clavipes (X2=2, df=l, P= 0.157) and no significant difference between the FS 

and SF trials for T. versicolor. (X2=2, df=l, P=0.156). For clavipes 12,371 offspring 

were scored and these were relatively evenly split between the FFS (n=6,392) and SSF 

(n=5,979) treatments. For T. versicolor, 3,203 offspring were scored and these were 

evenly split between the K (n=l,618) and SF(l,585) treatments. 
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Predicted Precedence Based on Sperm Release and Observed Precedence 

I estimated the relative numbers of sperm released to the female by the first and 

second male mated to a particular female and determined the P, values for each female 

based on the sperm release patterns. The number of sperm each male released was 

estimated by subtracting the total number of sperm remaining in the palps after mating 

from the mean total number of sperm contained within the palps (left + right) of unmated 

males of appropriate size. From the estimates of numbers of sperm released, I then 

calculated the predicted /*, values, that is the predicted percentage of offspring sired by 

the irradiated male. Using the convention of Christenson and Cohn (1988), 1 categorized 

predicted paternity patterns for double matings as first-male biased (P^ :^.33), mixed 

patemity (PjsO.SS -0.66), and second-male biased iP^.66). To simplify the 

discussion, I will refer only to P, and assume the reader understands that represents P2 for 

T. versicolor and Pj for N. clavipes. 

The sperm release data for Nephila clavipes suggest that most triple matings will 

result in mixed patemity (A^=14) while a few will result in first iN=2) or last (^=2) male 

biased patemity pattems (Figure 4a). Overall, sperm number based estimates of values 

predicted sperm mixing (Table 4). The sperm release data for Tetragnatha versicolor 
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suggested that most double matings will result in mixed paternity (N= 12) while one will 

result in first (^=1) or last (1^=5) male biased paternity patterns (Rgure Sa). Overall, 

sperm number based estimates of values predicted sperm mixing (Table 4). Some T. 

versicolor produced a second sac and these were also analyzed. The sacs subsequent to 

the first sac sometimes had different P, values, resulting in a few cases of reversal from 

first to last-male precedence or vice versa (N=2) but more often from either first or last 

advantage to mixed paternity. 

The average observed precedence was mixed for all treatments in both species 

(Table 4). The observed paternity for Nephiia clavipes suggest that most triple matings 

will result in mixed precedence (A^=I2) while a few will result in first (^=2) or last 

{N=4) male biased precedence patterns (Figure 4b). Overall, average P, values suggested 

sperm mixing (Table 4). The distribution of predicted P, based on sperm release and the 

observed P, based on hatching rates were not significantly different (Kolmogorov-

Smimov test, X2=5,4, df=18, P=0.13; Rgure 4). 

The observed precedence data for Tetragnatha versicolor suggested that double 

matings were fairly evenly split between the three categories: mixed (^= 10), first (N=3) 

or last (Ar=3) male biased precedence (Figure Sb). Overall, average P, suggested sperm 
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mixing (Table 4). The distribution of predicted P, based on sperm release and the 

distribution of observed P, based on hatching rates were not significantly different 

(Kolmogorov-Smimov test, X2=2.78, df=l8, P=0.50; Figure 5). 

DISCUSSION 

The goal of this study was to differentiate between two underlying mechanisms of 

variation in paternity: ejaculate stratification via SSO morphology and differential sperm 

release. My data clearly support differential sperm release between males as the cause of 

previously reported first-male advantage in Nephila clavipes and the mixed paternity 

found for N. clavipes and Tetragnatha versicolor in this study. SSO morphology does 

not explain the paternity success seen in either AT. clavipes or T. versicolor. N. clavipes 

did not exhibit first-male advantage and T. versicolor did not exhibit last-male advantage. 

The outcome of sperm competition was not influenced by male order; therefore, 

stratification within the SSO was not the underlying cause of observed paternity patterns. 

Differential sperm release explains most of the variation in paternity: the majority of the 

observed and predicted P^ were consistent with sperm mixing. However, the distribution 
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of observed P, appears skewed to the right more than the distribution of predicted P„ 

derived from relative sperm release. The cause of the right skew is unknown but could 

be due to higher competitive ability of irradiated sperm, noted in other studies, or an 

underestimation of natural causes of unhatched eggs such as genetic incompatibility or 

fungal infections. It is clear from analysis of second egg sacs that, at least in T. 

versicolor, there exists much "clumping" or perhaps "sloppy" (Harvey and Parker, 2000) 

sperm mixing which contributes to variation in f 

Given that relative sperm release is known for each species, can the different 

patterns seen in N. clavipes (full release) and T. versicolor (partial release) be explained 

evolutionarily? Sperm competition occurs within the limitations of life-history and this 

influence sperm release patterns. In N. clavipes, it is seems that females can 

accommodate almost three entire ejaculates within their SSO, so why does /V. clavipes 

typically show an overwhelming first-male advantage (Christenson and Cohn, 1988; 

Christenson, 1990)? There is an interaction between the copulatory activities of the first 

male and the mechanical blocking of sperm release in subsequent males. In the field, 

males search out penultimate females and guard them through their final molt, mate, and 

continually guard and mate them exclusively for 48 hours, rarely a larger male will find 
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the female and take-over from the resident male (Christenson and Goist, 1979; Cohn et 

al., 1988). After 48 hours, the females typically leave their web, having been mated by 

only one male, head for the canopy, and return two-three days later (Christenson et al., 

1985). At this time, they often encounter and mate later males, but they only release up 

to 20% of their ejaculates, possibly due to a hardening of the female's insemination ducts 

(Christenson and Cohn, 1988; Christenson, 1990), the creation of an internal mating plug 

by the first male, or the sclerotization of the insemination ducts and spermathecae in 

mated females (Higgins, 1989). The positive, but not significant, correlation with sperm 

stored in the spermathecae and spermathecal size in triply-mated females suggests that 

spermathecal capacity may reach saturation soon after or during the transfer of a third 

ejaculate. This inference is supported by the significantly larger amount of sperm 

remaining in the palps of the third males to mate, when compared to the first and second 

males to mate. The absence of correlation for stored spermathecal sperm and 

spermathecal size of single-mated females suggests that spermathecal capacity was not 

yet reached. This finding also implies that females typically mate with more than one 

male in the wild, if they have the capacity to accept more than one ejaculate. Wild-mated 

females had more stored sperm than singly-mated females, but fewer stored sperm than 
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triply-mated females. Only a small portion of males ever mate a virgin female, and some 

may never have a chance to mate any female (Christenson and Goist, 1979). Females 

typically lay one massive egg sac, but can lay up to three if well-fed (Christenson and 

Wenzl, 1980), and this occurs around one month after they have been mated at which 

point most if not all of the males in the population are dead. In this situation, it would be 

advantageous for a male to release his entire complement of sperm to a virgin female and 

guard her until she can no longer take up entire ejaculates from subsequent males. A 

male guarding a female this persistendy might be expected to lose future mating 

opportunities, except that in IV. clavipes males cannot reinduct sperm after mating. Males 

only induct sperm while on their final web, once they leave that web to search for 

females, their palps are filled with all their remaining sperm (Christenson, 1990). Males 

do not reinduct sperm after mating as the testes are atrophied and no longer producing 

sperm upon adulthood (Christenson, pers. comm.). This is in contrast to T. versicolor, 

which can reinduct sperm after mating, are fairly long-lived for male spiders, and so have 

many potential future mating opportunities ahead. The sperm remaining in the testes 

after the initial induction would refill a typical male's palps at least once, maybe twice, 

allowing for future mating opportunities. Male T. versicolor release between half to two-
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thirds of the sperm contained within their palps. In the lab, females show no reluctance 

to remate, and, in the field, males do not guard females and persistent males are usually 

mated (Danielson-Fran^ois, unpubl. data). Despite mating order, first and last males can 

release equivalent amounts of sperm to virgin and mated females. Given the ease of 

sperm release to both virgin and mated females, the ample opportunity for remating in the 

field, and the high numbers of sperm produced per ejaculate, sperm competition should 

be intense in this species. One might expect that the last male would release more sperm 

than previous males, in order to bias the competition in his favor. In the lab, females 

continually lay egg sacs after two weeks of age that are around 14 days apart (Danielson-

Fran9ois, unpubl. data), but they may only produce two to three sacs in the field. This 

continual laying of egg sacs and ample remating opportunities might mean that females 

do not have to use the same sperm for the first and subsequent egg sacs, unlike N. 

clavipes which has only stored sperm to draw upon between egg sacs as males are not as 

long-lived as females in that species and sperm release by subsequent males is reduced. 

T. versicolor females have ample mating and remating opportunities as males can 

reinduct sperm after mating, are persistent in their attempts to mate any female regardless 

of her mating history (Danielson-Fran^ois and Bukowski, submitted), and move quickly 
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from one cluster of females to another (Danielson-Frangois, unpubl. data). Recent papers 

by Parker (1990, 1998) outline theory predicting that releasing equivalent numbers of 

sperm, would be advantageous when males are in random roles with regard to being the 

first or last male to mate, regardless of the fairness or unfairness of the "raffle" for 

fertilization. Sperm release in T. versicolor might be the first empirical evidence 

supporting this prediction. 

In comparison to ejaculate sizes in Drosophila species (reviewed in Markow, 

1996) and most other insects (reviewed in Eberhard, 1996; Simmons and Siva-Jothy, 

1998), spiders have far larger numbers of sperm per ejaculate. Exceptions will have to be 

made for the social insects (~ 10 million per ejaculate for Solenopsis invicta, Tschinkel 

and Porter, 1988; ~six million per ejaculate for Apis species, Koeniger, 1991) and the 

unusual orthopteran Metaplastes ornatus which has comparable amounts of sperm, at 

~1.5 million per ejaculate (Von Helversen and Von Helversen, 1991). yv. clavipes 

transfer around 1 million sperm during mating. T. versicolor transfer oyer l.S million per 

mating, which is only part of their total palp load of nearly three million sperm and does 

not include their testicular "reserves," that add at least an additional three million sperm. 

The immense numbers of sperm transferred may suggest high levels of sperm 
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competition and also high amounts of sperm wastage. Spider eggs differ from insect 

eggs, and one difference in particular might explain the larger amount of sperm 

transferred by spiders. Unlike insect ova, spider ova do not have a micropyle, the tiny 

opening through which sperm enter the ovum. Instead, spider ova are more akin to 

mammalian ova in that sperm can pass through the outer vitelline envelope from any 

point on the ovum surface (Foelix, 1996). Stained with DAPI and viewed under a 

fluorescence microscope, both N. ciavipes and T. versicolor eggs are literally covered 

with uncoiled sperm (Danielson-Fran^ois, unpubl. data). This implies a high level of 

sperm wastage in both species, as well as raising the possibility of polyspermy 

subsequently arresting egg development. 

For T. versicolor, the variation in observed P, between subsequent egg sacs 

implies "clumping" or perhaps "sloppy" (Harvey and Parker, 2000) sperm mixing within 

the female SSO. That the precedence pattem could, in a few cases, shift from first-male 

advantage to last-male advantage (or vice versa) from egg sac to egg sac implies that 

sperm are not mixed evenly throughout the SSO. In spiders, sperm must be uncoiled and 

capacitated before it can be released to fertilize an egg (Brown I98S; Foelix 1996); 

perhaps local clumping occurs by chance as they are released onto the egg mass or 
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perhaps one ejaculate is competitively superior to another. Also, it is possible that the tip 

of the embolus can reach the site of sperm storage in haplogynes (Eberhard 1996; Uhl et 

al. 199S) as the common insemination and fertilization ducts of haplogyne females tend 

to be shorter than those of entelegynes (Eberhard 1996). In addition, T. versicolor is one 

of a few taxa where males insert both the embolus and the conductor inside the female 

gonopore during mating (ref. in Levi, 1981) and the flexible nature of the common duct 

(Danielson-Fran^ois, in prep) may make it possible for males to access the SSO directly. 

The ability to reach into the SSO would provide opportunity for subsequent males to 

manipulate stored sperm from earlier matings, an option probably not available to most 

entelegyne males (Huber 1993, 1995; Eberhard 1996; but see Uhl and Vollrath 1998). 

The length and sclerotization of most entelegyne insemination ducts may make it difficult 

or impossible for subsequent males to manipulate sperm of previous males in order to 

bias paternity in their favor, as the length of the emboli (male intromittent organ) may be 

insufficient to reach the site of sperm storage (Huber 1993, 1995; Eberhard 1996; but see 

Uhl and Vollrath 1998). In one spider, a possible mechanism for cryptic female choice 

has been noted by Watson (1990). 
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Differential sperm release, rather than female SSO morphology, explains the 

majority of the range of intraspecific paternity variation for N. clavipes and T. versicolor. 

Uhl and Vollrath (1998) noted that for Nephila edulis, the proximity of the insemination 

and fertilization ducts suggested it would exhibit a functionally haplogyne sperm 

precedence pattern, i.e. last-male priority. I chose to study Nephila clavipes because 

numerous studies have clearly demonstrated first-male priority in this species 

(Christenson and Cohn, 1988; Christenson, 1990). The fine structure of the spermathecae 

revealed that, similar to Nephila edulis, Nephila clavipes has insemination and 

fertilization ducts that are located nearby on the spermathecae (Danielson-Fran^ois, in 

prep). Despite this "functionally haplogyne" morphology (sensu Uhl and Vollrath, 1998), 

Nephila clavipes clearly exhibits first-male priority when first males are allowed ad lib. 

copulations with the female (Christenson and Cohn, 1988). Yet, when all males mated to 

a female are only allowed one copulation each, this priority pattern disappears. This 

suggests that the location of the spermathecal ducts may not be as influential in sperm 

precedence patterns as previously supposed. Other variables, such as increased 

sclerotization of insemination ducts, internal mating plugs or other adaptations reducing 
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subsequent males' sperm release to females, may be more important in determining 

mating behavior and sperm precedence patterns in spiders. 
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Table 1. Comparison between the number of sperm contained in the palps of virgin 

males for N. clavipes (large males only) and T. versicolor. 

Species Nephila clavipes Tetragnatha 

versicolor 

N 

Average ± 1,054,000 ± 81,000 2,623,000 ±186,000 

SE 

Maximum 

Minimum 

1,262,000 

669,000 

3,213,000 

1,799,000 
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Table 2. Average relative sperm release by first, second, and third males. 

Nephila clavipes 

Male Type First Second Third 

N 18 18 18 

Ave Sperm 56,000 214,000 433,000 

Retained 

Ave Sperm 1,094,000 1,000,000 906,000 

Released 

SE 23,000 55,000 74,000 



N 20 20 

Ave Sperm 

Retained 

826,000 964,000 

Ave Sperm 

Released 

l,7%,000 1,659,000 

SE 177,000 91,000 

191 

Tetragnatha versicoior 

Male Type First Second 



192 

Table 3. Average amount of sperm in spermathecae of singly-mated, triply-mated and 

wild Nephila clavipes females. 

Female Singly-Mated Triply- Wild 

Type Mated 

N 12 8 7 

Ave Sperm 644,000±74,000 l,799,000±337,000 1,022,000±149,000 

±SE 

Maximum 983,000 3,798,000 1,657,000 

Minimum 124,000 1,336,000 532.000 
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Table 4. Average observed and predicted paternity patterns for FFS, SFF, SF, FS females 

based on relative numbers of sperm release. P, is the proportion of offspring fertilized by 

the irradiated male in the diad or triad. 

Nephila clavipes 

Trial Type M Observed Predicted Paternity 

^ Bias 

FFS(P3) 9 0.482 ±0.10 0.389 ±0.08 MIXED 

SFF(P,) 9 0.462 ± 0.06 0.374 ±0.02 MIXED 

Tetragnatha versicolor 

Trial Type M Observed Predicted Paternity 

Pj P, Bias 

SF(P,) 9 0.545 ± 0.10 0.384 ±0.05 MIXED 

FS(P2) 9 0.497 ± 0.07 0.601 ±0.06 MIXED 
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HGURE LEGENDS 

Figure I. Schematic, hypothetical representation of the reproductive anatomy of 

enteiegyne and haplogyne spiders. Austad's hypothesis assumes ejaculate stratification, 

depicted on the left-hand side, while numerical sperm competition typically assumes 

ejaculate mixing, depicted on the right-hand side. According to Austad (1984), in (a) the 

sperm from the first male to mate with an enteiegyne, 'conduit-design' female will be 

closest to the fertilization duct and thus have sperm priority, while in (b) the sperm from 

the second male to mate with the haplogyne "cul-de-sac design' female will be closest to 

the common duct and hence have priority, and in (c) the enteiegyne is functionally 

haplogyne (sensu Lfhl and Vollrath, 1998). Ov, oviposition duct; fd fertilization duct; id, 

insemination duct; cd, common duct. White sperms are those from the first male to mate, 

while black sperms are those from the second male. In this diagram, both males are 

depicted as contributing equivalent numbers of sperm. 

Figure 2. Scanning electron micrographs of the spermathecae of Nephila clavipes (a), 

and Tetragnatha versicolor (b). Adapted from Danielson-Franfois (in prep). 

Figure 3. Relationship between female size and the amount of sperm stored in the 

spermathecae for singly-mated, wild-mated and triply-mated females. Female size was 

measured as tibia-patella length. Wild-mated females were collected near the end of the 

mating season. 
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Figure 4. The distribution of predicted P, based on relative sperm release (a) and the 

distribution of observed P, based on hatching rates of offspring (b) for N. clavipes. 

Figure 5. The distribution of predicted P, based on relative sperm release (a) and the 

distribution of observed P, based on hatching rates of offspring (b) for T. versicolor. 
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NATUI^L HISTORY. MATING BEHAVIOR AND SPERM RELEASE IN THE 

HAPLOGYNE GLENOGNATHA EM£/?70yV/(ARANEAE: TETRAGNATHIDAE). 
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ABSTRACT. Glenognatha emertoni (Simon) is a small tetragnathine orb-weaver whose 

habits are unknown and which has previously only been collected under rocks near 

streams in southern Arizona and New Mexico. Reld observations revealed that adults are 

commonly found under grassy tufts overhanging the stream, rarely under rocks, and do 

not emerge from these retreats until dusk. Several matings were observed in the field as 

well as an unusual type of female avoidance behavior that involved floating downstream. 

This finding is discussed in relation to the extensively developed tracheae of G. emertoni. 

Adult individuals and penultimate instar spiders raised to adulthood were used to 

examine sperm release and mating behavior in the laboratory. Unlike most other orb-

weaving spiders studied, the number of sperm released and overall duration of copulation 

are not influenced by female mating history in Glenognatha emertoni. Male G. emertoni 

release equivalent numbers of sperm to virgin and non-virgin females, a pattern also 

found in a related haplogyne spider, Tetragnatha versicolor. Males have large ejaculates 

ranging from a half-million to one-and-a-half million sperm. Males transfer more than 

three-quarters of their ejaculate, on average, to females; these sperm potentially compete 

with other males' sperm in the fertilization of a clutch of approximately 15-30 eggs. 
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INTRODUCTION 

Glenognatha emertoni (Simon) is a small, haplogyne tetragnathine orb-weaver 

(adult body length 4.S-S mm) which has been collected under rocks near streams and 

under rocks in nearly dry streambeds in southern Arizona and New Mexico (Levi, 1980). 

The habits of this species are unknown (Levi, 1980), possibly due to the difficulty of 

fmding these spiders in the field. The congener, G.foxi, has been found on webs in 

meadows and on hot, dry wastelands in Ohio (Levi, 1980). In comparison to the 

Araneidae, both G. emertoni and G.foxi have unusually developed tracheae and a 

forward movement of the spiracle (Levi, 1980). Levi (1980) considered the development 

of the tracheae to be an adaptation against water loss, given that Glenognatha species live 

in more arid habitats than their sister genus, Pachygnatha, which, like most of the 

Araneidae, has the spiracle close to the spinnerets and only four tracheae. 

The Tetragnathidae have been intensely studied for their mating behavior (Simon, 

1895; Gerhardt, 1921; LeSar and Unzicker, 1978; Robinson and Robinson, 1980; 



205 

Vollrath, 1980; Robinson, 1982; Christenson and Cohn, 1988; Christenson, 1989, 1990; 

Eberhard etai, 1993; Eberhard, 1994; Eberhard and Huber, 1998a; Huber, 1998; West 

and Toft, 1999; Schneider et al., 2000; Danielson-Fran^ois et aL, in press; Danielson-

Fran^ois and Bukowski, submitted; Danielson-Pran^ois, in prep; reviewed in Elgar, 

1998). In part, the attraction of examining mating behavior in this family results from the 

diversity of reproductive organs (Levi, 1980). There has been a reversal from an 

entelegyne conduit-style spermatheca morphology to a haplogyne cul-de-sac style 

spermatheca within the Tetragnathidae (Wiehle, 1967; Levi, 1980, 1981; Austad, 1984). 

Austad (1984) proposed that haplogyne taxa would have last-male advantage for 

fertilization because the last sperm to enter the spermatheca would be the first to be used 

in fertilization due to the cul-de-sac shape of the sperm storage organ. The entelegyne 

taxa would have first-male advantage for fertilization because the first sperm to enter the 

spermatheca would be closest to the distal fertilization duct and the first used in 

fertilization, while the last sperm to enter would be the furthest from this duct (Austad, 

1984). 

The influence of spermathecal morphology on paternity was also thought to 

explain some behavioral differences between entelegyne and haplogyne spiders (Austad, 
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1984). Male guarding of penultimate and newly-molted females is common in 

entelegyne spiders and could be explained by the predicted first-male paternity 

advantage. The absence of such guarding of immature females in haplogyne taxa could 

be explained by the predicted last-male paternity advantage or by uniform sperm mixing. 

Yet, these male behaviors could also be explained by differences in sperm release 

between taxa (Christenson and Cohn, 1988; Christenson, 1990; Suter, 1990; Masumoto, 

1993; Bukowski and Christenson, 1997; Bukowski etal., in press; Danielson-Fran^ois 

and Bukowski, submitted; Danielson-Fran9ois, in prep). In entelegyne spiders, males 

release more sperm to virgin females and few or no sperm to non-virgin females, 

explaining the common male behavior of guarding newly-molted and immature females 

(Christenson and Cohn, 1988; Christenson, 1990; Bukowski and Christenson, 1997; 

Bukowski et al., in press). For haplogyne spiders, equivalent sperm release by males to 

virgins and non-virgins could lead to a lack of guarding immature females. So far, 

however, sperm release data consistent with this idea are available for only one 

haplogyne species (Danielson-Fran^ois and Bukowski, submitted), precluding the ability 

to generalize about sperm release for spiders with this spermathecal morphology. 
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Within the haplogyne subfamily Tetragnathinae, the mating behavior of several 

species in two of the three genera (Tetragnatha and Pachygnatha) has been described 

(Gerhardt, 1921, 1927; LeSarand Unzicker, 1978; Huber, 1998; West and Toft, 1999; 

Danieison-Franfois etal., in press; Danielson-Fran^ois and Bukowski, submitted.)- Yet, 

the haplogyne genus Glenognatha is essentially unstudied apart from Barrows (1919) 

observations of G.foxi (McCook) and a single published note on the mating behavior of a 

recently discovered species, G. heleios (Hormiga), by Edwards and Senske (2001). In 

addition, the natural history of many species of Glenognatha is unknown. My primary 

objectives in this study were to describe (1) the natural history, (2) the mating behavior, 

and (3) the sperm release pattern of G. emertoni. My secondary objective was to report 

on an unusual avoidance strategy employed by females during courtship. 

METHODS 

Natural history and collection.- Previously, specimens have been found under 

rocks near streams or in dry streambeds in the southern comer of Arizona and New 

Mexico (Levi 1980). Glenognatha emertoni are fairly difficult to find during the 
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daytime, when most collectors are active, and not easily spotted at night due to the low 

density of individuals, their small size, proximity to the water, and loss of the canoe-

shaped tapetum (Levi, 1980), which causes a reflective eye-shine in most spiders. Over 

the course of the study, approximately 175 inunature, penultimate and adult Glenognatha 

emertoni were collected along the streambeds in Garden Canyon in the Huachuca 

Mountains in Southeast Arizona. The collection sites are characterized as mid-elevation 

riparian areas with permanent streams. During specimen collection, notes on natural 

history were recorded. Of the spiders collected, forty penultimate males and females 

were brought into the laboratory, and held in 20 ml polystyrene vials between March and 

May 2000. Several wild adults were caught at this time and additional wild adults were 

caught from March to April 2001. Spiders were fed ad lib. daily on fruit flies 

(Drosophila melanogaster) and walnut flies (Rhagoletis juglandus). The animals were 

observed daily for molting and the date molted was noted. Voucher specimens of adult 

males and females are deposited in the curated insect collection of the University of 

Arizona, Tucson, AZ, 85721, USA. 

Field observations of mating behavior were recorded during the late afternoon and 

into the early evening (15:00-22:00) on 31st April and 2nd, 4th, 6th of May 2000 using 
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moonlight and occasionally supplemented with a flashlight When used, the flashlight 

was not direcdy on the spiders, but rather at an indirect angle such that the spider was 

silhouetted against a brighter background. Two females on webs with males nearby were 

observed each evening. Webs were horizontal or nearly horizontal and directly above the 

stream, usually within an inch or two of the water surface. The field observation sites 

were far upstream of the collection sites in order to avoid any influence of collection 

upon behavior and observations of the frequency of mating in the field. 

Procedures for Staged Matings.- Virgin males were at least three days post-

molt before being used in staged matings to ensure they had inducted sperm into their 

palps. Prior to mating, females were individually placed into glass aquaria (30.5 X 15.0 

X 20.5 cm) containing about 4 cm of water and several twigs. Females were allowed 

about 5 min to settle onto one of the twigs and then a male was randomly selected and 

placed onto the twig nearest the female. All encounters were videotaped with a macro 

lens (Micro Nikkor Nikon 105mm) on a NEC color CCD camera model NX ISA mounted 

on a bogen ball head and attached to a wooden platform. While recording, live signal 

was displayed on a video monitor resulting in ^20x magnification. Staged encounters 

were terminated when the spiders disengaged their chelicerae and males had not re-
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courted the female within 15 minutes. This indicated the end of sexual interaction as 

pairs have never been observed to repeatedly re-couple more than 15 min after cheliceral 

disengagement (Danielson-Fran^ois, pers. obs.). If mating with a virgin or non-virgin 

female did not occur within 30 min, the male was removed and the female was presented 

another male until mating occurred. Adult females were mated to two adult males within 

fifteen minutes of each other. Males were immediately frozen and stored at -80°C for 

sperm quantification (see below). 

Videotapes were later transcribed and latency to cheliceral engagement (in sec), 

post-engagement "courtship" (in sec), which palp was inserted (left and right), duration of 

palp insertion (in sec), number of insertions, and total time spent in copula were 

recorded. Palp insertion was defined as the complete insertion of the embolus into the 

female's gonopore that was followed by at least one full inflation and deflation of the 

hematodochae of the inserted palp. 

Procedures for Sperm Quantification.* To characterize sperm release patterns, 

1 examined virgin males to determine the number of sperm a male might have prior to 

copulation. However, in order to compare the amount of sperm in a virgin to that 

released by a male during mating, I allowed a subset of virgin males to copulate with 
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only one palp before sacrificing them for sperm counting; these males are desciibed as 

"one-insertion" half-virgin males. This created an unusual situation where the male had 

only used one of his two palps, and males of this species typically alternate and use each 

palp once during mating (although the use of only one palp per mating routinely occurs in 

other spiders, such as Micrathena species). Yet, this situation was necessary, given my 

paucit)' of virgin males, to accurately estimate sperm release. This gave the males one 

"virgin" (unused) palp and a palp used in copulation for direct comparison. I quantified 

the number of sperm in the unused palps of "one-insertion" half-virgin males (N=3). To 

determine the number of sperm available in the virgin palp of a "one-insertion" half-

virgin male compared to the number remaining in the used palp, I compared sperm 

counts obtained from the unused (virgin) palp with counts of sperm in the palp used 

during copulation. This procedure was also followed for wild-caught males (N=4) to 

determine the amount of sperm available for mating in comparison to the amount actually 

released during mating; they are described as "one-copulation" males. The amount of 

sperm available for a given mating is contained entirely within the male's palps; 

therefore, I define the "ejaculate" as the sum total of sperm present in both palps at the 
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start of mating. The sum total of the sperm remaining in both palps after mating is 

considered the unused portion of the ejaculate. 

The methods for quantifying sperm in palps are based on a modification of the 

methods of Bukowski and Christenson (1997). Palps were removed by cutting through 

the palpal femur under a dissecting microscope. Right and left palps were then labeled 

and kept separate. Each palp was placed in a 1.5-ml polypropylene centrifuge tube 

(Brinkman) with 300 lA of a solution of Lml of 0.9% saline and 10 jA of 10% Triton-

XlOO detergent drawn from a common stock. Sperm tended to aggregate and treatment 

with detergent facilitated a homogeneous distribution within a sample. Each organ was 

ground with forceps, and centrifuged at 1000 g for 5 min. Within 2 min, the samples 

were ultrasonicated using a Branson sonicator with a 3.2 mm probe at a low level 

(approximately 2% of total power output) for about 20 s. Exactly 3(X) n\ more was added 

to the preparations which were then were then vortexed for approximately 10 s and a 

sample was immediately drawn and placed on a hemacytometer. Sperm were then 

counted under a light microscope at X400. All of the values reported are estimates of 

total numbers of sperm in the palps based on linear extrapolations of actual counts to the 

total sample volume. 
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Statistical analyses.* The Mann-Whitney U test was used to assess differences in 

palp sperm between virgin and mated males and also between unused and used palps. 

Kruskal-Wallis test was used for comparisons between males mated to virgin, non-virgin 

and wild-caught females. Non-parametric Spearman rank correlation was used to test for 

associations between copulation duration and sperm release. All summary statistics of 

continuous variables are reported as x ± SE. 

RESULTS 

Field Studies.* The following section describes each of the aspects of G. 

emertoni behavior studied which collectively describe the natural history of this species. 

Habits-. During daylight hours, adults and penultimate instar spiders were found 

clinging to the undersides of the streambank, curled leaves, rocks or overhanging grass 

blades (respectively, N-\ 12, N=AO), while inmiatures were found in tiny webs suspended 

in between grass stems approximately one inch above the stream (/V=23). Occasionally, 

adult females were found on the remnants of a web during the late afternoon on overcast 

days iN=n), but were more often in their daytime retreats (yv=l9). Males and 
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penultimates were found in daytime retreats (respectively, N=43, N=40). After dusk, 

female adults were found on webs (A/=27) and male adults were either found moving 

between aggregations of females (Ar=S) or resting beside a female's web (^=11). Adults 

were observed rebuilding their webs daily and becoming active, although on overcast 

days spiders were observed emerging from their retreats in the late afternoon when 

canyon walls shaded the stream. Typically, spiders emerged near dusk and began to spin 

webs directly above the water. On several occasions, aduit females built webs that shared 

silk lines with Tetragnatha versicolor webs, and in one instance, an adult G. emertoni 

female built her web entirely inside the outer portions of the radii of an existing web built 

and inhabited by an adult female T. versicolor. These females were observed for two 

hours during and post-web construction, yet no territorial aggressions between the two 

species were seen. Webs were spun directly above the water, and typically within an 

inch or two of the water surface. One aduit G. emertoni was observed to construct her 

orb-web so near to the water surface that she was physically half-submerged during its 

construction. The dorsal surface of her abdomen created a "dimple" in the water surface 

and the leg joints connecting the femur and tibia of her first and second pairs of legs were 

periodically submerged as she hung underneath the web and laid the radii. 
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Defensive behavior. When at rest on a blade of grass, G. emertoni adopted a 

characteristic cryptic posture. In the cryptic rest posture, G. emertoni extended legs I and 

2 pairs outwards and pulled the rest of its legs around the substrate, a grass stem, leaf, 

rock or root. A mildly disturbed G. emertoni would pull ail legs in towards its body, 

leaving usually only the 3"* pair, to hold onto the substrate. Severe disturbance (touching 

the substrate or casting a shadow on the spider) almost always elicited a sudden drop 

directly into the rushing streamwater beneath. Spiders traveled downstream with all of 

their legs tucked around their bodies in a "cannon-ball" type posture. The water carried 

the coiled spider forward rapidly and bobbing along the water surface rather than 

submerged in the water. Upon uncurling the legs, the spider immediately was able to 

grasp onto rock, blade of grass, or whatever substrate was nearby and to crawl out of the 

water. Several G. emertoni were relocated downstream after they had dropped into the 

water, but more escaped until an appropriate collecting technique was developed: placing 

a fme net under the substrate, usually into the water, as collection was attempted. To my 

knowledge, this particular behavioral strategy has not been documented in any spider. 

Mating Behavior. After dusk, female G. emertoni were found either on their webs 

or resting on a grass stem connected to their webs. Males were found on rocks or grasses 
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wandering downstream between groups of females or beside females' webs. Three 

matings were observed in the field. Females and males paired immediately, engaging 

their chelicerae by vigorously grappling to interlock cheliceral fangs and assuming a 

ventral-to-ventral mating position. The immediate pairing in G. emertoni may be 

preceded by subtle or non-existent courtship, as has been noted for other tetragnathines 

(LeSar & Unzicker 1978; Danielson-Fran^ois etal, in press; Danielson-Fran^ois & 

Bukowski, submitted); however, [ did not observe any of the obvious pre-pairing 

courtship behavior typically found in tetragnathids (Robinson and Robinson, 1980; 

Robinson 1982). After pairing, males "courted" females by rapidly flicking leg pairs 1 

and 2 over her cephalothorax and lightly touching the dorsal surface of her abdomen for 

several minutes. After the leg-flick behavior, the male inserted one palp for several 

minutes, and then inserted the other palp for several minutes. The matings were shorter 

in duration than matings observed in the laboratory (see below). Males left females 

immediately after mating in each case, suggesting that there is no post-copulatory mate 

guarding in this species. In the late spring when most of the matings were observed, 

females were rarely collected from their retreats without at least one male immediately 

nearby. More often, two males were collected per female (^=11), but up to three males 
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were found in cohabitation per female in her daytime retreat (yv=4). Rve males were 

collected near male:female pairs (A^=4), not immediately nearby, but within 3-4 inches of 

the pair. It is unclear if mating occurs in these retreats during the day. These results 

appear on the surface to be contradictory, but see discussion below. 

Female Resistance Behavior. On one occasion, a male was observed to grasp 

chelicerae with those of a female that moved continually during their pairing. The female 

began to climb lower on the grass stem that supported them both, until she touched the 

stream. The male was flicking his legs at her periodically and also trying to hold onto the 

grass stem to prevent downward movement by the female. After a few minutes, the 

female reached the water surface and moved her leg pairs 3 and 4 from the grass stem to 

the water surface. The male was holding onto the grass stem portion that remained above 

water level. The female finally removed all of her legs from the grass stem and was 

floating on the water, still in a cheliceral lock with the male. The male held onto the 

grass with leg pairs 3 and 4, while leg pairs 1 and 2 were trying to pull the female back 

onto the grass stem. The spiders disengaged chelicerae with the result that the female 

went floating downstream. Upon disengagement, she drew her legs close to her body and 

traveled downstream in a "cannon-ball" posture. She traveled about a foot downstream 
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before uncoiling her legs, which reduced her forward movement, and crawling out of the 

stream onto another blade of grass. The male remained on the grass stem, using leg pairs 

I and 2 to scan the water surface for about 30 seconds before climbing back up the grass 

stem. To my knowledge this particular female resistance behavior, dropping into 

streamwater and traveling downstream, has not been documented in spiders. Another 

possible example of female resistance behavior was also seen in the laboratory (see 

below). 

Egg Sacs: Egg sacs were found stitched between pairs of moist leaves held just 

above the waterline in or immediately beside the stream. The mineral deposits of the 

stream had stiffened the slightly dampened leaves and cemented them in place right 

above the waterline. Two sacs were collected, each of which had 20-30 eggs inside. The 

egg sacs were large relative to the spider (3-4 mm across). The sacs were roughly 

circular or slightly elliptical, and were spun tightly against the surface of one of the pairs 

of leaves. The base of the egg sac consisted of a densely woven sheet against the leaf on 

which the eggs where placed and a second densely woven sheet over the eggs. The egg 

sac was distinctly flattened, its upper surface being slightly concave. The sac was 

attached to the upper leaf as well, with what appeared to be less dense silk. In the lab. 
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females laid multiple sacs (maximum=4) ranging from 16 to 26 eggs per sac. The 

hatchlings were larger than those of related Tetragnatha and Leucauge species, with a 

well-developed stout cephalothorax. 

Laboratory Studies.- The following section describes the experimentation on 

mating behavior and sperm release. 

Copulation Behavior: In the laboratory, just as in the field, once a male contacted 

a female, he immediately interlocked chelicerae and began a series of leg flicks by his 

first pair of legs. This leg-flicking sequence typically lasted three minutes at which point 

the male inserted his first palp. The male then used his first pair of legs to contact the 

female's abdomen and often moved her into position, sometimes even shaking her until 

he successfully inserted his palp. Upon insertion, the palp hematodochae inflated and 

deflated repeatedly. Both virgin and wild-caught males alternated palps, and in most 

cases inserted each palp only once. In 3/20 cases, the palp with the shortest insertion 

duration was inserted a second time by males mating with non-virgin females. 

Sometimes, males disengaged their chelicerae and immediately re-engaged chelicerae 

and re-courted the female before inserting the other palp (4/20). In one case, the female 

resistance behavior already noted in the field was seen in the laboratory. A wild-caught 
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male was presented to a wild-caught female, they paired, and the female resisted during 

courtship by climbing down into the water; however, in the aquaria the water was still 

and the male was able to hold the female and continue courting. Courtship lasted one 

hour and 31 seconds, possibly another measure of female resistance as courtship duration 

was typically three minutes. The male managed to insert only his right palp for 11 

minutes, but did not appear to release any sperm when the sperm remaining in the used 

palp was compared to the sperm remaining in the unused palp, which may indicate a 

more cryptic form of female resistance exists (he was removed from the analyses below). 

Sperm extrusion was not observed during any staged mating. 

Males mated to non-virgin females had shorter first insertions that those mated to 

virgin females (Mann-Whitney, C/=6, ^=0.02); however, when second insertions were 

considered, there was no difference (Mann-Whitney, t/=l4, /*=0.32). Per palp, insertion 

duration was not different between first and second males although there is a trend for 

insertions with non-virgins to be shorter in duration (yv=l4; virgin x=536±69; non-virgin 

*=343±64; Mann-Whitney, i/=59, P=0.07). There was no significant difference in 

overall copulation duration between males mated to virgin and non-virgin females 

(Mann-Whitney, t/=l4, P=0.18; Table I); however, there was a trend for copulation to be 
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shorter with non-virgin females. The other copulation behaviors recorded, such as 

latency to courtship and courtship duration were not significantly different between males 

mating with virgin and non-virgin females (Mann-Whitney, latency to courtship, U-2V, 

P=0.6l; courtship, Lf=\5, P=0.22; Table I). Female mating history did not influence the 

likelihood that the pair would mate (^=18, ;if = 1.80, P=0.18); all eight virgin females 

were mated by the first male presented to them and only two out of eight non-virgin 

females did not mate the next male presented to them. 

Sperm Release From a Single Palp: To look at natural variation in sperm number 

as well as sperm release, virgin males were mated to virgin females and wild-caught 

males were mated with wild-caught females, but each male was allowed only one palp 

insertion before the mating was terminated. These males are described as "one-insertion" 

half-virgin males and "one insertion" wild males. Sperm from the palp used during 

mating was compared with sperm in the unused palp. Overall, palps used in copulation 

had significantly fewer sperm in them than palps not used during mating (N=7; 

usedx=14,00015,000; unused x=738,000±l46,000; Mann-Whitney, f/=0.00, P=0.003). 

Unused palps from wild-caught "one-insertion"males had contained more sperm than 

unused palps from "one-insertion" half-virgin males, but the difference was not 
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significant (x=929,000±195,000; x =483,000±129,000; Mann-Whitney, U=\, P=0.08). 

There was no difference in the sperm remaining in used palps between wild-caught "one 

insertion" males and "one-insertion" half-virgin males (x=l4,±7,000; x=14,00019,000; 

Mann-Whitney, i/=4, /'=0.48). All sperm release numbers were estimated conservatively 

by subtracting the remaining palp sperm from the average number of palp sperm 

contained in virgin males. Using the average virgin male palp sperm number to estimate 

sperm release is a less accurate, but more conservative estimate of sperm release for 

males used in the mating studies. A more accurate estimation of sperm release would be 

subtracting the palp sperm remaining in the used palp from the sperm remaining in the 

unused palp for each "one-insertion" individual male, given that there is between-male 

variation in sperm number. However, restricting males to only one palp insertion would 

create other artefacts when examining overall length of mating. 

Patterns of Sperm Release: Males mated to virgins and those mated to non-virgins 

(i.e., first and second males to mate) did not have any significant differences in the sperm 

remaining in their palps and, as a consequence, no difference in the sperm released to 

females (Mann-Whitney, U=16, P=0.48; Table 2). Sperm release was distributed 

bimodally, with males releasing all or none of their sperm from a palp during mating. 
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Some males used only one palp (n=3/13), others released from both palps (n=lO/13). 

The sperm release per palp was not correlated with the overall duration of copulation 

(Spearman rank correlation, rAo=0.2l3, Z=l.O, P=0.3l). 

First Palp Insertion: First palp insertion duration and sperm release were 

compared for males mated to virgin, non-virgin and wild-caught females (Table 3). The 

duration of the first palp insertion was significantly shorter for males mated to non-virgin 

females than for males mated to either virgin or wild-caught females (Kruskal-Wallis, 

df=2, //=10.64, P=0.005; Table 3). The sperm retained and the sperm released from the 

first palp was not significandy different for males mated to virgin, non-virgin and wild-

caught females (Kruskal-Wallis, sperm retained, df=2, //=0.83, P=0.66; sperm released, 

df=2, H=0.99, P=0.6l; Table 3). 

DISCUSSION 

Unlike the basal entelegyne taxa within the Tetragnathidae, the tetragnathine 

Glenognatha emertoni has haplogyne spermathecae. These interspecific differences in 

spermathecal morphology may be partly phylogenetic and partly ecological in origin. 
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For this reason, an examination of natural history is necessary to understand the 

ecological factors underlying the change in spermathecae. The natural history of G. 

emertoni has some implications for sperm competition in that species. During the mating 

season, females are often found with several males nearby in their daytime retreats. Yet, 

post-copulatory guarding of females was never observed. Instead, males left immediately 

after copulation, which suggests that males cohabiting in a daytime retreat had not yet 

mated with that female or perhaps had returned to mate. In the retreats, there was often 

more than one male per female, so females would seem to have ample opportunity to 

mate with multiple males would seem to be fairly common. In this case, sperm 

competition might be expected to be intense in this species. If sperm mixing occurred in 

this species, post-copulatory guarding would not be advantageous; however, if last-male 

advantage were common, perhaps post-copulatory guarding of gravid females would be 

expected. Males may be able to assess how near a female is to oviposition (Danielson-

Fran^ois et al., in press) and preferentially associate and mate with a gravid female until 

she lays eggs. Or, it might be that female resistance behavior is such that males may be 

better off searching for receptive females rather than trying to guard a female until she is 
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receptive, leading to cohabitation with a receptive female, mating and then searching for 

the next receptive female. 

Defensive behavior in G. emertoni may have allowed for the expression of an 

unusual type of female resistance behavior. When disturbed, both male and female G. 

emertoni drop, curl their legs in towards their body, and travel downstream on the water 

surface for several minutes. Although some other tetragnathines are able to run quickly 

across water, if they stop moving within seconds they quickly become submerged and 

unable to climb out of the water (Tetragnatha species, ADF pers. obs.). Yet, unmoving 

G. emertoni float on the water surface and are able to leave the water at any time by 

uncurling their legs and moving towards a substrate. The extensive development of 

tracheae (Levi, 1980) in this species, coupled with their small size, may have provided 

the extra buoyancy needed to travel on the water surface without being submerged. This 

defensive behavior was exhibited by females who were resisting males and was observed 

twice, once in the laboratory and once in the field. In the field, a female engaged in a 

cheliceral embrace with a courting male resisted further interaction by actively pulling 

the pair down a stalk of grass to the water surface and letting go of the grass stalk. The 

male released his cheliceral lock once the stream current began to pull the female. She 
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floated downstream approximately one foot before uncurling and climbing out, while the 

male waved his first pair of legs over the water surface for 30 s before climbing back up 

the grass stem, out of the water. In the laboratory, during a very long courtship (~60 min) 

the female actively resisted by moving the pair down a stick and into the aquarium water, 

but the male did not release his cheliceral embrace, presumably because the water in the 

aquarium was still. After the one hour struggle, mating occurred (^l I min) yet no sperm 

was released by the male to the female. This raises the possibility that females may have 

a cryptic method of preventing male sperm release. Female resistance and how it might 

relate to post-copulatory choice is an interesting area for future work in this species. 

Parker's (1998) model of sperm competition suggests that when more than two 

ejaculates compete directly, selection should favor a decrease in the overall ejaculate 

expenditure and that males should allocate equivalent amounts of ejaculate per female, 

regardless of female mating history or local male competition. The sperm release data 

suggest that males are not discriminating between virgin and non-virgin females in their 

ejaculate expenditure. Similar to Tetragnatha versicolor, the only other haplogyne 

studied for sperm release, G. emertoni males released equivalent amounts of sperm to 

both virgin and mated females. Males have large ejaculates, ranging from half a million 
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to a million and a half sperm per palp. Males transfer more than three-quarters of their 

per-palp ejaculate to females, regardless of female mating history. Overall copulation 

duration was not influenced by female mating history, although there was a non

significant trend for copulations with non-virgin females to be of shorter duration than 

those with virgin females, a trend noted in the related tetragnathine Tetragnatha 

versicolor (Danielson-Fran^ois & Bukowsld, submitted). That males release equivalent 

amounts of sperm suggest that sperm competition should lead to mixed paternity, unless 

there is cryptic female choice, ejaculate stratification or sperm displacement. 

In this species, numerical sperm competition could lead to mixed paternity 

because males release equivalent amounts of sperm to all females. I used the relative 

sperm release by the first and second male to predict what paternity pattern, (sensu 

Boorman & Parker 1976), would be expected for each doubly-mated female in the study. 

Using the convention of Christenson and Cohn (1988), paternity patterns were 

categorized as first-male biased (P2 ^ 0.33), mixed paternity (P2=0. 33 - 0.66), and last-

male biased (P2^.66). Predicted paternity patterns were variable; mixed paternity (Ar=4), 

last-male biased paternity (A^=3) and first-male biased paternity (1^=1). Each case of 

paternity bias, either first or last male, resulted from a male releasing sperm from only 



228 

one palp whereas the other male released from both palps, gaining an advantage in sperm 

competition. Overall, predicted P2 values averaged 0.51 ±0.05 (^=8). 

Given the large numbers of sperm transferred (nearly 1.5 million, total) and the 

small number of ova available to be fertilized per sac (20-30 eggs), one might expect 

sperm competition to be extremely fierce in this species and sperm wastage to be high. 

Per ejaculate, G. emertoni has the highest number of potentially unused sperm of any 

spider studied thus far. The average sperm-to-egg ratio in this species is nearly 40,000:1. 

An unusual finding was that G. emertoni encysted sperm is several times larger in 

diameter than the other species I have examined, approximately 15 ftm. I examined 

sperm from species whose sperm release has been quantified, e.g., Tetragnatha 

versicolor (Danielson-Fran^ois & Bukowski submitted), Nephila clavipes (Christenson & 

Cohn 1988; Danielson-Fran^ois in prep), Micrathena gracilis (Bukowski & Christenson 

2000), Gasteracantha cancriformis (Bukowski et aL, in press) and their encysted sperm 

are smaller in diameter than G. emertoni sperm (Danielson-Fran^ois, unpubl. data). 

Other species whose sperm release has not been studied were also examined {Argiope 

aurantia, Leucauge venusta, Tidarren sisyphoides, Linyphiidae spp., Salticidae spp. and 
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Argyrodes spp.) and although sperm size and shape are variable, no encysted sperm was 

as large as G. emertoni sperm (Danielson-Fran^ois, unpubl. data). 

A trade-off exists between sperm size and sperm number in Drosophila species 

(Pitaick & Markow 1994). There may be a trade-off between sperm size, number and 

sperm reservoir size in spiders. The palp structure is limited in size and fairly 

conservative across different body sizes and spider species (Eberhard et al., 1998). 

Araneine palps are, in general, extremely complex (Eberhard and Huber, 1998b). 

Eberhard and Huber (1998b) note that complex palpal structures may be serving to 

increase the stability of the male's link to the female during mating on a web. Yet, a 

secondary simplification of palp morphology has occurred within the Tetragnathidae 

(Levi, 1961, 1981). One notable character shared by the tetragnathines is the presence of 

an extremely large and swollen sperm reservoir (Hormiga et al., 1995). One might 

reasonably expect that the extra space in the palp consumed by the larger sperm reservoir 

would lessen the space available for other palp structures, such as hematodochae or 

various bracing structures used during mating. Intriguingly, all of the tetragnathines 

studied thus far clasp chelicerae during mating, perhaps freeing the palp from additional 

structures needed for substrate stability during mating. Additionally, the large sperm 
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reservoir might be an adaptation to the tremendous ejaculate sizes found in the 

tetragnathines studied thus far (Danielson-Fran^ois, in prep). A sister taxon to the 

tetragnathines, Leucauge venusta, has a more complex sperm reservoir that is not swollen 

(Hormiga et al., 1995) and males have smaller ejaculate sizes than the tetragnathines 

(Danielson-Fran^ois, unpubl. data). The high numbers of sperm per ejaculate and the 

larger size of the sperm may explain the extremely large and swollen sperm reservoir in 

G. emertoni, which is a notable characteristic (Levi 1980). Further studies of sperm 

competition and of trade-offs between sperm size and number might be profitably 

undertaken on species that have large sperm reservoirs, such as the tetragnathine taxa. As 

long as sperm size is accounted for, it may be that the size of the sperm reservoir can be 

used to assess ejaculate size. Sperm reservoir size could be used in comparative studies 

much as testis size has been used in mammals to measure per ejaculate sperm 

competition (Ginsberg etal. 1989; Harcourt er a/. 1981; Kenagy &Trombulak 1986; 

Moller 1989). To measure the overall strength of sperm competition, the number of 

potential reinductions of sperm and the total amount of sperm available in the testes 

would also need to be taken into account. 
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Further details of the nature of sperm competition in this species await a study on 

cohabitation in the daytime retreats and the frequency of female resistance in the field. 

The natural history of G. emertoni revealed an interesting aspect of post-cheliceral-

coupling female resistance that would have been difficult to interpret properly in a 

laboratory setting. Future work should combine field studies with behavior observed in 

the laboratory. 
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Table I. Latency to courtship, courtship and overall copulation duration (s) for virgin 

males mated to virgin and non-virgin females (^=7, x ± SE). 

Female Type Virgin Non-Virgin 

Latency 33±8 37±7 

Courtship Duration 153±37 157±14 

Copulation Duration l,207±173 710±124 
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Table 2. Sperm released and sperm remaining per palp for virgin males mated to virgin 

and non-virgin females (X ± SE). 

Female Type Virgin Non-Virgin 

N 

Sperm Released* 

Sperm Remaining 

12 

769,000±I09,000 

197,000±I09,000 

14 

778,000±90,000 

188,000±90,000 

*To calculate release, the sperm retained in the mated palp was subtracted from the 

average number of sperm in an unused virgin male's palp. 



Table 3. Comparison of duration of first palp insertion (s), sperm release and sperm remaining from the first palp 

alone for males mated to virgin, non-virgin, and wild-caught females, x ± SE (N). 

Female Type Virgin Non-Virgin Wild 

Duration Insertion 

Sperm Released 

Sperm Remaining 

537±48(I0) 

477,000138,000(10) 

18,00015.000 

231174(7) 

388,000168,000(7) 

107,000179,000 

6761101(8) 

352,0001117,000(4) 

166,0001153,000 


