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Abstract. Waitkera waitakerensis occupies lowland forests of New Zealand’s North Island,
where temperatures decrease in a southwestward direction. The mean annual temperatures of
18 collecting sites, as extracted from GIS data, are directly related to the first femur length of
adult females. Neither site elevation nor phylogeny affected spider size or other variables
examined. The direct relationship between spider body size and environmental temperature
followed a pattern observed in other terrestrial arthropods with a univoltine life cycle and can
probably be explained by the longer growing season of warmer regions. Egg diameter was
uniform across the species. Site temperature and female first femur length were each directly
related to the number of eggs deposited in egg sacs. The date of egg sac collection was in-
versely related to egg number, suggesting that clutch size declines during the reproductive
season. Females deposit eggs beneath a triangular platform and then cover them with a lower
silk sheet. The area of this upper platform and the volume of the egg sac were each directly
related to egg number, but not to female first femur length. The depth of the lower covering
was not related to egg number or to spider first femur length. This suggests that spiders use
information about the volume of eggs in their abdomens to construct an egg sac whose vol-
ume will accommodate the volume of eggs to be laid and that females do so principally by
adjusting the size of the sac’s upper triangular platform.
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Environmental temperature affects the size of
many animal species. In endothermic vertebrates,
body size is often inversely related to temperature,
as a larger body size reduces an animal’s surface to
volume ratio and favors heat retention (James 1970,
1991; Zink & Remsen 1986; Ashton et al. 2000; Ash-
ton 2002a), a phenomenon known as Bergmann’s
Rule (Bergmann 1847). Among ectothermic animals,
generalizations are more difficult to make (Ashton
2002b; Angilletta & Dunham 2003). For example, 19
of 23 turtle species conform to Bergmann’s Rule,
whereas 61 of 83 species of lizards and snakes show
the converse relationship (Ashton & Feldman 2003).
By affecting the length of the growing season and by
altering developmental time and rate, temperature
can affect adult size in different ways (Blanckenhorn
& Demont 2004).

In terrestrial arthropods with univoltine life cycles,
larger individuals are often found at the lower lati-
tudes or lower elevations of a species’ range (e.g.,
Schoener & Janzen 1968; Masaki 1978; Mousseau &
Roff 1989; Scott & Dingle 1990; Orr 1996), where
warmer temperatures provide longer growing sea-
sons that permit individuals to attain larger adult siz-
es (Mousseau 1997). This end-of-season limitation is
more common in larger arthropod species that re-
quire longer developmental times (Blanckenhorn &
Demont 2004). In many ectothermic vertebrates,
cooler temperatures delay maturation, permitting in-
dividuals to reach larger adult sizes (Angilletta et al.
2004a,b). Although the growth rate is greater at high-
er temperatures, elevated temperature may impose
energy constraints on growth (Angilletta & Dunham
2003) because growth efficiency decreases with in-
creasing temperature (Atkinson & Sibly 1997).

Selection also shapes the relationship between
body size and environmental temperature (Angillet-
ta et al. 2004a,b), as maturation time, body size, sur-
vivorship, and fecundity are critical elements of a
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species’ life history (Roff 1986, 2002). Increased adult
size is of selective advantage because it increases fe-
cundity (Tinkle et al. 1993; Simpson 1995; Hegde &
Krishna 1999; Sokolovaska et al. 2000) and contrib-
utes to juvenile survivorship (Angilletta et al. 2004a).
Larger females tend to produce larger eggs from
which larger hatchlings emerge (Williams 1994; Hip-
fner 2000; Bize et al. 2002; Dzialowski & Sotherland
2004) and these larger hatchlings have greater survi-
vorship (Janzen et al. 2000). However, if a larger
adult body size is achieved through longer ontogeny,
as is typical of cooler temperatures, these larger in-
dividuals must also have lower mortality if their
greater size is to be of selective advantage (Stearns
1992; Roff 2002). This is the case in sceloporine liz-
ards, where a Bergmann’s cline is explained in part by
the higher survivorship of larger individuals that oc-
cupy colder regions (Angilletta et al. 2004a) and in
odonates, where larger individuals have greater lon-
gevity (Sokolovaska et al. 2000).

This study examines the relationships among
environmental temperature, body size, and egg size
and number in the small, univoltine New Zealand
orb-weaving spider Waitkera waitakerensis (CHAMBER-

LAIN 1946). This species is New Zealand’s only repre-
sentative of the family Uloboridae (Opell 1979). It
occupies lowland forests (kauri-podocarp hardwood,
lowland podocarp hardwood, and lowland hardwood)
throughout the North Island, where the mean annual
temperature decreases in a southwesterly direction
(Fig. 1; Forster 1967; Forster & Forster 1999; Opell
2006). Females have a cephalothorax-abdomen length
of 4–5mm and a mass of 8–9mg (Opell 1999). They
deposit their first triangular, pyramidal egg sacs at the
edge of their webs in late December to mid-January
(Fig. 2; B.D. Opell, unpubl. data). Egg sacs are left
unattended after they are produced and a female con-
tinues to construct webs, feed, and produce additional
egg sacs for 1–2 months. If the life cycle of this species
is like that of other temperate members of the Family
Uloboridae, second or third instars remain dormant
during the winter, resume growth in the spring, and
mature as sixth instars (Berland 1914; Opell 1979,
1982; B.D. Opell & P.E. Cushing, unpubl. data).

We hypothesize that, as in many other arthropods
with univoltine life cycles, the size ofW. waitakerensis is
directly related to environmental temperature. If the
body size differs across this species, then it should also
affect fecundity. Both within species (Wise 1975; Eber-
hard 1979; Simpson 1995) and between species (Enders
1976; Simpson 1995), comparisons show that spider
body size and clutch size are directly related. Simpson
(1995) also showed that spider body size is directly re-
lated to egg size, although for a given body size, web-

building spiders produced smaller eggs than did curso-
rial spiders. Thus, we also hypothesize that the pre-
sumptive larger spiders found in warmer regions
produce larger clutches of larger eggs.

We also sought to determine whether W. waitak-
erensis females adjust the volume of their egg sacs to
the volume of eggs they deposit, and, if so, how they
do so. The orientation and structure of a W. waitak-
erensis egg sac (Fig. 2) makes it clear that females
first deposit a dense, triangular silk platform. They
next deposit a mass of eggs that stick to one another
and to the underside of this platform and then cover
the egg mass with a lower silk sheet. Thus, an egg
sac’s volume could be established by altering either
the size of the triangular platform or the size of the
lower covering sheet. The first mechanism would re-
quire information about the egg volume contained
within a spider’s abdomen before egg sac construc-
tion, whereas the second would require only a re-
sponse directed by the deposited egg mass. As the
latter mechanism appears to be simpler, we hypoth-
esized that a female adjusts the size of her egg sac to
clutch size principally by spinning a lower covering that
is large enough to contain the egg mass that has been

Fig. 1. Collecting sites of Waitkera waitakerensis listed in

Table 1.
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deposited. We further hypothesized that the size of the
sac’s upper triangular platform is directly related to the
length of the female’s first femur, but that it is not re-
lated to the number of eggs within an egg sac.

Methods

Collection

The specimens used in this study were collected at
18 sites (Table 1, Fig. 1) in 1991 and 1994 by Brent
Opell and in 1996 by Brent Opell and Jason Bond.
Some egg sacs were collected with females, whereas
others were not associated with females, as sacs ac-
cumulate near webs or past web sites where it is not
possible to associate them with females unequivocal-
ly. This study includes only the more common and
widespread forest-dwelling populations of Waitkera
waitakerensis. The larger, rock-dwelling ecotypes
found at four Northland sites (Opell 2006) were ex-
cluded because reliable temperature data are not avail-
able for these cooler, sheltered microhabitats. Voucher
specimens are deposited in Dunedin’s Otago Museum
and Auckland’s Landcare Research collections.

Measuring spiders and egg sacs

As an index of spider size, we measured the first fe-
mur lengths of alcohol-preserved adult female speci-
mens under a dissecting microscope.We opened intact

egg sacs and counted the eggs or spiderlings they con-
tained. From each egg sac that contained eggs, we
measured the diameter of four eggs selected at ran-
dom. We did not measure the diameters of eggs that
had developed beyond the early blastodisk stage be-
cause eggs begin to elongate after this stage. We mea-
sured the three sides of an egg sac’s upper triangular
platform (L1, L2, L3) and the depth of the egg sacs’
lower covering sheet (H) and used the following for-
mulas to determine platform area and egg sac volume:

Area of triangular platform ðATPÞ
¼ p SðS � L1Þ ðS � L2Þ ðS � L3Þð Þ

Volume of egg sac ¼ ðATP�HÞ=3

where S5 (L11L21L3)/2.

Determining temperature

We extracted the mean annual temperature of each
specimen’s collecting locality from a GIS data set pur-
chased fromNew Zealand’s National Institute of Wa-
ter and Atmosphere using the ArcGis program
(Environmental Systems Research Institute 2003).
These data provide the mean annual temperature for
the years 1971–2000 at a spatial resolution of 500m.

Additional contributing factors

We examine three additional factors that may affect
both body size and egg number and size:
phylogeny, collecting bias, and site elevation. A molec-
ular study identified two major clades of W. waitak-
erensis: a northern clade found at localities 1–7 and a
central and southern clade found at localities 8–18 (Fig.
1; Opell 2006). Egg sacs from northern localities were
sampled throughout the reproductive season, but those
from southern localities tended to be sampled later in
the season. Consequently, seasonal differences in re-
productive fitness may affect patterns in egg number
and size. To address this, we assigned sequential col-
lecting days to egg sacs, beginning with the earliest date
of December 30 and ending with February 20 (Table
1). Site elevation is not likely to be a contributing factor
both because temperature data account for elevation
and because W. waitakerensis is found principally in
lowland habitats. However, to assess the effect of ele-
vation we determined the elevation of each site from
topographical maps (Table 1; NZ TopoOnline 2006).

Statistical analysis

Using the Statistical Analysis System (SAS Institute
1990), we constructed multiple regression models to
determine which independent variables contributed

Fig. 2. Egg sacs ofWaitkera waitakerensis suspended at the

edge of an orb web.
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to the dependent variable. We then regressed all
possible combinations of the contributing variables
(pr0.05) and their natural logs, selecting the model
that had the greatest R2 value.

Results

Location and temperature

Latitude and elevation, but not longitude, contrib-
uted to a model that predicted the mean annual site
temperature (p5 0.0009, R2 5 0.61; p for logN7lati-
tude7 and logN elevation: 0.0009 and 0.0244, respec-

tively; temperature5 67.358�13.644 logN7latitude7
�0.760 logN elevation).

Temperature and body size

A regression model that included temperature, site
elevation, and clade identified temperature as the
only predictor of the first femur lengths of all females
(N5 115) and of the mean femur lengths of females
from the 18 sites. In both cases, the model with the
greatest R2 was based on the log vales of temperature
and femur length. The model based on the mean
female first femur length per site (Fig. 3) had an R2

nearly double that based on all females.

Table 1. Collecting sites shown in Fig. 1 and their mean annual temperatures, elevations, and the mean day on which egg

sacs were collected, beginning with December 30 as day 1.

Map number Locality Latitude (deg.)

Longitude (deg.)

1C Elevation

(m)

Mean day

1 Mangamuka Bridge, Omahuta Forest �35.2273
173.5880

15.118 280 –

2 Raetea State Forest, Lake Omapere �35.1940
173.4820

14.833 250 24

3 Russell State Forest, Punaruku Road �35.3799
174.2438

14.548 150 –

4 Waipoua Forest �35.6164
173.5405

13.507 300 –

5 Whangarei, Coronation Reserve �35.7303
174.3093

15.361 100 –

6 Whangarei, Reed Memorial Reserve �35.7071
174.3207

15.053 100 38

7 Karekare, McReady Paddock �36.9904
174.4675

15.431 150 –

8 Manaia, Mahakirau Reserve �36.8551
175.6121

14.689 100 48

9 Hamilton �37.7815
175.2817

14.116 50 30

10 Tukorehe Memorial near Tarukenga �38.0766
176.1459

12.322 300 34

11 Mapiu, Aratoro Reserve �38.3295
175.1712

13.669 300 40

12 Te Whaiti �38.5873
176.7816

11.844 350 40

13 Anaura Bay �38.2378
178.3298

14.731 100 40

14 Inglewood, Meeting of Waters Reserve �39.1416
174.1487

12.862 200 24

15 Owhango, Ohinetonga Reserve �39.8500
174.9314

13.617 450 –

16 Morere Thermal Springs �38.9838
177.7848

13.746 100 53

17 Dannevirke, Ngapaeruru Reserve �40.2616
176.2328

12.407 250 –

18 Paekakariki, Kapiti Borough Reserves �40.9844
174.9441

13.311 150 44
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Egg number and size

A regression model that included temperature,
elevation, mean collecting day, and clade identified
only temperature and collecting day as predictors of
the mean number of eggs in sacs collected from eight
sites (p5 0.0154, R2 5 0.81; p for temperature and
collecting day 0.0407 and 0.0133, respectively;
eggs5 1.398 temperature �0.236d17.6). Among
the 18 females collected with egg sacs, where there
was a narrow range of collecting days, only the femur
length affected the number of eggs in a sac (Fig. 4).

None of the variables in a regression model that
included temperature, elevation, collecting day, and
clade predicted egg diameter, which had a mean of
658757mm SE (N5 45). There was also no relation-
ship between the first femur lengths of 18 females
collected with egg sacs and the diameters of eggs
within their sacs (p5 0.61).

Egg sac size

Among the 18 females collected with egg sacs, egg
sac volume was not related to first femur length

Fig. 3–6. Relationships between: 3. first femur length and temperature, 4. number of eggs per egg sac and first femur

length, 5. egg sac volume and the number of eggs per sac, and 6. area of an egg sac’s upper triangular platform and the

number of eggs in the sac.

Size cline in Waitkera 187

Invertebrate Biology
vol. 126, no. 2, spring 2007



(p5 0.13), but it was related to the number of eggs in
the sac (Fig. 5). A regression model that included first
femur length and egg number identified only egg
number as a predictor of the area of an egg sacs’ tri-
angular platforms (Fig. 6). Neither first femur length
nor egg number was related to the depth of the egg
sac’s lower covering (p5 0.27 and 0.43, respectively).

Discussion

As hypothesized, the body size in Waitkare wait-
akerensis females responds positively to temperature,
with the largest individuals being found at warmer,
northern sites. This pattern is best explained by the
longer growing season of these sites that permits in-
dividuals to reach larger sizes (Mousseau 1997). Spi-
derlings may also emerge from egg sacs earlier at
warmer sites, develop more rapidly, and attain a larg-
er size before undergoing cold weather diapause. This
may both increase over-wintering survival and permit
them to mature earlier during the next season.

The hypothesis that spider size and clutch size are
correlated was also supported and is consistent with
previous studies (Wise 1975; Enders 1976; Eberhard
1979; Simpson 1993; Simpson 1995). As the reproduc-
tive season of warmer sites is at least as long as that of
cooler regions, this finding indicates that the fecundity
in W. waitakerensis is directly related to temperature.
However, contrary to our hypothesis, and to the gen-
eralization that clutch size and egg size are inversely
related (Parker & Begon 1986), egg size was uniform
across sites. Temperature may impact egg size through
dual pathways. Simpson (1995) found that spider
body size is directly related to egg size. However, in
carabid beetles and cladocerans the number of eggs or
juveniles produced increases and the size of the eggs or
juveniles decreases as the temperature increases (Yam-
polsky & Scheiner 1996; Ernsting & Isaaks 2000).
These two opposing trends may operate to stabilize
egg size in W. waitakerensis. The inverse relationship
between the number of eggs in a sac and collecting day
shows that clutch size declined during the reproduc-
tive season, presumably because of declining nutri-
tional resources or female condition.

The number of eggs within a female’s abdomen
appears to be responsible for directing a female to
construct an egg sac of appropriate size for the clutch
that she will deposit. This is achieved principally by
establishing an upper triangular platform whose size
correlates to egg number. There are probably both
functional and geometrical explanations for this cor-
relation. An egg sac’s triangular platform must be
large enough to accommodate the egg mass that will
adhere to its lower surface and, as the female hangs

beneath this platform as she deposits eggs, the
platform must also be large enough to allow her to
maneuver around the growing sphere of eggs. Addi-
tionally, the size of the triangular platform has a
larger impact on the volume of the egg sac than
does the depth of its lower covering. A 50% increase
in the length of each side of the egg sac’s upper tri-
angular platform results in a 225% increase in egg sac
volume, whereas a 50% increase in the egg sac’s
depth increases its volume by only 150%.

Clinal variation in body size can have a genetic com-
ponent (Mousseau & Roff 1989; Arnett &
Gotelli 1999a) that can be established quickly (Huey
et al. 2000). Both the geological history of NewZealand
(Suggate 1978; Thornton 1985) and the population
structure in W. waitakerensis (Opell 2006) suggest that
the current distribution of this species involved a south-
ward migration from populations confined to the
North Island’s warmer Northland region during the
Pleistocene. Eruptions of the North Island’s Taupo
Volcano 20,000 years ago (Thornton 1985) and again
B1855 years ago (Wilson &Walker 1985) formed deep
ash fields that extended for hundreds of kilometers over
the central and eastern regions of the North Island and
probably would have eliminated members of W. wait-
akerensis from these regions. Thus, the size cline ob-
served in W. waitakerensis may have been established
recently as the species colonized or recolonized regions
that have cooler mean annual temperatures.

Acknowledgments. Comments by two anonymous
reviewers helped improve this article. Collecting permits
from New Zealand’s Department of Conservation, the
Auckland Regional Council Parks Committee, and the
Works and Services Department of the Whangarei
District Council facilitated this study. Peter Sforza
helped extract GIS data. Denis Gibbs introduced me to
Waitkera waitakerensis and extended hospitality on each
of my visits. This study was supported by National Science
Foundation grants BSR-8917935 and IBN-9417803 and a
National Geographic Society research grant.

References

Angilletta MJ & Dunham AE 2003. The temperature-size

rule in ectotherms: simple evolutionary explanations

may not be general. Am. Nat. 162: 332–342.

Angilletta MJ, Niewiarowski PH, Dunham AE, Leaché
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