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 ? The Cooper Ornithological Society 1985

 REPRODUCTION IN ZEBRA FINCHES: HORMONE LEVELS AND
 EFFECT OF DEHYDRATION

 CAROL M. VLECK

 AND

 J. PRIEDKALNS

 ABSTRACT.-Zebra Finches (Poephila guttata) of arid Australia can breed con-
 tinuously under favorable conditions. During droughts, however, breeding ceases
 but is said to begin again immediately after rain. We found that testis size in
 breeding birds did not change during, or between, reproductive cycles. Luteinizing
 hormone (irLH) levels in plasma, however, were significantly higher in males
 during early incubation (1.25 ng/ml), and in females during courtship (0.89 ng/
 ml), than during other parts of the reproductive cycle. Plasma levels of the sex
 steroids were highest (1.06 ng/ml for androgen in males, 0.32 ng/ml for estrogens
 in females) at the same time that irLH levels were highest. Wild-caught Zebra
 Finches had, at capture, testes similar in size to those of aviary-breeding Zebra
 Finches, but after three weeks of dehydration (1 ml water/bird/week), testis size
 was significantly smaller and hematocrit was significantly higher: 54% vs. 50%
 for birds given unlimited access to water. When dehydrated birds were given
 unlimited access to water, testes grew significantly. Access to green grass or ex-
 posure to high relative humidity (85%) augmented the effects of the water on testis
 size. Spermatogenic activity in some dehydrated birds was high despite small
 gonad size; however, interstitial tissue was poorly developed, and plasma levels
 of sex steroids and irLH were low. We suggest that Zebra Finches normally
 maintain gonadal tissue in a functioning state unless severely dehydrated. Relief
 from dehydration is a necessary, but not sufficient, condition for the full expression
 of reproduction.

 For species that do not live in temporally uni-
 form environments, the timing of reproduc-
 tion can be a critical element in reproductive
 success. In many temperate zone birds, repro-
 ductive activity begins during the spring, when
 increasing daylength provides a dependable cue
 that indicates the approach of conditions fa-
 vorable for reproduction (see reviews in Lofts
 and Murton 1968, Farner 1970, Farner and
 Lewis 1971, Wingfield and Farner 1980).
 Compared to daylength, other environmental
 cues that may play a role in controlling the
 timing of reproduction have received little at-
 tention (Moreau 1950, Marshall and Disney
 1957, Marshall 1970, Immelmann 1971,
 Wingfield 1980, Earle 1981, Storey and Nich-
 olls 1982). In some habitats, daylength may
 not be a reliable cue for reproduction because
 the onset of other favorable conditions is in-
 dependent of the changes in daylength. Desert
 birds, for example, may encounter suitable
 conditions for reproduction only for brief pe-
 riods after rainfall, and in such species rapid
 initiation of reproduction in response to rain-
 fall, regardless of daylength or season, may
 maximize reproductive success.

 Such breeding in response to rain apparently
 occurs in the Zebra Finch (Poephila guttata,

 syn: Taeniopygia guttata castanotis) native to
 the arid interior of Australia. The reproductive
 state of Zebra Finches is not influenced by day-
 length (Marshall and Serventy 1958, Oksche
 et al. 1963, Sossinka 1975). In the mesic parts
 of their range, or in areas receiving agricultural
 irrigation, Zebra Finches breed year-round,
 except in the coldest winter months, with peaks
 in nesting attempts occurring in spring and in
 autumn (Frith and Tilt 1959, Kikkawa 1980).
 In arid central Australia, however, the species
 breeds following the irregular rains, regardless
 of the time of year (Immelmann 1965). Davies
 (1977), in a two-year study of Zebra Finches
 in Western Australia, found birds breeding in
 every month except March, April, and August,
 and suggested that both rainfall and temper-
 ature were important in the initiation of breed-
 ing. Immelmann (1963, 1965) reported that
 Zebra Finches copulated within a few hours of
 the beginning of the first rain following several
 months of drought, and began nesting and egg-
 laying within one week. Zebra Finches are ca-
 pable of producing many offspring under fa-
 vorable conditions because (1) both members
 of the pair participate in nest building (Im-
 melmann 1963), (2) a pair will nest repeatedly
 as long as conditions remain favorable (Ser-

 [37]
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 38 CAROL M. VLECK AND J. PRIEDKALNS

 venty 1971), and (3) they become sexually ma-
 ture at an early age, even under sub-optimal
 conditions (Sossinka 1972, 1975, 1980).

 Possible factors that trigger reproduction in
 Zebra Finches and other xerophilic birds in-
 clude: temperature (Serventy and Marshall
 1957, Frith and Tilt 1959, Davies 1977, Kik-
 kawa 1980); nutritional state of the female
 (Perrins 1970, Jones and Ward 1976); green
 grass or other materials used for nest-building
 (Marshall and Disney 1957, Serventy 1971);
 social or psychological factors such as sight of
 rain, clouds, or other courting birds (Immel-
 mann 1963, Serventy 1971); and the effects of
 rain (reviewed in Immelmann 1971, Serventy
 1971). The effects of rain may act either di-
 rectly by providing drinking water or breeding
 sites (Frith 1967) or indirectly by increasing
 humidity (Priedkalns and Bennett 1978) or in-
 creasing food supply (Immelmann 1970). Kik-
 kawa (1980) reviewed factors thought to set
 off breeding in Zebra Finches; he suggested
 that more than one factor may be involved
 and that the relative importance of these fac-
 tors may vary in different parts of the species'
 range.

 Neither the hormonal control of reproduc-
 tion in rain-breeding birds nor the mecha-
 nisms by which rain or its effects trigger the
 beginning of reproduction have been clearly
 determined. Farner and Serventy (1960) sug-
 gested that Zebra Finches may have a tonic
 production of the pituitary gonadotropins that
 stimulate gonadal development. This constant
 secretion might be inhibited only by specific
 external factors such as extreme temperature
 and lack of water. Therefore, under most cir-
 cumstances, the birds would be reproductively
 ready or nearly so, and could respond imme-
 diately to favorable conditions such as those
 following rains.

 We report here how gonad size, plasma levels
 of the gonadotropin, luteinizing hormone
 (irLH), and the sex steroids change during a
 reproductive cycle in captive Zebra Finches
 and compare these to cycles in photoperiodic
 species of birds. We also discuss how the avail-
 ability of free water, presence of green grass,
 and humidity affect gonad size and hormone
 levels in wild-caught Zebra Finches.

 MATERIALS AND METHODS

 AVIARY BIRDS

 We obtained adult Zebra Finches from com-
 mercial suppliers in Adelaide, South Australia.
 Between January and June 1980, 13-24 pairs
 of birds were kept in two outdoor aviaries
 (~ 3 x 4 m, 5-7 pairs at a time; and ~ 1.5 x
 2.5 m, 4-5 pairs at a time) where they had

 access to nest boxes, nesting material, finch
 seed, water, and grit. All birds were marked
 with colored leg bands so that individuals could
 be identified. We observed the behavior of the
 birds at least once a week for 1-3 h and re-
 corded which birds were courting and the stage
 of the nesting cycles for each mated pair. At
 two-week intervals, we took blood samples, for
 hormone analysis, from courting or breeding
 pairs. Each male was laparotomized in order
 to measure the length of the left testis. A blood
 sample of approximately 250 ,l was then taken
 from the basilic vein in the wing. Birds had
 been removed from the aviary for 15 min to
 2 h before blood samples were taken. The blood
 was centrifuged, the hematocrit measured, and
 the plasma stored at -200C for later hormone
 analysis. In most cases, these procedures had
 no obvious effect on the bird's subsequent be-
 havior.

 WILD-CAUGHT BIRDS

 We captured 16 male and 16 female Zebra
 Finches near Barmera, South Australia (340S)
 on 26 February and 10 March 1980. The birds
 at this site had access to water and some of
 the birds we caught may have been breeding.
 The birds were placed in a controlled-envi-
 ronment room at 27 ? 20C, illuminated by
 both fluorescent and incandescent light on a
 14:10 (light: dark) daily photocycle. The rel-
 ative humidity, measured with a recording hy-
 grothermograph, averaged 40% (= 11 torr water
 vapor pressure), and ranged from 25-60% ex-
 cept during high humidity treatments (see be-
 low). Birds were kept in male-female pairs in
 small cages (60 x 45 x 30 cm), within sight
 and hearing range of other pairs. Eight of the
 males were laparotomized and blood samples
 were taken (as described above for aviary birds)
 the day after capture; the other eight males
 were laparotomized two weeks after capture.

 Following their arrival in the laboratory, we
 gave the birds unlimited quantities of finch
 seed (water content 11-12%) and access to
 water for at least nine days, after which freely
 available water was gradually withdrawn over
 the course of twelve days until they were re-
 ceiving only 1 ml/bird/week (dehydration con-
 ditions). This intake of water represents 2-6%
 of their normal unlimited water intake (Oksche
 et al. 1963, Calder 1964, Cade et al. 1965, Lee
 and Schmidt-Nielsen 1971, Skadhauge and
 Bradshaw 1974). The water contained a liquid
 vitamin supplement (ABDEC Baby Vitamin).
 After two weeks of dehydration, the 16 pairs
 were divided into four groups that received
 one of the following experimental treatments:
 (1) access to unlimited volumes of water, (2)
 access to freshly picked green grass, but only
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 REPRODUCTION IN ZEBRA FINCHES 39

 1 ml water/week, (3) access to both unlimited
 amounts of water and green grass, or (4) con-
 tinuation of the dehydration conditions of 1
 ml water/week. Before the experimental treat-
 ments began, and after three weeks of treat-
 ment, each bird was laparotomized and a blood
 sample was taken, as described above. It took
 from 10 to 20 min handling time to laparo-
 tomize and bleed each bird.

 Following this first experiment, we again
 subjected all birds to the dehydration condi-
 tions (1 ml water/week and no green grass) for
 three weeks. At the end of this second dehy-
 dration period, the humidity in the controlled-
 environment chamber was increased by plac-
 ing a humidifier in the chamber. The relative
 humidity in the chamber increased to an av-
 erage of 85% (=23 torr water vapor pressure)
 and ranged from about 60 to 95%. At this high
 humidity, the birds were given the same ex-
 perimental treatments as described above, i.e.,
 access to water, green grass, both, or neither.
 As before, the birds were laparotomized and
 blood samples were taken immediately before,
 and three weeks after, the start of this exper-
 imental treatment.

 At the end of the second experimental treat-
 ment, we killed nine of the males (selected
 from among the four treatment groups), by
 decapitation and removed their testes. Testes
 were immediately weighed to the nearest mg
 and were preserved in buffered formalin for
 histological examination. The formation and
 proliferation of spermatozoa in seminiferous
 tubules were rated, using a range of I (no sper-
 matogenesis) to 5 (maximum spermatogene-
 sis) comparable to the 1-7 range of Blanchard
 (1941).

 HORMONE ASSAYS

 We measured, by radioimmunoassay, the plas-
 ma levels of the sex steroids (androgens for
 male, estrogen for female blood samples) and
 irLH. Because plasma levels of the steroids
 were generally low and because only small
 amounts of blood could be obtained from in-
 dividual birds, most individual samples would
 have been below the detectable limits of the

 steroid assays. Consequently, plasma samples
 within treatment groups were pooled for the
 steroid assays. This assay is described in detail
 by Kerin et al. (1981). The androgen antiserum
 was raised against testosterone-3-(O-carboxy-
 methyl) oxime conjugated to bovine serum al-
 bumin and used at a dilution of 1:20,000. The
 cross-reactivity of the testosterone antiserum
 was as follows: testosterone, 100%; andros-
 tenedione, 1.3%; 5a-dihydrotestosterone, 31%;
 4-androsten-3f-17l-diol, 30%; and 4-andros-
 ten-173, 19-diol-3-one, 3.5%. The estrogen

 antiserum was raised against estrogen-6-(O-
 carboxymethyl) oxime conjugated to bovine
 serum albumin and used in a dilution of 1:
 16,000. The cross reactivity values of the es-
 trogen antiserum, were as follows: estradiol-
 173, 100%; estrone, 17%; estrol, 0.6%; testos-
 terone, 0.2%; and progesterone, less than 0.1%.
 The limits of assay sensitivity for estrogen and
 androgen were 10 pg/ml of plasma. The intra-
 and interassay coefficients of variation for all
 assays were less than 10% and 20%, respec-
 tively (Seamark, pers. comm.).

 Plasma levels of irLH were measured in the

 laboratory of D. S. Farner (University of
 Washington, Seattle) using a double-antibody
 radioimmunoassay for chicken LH. The ra-
 dioimmunoassay was described in detail by
 Follett et al. (1972) and was modified for use
 with small birds by Follett et al. (1975). Serial
 dilutions of Zebra Finch blood respond in par-
 allel with purified chicken LH to the antibody,
 indicating specificity of the antibody to im-
 munoreactive Zebra Finch LH (Wingfield, un-
 publ. data).

 STATISTICS

 Numerical results are reported as means ? SD
 with sample size (n) in parentheses. Means are
 compared using two-tailed Student's t-tests.
 For comparisons between behavioral cate-
 gories (see below), one-way analysis of vari-
 ance (ANOVA) and Newman-Keuls multiple
 range tests (Zar 1974) were used to assess sta-
 tistical significance. Two-way ANOVA was
 used to analyze results of the laboratory ex-
 periments on wild-caught birds. In testing hy-
 potheses, P-values less than 0.05 were consid-
 ered to be significant.

 RESULTS

 AVIARY BIRDS

 The plasma levels of androgens we report here
 (Table 1) are similar to values for testosterone
 titer reported by Sossinka et al. (1980), Luine
 et al. (1980), and PrOve and Immelmann
 (1982), and are lower than the highest values
 reported by PrOve (1978) for actively courting
 Zebra Finches. Our lower values may be the
 result of decreases in hormone levels' during
 the time we took to capture the birds and take
 blood samples, since the stress associated with
 handling is known to decrease hormone titer
 in Zebra Finches (PrOve 1978, pers. comm.).

 Data from aviary birds were divided into six
 categories, depending on the birds' behavior:
 (1) birds that were actively courting or being
 courted, but which did not successfully nest
 during the following week, (2) courting birds
 that nested within the following week, (3) birds
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 40 CAROL M. VLECK AND J. PRIEDKALNS

 TABLE 1. Testis length and reproductive hormone levels in Zebra Finches breeding in aviaries or caught in the field
 and kept in small cages with only limited water.a

 Left testis irLH Male plasma Female plasma
 length ng/ml ? SD (n) androgens estrogens

 mm ? SD (n) Male Female ng/ml (n)b ng/ml (n)b

 Aviary birds

 Unsuccessful courtship 4.1 ? 0.6 (5) 0.94 + 0.25 (9) 0.41 ? 0.18 (10) 1 0.50 (8) <0.13 (5)
 Successful courtship 3.8 ? 0.8 (8) 1.04 0.38 (10) 0.89 ? 0.50 (9) 0.80 (9) 0.32 (8)

 Early incubation 4.1 ? 0.6 (7) c 1.24 + 0.83 (7) 0.70 ? 0.14 (4) c 1.06 (4) 0.18(5) Late incubation 3.9 + 0.1 (4) 0.63 ? 0.41 (7) 0.38 ? 0.28 (7) 0.24 (5) <0.16 (4)
 Feeding nestlings 3.8 ? 0.7 (4) 0.49 ? 0.25 (6) 0.79 ? 0.28 (4) 0.25 (4) 0.45 (3)
 Feeding fledglings 4.0 ? 0.7 (2) 1.12 (1) 0.77 ? 0.21 (2) - -

 Field-caught birds
 At capture 3.5 ? 1.0 (16) 0.45 ? 0.25 (15) 0.47 ? 0.42 (14) 0.30 (5) 0.19 (16)
 After first dehydration 2.7 ? 0.7 (16) 0.41 ? 0.23 (12) 0.42 ? 0.26 (12) <0.28 (16) <0.24 (16)
 After second dehydration 3.0 ? 0.6 (16) 0.55 ? 0.28 (16) 0.59 ? 0.36 (13) <0.23 (16) <0.13 (16)
 a Birds were given one ml water/week.
 b For the sex steroids, the values are from pooled samples of blood and the sample size indicates the number of birds whose blood was added to the pool.
 c Brackets connect values that are statistically significantly different (P < 0.05).

 in the first week of incubation, during which
 time the clutch was not complete for some
 pairs, (4) birds that were in the second week
 of incubation, (5) birds that were feeding nest-
 lings, and (6) birds that were feeding fledglings.
 For birds in the first two categories, we used
 only individuals that courted each other ex-
 clusively during the previous 1-3 h observa-
 tion period. The nestling period lasts about
 three weeks and the fledgling period an addi-
 tional two weeks. Both members of the pair
 incubate and feed the young (pers. observ.).

 Testis length did not vary between behav-
 ioral categories (one-way ANOVA, F = 0.35,
 P > 0.75). In addition, testis length in breed-
 ing birds did not differ from that in non-breed-
 ing birds at the beginning of the experiment
 when they had just been released into the avi-
 ary (3.9 ? 0.5 mm, n = 14).

 Hormone levels, however, did vary signifi-
 cantly between behavioral categories (Table 1).
 The levels of irLH were significantly higher in
 males during early incubation than in males
 feeding nestlings. The levels of irLH in females
 were significantly higher during successful
 courtship than during late incubation or during
 unsuccessful courtship when the birds did not
 subsequently nest. Levels of gonadotropin in
 both sexes began to increase again during the
 last stages of the reproductive cycle, presum-
 ably in preparation for the next brood. Females
 will often begin a second clutch while the male
 is still feeding the young from the first clutch
 (pers. observ.).

 The levels of plasma estrogen in females re-
 mained relatively low throughout the repro-
 ductive cycle. They were highest during court-
 ship and at the end of the reproductive cycle.
 The levels of androgens in males were highest
 during courtship and early incubation coinci-
 dent with peak irLH values (Table 1). Because

 the values for steroids were from blood sam-
 ples pooled from several individuals, no sta-
 tistical treatment was undertaken.

 WILD-CAUGHT BIRDS

 Wild-caught Zebra Finches were significantly
 smaller (11.0 ? 0.8 g, n = 32) than the com-
 mercially obtained birds (12.0 ? 0.8 g, n =
 22). These values are slightly lower than the
 body masses of wild and domesticated Zebra
 Finches reported by Sossinka (1970). Body
 masses of the wild-caught Zebra Finches did
 not change with dehydration. Body mass did
 not differ significantly between sexes in either
 wild-caught or commercially-obtained birds.

 When the wild-caught Zebra Finches were
 brought in from the field, their mean testis
 length was not significantly different from that
 of Zebra Finches breeding in outdoor aviaries
 (Table 1). The level of irLH in males measured
 the day after capture (0.60 ? 0.18 ng/ml, n =
 8) was significantly higher than that measured
 in males measured two weeks after capture
 (0.29 ? 0.23 ng/ml, n = 7), but the levels of
 androgen in the two groups were indistinguish-
 able. Plasma levels of irLH in recently caught
 males did not differ from those in the non-
 breeding aviary males (0.73 ? 0.31 ng/ml, n =
 7), but were significantly lower than those of
 successfully courting male Zebra Finches in the
 aviaries (Table 1).

 In the wild-caught males, mean testis length
 decreased significantly (t = 4.78, P < 0.01)
 during the first dehydration period. Mean tes-
 tis length after the second dehydration period
 was not significantly different from that after
 the first dehydration treatment (Table 1). The
 level of irLH did not differ between values
 measured just after capture and those mea-
 sured after each of the dehydration treatments.

 The protocol for the wild-caught birds gen-
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 REPRODUCTION IN ZEBRA FINCHES 41

 TABLE 2. Plasma level of irLH (ng/ml) in dehydrated Zebra Finches before and after three weeks exposure to the
 indicated experimental conditions (see Materials and Methods). Values given are means ? SD. There were four birds
 in each group.

 Water

 Ad libitum 1 ml/wk

 Before After Before After

 Low humidity Grass 0.39 ? 0.26 0.21 ? 0.14 0.22 ? 0.17 0.26 ? 0.27
 No grass 0.44 ? 0.37 0.51 ? 0.18 0.49 ? 0.10 0.23 ? 0.26

 High humidity Grass 0.49 ? 0.29 0.52 ? 0.18 0.71 ? 0.41 0.60 ? 0.20
 No grass 0.55 ? 0.37 0.44 ? 0.03 0.55 ? 0.13 0.17 ? 0.14

 TABLE 3. Left testis length (mm) in dehydrated Zebra Finches before and after three weeks of exposure to the
 indicated experimental conditions (see Materials and Methods). Values given are means ? SD. There were four birds
 in each group.

 Water

 Ad libitum 1 ml/wk

 Before After Before After

 Low humidity Grass 2.9 ? 0.9 3.3 ? 0.5 2.8 ? 0.6 2.9 ? 0.7
 No grass 2.0 ? 0.4 3.5 ? 0.9 3.1 ? 0.6 2.9 ? 0.9

 High humidity Grass 3.3 ? 0.5 3.5 ? 0.4 2.9 ? 0.6 3.3 ? 0.9
 No grass 3.0 ? 0.7 3.4 ? 0.6 2.9 ? 0.9 3.1 ? 0.6

 erated eight experimental groups. After two or
 three weeks under dehydration conditions (see
 Methods), we gave each group one of eight
 different combinations of water (unlimited or
 restricted volumes), green grass (access or no
 access), and humidity (exposure to 40% or 85%
 relative humidity). The plasma levels of irLH
 in the males did not change significantly in any
 of the eight experimental groups (Table 2). In
 none of the eight groups were androgen levels
 high enough to measure with the assay we used.

 Access to unlimited volumes of water had a
 significant positive effect on testis size (Tables
 3 and 4). Neither green grass nor humidity by
 itself affected testis size. There were, however,
 significant interaction effects of grass plus water,

 TABLE 4. Analysis of variance of change in testis length
 in individual Zebra Finches exposed to different condi-
 tions after dehydration.

 Mean
 Source of variation df squares F-ratio P

 Main effects

 Water 1 2.00 8.00 0.009
 Grass 1 0.28 1.13 0.299
 Humidity 1 0.13 0.50 0.486

 Interaction effects

 Water and grass 1 1.53 6.13 0.021
 Water and humidity 1 2.00 8.00 0.009
 Grass and humidity 1 0.28 1.13 0.299
 Water, grass, and
 humidity 1 0.78 3.13 0.090

 Constant 1 4.50 18.0 0.000
 Error 24 0.25 - -

 and high humidity plus water. That is, when
 unlimited volumes of water were available, the
 additional presence of green grass or high hu-
 midity resulted in further increases in testis
 size. There was no further significant interac-
 tion when all three factors were considered to-
 gether. These results indicate that relieving the
 stress of dehydration by adding freely available
 water to the diet has a direct positive effect on
 testicular size in Zebra Finches, and that this
 positive effect is augmented by the presence of
 green grass or an increase in relative humidity.

 Measurement of hematocrit provides some
 insight into how our dehydration treatments
 affected water balance in the Zebra Finches
 (Table 5). Hematocrit is known to increase with
 water stress in other birds (Koike et al. 1983).
 Hematocrits were significantly higher in birds
 given only 1 ml water/week than in birds given
 unrestricted access to water, but access to green
 grass or exposure to high or low humidity had
 no effect on hematocrits (Table 6). The he-
 matocrits of wild-caught Zebra Finches given
 free access to water (Table 5) were not signif-
 icantly different from the hematocrits of finch-
 es breeding in the aviary (0.50 ? 0.04, n =
 24), whereas the hematocrits of the wild-caught
 Zebra Finches restricted to 1 ml water/week
 were significantly higher than the hematocrits
 of aviary birds.

 Testis size was not correlated with sper-
 matogenic activity, judged by histological ex-
 amination in the nine birds we sampled (Fig.
 1). The Spearman Rank correlation coefficient
 between the two was 0.406 (Z = 1.22, P >

This content downloaded from 129.186.176.217 on Mon, 23 May 2016 20:50:37 UTC
All use subject to http://about.jstor.org/terms



 42 CAROL M. VLECK AND J. PRIEDKALNS

 TABLE 5. Hematocrit in male Zebra Finches exposed to eight different conditions (free or limited access to water
 and/or green grass and exposure to low or high humidity). Values given are means ? SD, sample size in parentheses.

 Water

 Ad libitum 1 ml/wk

 Low humidity Grass 0.53 ? 0.03 (5) 0.54 (1)
 No grass - 0.54 ? 0.04 (19)

 High humidity Grass 0.50 ? 0.02 (9) 0.55 ? 0.04 (4)
 No grass 0.51 ? 0.02 (4) 0.53 ? 0.07 (8)

 TABLE 6. Analysis of variance of hematocrits in male
 Zebra Finches exposed to different conditions.

 Mean
 Source of variation df squares F-ratio P

 Main effects

 Water 1 102.72 6.15 0.017
 Grass 1 0.65 0.04 0.845
 Humidity 1 9.78 0.58 0.449

 Interaction effects

 Water and grass 1 9.30 0.56 0.460
 Water and humidity 1 11.38 0.68 0.414
 Grass and humidity 1 1.47 0.09 0.768
 Water, grass, and
 humidity 0 - - -

 Constant 1 139,392 8339 0
 Error 43 16.71 - -

 0.20). Index of spermatogenic activity was also
 not related to treatment group. Despite sper-
 matogenic activity within the seminiferous tu-
 bules in some testes, we found no indication
 of activity in the interstitial tissue of any of
 the testes examined (Fig. 2).

 DISCUSSION

 The reproductive biology of Zebra Finches is
 best understood in terms of its adaptive sig-

 OW 5 o
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 w
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 TESTIS LENGTH,mm

 FIGURE 1. Relation between spermatogenic activity and
 testis length in Zebra Finches. Solid circles represent birds
 not given free access to green grass or water; open circles,
 birds given access to grass but not water, solid triangles,
 birds given access to unlimited volumes of water but not
 quantities of grass; and open triangles, birds given free
 access to both water and green grass. All birds were main-
 tained at 270C and a relative humidity of 85% before dis-
 section.

 nificance to the arid environment in which the
 birds live. From the viewpoint of avian repro-
 duction, one important feature of the Austra-
 lian deserts is their unpredictable rainfall pat-
 tern (Immelmann 1970). Favorable conditions
 for avian reproduction do not occur on a reg-
 ular seasonal basis, but follow irregular rains
 that may occur at any time of the year. Thus,
 photoperiod is of little value to Zebra Finches
 as a cue for reproduction. In the interior of
 Australia and in similar environments else-
 where, natural selection is likely to have set a
 premium on a bird's ability to respond rapidly
 to suitable reproductive conditions whenever
 they become available.

 REPRODUCTIVE CYCLES IN
 ZEBRA FINCHES

 The tremendous temporal variation in gonad
 size that occurs in many temperate-zone birds
 is absent in Zebra Finches. In our study, testis
 length did not change during a reproductive
 cycle (from courtship through fledging of
 chicks), and, under aviary conditions, the testes
 did not regress between clutches (Table 1). Tes-
 tis length did decline significantly when birds
 were dehydrated, but even then only by about
 20%. In free-living birds, testis length usually

 .' .: "..
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 FIGURE 2. Photomicrograph (x 104) of seminiferous
 tubules from a Zebra Finch. Note active spermatogenesis
 in seminiferous tubules (spermatogenic score = 4) and
 sparse interstitial (Leydig gland) tissue. This bird was kept
 at 85% relative humidity, but had only 1 ml water/week
 and no access to green grass for 3 weeks before dissection.
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 remains between 3 and 4 mm year-round, just
 as in our aviary birds, and while decreases in
 testis length of 20-40% do occur in wild birds,
 they do not occur at regular intervals, but ap-
 pear to be associated with periods of drought
 (Davies 1977).

 Other researchers (Oksche et al. 1963, Sos-
 sinka 1974) have not been able to demonstrate
 an effect of dehydration on gonad size in Zebra
 Finches. This may be due to a difference in
 technique. While we used serial laparotomies
 to monitor change in gonad size within indi-
 viduals, previous studies compared gonad sizes
 between birds given free access to water and
 those without water. This latter method is less

 able to detect small changes within individuals
 against a background of substantial variation
 between individuals.

 In contrast to the situation in Zebra Finches,
 in birds that breed in response to increasing
 daylength, gonads regress after spring or sum-
 mer breeding and remain small through the
 winter; then, as daylength increases in the
 spring, gonad sizes increase logarithmically
 (Farner and Gwinner 1980, Wingfield and Far-
 ner 1980). For example, in one race of the
 White-crowned Sparrow (Zonotrichia leuco-
 phrys pugetensis), testis mass increases from
 only 1-3 mg in the winter to nearly 500 mg
 just before breeding in the spring. These spar-
 rows typically lay two clutches each year, and
 testis mass declines after the first clutch, then
 increases again for the second clutch (Wing-
 field and Farner 1978).

 Our finding that gonads of Zebra Finches do
 not change size during or between reproduc-
 tive cycles except when the birds are severely
 water-stressed, supports Farner and Serventy's
 (1960) hypothesis regarding the tonic main-
 tenance of gonadal tissue. By maintaining go-
 nads in a near-breeding condition, the birds
 are able to respond almost immediately to the
 unpredictable onset of conditions favorable for
 reproduction. In contrast, wild populations of
 White-crowned Sparrows take over two
 months to achieve full gonadal recrudescence
 (King et al. 1966). In a species for which con-
 ditions favorable for reproduction are pre-
 dictably seasonal, it is apparently adaptive for
 the birds to re-allocate energy reserves from
 gonadal maintenance to other functions during
 non-reproductive seasons, and to re-grow go-
 nadal tissue in anticipation of the return of
 favorable conditions. For arid-zone birds, go-
 nadal regression and gradual recrudescence
 may not be a viable option. If a Zebra Finch
 of arid Australia required two months to reach
 reproductive readiness following rain, it might
 completely miss suitable conditions for breed-
 ing!

 Levels of the gonadotropin, irLH, and the
 sex steroids do change during a reproductive
 cycle in Zebra Finches in a pattern similar to
 that found in other birds, although the ampli-
 tude of variation in the plasma levels of these
 hormones is not as great as is seen in some
 other birds (Wingfield and Farner 1980). In
 White-crowned Sparrows, plasma levels of tes-
 tosterone and irLH increase about ten-fold over

 the course of the year, and, like testis mass,
 male irLH and androgen levels decrease be-
 tween clutches during the breeding season
 (Wingfield and Farner 1978). Sexual behavior
 in the male Zebra Finch is dependent on an-
 drogen levels (Prove 1974, 1978; Arnold 1975;
 Harding et al. 1983). The birds' behavior
 changes during a breeding cycle, and therefore
 it is not surprising that hormones controlling
 these behaviors also change.

 WATER AND REPRODUCTION IN
 ZEBRA FINCHES

 In arid parts of Australia, Zebra Finches are
 most abundant near permanent bodies of water,
 but they are capable of surviving without ac-
 cess to drinking water, providing temperatures
 are moderate (Oksche et al. 1963; Calder 1964;
 Cade et al. 1965; Lee and Schmidt-Nielsen
 1971; Sossinka 1972, 1974). Certainly, wild
 Zebra Finches may not always have daily ac-
 cess to water. In many Australian birds, breed-
 ing activity declines during drought and in-
 creases following rains, regardless of the time
 of year. (Keast and Marshall 1954; Serventy
 and Marshall 1957; Keast 1959, 1968; Frith
 1967). Thus it seems likely that water stress
 may inhibit reproduction, and access to water
 and subsequent rehydration may release this
 inhibition. Of course, even when water is
 abundant, other factors, such as extreme tem-
 perature, may still prevent breeding.

 We have demonstrated that reduction in

 water availability leads to dehydration of the
 birds as evidenced by the significant increase
 in hematocrit, and that dehydration is asso-
 ciated with a significant decrease in testis length
 in male Zebra Finches. In our experiments, the
 presence of unlimited water relieved the effects
 of dehydration and had a direct positive effect
 on testicular size within individuals. Even small
 increases in testis length represent a significant
 increase in the volume of testicular tissue, be-
 cause the volume increases roughly with the
 cube of a linear dimension. The positive effect
 of water on testis length was augmented by the
 presence of green grass or an increase in rel-
 ative humidity. The ingestion of green grass
 adds free water to the bird's diet and increased
 relative humidity decreases the bird's pul-
 monary evaporative water loss, so both of these
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 factors further ameliorate the effects of dehy-
 dration.

 It is possible that the green grass stimulates
 reproductive readiness because it provides a
 chemical signal that acts as a reproductive trig-
 ger, as has been demonstrated in microtine
 rodents (Negus and Berger 1977, Berger et al.
 1981, Sanders et al. 1981). To our knowledge,
 however, there is no direct evidence for similar
 effects in birds. Alternatively, the grass could
 stimulate the reproductive system because it
 is the material used in nest building. Lehrman
 (1973) demonstrated that pairs of Ringed Tur-
 tle-Doves (Streptopelia risoria) that had been
 kept together in small cages began to build
 nests immediately when given nesting mate-
 rial. We did not see, however, the Zebra Finch-
 es in our experiments manipulate the grass as
 they do nest material, whereas they always ate
 green grass when it was available.

 The plasma levels of irLH and androgen in
 all the experimental birds were similar to those
 of non-breeding aviary birds, lower than those
 of courting birds, and did not increase with the
 addition of water. This result is not surprising
 in view of the fact that the experimental birds
 were in small cages without access to nests (see
 Prove 1978). There are undoubtedly subsidi-
 ary factors including physical, physiological,
 and social conditions that are important in fine-
 tuning reproduction (Wingfield 1980, 1983).
 For example, Moore (1983) demonstrated that
 reproductive function of male White-crowned
 Sparrows was profoundly affected by the en-
 docrine state and behavior of the female. Re-

 lief from dehydration may be a necessary, but
 not a sufficient, condition for the full expres-
 sion of reproductive physiology and behavior.

 HORMONAL CONTROL OF REPRODUCTION
 IN ZEBRA FINCHES

 In seasonally breeding birds, the testes are gen-
 erally gametogenetically inactive in their win-
 ter, regressed condition (Lofts and Murton
 1973). The histological condition of the re-
 gressed testis is usually completely uniform,
 the germinal epithelium of the collapsed sem-
 iniferous tubule consisting only of a single lay-
 er of spermatogonia along with Sertoli cells.
 High levels of spermatogenic activity are usu-
 ally found only in enlarged testes (Blanchard
 1941). Thus, it is surprising that spermatogen-
 ic activity in the Zebra Finch is neither closely
 related to season or testes size, nor related to
 their state of hydration. We found some rel-
 atively large testes with inactive seminiferous
 tubules, and some relatively small testes with
 mature sperm within the lumen of seminif-
 erous tubules. Some birds, not given access to
 water, evidenced higher levels of spermato-

 genic activity than other birds with access to
 water (Fig. 1). Oksche et al. (1963) also found
 Zebra Finches that were subjected to restricted
 water intake continued to produce spermato-
 zoa. Keast and Marshall (1954), however, re-
 ported that at a desert site where little rain had
 fallen for three years, gonads of Zebra Finches
 were small and inactive.

 It appears that in the Zebra Finch, even when
 the testes are reduced in size because of severe

 dehydration, some spermatogenesis can occur.
 Tonic low level of spermatogenesis is obvious-
 ly of potential adaptive value to males that
 must be ready for the immediate copulations
 that occur with rains following severe drought
 (Immelmann 1963). The total numbers of
 sperm produced by such birds, however, is
 probably low relative to those of non-water-
 stressed birds with larger testes.

 The poorly developed interstitial tissue of
 the testes of all the experimental birds corre-
 lates well with the low levels of plasma irLH
 and androgens in these birds (Nicholls and
 Graham 1972, Lam and Farner 1976). In lab-
 oratory strains of Common Quail (Coturnix
 coturnix) pituitary LH stimulates activity in
 the steroidogenic interstitial cells of Leydig
 (Brown et al. 1975). The androgens then con-
 trol the development of sexual accessory or-
 gans, secondary sexual characteristics such as
 courtship, and possibly gamete production of
 the seminiferous tubules (see review in Lofts
 and Massa 1980). It remains to be explained
 why gonad size in dehydrated Zebra Finches
 increases with access to water, while plasma
 levels of irLH and androgens levels remain
 low. One hypothesis is that plasma levels of
 follicle-stimulating hormone (FSH) may de-
 crease with dehydration and increase with re-
 lief from water stress, and that the level of FSH
 controls changes in gonad size. FSH is known
 to cause testicular growth in Common Quail
 (Brown et al. 1975, Follett 1980) and is thought
 to increase spermatogenic activity of the sem-
 iniferous tubules by stimulating local androgen
 secretion of Sertoli cells, which in turn influ-
 ences production of adjacent germ cells (Lofts
 and Massa 1980). LH and subsequently plas-
 ma androgens may increase only when other
 conditions for reproduction, such as presence
 of mates and nests, are suitable.
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