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Summary

The avian genu€inclodeqFurnariidae) includes species that inhabit both inland and marine shores. We compared the carbon isotopic
composition and osmoregulatory capacities of field caught individuals ofG@mekdesspecies in ChileCinclodes nigrofumosus a

resident of coastal shores, wher€a®ustaletiandC. patagonicusnhabit both coastal and inland environments. The tissu€s mif
grofumosusexhibited distinctively marin&'3C values, whereas those ©f oustaletiand C. patagonicusvere intermediate between

marine and terrestrial values. The differences in carbon isotopic composition among these three species were paralleled by differences
in osmoregulatory characteristics. The species that carbon isotopes revealed to be strictlZ nmagirefumosusdhad relatively larger

kidneys with a higher fraction of total renal tissue occupied by medullary cones than its co6genstaletandC. patagonicusCin-

clodes nigrofumosusdividuals also produced more concentrated urine. In addition to interspecific differences in osmoregulation, we
found intraspecific difference€inclodes nigrofumosumllected at an arid site with limited or no available fresh water exhibited larger
kidneys and higher relative medullary thickness than individuals collected at a megiinsitedes nigrofumosuysike all passerines,

lacks functional salt glands. This species appears to be unique among passerines in its ability to live in extreme arid coastal environ-
ments and to cope with a marine diet that imposes high osmotic loads.

Key words: Cinclodes, marine passerine, osmoregulation, renal function, stable isotopes

Introduction rine passerine species can be attributed to the absence of
a functional salt gland that prevents them from utilizing
Birds living in marine environments can take advantageods of marine origin in the absence of fresh water.
of a productive habitat, but their feeding may be corBeveral subspecies of Savannah sparr®asgerculus
strained by the need to get rid of the high salt loads ttendwichenis can be considered “marine” because
can accompany marine foods (Nystrom and Pehrssdhey inhabit salt marshes with scarce fresh water
1988; Mahoney and Jehl, 1985). Feeding on diets of m@/heelwright and Rising, 1993). The physiological
rine origin can impose a significant osmoregulatortraits that allow these birds to inhabit a dry and salty en-
challenge (Janes, 1997). Feeding on salty marine foodeonment have been relatively well studied in one of
may be especially challenging for passerines, whitchese subspecieB, s. beldingi(Poulson and Bartho-
lack functional salt glands (Shoemaker, 1972) and thiaimew, 1962; Goldstein et al., 1990). Although salt
have a limited ability to concentrate urine (Goldsteimarsh Savannah sparrows have remarkable abilities to
and Skadhauge, 2000). Perhaps the paucity of truly ntalerate dry and salty environments, they cannot be
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considered strictly marine. They feed primarily on thewo observations: Firstly, tissues often reflect the iso-
seeds of terrestrial plants and on insects (Wheelwrigioppic composition of an animal's diet (Hobson and
and Rising, 1993). An exceptional marine passerine @ark, 1992), and secondly, although there can be sig-
Cinclodes nigrofumosugFurnariidae), a species thatnificant inter-habitat variation, marine food sources are
inhabits the intertidal and sandy beaches of Chile whesignificantly enriched inC relative to sources from

it feeds primarily on marine osmoconforming inverteeontiguous terrestrial habitats (i.8*C is more posi-
brates (Goodall et al., 1946; Paynter, 1971). Over 908%e; Griffiths, 1991; Marra et al., 1998). Chisholm and
of the diet ofC. nigrofumosuss comprised of marine Nelson (1982), for example, reported tR&C of tis-
mollusks and crustaceans (we will describe the diet sfies from Canadian terrestrial mammals averaged
C. nigrofumosuén detail in a subsequent repo®in- -25.5% whereas that of marine mammals averaged
clodes nigrofumosuis also remarkable because popu-17.5%0. A larger isotopic difference was observed be-
lations of this species can inhabit hyperarid coastateen fresh water (—28.8%0) and marine fish (—18.7%o;
habitats that lack fresh water (Sabat, 2000). In thhisholm and Nelson, 1982). In addition, marine sea-
study we used stable isotopes to document the reliargrasses and macroalgae have typical positive values
of C. nigrofumosusn a marine diet and conducted—10 to —15%o), compared with those of plants living at
field physiological measurements to determine thie adjacent salt marsh (=27 to —13%o, Boutton; 1991).
traits that allow this species to feed on an osmoticallife predicted that the tissues ©f nigrofumosusthe
challenging marine diet. strictly marine species, would be consistently enriched
The genuCinclodesmay be well-suited to study os-in **C relative to those of its congeners that use both
moregulation in birds from a comparative perspectivenarine and fresh water habitats. We also predicted that
This genus includes species that are strictly marirspecies that move seasonally between marine and fresh
(C. nigrofumosuys species that are strictly riverinewater habitats would exhibit intermediaf&C values.

(C. atacamens)s and species that may shift seasonallWe expected that tissues with higher carbon turnover,
between marine and riverine habitafs fustaletiand such as liver, would reflect diet at the time of collection,
C. patagonicusamong others; Housse, 1945; Goodallvhereas tissues with slower turnover, such as bone col-
et al., 1946; Stotz et al., 1996). Here, we take advantdggen, would reflect past diets.

of the variation in habitat use and salt loads experiencAdhovel contribution of this paper is the use of the car-
by birds in the genuSinclodedo investigate how habi- bon isotopic composition of a consumer’s tissues as a
tat and diet can shape osmoregulation. Our study ipetential covariate in a comparative physiological anal-
cluded three€€inclodesspecies with significant ecologi- ysis. A diet of osmoconforming invertebrates is wet and
cal differencesCinclodes nigrofumosugshabits inter- salty. It is accompanied by a high ionic load and by a
tidal zones and feeds almost exclusively on maridarge amount of water (Gilles, 1987). Thus, we as-
invertebrates (Goodall, et al. 1946; Paynter, 197%umed that birds with marine isotopic signatures were
Hockey et al., 1987 Cinclodes oustaledndC. patag- subject to higher electrolyte and water loads and pre-
onicuslive in both coastal and riverine habitats and caglicted that these animals would have osmoregulatory
include insects and other terrestrial arthropods in thdiaits appropriate to deal with them. Savannah sparrows
diet in addition to marine invertebrates (Housse, 194Bthabiting salt marshes have larger kidneys with rela-
Goodall et al., 1946). Some individuals@fpatagoni- tively large medullas than individuals of subspecies in-
cusandC. oustaletprobably move seasonally from thehabiting nearby uplands (Goldstein et al., 1990), and
coast to inland streams during the dry austral sumntbian other species of sparrows living in mesic environ-
(December to March; Sielfeld et al., 1996; Jorge et aments (Casotti and Braun, 2000). These traits seem to
1998). allow them to handle higher salt loads and to balance
Our study relied on carbon stable isotope ratios as indieir water budget by drinking sea water (Poulson and
cators of diet (marine vs. terrestrial) and as indirect iartholomew, 1962). Thus, we predicted thaiCiim-
dices of the salt loads experienced by birds. Using stedes kidney size and relative medulla size would in-
ble isotopes to determine the origin of dietary sourcesdsease with thé*C of the birds’ tissues. In addition,
not a new idea (Fry et al., 1978; Bouton et al., 1980)e expected that differences in kidney morphology
The method has been used by Hobson (1987) to doemong species would be accompanied by differences in
ment historical diet shifts in gulls, and by Bilby et althe degree to which birds concentrate urine in the field.
(1996) to determine the contribution of anodramous summary, we expected the marine specesigro-
fishes to the carbon and nitrogen balance of terrestrfamosus to show!3C enriched tissues, to have larger
ecosystems (see also Ambrose and DeNiro, 1986¢neys with a large fraction of renal tissue allocated to
Hilderbrand et al., 1996). Using the carbon isotope rattbe medulla, and to produce more concentrated urine
of a consumer’s tissues to assess the relative contritoan its congenersC. oustaletiand C. patagonicus

tion of marine and terrestrial sources to its diet relies avhich inhabit marine habitats only seasonally.
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Material and methods where Rampie@nNd Rindari@re the molar ratios #C/A2C
of the sample and reference, respectively. Samples were
Animals were collected with mist nets or shot betweeneferenced against international standard, VPDB.
February and December 1999 at three sites: El Quisco
(33°34 S, 71°37W, C. nigrofumosusand C. ousta-
leti), Taltal (25° 25S, 70° 34W, C. nigrofumosus and Results
El Manzano (33°3%, 70°22W, C. oustaleti and
C. patagonicus Chile. The former two sites arepiet isotopic composition: interspecific
coastal, whereas the latter is an inland fresh-watggd habitat differences

stream. El Quisco is relatively mesic (mean annual pre- . -
cipitation 441.3 mm: di Castri and Hajek, 1976 At the moment of capture, the three species exhibited

-

whereas Taltal is arid (mean annual precipitatioﬂgniﬁcant differences in the isotopic composition of

25.1 mm; di Castri and Hajek, 1976). Immediately aftéf€ir diets 3 23 = 10.5,P < 0.001). The diet oCin-
capture, a sample of ureteral urine was obtained by ffl°des nigrofumosusad a significantly more positive

serting a small closed-ended cannula into the birdSCtOPIC compositiond*C + SE = -12.7 +0.93) = 15,

cloaca (Goldstein and Braun, 1989). After urine colleiil':“key'Kramer HS tesP < 0.05) than that of. ousta-

tion was completed, a blood sample (50 to 100 pl) wagl! andC. patagonicugd’*C £ SE = -16.1£1.2)=9,
collected into heparinized tubes. Birds were decapitat@dd 0 "C * SE = -21.05 £ 1.6 = 15, respectively).
and their stomach (proventriculus and gizzard) content§€Se latter two species did not differ significantly

were immediately removed and frozen in liquid nitroln di€t isotopiccomposition (Tukey-Kramer HS test,

en. Kidnevs were removed from the s nsacrurﬁ’,>p-_05)-withi” spec.ies,'birds in diffe_rent habi_tats also
\g/’veighed a)rqd preserved in paraformaldé,hyde—gIl‘J‘?—Xh'b'te‘?I differences in digx“C. The diet ofC. nigro-
taraldehyde. The volume densities of kidney Comp(ggmc_)susndlwduqls collticted f\t an arid site (Taltal) was
nents (cortex and medulla) were estimated by poigignificantly enrichedn *C (6C + SE = -10.9 £ 0.9,
counting using the Cavalieri Principle on the right kid® = 8, t=3.05pP < 0.01) relative to the diet of individu-
ney which was processed for routine light microscop§lS collected at a mesic site (El Quisd&'C + SE =
(Gundersen et al., 1988). Volume density values werd4-8 £1.2n = 3). The diet oCC. oustaletindividuals
converted to absolute values by taking into account tf lIIected at El Quisco was significantly enrichedd
volume of kidney estimated by kidney mass and assuf®- C * SE =-20.3+1.8)=8, t=5.1P < 0.01) rela-
ing a tissue density of 1. tive to the diet of individuals collected at the inland
Gut contents were homogenized with a Potter-Elv&esh-water stream (EI Manzano)
hjem tissue grinder and centrifuged (12000 G, 5 min).
The osmolality of the supernatant fluid was determinegklationship between 5'3Cyie; and 3"3Cijgqe

by vapor pressure osmometry (Wescor 5130B). The , , )
solid residue was used for determination of isotope rive Used a linear model to compare the relationship be-

tios. Animal tissues (liver, pectoralis muscle and eWeen the isotopic composition of diet with that of tis-

tracted bone collagen, ca. 0.15 mg) and solid gut copt/€S @mong species. This model included the tissue’s
tents were freeze-dried, ground into a fine powder, afgPtoPIC composition as a dsependent variable, and the
loaded into pre-cleaned tin capsules for isotopic anaﬂ-‘:"tS isotopic compositiord{*Cye), species and the in-
sis. Bones were demineralized to obtain collagen (Tugraction between the diet's isotopic composition and
oss et al., 1988) and all tissues were de-fatted by etRBECIES as independent variables. None of our analyses
extraction prior to isotopic analyses. Carbon isotope rgxnibited a significant interaction and hence this term

i i ; i¥as dropped from the model. We found remarkably dif-
mass spectrometer (VG Isotech, Optima) with sampl&&ent results for each t_'SSlie (Fig. 1). Live¥C
combusted in a Carlo Erba NA 1500 elemental analyz&creased significantly with*Ce; (F1 5 = 36.1,

at the Columbia University Biosphere 2 stable isotope < 0-001) but was not affected by speciegst = 2.4,
facility. The precision of these analyses was + 0.3% ~ 0-11)- The same regression line rela&e€ and

SD. Lab standards, vacuum @&tC = —27.5%. VPDB) tissued 3C for all species (Fig. 1). In contrast, the anal-
and ANU sucrosed3C = —10.5%. VPDB, NAST 8542) YSiS for both muscle and collagen demonstrated signifi-
were included with each run to correct raw values oant effects of botd**Cye, (F; 5, = 10.4, p < 0.003 and
tained from the mass spectrometer. Stable isotope raffpsz = 12.7, P < 0.05, respectively) and species

were expressed using standard delta notation (d) (fre.s2=15.2,P <0.001, and 3, = 20.6,P < 0.001, re-
parts per thousand (%o) as: spectively, Fig. 1). The slope of the relationship be-

tween d'3Cy;; and tissued'C differed among tissues.
O1C = (RampidRstandar— 1) X 1000 The steepness of the relationship betw&€g., and
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Fig. 1. In birds of the genu€inclodestissue and digi**C covaried, but the relationship between these two variables differered among

liver, pectoralis muscle, and bone collagen. Circles represent d&arfigrofumosustriangles represent data forpatagonicusand

diamonds data fd€. oustaleti Open circles represe@t nigrofumosugdividuals collected at a mesic site (El Quisco), whereas closed

circles represent individuals collected at an arid site (Taltal). Because we found no significant interaction effects, we used a common
slope in all regressions for each tissue. Note that the analysis for liver showed no significant species effect (the regression line for all
species shared a common intercept) whereas both pectoralis and collagen showed a significant species effect. For pectoralis and colla-
gen, no significant differences were found betw€emustaletiandC. patagonicusaand hence a common regression line was fitted.

Note that the relationship betwedHC,, and 8'°C;,., is the steepest (slope + SE = 0.48 + 0.07) whereas that bebA€xp, and

O"Ceoliagenis the shallowest (slope + SE = 0.19 * 0.07). The value 0Bl Vs 5'*CysqeSlope for pectoralis had an intermediate

value (slope + SE =0.35 £ 0.07).
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tissued**C seemed to vary with tissue turnover (Fig. 1).
It was highest in liver, the tissue with the fastest
turnover, and lowest in bone collagen, which is a tissue
with slow turnover (Fig. 1).

The value o®'3C differed significantly among species
(repeated measures ANOWA, ,3 = 31.5,P < 0.001,

Fig. 2) and tissues (repeated measures ANOVA
F38,= 6.5,P<0.001, Tukey-Kramer HS te§t,< 0.05,

Fig. 2). Because our analyses revealed no significant
interaction Fg g, = 1.7,P > 0.1), we compared mean
differences among species and tissues. The tissues of
Cinclodes nigrofumosusere significantly enriched in
13C (0°C + SD = -11.9 + 2.0) relative to those of
C. oustaletiand C. patagonicus(Tukey-Kramer HS
test,P < 0.05). The latter two species did not exhibit
significant differencesd*C + SD = —-15.8 + 2.6 and
—18.9 *= 3.4, respectively, Tukey-Kramer HS test,
P > 0.05). The difference in isotopic composition

Fig. 2. Carbon isotopic composition of diet, liver, pectoralis musgmong tissues was the result of the significantly more

cle, and bone collagen differed among thtéeclodesspecies. In

all species the carbon isotopic composition of collagen was m
positive. Points are means and bars are standard errors. Repe
measures using ANCOVA revealed significant inter-specific difC

ferences id'°C as well as differences among tissue types.

250

d[i)é)sitive O1C of collagen &°C + SD = -13.6 * 3.6,

f.élaey-Kramer HS tesk > 0.05). Diet, liver and mus-
e did not differ significantly in isotopic composition
(d%C + SD =-15.0 + 4.7, -14.6 £ 3.3, -15.3 + 3.3, re-
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spectively). Data foCinclodes nigrofumosuallowed correlation must be considered preliminary and more a
comparison between habitats. We found that the tissuggothesis than a well established pattern. The data in
of C. nigrofumosusvere significantly enriched i#C at  Figure 3 revealed an unexpected result. AlthaDghi-

the arid site=3C + SD = -11.0 + 1.5, N = 7) relative togrofumosusindividuals ingested primarily osmocon-
the mesic sited3C + SD = -13.1 + 2.1, repeated meaforr_ning mollusks and crustaceans, the osmolality of
sures ANOVAF, ,=31.5,P < 0.001). Again, collagen their stomach contents (mean Osm/kg * SD =
was significantly enriched int3C (*%C + SD = 771+176,n=14) was significantly lower than that of
~10.3 £1.1n = 14) relative to diet, liver and pectoralisséawater (1100 mOsm/kgs 7.0,P < 0.001).

(repeated measures ANOVA = 11.7,P < 0.001).
Interspecific differences in osmoregulation

Does 8'3Cy;; predict the ability to cope We used a linear model to compare the relationship be-
with a high osmotic load? tween the osmolality of diet with that of urine. This

. . model included urine osmolality as a dependent vari-
The tissues of the marine crustaceans and mollusks 46 "4 giet osmolality, species, and the interaction be-
gested byCinclodesare in_osmotic equilibrium with tween the diet's osmolality and species as independent

seawater (Gilles, 1987). Thus, the osmolality of guf_ - g =
contents should increase with the fraction of marine oY 20/S: None of our analyses exhibited a significant

: o ; P Interaction term and hence this term was dropped from
ganisms in diet as estimated &¥C. Our limited data e model (Fig. 4). Urine osmolality increasedina 1to 1

set of three species does not allow a proper test of tg ; . . ; -
conjecture. However, it provides preliminary evidenciShion with diet osmolalityRy ;5 = 12.5,P < 0.005,

that supports it: when data are separated into speciédP® * SE = 1.0 £ 0.3) but was not affected by species
and habitats, an apparent positive correlation emerdég.1s = 2-4,P > 0.1). The same regression line related
(Fig. 3). We call this correlation apparent because odfin€ and diet osmolality for all species (Fig. 4). Be-
data does not permit the use of inferential statisti€@USEC. nigrofumosuingested food with higher osmo-

without violating independence assumptions. Thus, tHality thanC. oustaletandC. patagonicusthe osmolal-
ity of its urine (mean mOsm/kg + SD = 836 + 238,

n = 9) was also higher (mean mOsm/kg £+ SD =
363 £23.1n=3, and 525 + 105 = 8, forC. patagoni-
cusandC. oustaletirespectivelyf, ;o= 10.9,P < 0.001,
Tukey HSD tesP < 0.05). The sample sizes shown in
900 '|' Figure 4 are different from those described in this analy-
sis because we could not obtain both urine and diet os-
molality samples for all individuals captured.
800 Plasma osmolality varied significantly among species
(F, 31 = 8.5, p < 0.005)Cinclodes nigrofumosusxhib-

1000

Osmolality of stomach contents (mOsm/kg)

700 F g 1
_l_ 1300
_ T B
600 F—A—i o <
1 Lé 1050
S04 —Fort :
>
= 800+
400 T T T T T T g
27 24 21 -18 -15 -12 9 -6 3
2 550
813C of stomach contents 5
Fig. 3. The osmolality of stomach contents increased as the car- 300
bon isotopic compositiondt3C) became more positive in three I T T T I
300 550 800 1050 1300

species offinclodes Points are means and bars are standard er-
rors. Circles represent data for nigrofumosusgclosed circles are Diet Osmolality (mmole/Kg)

data for birds collected at Taltal, whereas open circles are data for

birds collected at ElI Quisco). Triangles represent data féiig. 4. ANCOVA revealed a significant effect of diet osmolality
C. patagonicusat El Manzano (open symbols) and El Quiscdut not inCinclodesspecies on urine osmolality. The regression
(closed symbols). Diamonds represent dataGooustaletiat line is y = 4.4 + 0.97x,2r= 0.53. Symbols for each species are as
El Manzano (open) and El Quisco (closed). in Figures 1 and 3.
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ited the highest plasma osmolality (mOsm/kg + SD #og-transformed dath, 3,= 6.6,P < 0.01, Fig. 5)Cin-

390 = 27, N =14), followed byC. patagonicus clodes nigrofumosulad relatively larger kidneys than
(mOsm/kg + SD = 382 + 35, N =7), ar@l oustaleti C. oustaletandC. patagonicugFig. 5). Because the ex-
(mOsm/kg = SD = 343 + 23, N =10). In the field,ponent of the allometric relationship between body and
C. patagonicuoncentrated urine to an osmolality 1.&idney mass was not significantly different from 1 (ex-
to 3.2 times higher than that of plasma (mean urine pmnent £ SE = 0.86 = 0.29= 0.5,P > 0.1), it is appro-
plasma ratio (U/P) + SD = 2.14 + 0.6). The average dipriate to compare the percentage of body mass repre-
ference in osmolality between urine and plasm@.ini- sented by the kidney among species. This percentage
grofumosuswas 446 mOsm/kg (+ 229.77, paired t=was significantly higher inC. nigrofumosus(F; s;

5.83, p < 0.001). Although afl. oustaletiindividuals =11.3,P < 0.001, mean percentage + SD = 1.6 + 0.2%,
concentrated urine to an osmolality higher than that &6f = 14) than inC. oustaleti(mean percentage + SD =
plasma (mean difference between urine and plasma + 33 + 0.2%,n = 10) andC. patagonicugmean percent-

= 164.7 + 70.2 mOsm/kg, t = 6.2, p < 0.001, N = 7), the
osmolality of urine was only 1.2 to 1.7 times higher than

that of plasma (mean U/P ratio £ SD=15+0.2, N = 7).

Our very limited data fo€. patagonicusevealed a sim- 3
ilar pattern to that exhibited §. oustaleti In the three

C. patagonicugndividuals for which we have data, urine .~

and plasma osmolalities differed from only —15 to 20% ”s f@/.
mOsm/kg (mean U/P ratio + SD = 0.99 + 0.6, N = 3). .

Kidney mass and morphology were consistent with dif-g ©
ferences in reliance on marine dietary sources. Kidneyg
mass increased significantly with body mass (ANCOVA Z, 24

-0.5 -0.25 0 0.25
| |

a

on log-transformed dafg 3,= 8.8,P < 0.01) and there = o
were significant inter-specific differences in kidney 3 °° £ A
mass when body mass was accounted for ANCOVA oiE  1.54 %6 ©
&
—
1
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Fig. 5. Relative kidney mass was higher @ nigrofumosus Fig. 6. Relative to kidney mass, medulla volume was higher in
(Log(kidney mass) = -1.55 + 0.86Log(body mass)) than i€. nigrofumosugLog(medulla volume) = —0.7 + 0.87Log(kid-
C. oustaletiand C. patagonicugLog(kidney mass) = —1.69 + ney mass)) than i€. oustaletandC. patagonicugLog(medulla
0.86Log(body mass)). A common regression was fitted througiolume) = —1.02 + 0.87Log(kidney mass)). Relative to kidney
the latter two species because they exhibited no significant diffenass, cortex volume was smallednnigrofumosugLog(cortex
ences. Circles represent data@migrofumosustriangles repre- volume) = —0.31 + 1.01Log(kidney mass)) tharCinoustaleti

sent data foC. patagonicusand diamonds data f@. oustaleti andC. (Log(cortex volume) =—1.50 + 1.01Log(kidney mass)). A
Open circles represefit nigrofumosugndividuals collected at a common regression was fitted through the latter two species be-
mesic site (El Quisco), whereas closed circles represent individtause they exhibited no significant differences. Symbols are as in
als collected at an arid site (Taltal). Figure 5.
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age £+ SD =1.2 £ 0.1%\,= 10, Tukey-Kramer HSD test, vealed significant intraspecific differences in isotopic
p < 0.05).Cinclodes oustaletand C. patagonicuglid composition: the diet o€. nigrofumosusndividuals

not show significant differences in relative kidney massollected at an arid site was enriched*@ relative to
(Tukey-Kramer HSD testP? > 0.05). All analyses of the diet of individuals collected at a mesic site.
percentages were done on artsiansformed data. Differences in isotopic composition between these sites
Cinclodes nigrofumosusot only had relatively larger can be explained by two alternative hypothesis: 1) the
kidneys, this species also exhibited kidneys with proportion of terrestrial and marine dietary sources may
larger fraction of total renal tissue occupied byave differed between sites, and 2) the isotopic composi-
medullary cones. The volume occupied by medullajon of the sources may have differed between sites with-
cones increased significantly with kidney mass (ANeut a change in the combination of marine and terrestrial
COVA on log-transformed datg, ,; = 6.6,P < 0.01) sources. The latter hypothesis probably explains the ca.
and there were significant inter-specific differences id%. difference in carbon isotopic composition between
this volume when kidney mass was accounted for (ANBe arid and the mesic site@ nigrofumosusAlthough
COVA on log-transformed date, ,, = 6.26,P < 0.02, the relative contribution of marine sources in diet (by dry
Fig. 6). Cinclodes nigrofumosubad relatively larger mass) did not differ significantly between sites (> 90% at
medullary volumes tha@. oustaletandC. patagonicus both sites), the carbon isotopic composition of marine
(Fig. 6). Curiously, the volume of renal cortex was reldtems was significantly more positive at the arid than at
tively smaller inC. nigrofumosushan inC. patagonicus the mesic site (Fig. 1). The carbon isotopic composition
andC. oustaleti The volume of renal cortex increasedf the tissues of coastal producers, and hence of the tis-
significantly with body mass (ANCOVA on log-trans-Sues eaten by marine consumers, can show variation in
formed dateF; ,, = 4.31,P < 0.03) and there were sig-Space and time (Stephenson et al., 1984). The inter-site
nificant inter-specific differences in cortex volumedifferences in5**C found inC. nigrofumosusighlights
when body mass was accounted for (ANCOVA on loghe importance of taking this variation into account when
transformed datg; ,, = 76.5,P < 0.001, Fig. 6). interpreting differences in isotopic composition.

In C. nigrofumosuselative kidney size and the fraction

of renal tissue allocated to the medulla and cortex difyhy does the relationship between diet and tissue 5'3C

fered significantly between sites. The kidneys of birdgiffer among tissue types?

collected at the arid site were larger (mean % of total ) ] ) ) )
body mass + SD = 1.7 + 0.2%= 6,t = 2.8,P < 0.05) The relationship between the carbon isotopic composi-
than those of birds collected at the more mesic sit@n of diet and that of tissues, varied among tissue
(mean % of total body mass + SD = 1.5 + 0.1%). Whel¥Pes- The slope of the relationship between diet and
kidney mass was accounted for, birds at the arid site Hagpued'*C appeared to depend on carbon turnover rate
a higher allocation to medullary tissue (ANCOVA or(F19. 1). Liver3°C increased steeply with diét’C,
log-transformed datg, ,,= 8.6,P < 0.02), and lower al- Whereas_ _the relr_:\tlonshlp between the carbon isotopic
location to cortex than birds at the mesic site (ANCOVAOMPosition of diet and that of bone collagen was rela-

on log-transformed dafg, ;,= 10.04,P < 0.02). tively flat (Fig. 1). The isotopic composition of a tissue
’ is the result of the integration of isotopic inputs over

time. The time window of isotopic incorporation inte-
Discussion grated by the composition of a tissue depends on the
turnover rate of its constituent carbon (Tieszen et al.,
1983). The isotopic composition of tissues with high
turnover, such as liver (Waterlow et al., 1978), reflects
integration of recent inputs. The isotopic composition
Marine and terrestrial organisms often exhibit distinaf tissues with low turnover, such as collagen (Sten-
tive, non-overlapping carbon isotopic compositionhouse and Baxter, 1979), reflects integration of inputs
(Szepanski et al., 1999 and references there). Measusger a longer time period (Hobson and Clark, 1992).
ments ofd*C (andd™*N; Ben-David et al., 1997) allow Because died*3C provides a point estimate for the car-
partitioning the proportion of marine and terrestriabon isotopic composition of recent diets, it should not
sources in an animal’s diet (Ambrose et al., 1997) am@ surprising that the slope relating diet and tié#@
even the subsidy of marine ecosystems to insular terregs steep for liver and shallow for collagen. The iso-
trial communities (Anderson and Polis, 1997). In ouopic composition of tissues with high carbon turnover
study, 8°C differentiated betwee@. nigrofumosusa should be responsive to temporal changes in diet iso-
species that relies primarily on marine food, antbpic composition whereas the composition of tissues
C. patagonicusand C. oustaleti two species that use with low turnover should be relatively insensitive to
both terrestrial and marine sources. Our data also temporally local diet changes.

Can stable isotopes be used to assess reliance
on marine resources?
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Does §'3Cy;, predict osmotic load? nah sparrowsC. nigrofumosusas a large kidney with

a large medulla. The unique traits ©f nigrofumosus
Our limited data set provided preliminary evidence thagre highlighted by an allometric comparison (see data
supports the notion that*C can be used to predict in-and equation in Cassoti et al. 1998). The mass of the
gested osmotic load (Fig. 3). Our conjecture is based @#rtex inCinclodes nigrofumostis similar of that ex-
the observation that wheBinclodes sppfeed on ma- pected, but the medulla is 370% and 670% higher than
rine habitats, they ingest osmoconforming invertebrat@isat expected from body mass (for individuals from
(primarily molusks and crustaceans, Sabat, 2008) Quisco and Taltal respectively). In contrain-
whose tissues contain high ionic concentrations (Gilleglodes patagonicuand C. oustaletihave kidney, cor-
1987). Because the tissues of marine teleosts tendtd, and medulla masses that are very close to those ex-
have low ionic concentrations (Evans, 1993), our cofrected from Casotti et al. (1998) allometric equation.
jecture applies to a much lesser degree to piscivoromgsserines and non passerines inhabiting mesic and
birds and mammals. Only a larger comparative data sgfuatic habitats have larger renal cortices that those
will support or falsify our conjecture of a positive corinhabiting arid regions (Warui, 1989; Cassoti et al.,
relation between osmotic load and the ingestion of ma998). The larger medulla and reduced cortices exhib-
rine invertebrates. ited by C. nigrofumosusnay indicate that these birds
The data presented in Figure 3 revealed an unexpecigd better at conserving water than at than excreting
result. AlthouglC. nigrofumosuggested primarily os- high urine volumes. Our field results suggest @ati-
moconforming invertebrates, the osmolality of its stomgrofumosusindividuals also produced more concen-
ach contents was lower than that of sea water. This qlated urine (Fig. 4). However, because diet and urine
servation can be explained by two non-exclusive hysmolality were correlated, it is unclear if the interspe-
potheses. Firstly, because the food in the stomachcific differences in urine concentration were the result
mixed with gastrointestinal secretions (Denbow, 2000pf differences in ingested osmotic load or of differences
its osmolality is decreased (Chang and Rao, 1994). S@tconcentrating capacities (Braun and Dantzler, 1984).
ondly, the ionic concentration of stomach contents cafe predict that in the gen@inclodesconcentrating
be diluted by drinking freshwater and by the ingestiogapacity measured in the laboratory will be higher in
of prey items with low osmolality. Available data doe<C. nigrofumosusghan in its congener8. oustaletiand
not allow assessing the relative importance of these t@) patagonicus
explanations. We suspect that the osmolality of th&lthough it is believed that vertebrates regulate plasma
stomach contents provides a good relative estimate g@molality tightly, birds show both intraspecific and in-
ingested osmotic loads (note the interspecific diffekerspecific variation in this trait. For example Goldstein
ences in Fig. 4). However, dilution by gastrointestinaind Zahedi (1990) reported that dehydration in house
secretion and potential dilution by ingested freshwatgparrows led to an increase in plasma osmolality (from
probably render it a poor estimate of absolute osmo®27 mOsm - Kg in well hydrated birds to nearly 400
load. The strength of the correlation betw&iC and mOsm - Kg'in water-deprived ones). Similarly, Gold-
osmotic load may depend on the relative availability aftein et al. (1990) found significant variation in plasma
fresh water and food with low ionic concentration.  osmolality between two subspeciPs sandwichensis
which appeared to be related to water availability be-
tween Goldstein et al.’s study sites. Plasma osmolality
can be influenced by diet, water availability and inter-
specific differences in how animals respond to these
The three species @inclodesincluded in this study factors. Thus, the intespecific differences that we have
seem to exhibit significant differences in kidney mordocumented forCinclodes are difficult to interpret
phology (Figs. 5 and 6). The strictly mari@enigrofu- without more experimental data on the response of
mosushad relatively larger kidneys with a higher fracplasma osmolality to diet and hydration status.
tion of total renal tissue occupied by medullary conda addition to demonstrating interspecific variation in
than its congenerS. oustaletandC. patagonicusPre- osmoregulatory characteristics, our results demon-
vious studies have demonstrated that salt marsh s#ated intra-specific variatio@inclodes nigrofumosus
vanah sparrowsP@sserculus sandwichensihave a individuals captured at an arid site had larger kidneys
higher volume of renal medulla than house sparrowsith larger medullas and smaller cortices than birds
(Passer domesticisand song sparrowsMglospiza captured at a mesic site. It is unknown if these intraspe-
melodig. This pattern is expected from the limiteccific differences are the result of population differentia-
availability of fresh water and the potentially high saltion or if they are the result of phenotypic plasticity, i.e.,
content of prey in marsh Savannah sparrow’s habitai the acclimatization of individuals to variations in
(Cassoti and Braun, 2000). Like marsh-dwelling savafresh water availability and higher evaporative water

Inter- and intraspecific variation in osmoregulatory
capacity
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Osmoregulation in an intertidal passerine

lossesCinclodes nigrofumosugshabits a broad latitu- kidneys with relatively large medullary tissue (re-
dinal coastal band that spans sites from the relativaliewed by Goldstein et al., 1990). Like Savannah spar-
wet and southern extreme of its distribution to the hyews, C. nigrofumosuseems to be a passerine species
perarid sites at its northern limit (Goodall et al., 1946vith the exceptional capacity to cope with high salt
At the northern limit of its rang&;. nigrofumosuindi- loads and scarce fresh water without the aid of func-
viduals are faced with relatively high temperaturegional salt glands. Unlike marsh-dwelling Savannah
which impose high evaporative water losses, and sparrows that rely mainly on terrestrial food sources,
available fresh water (di Castri and Hajek, 1976). At th€. nigrofumosuseems to be a passerine that relies al-
southern end of its range, precipitation is higher andost exclusively on marine food sources.

fresh water is available. This species presents a uniqligere is considerable interspecific (and probably in-
opportunity to investigate the effect of the interactiotraspecific) variation in the use of coastal environments
between fresh water availability, an osmotically chaby the genusCinclodes(Sabat, 2000 and references
lenging salty diet and evaporative water losses on avitirere). Sabat (2000) has noted that in Clillegustaleti
osmoregulatory function within a single species. Wand C. patagonicusthe two species that exhibit sea-
predict a south to north increasing gradient in the abili§onal movements are present in coastal regions only
to concentrate urine and process large amounts of sedting the austral winter when rain water is available
water inC. nigrofumosus and when mild temperatures reduce evaporative water
Cinclodes nigrofumosuis remarkable for a passerinelosses. In the hot, dry summer they move inland to
species because it feeds on marine foods contain@f§ea@ms and lake shores (Sabat, 2000). We speculate
high osmotic loads and because it can inhabit hyperat#t in the absence of fresh watr oustaletiand
environments (Sabat, 2000). @ nigrofumosusapa- C. patagonicuannot take advantage of abundant, al-
ble of surviving without drinking freshwater and/or in-Peit salt-loaded, invertebrates. In contr&st,nigrofu-
gesting osmoregulating terrestrial invertebrates? BEOSUswhich are resident of coastal areas, may be able
cause only one point in Figure 4 shows urine produEQ do so. Interspecific differences in osmoregulatory ca-

tion more concentrated than sea water, our data appénﬁgg'ty may explain variation in temporal patterns of

to indicate that althouge. nigrofumosuss relatively IIellé%Itgseblgﬁit?:‘snltogri]r?\llzds('?issaigTﬁetzsgﬁ{igg%?rés—
efficient among passerines in its ability to concentra PP 9

urine, it still has limited concentrating ability. Other oregulation in birds and to examine the ecological

studies have reported passerines with the ability to cop1>equences of variation in osmoregulatory capacity.

centrate urine slightly above the concentration in sea

water (Goldstein and Braun, 1989; Skadhauge a'm:knowledgments
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