
Sum mary Leaves and sam ples of re cent wood of Eu ca lyp tus 
spe cies were col lected along a rain fall gra di ent par al lel to the
coast of West ern Aus tra lia be tween Perth in the north and Wal -
pole in the south and along a south west to north east transect
from Wal pole in south west ern Aus tra lia, to near Mount Olga in 
cen tral Aus tra lia. The col lec tion in cluded 65 spe cies of Eu ca -
lyp tus sam pled at 73 sites and many of the spe cies were col -
lected at sev eral sites along the rain fall gra di ent. Spe cific leaf
area (SLA) and iso to pic ra tio of 13C to 12C (δ13C) of leaves that
grew in 2002, and tree ring growth and δ13C of in di vid ual cell
lay ers of the wood were mea sured. Rain fall data were ob tained
from the Aus tra lian Bu reau of Me te o rol ogy for 29 lo ca tions
that rep re sented one or a few closely lo cated col lec tion sites.

Site-av er aged data and spe cies-spe cific val ues of δ13C de -
creased with de creas ing an nual rain fall be tween 1200 and
300 mm at a rate of 1.63‰ per 1000 mm de crease in rain fall.
Re sponses be came vari able in the low rain fall re gion
(< 300 mm), with some spe cies show ing de creas ing δ13C with
rain fall, whereas δ13C in creased or re mained con stant in other
spe cies. The range of δ13C val ues in the low rain fall re gion was 
as large as the range ob served at sites re ceiv ing > 300 mm of
an nual rain fall.

Spe cific leaf area var ied be tween 2 and 6 m2 kg–1 and tended 
to in crease with de creas ing an nual rain fall in some spe cies, but 
not all, whereas δ13C de creased with SLA. The re la tion ship
be tween δ13C and SLA was highly spe cies and soil-type spe -
cific. Leaf-area-based ni tro gen (N) con tent var ied be tween 2
and al most 6 g m– 2 and de creased with rain fall. Thus, thicker
leaves were as so ci ated with higher N con tent and this com pen -
sated for the ef fect of drought on δ13C. Ni tro gen con tent was
also re lated to soil type and spe cies iden tity. Based on a lin ear
mixed model, sta tis ti cal anal y sis of the whole data set showed
that 27% of the vari a tion in δ13C was as so ci ated with changes
in SLA, 16% with soil type and only 1% with rain fall. Ad di -
tion ally, 21% was as so ci ated with spe cies iden tity. For a sub set 

of sites with > 300 mm rain fall, 43% of the vari a tion was ex -
plained by SLA, 13% by soil type and only 3% by rain fall. The 
spe cies ef fect de creased to 9% be cause there were fewer spe -
cies in the sub set of sites. The small ef fect of rain fall on δ13C
was fur ther sup ported by a path anal y sis that yielded a stan -
dard ized path co ef fi cient of 0.38 for the ef fect of rain fall on
SLA and –0.50 for the ef fect of SLA on δ13C, but an in sig nif i -
cantly low stan dard ized path co ef fi cient of –0.05 for the di rect
ef fect of rain fall on δ13C. Thus, in con trast to our hy poth e sis
that δ13C de creases with rain fall in de pend ent of soil type and
spe cies, we de tected no sta tis ti cally sig nif i cant re la tion ship
be tween rain fall and δ13C in leaves of trees grow ing at sites re -
ceiv ing < 300 mm of rain fall an nu ally. Rain fall af fected δ13C
in di rectly through soil type (a sur ro gate for wa ter-hold ing ca -
pac ity) across the rain fall gra di ent.

An nual tree rings are not clearly vis i ble in ev er green Eu ca -
lyp tus spe cies, even in the sea son ally cool cli mate of SW Aus -
tra lia. Gen er ally, vis i ble den sity tran si tions in the wood are
re lated not to a strict an nual cy cle but to pe ri ods of growth as -
so ci ated mainly with rain fall. The re la tion ship be tween δ13C
of leaves and the width of these stem in cre ments was not sta tis -
ti cally sig nif i cant. Anal y sis of stem growth pe ri ods showed
that δ13C in wood re sponded to rain fall events, but car bo hy -
drate stor age and re al lo ca tion also af fected the iso to pic sig na -
ture. Al though δ13C in wood of any one spe cies var ied over a
range of 2 to 4‰, there was a gen eral re la tion ship be tween
δ13C of the leaves and the an nual range of δ13C in wood. We
con clude that spe cies-spe cific traits are im por tant in un der -
stand ing the re sponse of Eu ca lyp tus to rain fall and that the di -
ver sity of the ge nus may re flect its re sponse to the large
cli ma tic gra di ent in Aus tra lia and to the large an nual and inter -
annual vari a tions in rain fall at any one lo ca tion.

Keywords: arid ity gra di ent, biodi versity, δ13C in leaves and
wood, drought, soil type, tree rings.
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In tro duc tion

Plants have de vel oped a range of mech a nisms for adapt ing to
wa ter short age (Wal ter 1964, Evenari et al. 1971, Turner and
Kramer 1980, Schulze et al. 2005). Two im por tant leaf-level
mech a nisms are sto ma tal clo sure and a re duc tion in leaf
area—which is usu ally as so ci ated with in creases in leaf
thick ness and dry mass re sult ing in a de crease in spe cific leaf
area (SLA)—both of which re duce wa ter loss from the can opy 
and may also af fect as sim i la tion. It is un clear which of these
mech a nisms of ad ap ta tion is more im por tant in trees grow ing
along an arid ity gra di ent. An in te grated mea sure of the sto ma -
tal re sponse to wa ter short age is the iso to pic ra tio of 13C to 12C
(δ13C) of leaves (Farquhar et al. 1982), be cause the dif fu sion of 
13C through par tially closed sto ma ta is slower than the dif fu -
sion of 12C. How ever, in na ture, dif fer ent re la tion ships be -
tween δ13C and rain fall have been ob served. Stew art et al.
(1995) showed that there is a lin ear re la tion ship be tween eco -
sys tem means of δ13C and rain fall, whereas Schulze et al.
(1998) and Miller et al. (2001) ob served that the δ13C of in di -
vid ual spe cies did not change over a broad range of rain fall
amounts, but to tal leaf area and SLA changed in re sponse to a
rain fall gra di ent along a transect from the wet north to the dry
south of the North ern Ter ri tory of Aus tra lia. Con stancy of δ13C 
along a rain fall gra di ent was also ob served in plants in the
Namib Desert (Schulze et al. 1976, 1991a, 1991b, 1996). In
ad di tion to the in ter ac tion be tween SLA and sto ma tal clo sure,
Farquhar et al. (2002) showed in a mod el ing study that ni tro -
gen (N) con tent should in crease with arid ity and that changes
in sto ma tal con duc tance are there fore less than if leaf area re -

mained con stant. The work of Schulze et al. (1998) also in di -
cated that the change in SLA is highly spe cies spe cific. Thus,
the ini tial hy poth e sis of our study was that δ13C de creases with
de creas ing rain fall, in de pend ent of soil type and spe cies.

To test this hy poth e sis, we mea sured the re sponses of SLA,
N con tent and δ13C of leaves, as well as growth and δ13C of re -
cent tree rings of Eu ca lyp tus spe cies to changes in rain fall and
soil type along a rain fall gra di ent ex tend ing from the south -
west of West ern Aus tra lia with an an nual rain fall of
> 1000 mm to cen tral Aus tra lia with an mean an nual rain fall of 
< 200 mm. Sixty-five spe cies of Eu ca lyp tus were sam pled
along this gradient, each spe cies grad u ally re plac ing an other
as rain fall de creases. Thus, the in ter ac tion be tween spe cies di -
ver sity and re sponse to arid ity were in ves ti gated and cor re la -
tions were es tab lished be tween plant pa ram e ters and rain fall.
The re la tion ship be tween δ13C of wood and δ13C of leaves was
also in ves ti gated. Ad di tion ally, the im por tance of speciation
and the dif fer ent ecophysiological re sponses of in di vid ual spe -
cies to rain fall along the arid ity gra di ent were ex plored.

Ma te ri als and meth ods

In Sep tem ber 2003, leaves and wood of Eu ca lyp tus spe cies
(and the close rel a tive Corymbia) were sam pled from trees
grow ing along the coast of West ern Aus tra lia from Perth in the
north to Wal pole in the south and from there along a south west
to north east transect to the cen ter of Aus tra lia near Mount
Olga (Fig ure 1). Wher ever pos si ble, sev eral spe cies were sam -
pled at one site and spe cies were sam pled at sev eral sites along
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Fig ure 1. Long-term an nual
rain fall (with isohyets at
100-mm in ter vals) for south -
west ern Aus tra lia show ing the
in di vid ual Eu ca lyp tus spe cies
sam pling sites. The large num -
bers in squares in di cate the lo -
ca tions for which rain fall
re cords were ob tained from the 
Aus tra lian Bu reau of Me te o -
rol ogy. The locations are
identified in Ta ble 1. In di vid -
ual sites in cluded at each lo ca -
tion are cir cled.
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the rain fall gra di ent. The soil type, lo ca tion in the land scape
and other spe cies pres ent were re corded at each site.

We sam pled 401 in di vid u als of 65 spe cies at 73 sites (Ta -
bles 1 and 2). At most sites, all Eu ca lyp tus spe cies grow ing at
the site were sam pled in trip li cate, ex cept for sites near Perth
and in the Lake Grace re gion, where only se lected spe cies
were sam pled and at a few sites where only one in di vid ual of a
spe cies was pres ent. Some sites had up to 10 spe cies. Sev eral
closely lo cated sites were com bined to rep re sent one of 29 lo -
ca tions for which rain fall and tem per a ture data were ob tained
from the Aus tra lian Bu reau of Me te o rol ogy, Mel bourne, Vic -
to ria. The plots where 1–3 spec i mens per spe cies were col -
lected will here af ter be re ferred to as “sites,” whereas “lo ca -
tions” re fers to the col lec tion of sites in a re gion for which
rain fall and tem per a ture data were ob tained.

Rain fall and tem per a ture were ob tained from the Aus tra lian
Bu reau of Me te o rol ogy us ing the SILO Data Drill ser vice,
which sup plies long-term data (1980–2003) of monthly rain -
fall and tem per a ture for spe cific geo graphic lo ca tions. Rain fall 
and tem per a tures are in ter po lated data from the sam pling net -

work of the Bu reau. Fig ure 2 shows the an nual rain fall from
1980 to 2003 for the 29 lo ca tions along the transect. Trees
sam pled were from three rain fall re gions: (1) the re gion with
high win ter rain fall in south west ern Aus tra lia, (2) the west
coast re gions with win ter-dom i nant rain fall be tween 400 and
800 mm and (3) the dry in te rior with in ter mit tent an nual rain -
fall be tween 100 and 400 mm. The transect had an over- rep re -
sen ta tion of dry sites be cause the rain fall gra di ent away from
the coast is very steep and be cause we were par tic u larly in ter -
ested in the re sponse of Eu ca lyp tus to dry con di tions. In the
high rain fall re gion of south west ern Aus tra lia, years 2001 and
2002 were about 10% drier than the long-term mean. In the ag -
ri cul tural re gion, rain fall was av er age in 2002 and 15% less
than av er age in 2001. In the dry in te rior, 2002 was a dry year
(40% be low av er age) fol low ing the very wet years of 2000 and 
2001.

At each site, leaf sam ples from the crown were ob tained by
shoot ing, by throw ing a line over a branch or by cut ting a stem
of the short shrub-type multi-stemmed mallee spe cies. The
sam ples were then placed in pa per bags to al low for rapid dry -
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Ta ble 1. Rain fall measurement lo ca tions and sample col lec tion sites (with lo cal names) and num bers of sam ples. Iden ti ties of the num bered spe -
cies are given in Ta ble 2. For geo graphic co or di nates of the sam pling po si tions see Nicolle et al. (2006).

Lo ca tion Site no. Site name Sam ples No. of spe cies Col lected spe cies

1 1 Yan chep     1 to 3 1 1
2 2,3 Mun da ring     4 to 15 4 2,3,4,5
3 4 York   16 to 24 3 2,3,5
4 5,6 Myalup, Lud low   25 to 30 1 1
5 7,8 War ren   31 to 42 4 3,6,2,3
6 9,10 Frank land, Wal pole   43 to 46 2 7,8
7 11,12 Den mark, Mt. Baker   47 to 52 2 6,5
8 13 Stirling Range   53 to 61 3 2,3,5
9 14,15 Amelup, Bordon   62 to 67 2 9,1

10 16–18 Nanicup, Ping rup, Chinocup   68 to 85 6 9,10,11,12,13,14
11 19,20 Lake Grace, Grace Camp   86 to 103 5 10,15,16,17,18
12 21–23 Jilakin, Dragon Rocks 104 to 121 6 2,10,11,13,16,19,65
13 24 Twin Rock 122 to 127 6 5,12,20,21,22,23
14 25–29 Bushfire Rock, Hol land Track South 128 to 165 17 9,12,14,15,16,17,18,21,24,

25,26,27,28,29,30,31,32
15 30–34 Hol land Track N; Thurs day Rock 166 to 192 13 12,13,15,19,24,33,34,35,36,

37,38,39,40
16 35 Queen Vic to ria Rock 193 to 198 2 16,14
17 36 Kalgoorlie 199 to 202 2 12,41
18 37,38 Men zies 203 to 215 7 8,19,24,28,37,42,43,57
19 39,40 Lake Ballard, Bore Break away 216 to 222 5 15,43,44,45,46
20 41–45 Mt. Morrains, War bur ton Camp 223 to 248 9 15,19,28,44,47,48,49,50,51
21 46–48 Cosmo Newberry, Lake Throssel 249 to 259 4 24,28,52,53
22 49–55 Tjukayiria Roadhouse,

Par al lel Road West 260 to 285 7 24,42,44,47,54,55,56
23 56–57 Parellel Road East 286 to 297 4 44,49,50,57
24 58–62 ConnieSue High way 298 to 333 8 28,44,49,51,53,58,59,60
25 63,64 War bur ton 334 to 342 3 58,61,62
26 65,66 Warakurna 343 to 357 5 54,55,58,61,60
27 67,68 Giles 358 to 368 3 54,56,63
28 69–72 Docker River, Peterman Ranges,

Irving River 370 to 398 5 49,58,59,61,64
29 73 Near Mt. Olga 399 to 401 1 54
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Fig ure 2. Rain fall pat terns
from 1980 to 2003 for the lo -
ca tions iden ti fied in Fig ure 1.
Three rain fall ranges are dis -
tin guished: high rain fall near
the south west coast (mean an -
nual rain fall 1150 mm), me -
dium rain fall in the set tled
ag ri cul ture re gion (mean
700 mm) and the low rain fall
range lands (mean 294 mm).

Ta ble 2. Spe cies col lected.

Spe cies col lected No. Spe cies col lected No.

Corymbia calophylla (Lindl.) K.D. Hill & L.A.S. John son 3
C. chippendalei (D.J. Carr & S.G.M. Carr) K.D. Hill & L.A.S. 60
     John son
C. opaca (D.J. Carr & S.G.M. Carr) K.D. Hill & L.A.S.  John son 54
Eu ca lyp tus aequioperta Brooker & Hop per 35
E. alipes (L. John son & K. Hill) Nicolle & Brooker 31
C. aparrerinja K.D. Hill & L.A.S. John son 63
E. aspratilis L. John son & K. Hill 40
E. astringens (Maiden) Maiden 11
E. calygogona Turcz. calycogona 21
E. capillosa  Brooker & Hop per polyclada Brooker & Hop per 23
E. carnei C. Gardner 45
E. carnei × E. salubris F. Muell. 46
E. concinna Maiden & Blakely 28
E. dendrosheath Nicolle ms 32
E. diversicolor F. Muell.  6
C. eremaea (D.J. Carr & S.G.M. Carr) K.D. Hill & 64
     L.A.S. John son eremaea
E. eremicola Boomsma peeneri (Blakely) Nicolle 53
E. ewartiana Maiden 52
E. exigua Brooker & Hop per 29
E. flocktoniae (Maiden) Maiden flocktoniae 16
E. gamophylla F. Muell. 58
E. gomphocephala DC. 1
E. gongylocarpa Blakely 49
E. longissima Nicolle 43
E. guilfoylei Maiden 7
E. gypsophila Nicolle 48
E. histophylla Brooker & Hop per 38
E. incerata Brooker & Hop per 36
E. intertexta R. Baker 56
E. jacksonii Maiden 8
E. jutsonii Maiden 57
E. kingsmillii (Maiden) Maiden & Blakely 62

E. latens Brooker 65
E. leptopoda Benth. 24
E. lesouefii Maiden 41
E. livida Brooker & Hop per 26
E. longicornis (F. Muell.) F. Muell. ex Maiden 9
E. loxophleba Benth. gratiae Brooker 13
E. lucasii Blakely 47
E. mannensis Boomsma mannensis 59
E. marginata Donn ex Smith 2
E. oldfieldii F. Muell. 42
E. oxymitra Blakely 61
E. patens Benth. 4
E. phaenophylla Brooker & Hop per 10
E. pileata Blakely 17
E. incrassata Labill. 39
E. polita Brooker & Hop per 27
E. rigidula Maiden 19
E. salicola Brooker 30
E. salmonophloia F. Muell. 12
E. salubris F. Muell. 15
E. sheathiana Maiden 22
E. socialis F. Muell. ex Miq. 51
E. steedmanii C. Gardner 25
E. tenera L. John son & K. Hill 14
E. tenuis Brooker & Hop per 33
E. tephroclada L. John son & K. Hill 20
E. transcontinentalis Maiden 37
E. trivalvis Blakely 50
E. urna Nicolle 18
E. victrix L. John son & K. Hill 55
E. wan doo Blakely wan doo 5
E. yilgarnensis (Maiden) Brooker 34
E. youngiana F. Muell. 44
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ing. Based on pre vi ous ex pe ri ence (Schulze et al. 1998) there
is no sig nif i cant change in leaf area in Eu ca lyp tus with dry ing.
Care was taken to col lect leaves that had grown in 2002. In the
lab o ra tory, the num ber of leaves was re corded, leaf area was
mea sured with a leaf area me ter (Model 3100, LI-COR, Lin -
coln, NE), leaves were dried to con stant mass in a forced-
 draught oven at 70 °C and SLA was cal cu lated. The leaf sam -
ples were then an a lyzed for δ13C by iso tope ra tio mass spec -
trom e try (Finnigan Delta+XL, Bre men, Ger many). In ad di -
tion, a wood core was taken from each of the trees and stem
disks of the short multi-stemmed spe cies for growth ring and
δ13C anal y sis. Iso to pic anal y sis of the wood was car ried out by
a la ser ab la tion tech nique (Schulze et al. 2004) in which a la ser 
(Merchantek-New Wave UV La ser, Fremont, CA) dis in te -
grates the wood to a fine dust and the car bon in the dust is ox i -
dized in a cat a lytic oven and mea sured in a Finnigan iso tope
ra tio mass spec trom e ter. The iso to pic ra tios are ex pressed in
the ‰ no ta tion and not as car bon iso tope dis crim i na tion
(Farquhar and Rich ards 1984) be cause the iso to pic com po si -
tion of car bon di ox ide at the sites was not mea sured.

Growth ring widths were mea sured with the aid of a dis sect -
ing mi cro scope. The iden ti fi ca tion of tree rings in Eu ca lyp tus
proved dif fi cult, be cause some spe cies showed con tin u ous
growth, whereas oth ers had nu mer ous growth rings. We only
se lected wood sam ples in which early wood growth could
clearly be iden ti fied by a clear ring of larger pores. De spite
this, the phenology of Eu ca lyp tus wood growth remains a
major uncertainty.

Statistical analysis

Leaves that had grown in 2002 and wood formed in 2002 were
com pared with 2002 rain fall. In ad di tion, com par i sons were
made with the long-term mean an nual rain fall be tween 1980
and 2003. Means and stan dard de vi a tion were cal cu lated:
(1) for re peated sam pling of in di vid u als of the same spe cies at
a site; (2) for all spe cies that were col lected at any site; and
(3) for all sites that were com bined to form a lo ca tion for
which rain fall data were avail able. The de pend ence of δ13C
val ues on SLA, soil type, spe cies iden tity and rain fall was de -
scribed as a lin ear mixed model. Spe cific leaf area, soil type
and rain fall were con sid ered as fixed vari ables, whereas dif fer -
ences caused by spe cies iden tity were mod eled as a ran dom
vari able. This takes into ac count the vari able num ber of trees
of the dif fer ent spe cies at any site and al lows es ti ma tion of the
con tri bu tion of spe cies iden tity to the dif fer ences in δ13C val -
ues. To quan tify the rel a tive con tri bu tions of di rect and in di -
rect ef fects of rain fall on the δ13C val ues, a path anal y sis
(Grace and Pugesek 1998) was per formed us ing only the rain -
fall, SLA and δ13C vari ables. To ob tain stan dard ized path co ef -
fi cients, all vari ables were stan dard ized be fore path anal y sis.

Re sults

Leaf δ13C and rainfall

Along an an nual rain fall gra di ent from 250 to 1350 mm in
2002, mean δ13C val ues of the 2002 leaves of the var i ous Eu ca -

lyp tus spe cies at the 29 lo ca tions de creased sig nif i cantly from
–27.0‰ at 300 mm to –28.2‰ at 1000 mm, a change of
1.63‰ per 1000 mm de crease in rain fall (Fig ure 3A). The data 
col lected on the north–south axis along the west coast of West -
ern Aus tra lia south of Perth, and the transect from the south -
west to cen tral Aus tra lia had the same re gres sion line. The
δ13C re sponse is about half that ob served in Queensland, Aus -
tra lia (Stew art et al. (1995): an in crease of 3.16‰ per
1000 mm de crease in rain fall), but larger than that ob served for 
Eu ca lyp tus spe cies in the North ern Ter ri tory, Aus tra lia
(Schulze et al. (1998): an in crease of 0.6‰ per 1000 mm in -
crease in rain fall). At lo ca tions where the rain fall in 2002 was
be low 300 mm, δ13C in leaves pro duced in 2002 showed large
vari a tion (be tween –28.7 and –24.3‰) that was un re lated to
rain fall. The range of δ13C in the low rain fall lo ca tions ex -
tended over the full range ob served at the high rain fall lo ca -
tions (Fig ure 3A). A fur ther in crease in δ13C of leaves where
an nual rain fall was be low 250 mm was also ob served in Eu ca -
lyp tus spe cies in the North ern Ter ri tory (Schulze et al. 1998,
Miller et al. 2001), but the range of val ues and in par tic u lar the
de crease in δ13C of leaves at some of the dry sites, has not been
pre vi ously ob served. The mean stan dard de vi a tion of δ13C of
leaves at the dif fer ent col lec tion sites within a lo ca tion was
0.49‰. The stan dard de vi a tion of δ13C of leaves of dif fer ent
spe cies at any one site was sim i lar (0.47‰), whereas the vari a -
tion be tween in di vid u als of the same spe cies at any one site
was slightly larger (0.59‰).

Only a few Eu ca lyp tus spe cies were found grow ing over a
broad rain fall gra di ent. These were E. marginata, E. wan doo 
wan doo and Corymbia calophylla. The δ13C re sponse of these
spe cies (Fig ure 3B) to de creas ing rain fall was not sig nif i cantly 
dif fer ent from the mean δ13C re sponse of all spe cies at that lo -
ca tion (Fig ure 3A). In the low rain fall range (< 300 mm), spe -
cies that were col lected at dif fer ent sites showed in creas ing,
de creas ing or con stant δ13C val ues with de creas ing rain fall
(Fig ure 3B). Clearly, not only rain fall but also site con di tions
and spe cies-spe cific traits de ter mined the re sponse of in di vid -
ual spe cies. Spe cies grow ing on clay had higher δ13C val ues
than spe cies grow ing on sand (Fig ure 3B). A fur ther de crease
in δ13C with de creas ing rain fall was ob served only on the
sandy, clay- sand and floodplain soils. Leaf sam ples were taken 
in pairs on freshly burnt and un burnt sites, but the ef fect of
burn ing was not sig nif i cant in the con text of the over all var i a -
tion.

The SLA of the spe cies at all sites var ied be tween 2 and
6 m2 kg–1 and there was a weak ten dency for SLA to in crease
with rain fall in some spe cies. Spe cific leaf area var ied mainly
with soil type and spe cies (Fig ure 4A). Thus, a large part of the 
vari a tion in the δ13C re sponse to rain fall can be ex plained by
vari a tion in SLA if soil type is con sid ered (Fig ure 4B). On av -
er age, δ13C in creased by 0.67‰ for each 1 m– 2 kg–1 de crease
in SLA. In Fig ure 4, each value rep re sents a par tic u lar spe cies
at its lo ca tion of sam pling with some spe cies be ing sam pled at
sev eral sites (Fig ure 3). When clas si fy ing the sites ac cord ing
to soil type, par al lel re sponse lines emerged de scrib ing the
change in δ13C with SLA. For the same range of SLA val ues,
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plants grow ing on clay soils had a sig nif i cantly higher δ13C
than plants grow ing on sandy or on floodplain soils. Be tween
an SLA of 3 and 4 m2 kg–1, δ13C ranged be tween –29.5 and
–24.3‰ be cause of changes in soil type. On any one type of
soil, SLA changed not only with rain fall, but also with spe cies.

The in crease in SLA with rain fall was as so ci ated with a sig -
nif i cant de crease in N con tent per unit leaf area (Fig ure 5),
con firm ing model pre dic tions made by Farquhar et al. (2002)
that N con tent per area should de crease with rain fall. The high -
est N con tents oc curred in Eu ca lyp tus spe cies grow ing on
sandy soils where an nual rain fall was low. At the low rain fall
sites, the vari a tion in N con tent was largely a spe cies ef fect.
The spe cies oc cur ring at dry sites com pen sated for the short
wet sea son by an in creas ing in vest ment in leaf N con tent,
which in creased their photosynthetic ef fi ciency. The small in -
crease in δ13C in com bi na tion with the high N con tent sug gests 
that mesophyll re sis tance (War ren and Ad ams 2005) is not a
ma jor lim i ta tion un der dry con di tions. This is sup ported by the 
re cent ob ser va tion that spec i fic ity of Rubisco for CO2 is higher 
in plant spe cies from drier hab i tats and in spe cies with per sis -
tent leaves (Galmés et al. 2005). Leaf N con tents were higher
in our study than those re ported from the North ern Ter ri tory of
Aus tra lia (Farquhar et al. 2002) mainly be cause of dif fer ences
in SLA. This may re flect the win ter-dom i nant rain fall in
southern Australia compared with the summer-dominated
rainfall in northern Australia.

A sta tis ti cal anal y sis of the ef fects of SLA, soil type, spe cies
iden tity and rain fall on δ13C showed that al most 27% of the
vari a tion of the whole data set (see Fig ure 4) was as so ci ated
with SLA (Ta ble 3). Soil type was as so ci ated with an ad di -
tional 16% of the vari a tion, whereas rain fall added only 1%.
For the best model, in clud ing SLA and soil type as fixed ef -
fects, the es ti mated ad di tional con tri bu tion of spe cies iden tity
amounted to 21%. In a sub set of sites with > 300 mm rain fall,
where we ob tained ev i dence for a lin ear re la tion ship be tween
δ13C and rainfall (Fig ure 3), 43% of the vari a tion was ex -
plained by SLA, 13% by soil type and only 3% by rain fall. The 
spe cies ef fect de creased to 9% be cause there were fewer spe -
cies in this sub set. Thus, even though rain fall is the over arch -
ing driv ing vari able, its ef fect on δ13C ap pears to be in di rect,
exerted through the wa ter-hold ing ca pac ity of the soil and
through spe cies-spe cific traits such as SLA and N con tent. The 
ob ser va tion of a mi nor ef fect of rain fall is fur ther sup ported by
a path anal y sis (Fig ure 6) that con sid ered only the pa ram e ters
of rain fall, SLA and δ13C. The stan dard ized path co ef fi cient
was high (0.38, P < 0.0001) for the ef fect of rain fall on SLA
and for the ef fect of SLA on δ13C (–0.50, P < 0.001), but low
for the di rect ef fect of rain fall on δ13C (–0.05, P = 0.456).
Thus, the di rect ef fect of pre cip i ta tion on δ13C of leaves was
low, with rain fall largely act ing in di rectly through soil type
(wa ter-hold ing ca p ac ity), spe cies and the as so ci ated changes
in SLA and N.
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Fig ure 3. (A) Re la tion ship be -
tween mean iso to pic ra tio of
13C to 12C (δ13C) val ues of
leaves grown in 2002 and
mean rain fall in 2002 for the
29 lo ca tions. (B) Re la tion ship
be tween δ13C val ues of leaves
of in di vid ual spe cies grown in
2002 and mean rain fall in
2002. Panel B is di vided into
data from sites with an nual
rain fall > 250 mm and an nual
rain fall < 250 mm. The solid
cir cle rep re sents the mean
value of all data at sites with
rain fall < 250 mm.
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Tree growth and rainfall

Vari a tion within and be tween spe cies re sulted in a weak re la -
tion ship be tween tree stem growth and δ13C of leaves that ac -
counted for only 9% of the vari a tion (Fig ure 7). The δ13C in
wood var ied mark edly be tween light and dark wood, which is
the early and late wood af ter rain. In Fig ures 8–10, the δ13C of
wood sam ples of three spe cies of Eu ca lyp tus mea sured at the
cel lu lar level are shown for sev eral years and sev eral wet ting
and dry ing events. The as so ci a tion be tween δ13C in the wood
and rain fall and tem per a ture was based on the as sump tion that
light wood with many new ves sels was trig gered by rain fall
events and may con tinue into the dry pe riod, de pend ing on soil 
type, root ing depth or ac cess to ground wa ter. We are aware
that this assumption needs further investigation.

In tall trees in south west ern Aus tra lia, for ex am ple, in
E. diversicolor (Fig ure 8A), sea sonal growth started with a
dis tinct ring of ves sels of light-col ored wood that was fol -
lowed by dense dark wood with scat tered ves sels. The dis tinct
layer of early ves sels gives the wood an ap pear ance rem i nis -
cent of a ring-po rous spe cies. The widths of the bands of
light-col ored wood and dark-col ored wood were vari able. At
the on set of early wood for ma tion we ob served a dis tinct de -
crease in δ13C (Fig ure 8B). In many years, the first row of ves -
sels showed the low est δ13C value (about –27‰ in 2002) for
that year. Within the early wood, this de crease in δ13C was fol -
lowed by a sharp in crease of about 1.5‰, so that the high est
val ues of δ13C were re corded (–25.67‰ in 2002) at the end of
early wood for ma tion. The δ13C then de creased con tin u ously
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Ta ble 3. Lin ear mixed model anal y sis of the re sponse of iso to pic ra tio of 13C to 12C (δ13C) to changes in spe cific leaf area (SLA), soil type and rain -
fall (fixed ef fects). The con tri bu tion of spe cies iden tity is mod eled as a ran dom ef fect. The spe cies ef fect is then taken from the best model (given in 
bold let ters). Us ing all data, the rain ef fect was not sig nif i cant, thus, the best model is rep re sented by Model 2. For sites with > 300 mm rain fall, the
rain ef fect was sig nif i cant, thus, the best model is rep re sented by Model 3.

Model no. Model De grees of Like li hood P value Vari ance ex plained To tal
free dom (df) ra tio

Fixed ef fects Spe cies ef fect

a. Statistical model based on all data
1 SLA 4 36.88 < 0.0001 26.8% 39.8% 66.6%
2 SLA + soil type 10 24.42 0.0004 43.3% 21.1% 64.4%
3 SLA + soil type + rain 11 2.66 0.1031 44.3% 20.6% 64.9%

b. Statistical model based on sites with > 300 mm rain fall
1 SLA 4 41.82 < 0.0001 43.4% 29.1% 72.5%
2 SLA + soil type 10 13.71 0.0331 56.6% 11.5% 68.1%
3 SLA + soil type + rain 11 6.07 0.0137 59.7% 9.4% 69.1%

Fig ure 4. (A) Re la tion ship be -
tween spe cific leaf area and
rain fall. The lines de pict the
trends of in di vid ual spe cies.
(B) Re la tion ship be tween leaf
iso to pic ra tio of 13C to 12C
(δ13C) val ues and spe cific leaf
area. Each value rep re sents a
par tic u lar spe cies grow ing at a
par tic u lar site and on a par tic u -
lar soil type. Some spe cies
were re peat edly mea sured (see 
Fig ure 3B). Spe cies were
grouped ac cord ing to soil type
in the low rain fall re gion
(< 250 mm). Spe cies in the
high rain fall re gion are shown
as a sep a rate group.
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dur ing the grow ing sea son (which is prob a bly con sis tent with
sto ma tal open ing) de spite low rain fall (Fig ure 8B). Sim i lar
pat terns have been ob served in tem per ate-zone for est spe cies
(e.g., Pinus: Schulze et al. 2004; Populus: Helle and Schleser
2004; Fagus: Demasin and Lelarge 2003). The trend in δ13C of
wood was not sim ply re lated to rain fall or tem per a ture in that
sea son (Fig ure 8B). Growth started with the first win ter rains
and the likely mo bi li za tion of car bo hy drate re serves. We sug -
gest that these car bo hy drates were ini tially iso to pi cally de -
pleted, but with in creas ing use of re serves the δ13C val ues
in creased. Thus, early wood did not ap pear to be formed from
cur rent as sim i lates, but from re serves. If the δ13C val ues in the
wood were only the re sult of as sim i la tion by the leaves, the
con di tions for growth in spring with in creas ing rain fall, higher 
so lar ra di a tion and in creas ing tem per a tures would have pro -
duced a trend of δ13C op po site to that ob served. Af ter the ini -
tial growth of early wood, the δ13C val ues of the wood
con tin ued to de crease un til growth of late wood ceased with
the on set of sum mer drought when the val ues of δ13C reached

their low est val ues. Thus, the iso to pic sig nal in late wood does
not re flect the ef fect of cli mate on leaf as sim i la tion. The wood
was iso to pi cally most de pleted at the time when growth
stopped be cause of wa ter short age and high tem per a tures, in -
di cat ing that wood growth in E. diversicolor is not al ways di -
rectly linked to car bon as sim i la tion by the leaves and that
ad di tional frac tion ation steps oc cur be tween the leaf and for -
ma tion of wood (Gleixner and Schmidt 1997, Demasin and
Lelarge 2003).

The growth re sponse of E. concinna (Fig ure 9A), a mallee
spe cies that sprouts from dor mant buds of the ligno tuber (a
“sprouter”), showed sim i lar pat terns of tree ring growth and
δ13C as E. diversicolor. The wood showed a marked tran si tion
be tween early and late wood and a sharp bor der to the next tree 
ring. Nev er the less, the wood con tained ir reg u lar i ties (false
“tree rings”), for ex am ple, in 2003. The δ13C anal y sis (Fig -
ure 9B) showed that there was con sid er able interannual vari a -
tion in δ13C, but this vari a tion was dif fi cult to in ter pret be cause 
rain fall events oc curred in both sum mer and win ter. As in
E. diversicolor, the high est δ13C val ues were found in the early
wood, sug gest ing that car bon re al lo ca tion from re serves was
also im por tant in this mallee spe cies. This was fol lowed by
low δ13C val ues even though drought was de vel op ing. Thus,
as sim i late trans port again ap peared to change the iso to pic sig -
nal.

The δ13C pat tern was dif fer ent in E. phaenophylla (Fig -
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Fig ure 6. Path anal y sis of the re la tion ships be tween rain fall, spe cific
leaf area (SLA) and iso to pic ra tio of 13C to 12C (δ13C) of leaves. The
num bers in di cate the stan dard ized path co ef fi cients. Solid ar rows in -
di cate sig nif i cant re la tion ships and the dashed ar row in di cates a
non-sig nif i cant re la tion ship.

Fig ure 5. Leaf-area-based ni tro gen con tent (g N m– 2) of leaves as
re lated to rain fall. Spe cies are grouped ac cord ing to soil type. The
col ors of each soil type cor re spond to the group ings in Fig ures 3
and 4.

Fig ure 7. Re la tion ship be -
tween tree ring growth in 2002 
and leaf iso to pic ra tio of 13C to 
12C (δ13C) for 2002 for 30 spe -
cies of Eu ca lyp tus at high and
low rain fall sites and grow ing
on dif fer ent soil types.
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ure 10A), a spe cies that re gen er ates vege ta tively from a ligno -
tuber. The wood showed a dis tinct bor der be tween light and
dense wood, but a more grad ual tran si tion be tween dense and
light-col ored wood. At the site where the tree was sam pled,
rain fall oc curred not only in win ter, but also in late sum mer
(Fig ure 10B). The δ13C val ues of the wood reached a min i mum 
at the on set of dense-wood for ma tion and reached a max i mum
in the light-col ored wood. Ap par ently, this spe cies started to
grow dense wood from car bo hy drate re serves with the late
sum mer rains and then pro duced light-col ored wood with win -
ter rain fall.

The pat terns shown in Fig ures 8B to 10B sug gest that there

are lag pe ri ods be tween as sim i la tion and stem growth and pos -
si bly also iso to pic dis crim i na tion dur ing as sim i late trans port,
stor age and wood growth and that there may be ad di tional met -
a bolic steps de ter min ing the iso to pic com po si tion of early and
late wood, or light and dense wood. For the trees in ves ti gated,
the range of δ13C in wood within an in di vid ual pe riod of wood
growth var ied from about 2 to 4‰ (Fig ure 11) and on av er age,
the mean δ13C in wood was about 3‰ higher (less neg a tive)
than in the leaf (cf. Helle and Schleser 2004, Schulze et al.
2004, but these stud ies did not mea sure N). Nev er the less, in
13C-de pleted wood formed af ter rain the δ13C val ues were sim -
i lar to those in leaves (Fig ure 11). We sug gest that this does not 
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Fig ure 8. (A) Sea sonal vari a -
tion in wood anat omy and iso -
to pic ra tio of 13C to 12C (δ13C) 
and (B) δ13C for E. diversi -
color and mean monthly max i -
mum tem per a ture and rain fall
at a site with 1017 mm of an -
nual rain fall.
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mean that the car bo hy drates for the growth of early wood were 
translocated di rectly from the leaves to the wood, but that
some re al lo ca tion oc curred. The high est δ13C val ues were ob -
served in the light wood when cli ma tic con di tions sug gest that
the sto ma ta should be open and the low est δ13C val ues were
ob served in the dense wood when the cli ma tic con di tions were
such that sto ma ta should be closed.

Dis cus sion

Ex per i men tal stud ies based on a sin gle spe cies have shown
that wa ter-use ef fi ciency and δ13C change with soil wa ter

avail abil ity (Ngugi et al. 2003) or with chang ing sea sonal rain -
fall (Searson et al. 2004). In a ma jor re view, Wright et al.
(2004) showed that, across a wide range of spe cies in Aus tra -
lia, as sim i la tion per mass was closely re lated to leaf N con cen -
tra tion and N con cen tra tion was re lated to SLA. By us ing
SLA, we do not nec es sar ily im ply some mea sure of in ter nal
dif fu sion that may change with SLA (War ren and Ad ams
2005), but we take SLA and the as so ci ated N con tent as neu tral 
mea sures that re flect photosynthetic ca pac ity. Un der light-
 lim ited con di tions, there is an adap tive ad van tage in pro duc ing 
thin rather than thick leaves even though the life span of thin
leaves is gen er ally shorter than that of thick leaves and thin
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Fig ure 9. (A) Sea sonal vari a -
tion in wood anat omy and iso -
to pic ra tio of 13C to 12C (δ13C) 
and (B) δ13C of E. con cinna
and mean monthly max i mum
tem per a ture and rain fall at a
site with 130 mm of an nual
rain fall.
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leaves are usu ally more sen si tive to drought in most na tive spe -
cies (Schulze and Hall 1982, Schulze et al. 1994). Farquhar et
al. (2002) mod eled these in ter ac tions and showed that as rain -
fall de creases plants adapt by de creas ing the num ber of plants
per unit area, re duc ing the num ber of leaves per plant, re duc -
ing the area per unit photosynthetic ca pac ity and re duc ing
stomatal con duc tance per unit area. The model showed how
these re sponses “spread the re spon si bil ity” and how photo -
synthetic ca pac ity in the form of N per unit area in creased as
rain fall de creased so that the changes in δ13C were cor re lated
with those of SLA even though stomatal con duc tance was also
chang ing. Our data for Eu ca lyp tus sup port this anal y sis. How -

ever, the range over which any one spe cies can re spond to its
en vi ron ment is lim ited, and it has been shown in com mon gar -
den ex per i ments (An der son et al. 1996) and in plants from dif -
fer ent or i gins (Read and Farquhar 1991) that ge netic vari a tion
ex ists in the re sponse of δ13C to the en vi ron ment. Thus, in ad -
di tion to the re sponse pat terns partly by, spe cies iden tity is im -
por tant in the study of en vi ron men tal gra d i ents.

In the pres ent study, only a few Eu ca lyp tus spe cies cov ered
a large rain fall gra di ent, yet these spe cies showed re sponses to
rainfall not only in δ13C, as has been es tab lished in other dry
cli mates (e.g. Kagawa et al. 2003, Midgley et al. 2004), but
also in SLA and N con tent, in di cat ing that they adapt to an arid 
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Fig ure 10. (A) Sea sonal vari a -
tion in wood anat omy and iso -
to pic ra tio of 13C to 12C (δ13C) 
and (B) δ13C for E. phaeno -
phylla and mean monthly max -
i mum tem per a ture and rain fall
at a site with 275 mm of an -
nual rain fall.
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cli mate partly by re duc ing SLA and partly by in creas ing N
con tent and clos ing their stomata. How ever, the in crease in
δ13C with de creas ing rain fall was sta tis ti cally sig nif i cant only
at high rain fall sites and in spe cies cov er ing a broad range of
sites. It ex plains only a mi nor part of the vari a tion at low rain -
fall where site-spe cific con di tions and spe cies-spe cific char ac -
ter is tics play an in creas ing role. The site-spe cific re sponses
be come most im por tant in dry hab i tats, where not only the soil
type (sand ver sus clay, Wal ter 1964), but also fire frequency
(Map pin et al. 2003) and ac cess to ground wa ter de ter mine the
re sponse. This makes the ra tio of changes in δ13C to changes in 
rain fall quite vari able be low 300 mm.

Based on the few spe cies that cov ered the wid est rain fall
range, there was a rel a tively strong re sponse of δ13C to
drought. We in ves ti gated the com mu nity of Eu ca lyp tus as a
whole and the com mu nity-av er aged re sponse to drought was
sim i lar to that ob served for a sin gle spe cies. How ever, as mean
an nual rain fall de creased, new spe cies en tered and each of
these spe cies tended to keep the com mu nity-av er aged δ13C at a 
low value. Thus, even in arid en vi ron ments, the se lec tion ef fect 
of biodiversity (Loreau and Hec tor 2001) con trib uted by main -
tain ing the com mu nity-av er aged in trin sic wa ter-use ef fi ciency 
con stant. The ef fect of spe cies iden tity on iso to pic dis crim i na -
tion was also ob served by Miller et al. (2001) and con firmed
by com mon gar den ex per i ments (An der son et al. 1996). We
sug gest that this com pen sa tory re sponse of spe cies is reached
by changes in SLA, and ad di tion ally by chang ing plant size
and leaf area in dex from tall sin gle trees to mul ti ple-stemmed
mallee types. Thus, the re sponse to arid ity must take into ac -
count plant biodiversity, oth er wise pre dic tions on changes in
veg e ta tion with global cli mate change based on generalized
functional types will be unreliable (Berry and Roderick 2004).

Al though there is an in creas ing mech a nis tic un der stand ing
about the re la tion ship be tween leaf δ13C and rain fall, the re la -
tion ship be tween leaf δ13C and wood growth re mains com plex
for broad-leaved spe cies (Fritts 1976, see also Koszlowski and
Pallardy 1997, Vaganov et al. 2006). Gen eral re la tion ships be -
tween wood growth and leaf δ13C have been es tab lished based

on drought in di ces (e.g., Macfarlane and Ad ams 1998, Ad ams
and Kolb 2004). A sim i lar trend was ob served in this study.
Along the rain fall gra di ent, the an nual range in δ13C in wood
was cor re lated with the an nual range in δ13C in leaves in the
same year (Miller et al. 2001, Watmough et al. 2001). The off -
set was on av er age 3‰, as was ex pected from stud ies with cel -
lu lose and lignin (cf. Schulze et al. 2004). How ever, our more
de tailed in ves ti ga tion of δ13C in wood in di cates that sev eral
steps of dis crim i na tion ap pear to oc cur be tween as sim i la tion
by the leaf and the de po si tion of cel lu lose in the stem and that
re al lo ca tion of car bo hy drates from and into re serves seems to
af fect the iso to pic sig na ture of the car bon in the wood such that 
the gen eral cor re la tion be tween leaf and wood δ13C may sim -
ply be for tu itous. As shown in E. globulus (Cernusak et al.
2003), there is in creas ing aware ness that sev eral dis crim i na -
tion steps ex ist be tween the as sim i la tion of car bon by the
leaves and the for ma tion of wood in the stem. Demasin and
Lelarge (2003) con cluded that at least two frac tion ation steps
oc cur, namely dur ing sugar trans fer from leaves to stems and
dur ing stem res pi ra tion. Gleixner and Schmidt (1997) pointed
out the im por tance of the aldolase re ac tion con vert ing triose-
 phos phate to fruc tose-1,6-diphosphate, as a met a bolic step at
which dis crim i na tion oc curs. Our de tailed anal y ses of δ13C of
wood us ing the la ser ab la tion tech nique of Schulze et al.
(2004) showed that, for the Eu ca lyp tus spe cies stud ied, the
early wood was ini tially de pleted of 13C and then en riched in
13C as a re sult of re al lo ca tion of car bo hy drates from and to
stor age. This pro cess of re al lo ca tion re sulted in a δ13C pat tern
op po site to that ex pected from the sea sonal re sponses of the
stomata to cli ma tic con di tions. High δ13C val ues were found in 
wood when the stomata of leaves were likely to be open. This
stage was fol lowed by a pe riod when δ13C in wood de creased,
even though rain fall de creased, and stomata of leaves pre sum -
ably closed. This pat tern was most ob vi ous in a tall tree in the
high rain fall re gion, but it was also ob served in a “sprouter”
mallee receiving low rain fall. The pat tern was dif fer ent from
that ob served by Pate et al. (1998) in E. globulus in which the
δ13C value in the phloem sap was close to the δ13C in newly
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Fig ure 11. Re la tion ship be -
tween the range of iso to pic ra -
tio of 13C to 12C (δ13C) val ues
of wood and the δ13C val ues of 
leaves for 11 in di vid u als of
dif fer ent spe cies of Eu ca lyp tus
in 2002. Be cause only one
lumped sam ple of 5–10 leaves
was taken per in di vid ual plant, 
there is no vari a tion for leaf
δ13C. In con trast, sev eral
growth pe ri ods of past rainy
sea sons were an a lyzed. There -
fore there is vari a tion in wood
δ13C be tween light and dense
wood of the same tree.
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formed xy lem cells (Pate and Ar thur 1998). We ob served that
the δ13C of wood ap peared to be gen er ally more un cou pled
from the pro cesses in the leaf than was ob served by Pate et al
(1998) in E. globulus. Our ob ser va tions of sea sonal changes of 
δ13C in wood that are ap par ently not syn chro nized with car bon 
as sim i la tion lend cre dence to our find ing that the re la tion ship
be tween width of wood growth and rain fall was not sig nif i -
cant.

Con clu sions

In Eu ca lyp tus, vari a tion in δ13C with rain fall de pends on spe -
cies traits, par tic u larly SLA, N con tent, gen eral site con di tions
(burnt/un burnt, sand/clay) and on the de gree of biodiversity
in the region.

The δ13C val ues in wood are as so ci ated with the δ13C val ues
in leaves, but there are ad di tional dis crim i na tion pro cesses and 
in ter nal re al lo ca tion of car bon that re sult in a time-trend op po -
site to that ex pected from the change in stomatal con duc tance
with rain fall and temperature.

Within a spe cies, the re la tion ship be tween ra dial wood
growth and rain fall is weak based on ob ser va tions in dif fer ent
years (interan nual vari abil ity). We sug gest that the re al lo ca -
tion of re serves buff ers growth from the im me di ate ef fects of
cli mate. More over, dif fer ent spe cies have dif fer ent rates of an -
nual growth at any one lo ca tion, mak ing it dif fi cult to de rive a
gen er al ized response of wood growth to climate.

In the arid re gion there was con sid er able vari a tion in δ13C
among spe cies, in di cat ing that an un der stand ing of biodi -
versity is im por tant and that it is im pos si ble to draw gen eral
con clu sions from the study of a sin gle spe cies on the likely
com mu nity re sponse to, for ex am ple, cli mate change when the 
com mu nity contains multiple species.

Our study was con fined to Eu ca lyp tus spe cies and the
closely re lated ge nus Corymbia, and did not con sider the wide
range of other spe cies pres ent along the arid ity gra di ent. The
wide range of re sponses to arid ity among the Eu ca lyp tus spe -
cies in this study would likely be mul ti plied in other species.
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