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     The sensitivity of leaf teeth to climate is well known and 
widely reported. Notably, a signifi cant, negative correlation be-
tween the percentage of nonmonocot ( “ dicot ” ) woody angio-
sperms in mesic fl oras with toothed leaves and mean annual 
temperature (MAT) has been observed in East Asia, the Ameri-
cas, Europe, and Australia ( Bailey and Sinnott, 1915 ,  1916 ; 
 Webb, 1959 ;  Wolfe, 1979 ,  1993 ;  Wilf, 1997 ;  Gregory-Wodz-
icki, 2000 ;  Kowalski, 2002 ;  Greenwood et al., 2004 ;  Green-
wood, 2005a ;  Traiser et al., 2005 ;  Hinojosa et al., 2006 ;  Adams 
et al., 2008 ;  Aizen and Ezcurra, 2008 ). Recent work in present-
day eastern North American forests demonstrates that the size 
and number of teeth also correlate negatively with MAT ( Huff 
et al., 2003 ;  Royer et al., 2005 ,  2008 ). However, despite leaf 
teeth being strongly linked to temperature, less is known about 
their sensitivity to most other ecological variables (e.g.,  Halloy 
and Mark, 1996 ;  Kappelle and Leal, 1996 ;  Royer et al., 2008 ). 

 The primary goal of this study is to examine how ecological 
attributes related to disturbance, water availability, and growth 
strategy infl uence the distribution of toothed species at 227 sites 
in the humid Australian subtropics ( Fig. 1 ).  Specifi cally, we de-
termine how topographic position (ridge crest to creek/gully) 
and distance to coastline impact the relative richness and abun-
dance of toothed species, including possible underlying causes. 
Because attributes of fossil leaf teeth, particularly the percent-
age of toothed species at a single locality, are important compo-
nents of several paleoclimate methods (e.g.,  Bailey and Sinnott, 
1915 ;  Wolfe, 1979 ,  1993 ;  Wilf, 1997 ;  Royer et al., 2005 ;  Green-
wood, 2007 ), we discuss how our results may affect these ap-
proaches. For example, habitat-related differences in the 
distribution of toothed species may generate errors in paleocli-
mate reconstruction if habitats differ greatly between calibra-
tion and fossil sites. Our work also contributes to knowledge on 
leaf-teeth ecology in Gondwanan fl oras, a topic little studied by 
comparison to the northern hemisphere (e.g.,  Webb, 1968 ; 
 Greenwood et al., 2004 ;  Aizen and Ezcurra, 2008 ). 

 Our study area encompasses two forest community types 
(sensu  Webb, 1968 ,  1978 ): simple notophyll vine forest (SNVF) 
and complex notophyll vine forest (CNVF). Because MAT var-
ies minimally across sites ( < 3 ° C), we can closely examine the 
infl uences of more subtle factors on leaf teeth using dense sam-
pling. Measured attributes include six environmental variables 
(topographic position, soil depth, slope, elevation, fi re return 
frequency, disturbance; see  Table 1 ) , growth form (liana, tree, 
shrub), and eight life-history traits (seed and fruit size, fruit 
type, dispersal mode, ability to resprout after disturbance, and 
leaf size, lobing, and compounding; see  Table 2 ) . Our specifi c 
hypotheses are outlined next. 

 Freshwater-margin hypothesis   —       Burnham et al. (2001)  ob-
served that the percentage of toothed species at one lake margin 
and three riparian sites in the Ecuadorian lowlands was ~15% 
higher than at two nearby distal fl oodplain and terra fi rme sites. 
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 Teeth are conspicuous features of many leaves. The percentage of species in a fl ora with toothed leaves varies inversely with 
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of water loss. The possible role of heightened transpiration in 
leaf teeth was noted over a century ago ( Billings, 1905 ;  Bailey 
and Sinnott, 1916 ;  Canny, 1990 ;  Wolfe, 1993 ). More recently, 
 Feild et al. (2005)  observed that leaf teeth in the herbaceous 
basal angiosperm  Chloranthus japonicus  prevent the fl ooding 
of intercellular airspaces via guttation of excess fl uid. In this 
case, teeth are probably adaptive in wet and seasonally freezing 
environments where positive root pressure and freeze – thaw 
embolisms, respectively, are common ( Feild et al., 2005 ). In a 
separate study,  Royer and Wilf (2006)  measured rates of photo-
synthesis and transpiration in 60 woody dicot species from two 
differing climates in eastern North American deciduous forest, 
fi nding high rates in teeth early in the growing season; more-
over, these early season rates were typically higher in the plants 
native to the colder climate. In this case, teeth are probably 
adaptive for rapidly acquiring carbon in cold, mesic environ-
ments, where growing-season length is limiting but access to 
water is not ( Royer and Wilf, 2006 ; see also  Baker-Brosh and 
Peet, 1997 ). 

  Burnham et al. (2001)  suggested that the diversity of lianas in 
riparian and lake-margin habitats may also help to explain the 
freshwater effect because, at their Ecuadorian sites, a high pro-
portion of liana species are toothed. Liana diversity in these 
environments is likely controlled, in part, by water availability 
because lianas typically have long, wide vessels that make them 
prone to water stress ( Wheeler and LaPasha, 1994 ;  Carlquist, 
2001 ). The interaction between lianas, habitat position, and 
toothed leaves has not been investigated outside of Ecuador, 
and so the geographic extent of this liana effect is unknown. 

 However, lianas do not fully account for the freshwater ef-
fect in the Ecuadorian lowlands ( Burnham et al., 2001 ). There-
fore,  Burnham et al. (2001)  additionally argued that the 
disturbed, open character of many habitats adjacent to freshwa-
ter (especially lakes and rivers) may select against untoothed 
species (see also  Kappelle and Leal, 1996 ). This putative selec-
tion occurs because rapid growth is often advantageous in dis-
turbed, open environments (e.g.,  Grime, 1977 ,  2001 ;  Garnier et 
al., 2004 ), and leaf teeth may facilitate periods of fast growth 
( Royer et al., 2005 ;  Royer and Wilf, 2006 ; see previous discus-
sion about tooth function). 

 Greenwood (2005b)  reported a similar pattern for leaf litter 
samples from seven riparian and 30 nonriparian sites in eastern 
Australia (northern Queensland to Victoria).  Kowalski and 
Dilcher (2003)  also observed relatively higher proportions of 
toothed species at three eastern North American sites adjacent 
to lakes or swamps. The presence of this  “ freshwater effect ”  is 
important because, if pervasive, it implies that many paleore-
constructions of MAT based on the percentage of toothed spe-
cies may be too cold, because habitats adjacent to rivers, lakes, 
and swamps are infrequently included in extant calibrations but 
are the dominant depositional setting of fossil leaf assemblages 
( Wolfe, 1977 ;  Burnham et al., 2001 ;  Kowalski and Dilcher, 
2003 ;  Greenwood, 2005b ). A difference of 15% in toothed spe-
cies translates to a ~4.5 ° C difference in estimated MAT using 
most calibrations. 

  Kowalski and Dilcher (2003)  postulated that differences in 
water availability (e.g., soil moisture) across a landscape can 
explain the freshwater effect. It has long been noted that water 
availability impacts the presence of leaf teeth (but usually to a 
lesser degree than MAT;  Wolfe, 1993 ): humid to mesic sites 
often contain a greater fraction of toothed species than drier 
sites with the same MAT ( Bailey and Sinnott, 1915 ;  Wolfe, 
1993 ). This effect may therefore explain the preponderance of 
toothed species at freshwater-margin sites with high water ta-
bles relative to nearby, better-drained sites. 

 Most studies that address why leaves have teeth are consis-
tent with colder and/or wetter environments containing propor-
tionately more toothed species, and with teeth being major sites 

 Fig. 1.   Map of study area. Sites are coded by sample: SNVF fi ne ( N  = 
100 sites), SNVF coarse (92), CNVF coastal (11), CNVF inland (24). 
Numbers within stars represent climate stations used in study: 1 = Whian 
Whian/Rummery Park; 2 = Ballina Airport; 3 = Byron Bay. Tweed Heads 
and Lismore are cities.   

  Table  1. Environmental variables and rankings (modifi ed after  Rossetto 
and Kooyman, 2005 ). Two environmental variables, slope ( ° ) and 
elevation (m a.s.l.), were measured directly and not ranked. 

Topographic position Soil depth (cm) Fire return frequency (yr) Disturbance

1 Creek/gully 1  < 30 1  < 100 1 None
2 Lower slope 2 30 – 50 2 100 – 250 2 Light
3 Midslope 3 50 – 80 3 250 – 500 3 Moderate
4 Upper slope 4  > 80 4  > 500 4 Heavy
5 Crest 5 No fi re

  Table  2. Life history traits and rankings (modifi ed after  Rossetto and Kooyman, 2005 ). 

Teeth Seed size (mm) Fruit size (mm) Fruit type Dispersal mode* Resprout** Leaf size*** Lobed leaves Compound leaves

0 No 1  < 1 1  < 1 0 Nonfl eshy 0 Wind 0 No 1 Nanophyll 0 No 0 No
0.5 Sometimes † 2 1 – 6 2 1 – 6 1 Fleshy †  † 1 Frugivore 1 Yes 2 Microphyll 0.5 Juvenile only 1 Yes
1 Yes 3 6 – 15 3 6 – 15 3 Notophyll 0.75 Sometimes

4 15 – 30 4 15 – 30 4 Mesophyll 1 Yes
5  > 30 5  > 30 5 Macrophyll

 Notes:  * All other dispersal modes excluded (e.g., scatter-horde, ants); ** Restricted to resprouting in response to disturbance; *** After  Webb (1978) , 
juvenile plants excluded;  †  Includes species whose leaves are toothed in juvenile plants but untoothed in adults;  †  †  Includes arils.
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multifaceted analysis of the possible link between leaf teeth and 
growth strategy. 

 Toothless Australia hypothesis  —     The correlation between 
the percentage of toothed species and MAT is as strong in east-
ern Australian rainforests as elsewhere, but  Greenwood et al. 
(2004)  reported a generally lower percentage (~15%) of toothed 
species for a given MAT relative to the global norm (different 
 y -intercept).  Greenwood et al. (2004)  used 113 rainforest sites 
from  Webb et al. (1984)  that span from north Queensland to 
Tasmania. Here we compare the patterns observed by  Green-
wood et al. (2004)  to a data set with a higher spatial resolution 
and more limited climatic and geographic range. We predict 
similar patterns but with greater scatter because of our increased 
emphasis on capturing secondary factors that affect the pres-
ence of toothed species (e.g., topographic position, elevation). 

 MATERIALS AND METHODS 

 Study area   —     Our study area is in northern New South Wales, eastern Aus-
tralia ( Fig. 1 ). It is located on the eroded Mt. Warning (Wollumbin) volcanic 
caldera, which is comprised of rhyolitic cliffs and basaltic plateaus deeply 
dissected by eroded stream bases; these streams form an almost circular radiat-
ing network of valleys around the central caldera. The geological history is 
described in  Stevens (1977) , and detailed soil mapping is provided in  Morand 
(1994 ,  1996 ). The climate is subtropical with seasonally (summer-autumn) 
high rainfall (mean annual precipitation [MAP]  ≈  2000 mm) and generally mild 
temperatures (MAT  ≈  18 ° C; annual range in mean monthly temperatures  ≈  
10 ° C);  Nix (1991)  places the area in the Mesotherm bioclimatic region. 

 Both the simple notophyll vine forest (SNVF) and complex notophyll vine 
forest (CNVF) community types were intensively sampled by R. M. Kooyman 
across a range of environmental and life history gradients ( Tables 1, 2 ). The 
SNVF has relatively low complexity in regard to structure and fl oristics and is 
often dominated by just a few species. Cunoniaceae are the dominant canopy 
trees; other families present in the canopy include Elaeocarpaceae, Lauraceae, 
Monimiaceae, Myrtaceae, Rutaceae, and Atherospermataceae. The CNVF 
community type is the most species-rich and diverse rainforest in the region 
with strong fl oristic affi nities to the more tropical northeastern Australian rain-
forests; dominant families include (as examples) Malvaceae, Myrtaceae, Eben-
aceae, Moraceae, Lauraceae, Rutaceae, Rubiaceae, Sapindaceae, and 
Euphorbiaceae. Due to the minor presence of  Araucaria cunninghamii  at our 
sites, the formal community types are  “ SNVF  ±   A. cunninghamii  ”  and  “ CNVF 
 ±   A. cunninghamii  ”  (sensu  Webb, 1968 ), but for convenience we adopt SNVF 
and CNVF throughout. Because species composition varies within the SNVF 
and CNVF community types along the Australian east coast ( Webb, 1959 , 
 1968 ), all patterns attributed here to the SNVF and CNVF refer specifi cally to 
our study area. All analyses are restricted to woody dicots because they are the 
basis of most previous work on tooth variation and paleobotanical leaf-climate 
methods. 

 SNVF samples   —     The SNVF was sampled at two spatial scales. The fi ne-
scale sample, here termed  “ SNVF fi ne ” , includes 100 sites from two 4-ha areas 
within the Nightcap National Park and Mt. Jerusalem National Park ( Fig. 1 ; 
 Kooyman, 2005 ). Each 4-ha area was divided into a grid of 200  ×  200 m squares 
using the Central Mapping Authority 1   :   25000 topographical map (Huonbrook 
Map Sheet 9540 – 1-N). Ten grid squares were chosen at random for both areas; 
in each square, fi ve 20  ×  20 m quadrats were located in differing topographical 
positions representing crest, upper slope, midslope, lower slope, and creek/
gully. A total of 50 quadrats were established at each of the two locations, mak-
ing a total of 100 quadrats (sites) in the combined sample. Species richness 
among woody dicots ranges from 20 to 47 (median = 34) and among lianas 
from 0 to 8 (median = 4). Important environmental gradients in this sample in-
clude topographic position, slope (range: 3 – 35 ° ), and soil depth (range:  < 30 to 
 > 80 cm); variation in site elevation is minimal (565 – 800 m a.s.l.). 

 We largely restrict our interpretations of how topographic position impacts 
the presence of toothed species to the SNVF fi ne sample because, in contrast to 
the other three samples, site selection was based on topographic position and all 
topographic categories are evenly represented. Also, because the SNVF fi ne 

 Here, we investigated the association between leaf teeth and 
riparian habitats, including possible underlying mechanisms. 
We focused primarily on a subset of sites where other environ-
mental gradients that may impact the presence of leaf teeth are 
minimal ( “ SNVF fi ne ”  sample; see Materials and Methods for 
descriptions of this and three supplemental samples). This work 
builds on previous research in four signifi cant ways. First, we 
analyzed a large number of sites ( N  = 227 total [100 sites in 
SNVF fi ne] vs. 6 for  Burnham et al. [2001]  and 37 for  Green-
wood [2005b] ). Second, we coded our sites for fi ve topographic 
positions from ridge crest to creek/gully ( Table 1 ), which con-
trasts with the binary coding of previous studies; thus, our 
methodology allows for testing the infl uence of a more continu-
ous habitat gradient on leaf teeth. Third, we coded all species 
for relative abundance as well as presence vs. absence; this al-
lows for a more thorough analysis of community dynamics, in-
cluding, for example, whether toothed species compose a 
greater fraction of the canopy in riparian vs. nonriparian habi-
tats. Fourth, we tested whether phylogenetically inherited syn-
dromes may be a factor infl uencing the relative abundance of 
toothed taxa with other traits across sites. It is generally as-
sumed that phylogenetic history has minimal impact, relative to 
climate, on the prevalence of teeth in a fl ora ( Bailey and Sin-
nott, 1916 ;  Wolfe, 1993 ), but this assumption has only recently 
begun to be tested ( Little et al., 2008 ). 

 Salt stress hypothesis   —      Salt stress is a form of physiological 
water stress ( Larcher, 1995 ); thus, as a general extension of the 
water-availability hypothesis, toothed species should be less 
common in salt-stressed environments. This relationship has 
been reported anecdotally (e.g.,  Bailey and Sinnott, 1915 ), but 
here we quantify the strength of correlation with 11 coastal sites 
that are directly impacted by salt spray ( “ CNVF coastal ”  sam-
ple;  Fig. 1 ). 

 Leaf teeth and variables related to growth strategy   —      We 
also test whether environmental and life history variables that 
are commonly associated with rapid growth and an early suc-
cessional status are correlated with the presence of leaf teeth. 
This test helps to assess the disturbance explanation for the 
freshwater effect because rapidly growing, early successional 
species often dominate in disturbed habitats (discussed earlier). 
Examples of appropriate variables measured here include fi re 
return frequency, ability to resprout after disturbance, presence 
of lobed and compound leaves, seed and fruit size, fruit type 
(fl eshy vs. nonfl eshy), and seed dispersal mode (wind vs. ani-
mal) ( Tables 1, 2 ). Early successional species are common in 
fi re-dominated landscapes, even when the fi re return frequency 
exceeds a century ( Engelmark et al., 1998 ;  Falster and Westoby, 
2005 ;  Spencer and Baxter, 2006 ). Compound leaves are consid-
ered to be common in habitats with light gaps where there is a 
premium on rapid growth because they can be easily shed when 
overtopped, leaving fewer understory branches behind, thereby 
conserving water and structural resources ( Givnish, 1978b , 
 1984 ), and lobed leaves are considered abundant in rapidly 
growing, early successional forests ( Givnish, 1978a ). Small, 
nonfl eshy, wind-dispersed seeds are more common in disturbed, 
open habitats than in closed forests ( Baker, 1972 ;  Salisbury, 
1974 ;  Foster and Janson, 1985 ;  Westoby et al., 1992 ;  Givnish et 
al., 2005 ), and fruit size typically tracks seed size very closely 
( Wright et al., 2007 ). In combination with direct measurements 
of site disturbance ( Table 1 ) and with published observations of 
growth rate and successional status, these associations allow a 
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 <  0.001 for all samples combined except CNVF inland, where soil depth was 
not measured). Thus, there is a water availability gradient for plants at our sites, 
controlled by topographic position. 

 We interpolated from climate station data that MAT varies ~3 ° C across all 
227 sites ( Hijmans et al., 2005 ; online Appendix S1). A 3 ° C change in MAT 
can account for an ~11% shift in the percentage of toothed species (using the 
Australia-specifi c calibration of  Greenwood et al., 2004 ), which is small com-
pared to the measured 45% range across our sites ( Fig. 2 ).  This disparity sug-
gests that factors other than MAT (such as those measured for this study; see 
 Tables 1, 2 ) are important for explaining the variability in the percentage of 
toothed species at our sites. 

 Data collection  —    All vascular plant species were identifi ed to species level 
by R. M. Kooyman. Species cover codes (modifi ed from  Braun-Blanquet, 
1932 ) were entered using a cover abundance scale (1 – 6), where 1 = cover  < 5% 
of site and rare, 2 = cover  < 5% of site and common, 3 = cover 6 – 20% of site, 4 
= cover 21 – 50% of site, 5 = cover 51 – 75% of site, and 6 = cover 76 – 100% of 
site. In total, our study includes 344 woody dicot species and 7944 species-site 
pairs. Species lists and cover abundance data for each site are available in on-
line Appendix S1. 

 Plant life-history traits were extracted by R. M. Kooyman from published 
sources provided in species taxonomic descriptions (e.g.,  Floyd, 1989 ; Harden, 
1990 – 2002 with revisions) and, wherever possible, were based on measured 
data from published fl oras. The traits chosen refl ect the dispersal dimension 
(seed and fruit size, fruit type, dispersal mode), persistence (resprouting), leaf 
size, and leaf growth form (lobed, simple/compound, presence of teeth) ( Table 
2 ; see online Appendix S1 for trait values of species). Because the gradients in 
life history traits are broadly similar across samples (in contrast with the envi-
ronmental gradients, which vary in strength across samples, as described ear-
lier), we place equal weight on all samples when interpreting the relationships 
between these traits and the presence of leaf teeth. 

 Environmental variables were quantifi ed by R. M. Kooyman from fi eld ob-
servations. The categorization of discrete environmental variables is described 
in  Table 1 , and site means of all environmental variables are available in online 
Appendix S1. 

 Phylogenetic analyses   —     A composite tree ( Sanderson et al., 1998 ) was as-
sembled by S. A. Little for the species in the fi ne-scale SNVF sample; we fo-
cused on this sample because of our interest in topographic position (discussed 
earlier). A backbone family phylogeny was obtained from the large-scale anal-

sample is the most geographically restricted ( Fig. 1 ), other environmental gra-
dients that may potentially impact the presence of leaf teeth are generally 
weaker and less likely to be infl uential than in the other samples. 

 The coarse-scale SNVF sample (SNVF coarse) covers 9.2 ha and is com-
prised of 92 (50  ×  20 m) quadrat plots, with nested 20  ×  20 m subplots ( Fig. 1 ; 
see also  Rossetto and Kooyman, 2005 ). Compared to the fi ne-scale SNVF, this 
sample includes a broader mix of environmental gradients and species compo-
sition. Species richness among woody dicots ranges from 18 to 61 (median = 
38.5) and among lianas from 0 to 10 (median = 4). Important environmental 
gradients in this sample include disturbance, fi re return frequency (range:  < 100 
yr to no fi re), and elevation (160 – 790 m a.s.l.). The MAT for sites in both 
SNVF samples is approximately 17.5 ° C (Whian Whian/Rummery Park cli-
mate station), but MAT is more variable among sites in the coarse-scale SNVF 
sample because of its larger elevation gradient (range in interpolated MAT 
across sites = 1.9 and 0.3 ° C for SNVF coarse and SNVF fi ne samples, respec-
tively;  Hijmans et al., 2005 ; see Appendix S1 in Supplemental Data with the 
online version of this article). All SNVF sites occur on rhyolite-derived (acid 
volcanic) soils. 

 CNVF samples   —     The CNVF sites represent 20  ×  20 m nested subplots 
within 50  ×  20 m plots ( Fig. 1 ; see  Kariuki and Kooyman, 2005 ;  Kariuki et al., 
2006 ;  Kooyman and Rossetto, 2006 ). All CNVF sites are on basalt-derived 
soils. We partitioned sites into two samples based on distance to coastline. The 
CNVF coastal sample contains 11 sites that are within 1.5 km of the coast; these 
plant communities are directly impacted by salt spray. The MAT at these sites 
is 19.7 ° C, and the MAP is 1735 mm (Byron Bay and Ballina Airport climate 
stations). Species richness among woody dicots ranges from 22 to 89 (median 
= 36) and among lianas from 5 to 11 (median = 6). 

 The CNVF inland sample contains 24 sites. The climate is somewhat cooler 
(MAT = 17.5 ° C) and wetter (MAP = 2319 mm; Whian Whian/Rummery Park 
climate station; stations closer to the western sites are unsuitable because they 
are not in forested terrain and thus are substantially drier) than the coastal sam-
ple owing to its higher elevation (190 – 875 m a.s.l.). Species richness among 
woody dicots ranges from 58 to 92 (median = 79) and among lianas from 9 to 
20 (median = 13.5). Disturbance and elevation are the strongest environmental 
gradients in this sample; variation in topographic position is minimal, particu-
larly in comparison to the fi ne-scale SNVF sample. 

 Across all samples, soils are wetter at creek/gully sites than at ridge-crest 
sites (R. M. Kooyman, personal observation), due in part to creek/gully sites 
having higher water tables and deeper soils (one-way ANOVA:  F  4,198  = 8.9,  P  

 Fig. 2.   Percentage of toothed species at sites. Dots represent individual sites grouped by sample: (A) SNVF fi ne, (B) SNVF coarse, (C) CNVF coastal 
and inland. For each sample, the solid black line represents the mean of all sites; solid gray line represents the sample mean prediction of percentage of 
toothed species based on the regression relating MAT to percentage of toothed species from eastern Australian rainforests ( Greenwood et al., 2004 ); dashed 
line represents the sample mean prediction of percentage of toothed species using a worldwide compilation of the relationship between MAT and percent-
age of toothed species, but excluding Australian data. Worldwide compilation is from  Green (2006)  supplemented by  Wolfe (1979) ,  Wilf (1997) , and  Royer 
et al. (2005)  ( N  = 303 data points); data from  Wolfe (1979)  were extracted from his  fi g. 8  using Engauge Digitizer open-source software (http://digitizer.
sourceforge.net) (see online Appendix S1 for extracted data).   
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ond model where rates of change depend on the state of the other character. 
The signifi cance of the ratio is tested by comparison with simulated data. 
Simulations are run to obtain a null distribution of likelihood values, where 
the rates of character change are independent. The null distribution is then 
used to assess if the more complex model, where character changes are not 
independent, is signifi cantly different ( Midford and Maddison, 2006 ). We 
present  P -values for 100 simulations with 10 likelihood search iterations per 
simulation and with all branch lengths equal to one ( Table 3 ).  Simulations 
performed with 1000 simulations, or longer branch lengths, did not improve 
signifi cance. 

 RESULTS 

 Patterns in the percentage of toothed species across sam-
ples   —      Across all 227 sites, the percentage of toothed species 
ranges from 5% to 50% ( Fig. 2 ). Ninety-fi ve percent of sites in 
the SNVF fi ne, SNVF coarse, and CNVF inland samples con-
tain between 22% and 43% toothed species; using the relation-
ship between the percentage of toothed species and MAT from 
Australian rainforests ( Greenwood et al., 2004 ), this translates 
to a 5.5 ° C local variability in estimated MAT. The percentage 
of toothed species at CNVF coastal is distinctly lower than the 
other three samples ( Fig. 2 ;  t  225  =  − 9.8,  P   <  0.0001). Within the 
CNVF coastal sample, sites closest to the coast contain the low-
est percentage of toothed species ( Fig. 3 ).  

 Correlation between leaf teeth and topographic posi-
tion   —      In the fi ne-scale SNVF sample, where topographic posi-
tion is the strongest environmental gradient, the percentage of 
species with teeth declines continuously from riparian to ridge-
crest habitats ( Fig. 4 ;  Table 4 ).     This topographic gradient is 
only weakly resolved in the SNVF coarse and CNVF inland 
samples and is not resolved at all in the CNVF coastal sample 
( Table 4 ); however, topographic position is not the principal 
environmental gradient in these three samples (see Materials 
and Methods). Importantly, in the SNVF fi ne sample, the pos-
session of leaf teeth and average topographic position for a spe-
cies do not appear to be a phylogenetically coinherited 

ysis of  Soltis et al. (2007) . The tree was further augmented by the insertion of 
clades resolved at lower taxonomic levels (glucosinolate-producing clade: 
Ronse  De Craene and Haston, 2006 ; Malvales: Alverson et al., 1999; Sapin-
dales, Biebersteiniaceae: Muellner et al., 2007; Rutaceae: Chase et al., 1999; 
 Scott et al., 2000 ; Apocynaceae: Potgieter and Albert, 2001; Cunoniaceae: 
Bradford and Barnes, 2001; Lauraceae: Chanderbali et al., 2001;  Li et al., 2004 ; 
 Nie et al., 2007 ; Myrtaceae: Ladiges et al., 1999;  Wilson et al., 2001 ,  2005 ; 
 Lucas et al., 2007 ; Leguminosae: Wojciechowski et al., 2004; Proteaceae: Hoot 
and Douglas, 1998;  Barker et al., 2007 ; Rosaceae (supertree): Vamosi and 
Dickinson, 2006; Rubiaceae: Bremer and Manen, 2000; Mouly et al., 2007). 
The program Mesquite ( Maddison and Maddison, 2008 ) was used to assemble 
the tree by hand using only relationships between taxa that were present in the 
consensus trees from each study ( Fig. 5 ); no apparent confl icts between tree 
topologies were noted. Where the relationships between species were poorly 
resolved or unknown, clades were entered as polytomies. All genera were as-
sumed to be monophyletic and entered as a polytomy, except Lauraceae, where 
species of  Endiandra  and  Beilschmiedia  were entered as a polytomy ( Chander-
bali et al., 2001 ). 

 The mirror tree module in Mesquite ( Maddison and Maddison, 2008 ) was 
used to visualize traits for apparent evolutionary correlation of the tooth char-
acter with the other variables (e.g.,  Fig. 5 ; for all trees see Appendix S2 in 
Supplemental Data with the online version of this article). No traits appeared to 
consistently co-occur with the tooth trait on the phylogeny of SNVF fi ne. None-
theless, we binarized traits for use in  Pagel ’ s (1994)  test of correlated evolution 
of traits to acquire signifi cance values. Species that occasionally have toothed 
or lobed leaves were simply scored as toothed and lobed, respectively (see  Ta-
ble 2  for defi nitions of traits). For seed and fruit size, a threshold of 15 mm was 
used: species with a fruit or seed size  < 15 mm were placed in one category 
(categories 1 – 3 from  Table 2 ) and  > 15 mm were placed in the other category 
(categories 4 and 5 from  Table 2 ). For leaf size, species with nanophyll and 
microphyll leaves composed one category (categories 1 and 2 from  Table 2 ) 
and notophyll, mesophyll, and macrophyll leaves the other (categories 3 – 5 
from  Table 2 ). Tests based on different categorical thresholds for seed, fruit, 
and leaf size returned similar results (online Appendix S2). For environmental 
variables, analyses were based on the mean state for each species across all sites 
(see  Table 1  for defi nitions of variables); tests based on the mode state returned 
similar results (Appendix S2). For topographic position, we used a categorical 
threshold of 3 (creek/gully to midslope vs. midslope to crest); for soil depth and 
disturbance, we adopted 30 cm and 2 (none to light vs. light to heavy) as thresh-
olds, respectively. Tests based on different categorical thresholds returned 
similar results (Appendix S2). 

 We ran  Pagel ’ s (1994)  test for correlated evolution in discrete characters, 
as implemented in Mesquite ’ s correl module ( Midford and Maddison, 2006 ). 
Each of the binarized life history traits and environmental averages were ana-
lyzed with the leaf-margin trait (toothed vs. untoothed leaves). The test com-
pares the ratio of likelihoods of two models: one model where the rates of 
change in each character are independent of the state of the other, and a sec-

 Fig. 3.   Relationship between the percentage of toothed species and 
distance from coast for the CNVF coastal sample. Dots represent individ-
ual sites. Least-squares linear regression statistics:  r 2   = 0.27,  P  = 0.10.   

  Table  3. Tests of correlated evolution of environmental and life history 
traits vs. leaf-margin character (toothed vs. untoothed) at fi ne-
scale simple notophyll vine forest (SNVF) sites. Pagel ’ s 94 test, 
as implemented in Mesquite ’ s correl module, was used to assess 
signifi cance for the two traits having correlated evolution (see Materials 
and Methods for details). No trait pairs consistently co-occur on the 
composite tree ( P   >  0.05 for all trait pairs; see online Appendix S2 for 
all tree comparisons). See  Tables 1 and 2  and Materials and Methods 
for descriptions of variables. 

Variable     P 

Topographic position 0.57
Soil depth 0.79
Disturbance 0.76
Seed size 0.30
Fruit size 0.62
Fruit type 0.36
Dispersal mode 0.60
Resprout 0.61
Leaf size 0.29
Lobed leaves 0.69
Compound leaves 0.63
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 Correlation of leaf teeth to other ecological variables  —     There 
are few strong correlations between leaf teeth and other eco-
logical attributes ( Tables 4, 5 ).  In the SNVF fi ne sample, sites 
with a higher percentage of toothed species correlate signifi -
cantly with deeper soils and steeper slopes, and toothed species 
tend to have larger leaves than untoothed species. In the SNVF 
coarse sample, toothed species are more common in fi re-infl u-
enced environments at the rainforest edge and at low elevation, 
and toothed species are linked with smaller seeds. In both 
CNVF samples, toothed species correlate with smaller fruit 
size, and in the CNVF inland sample toothed species are more 
likely to resprout after disturbance. None of these correlations 
appear to be driven by coevolved combinations of traits ( Table 
3 ; online Appendix S2). 

 Correlation between leaf teeth and growth form   —      Lianas 
are disproportionately untoothed at sites in the SNVF fi ne sam-
ple ( Fig. 8 ;   t  31  =  − 7.4,  P   <  0.0001 for comparing lianas to all 
species at sites; sites with  < 5 liana species excluded). Untoothed 
lianas that are common in SNVF fi ne include Apocynaceae, 
Aristolochiaceae, Bignoniaceae, Fabaceae, and Menisper-
maceae, families all known to contain very few or no toothed 
species globally (e.g.,  Heywood et al., 2007 ). A signifi cant top-
ographic gradient is also present in the fi ne-scale SNVF sample: 
lianas are proportionally more abundant near creeks than on 
ridge crests ( Fig. 9 ).  At sites in the SNVF coarse and CNVF 
inland samples, the percentage of liana species that are toothed 
is not statistically distinguishable from the site means of all spe-
cies ( Fig. 8 ; SNVF coarse:  t  40  = 0.70,  P  = 0.49; sites with  < 5 
liana species excluded; CNVF inland:  t  23  = 1.2,  P  = 0.23). In 
contrast, at sites in the CNVF coastal sample, lianas are dispro-
portionately toothed relative to site means of all species ( Fig. 8 ; 
 t  10  = 2.6,  P  = 0.03), primarily due to the presence of Vitaceae. 

 DISCUSSION 

 General patterns across samples   —      The percentage of 
toothed species observed across all four samples is comparable 
with previously published data for eastern Australian rainfor-
ests ( Greenwood, 1992 ;  Greenwood et al., 2004 ; compare gray 
and black lines in  Fig. 2 ). This further corroborates the reported 
observation that Australian rainforest vegetation typically has a 
lower proportion of toothed species at a given MAT than veg-
etation elsewhere ( Greenwood et al., 2004 ; compare solid and 
dashed black lines in  Fig. 2 ). 

 Sites in the CNVF coastal sample contain proportionally 
fewer toothed species than sites in the other samples ( Fig. 2 ), 
but the MAT for these sites is somewhat higher (~19.7 ° C vs. 

syndrome, and thus are not likely to be causing the correlation 
across sites ( Fig. 5 ;  Table 3 ; online Appendix S2).   

 The strong association between leaf teeth and topographic 
position in the SNVF fi ne sample is retained even when quan-
tifi ed in terms of relative abundance: toothed species are more 
abundant in riparian settings than in ridge-crest settings ( Fig. 
6A ).  A species that highlights this pattern is  Sloanea austra-
lis  (Elaeocarpaceae), which grows almost exclusively in ri-
parian habitats, where it is locally dominant ( Fig. 6B ). 
However, some species occur in all topographic positions and 
thus do not contribute substantially to the patterns observed 
in  Figs. 4 and 6A ; for example,  Ceratopetalum apetalum  
(Cunoniaceae) is locally dominant at all 100 sites ( Fig. 6C ). 
The abundance of toothed species and topographic position 
are not strongly linked in the other three samples (see  Fig. 7  
for CNVF inland; analyses for other two samples are not 
shown). In the CNVF inland sample, elevation has a stronger 
impact on the abundance of toothed species than does topo-
graphic position ( Fig. 7 ).  

  Table  4. Correlations between environmental variables and the percentage of toothed species. Correlations are based on site means for each sample. 
Correlations for topographic position, soil depth, fi re return frequency, and disturbance were calculated using one-way ANOVA; correlations for slope 
and elevation were computed using least-squared linear regression.  N  = number of sites;  m  = slope of correlation; NA = not applicable, fi re return 
frequency does not vary strongly in these samples; NM = not measured. Boldfaced correlations are statistically signifi cant ( P   ≤  0.05). See  Table 1  for 
descriptions of variables. 

Topographic position Soil depth Slope Elevation Fire return frequency Disturbance

Sample  N  m  P  m  P  m  r 2   P  m  r 2   P  m  P  m  P 

SNVF fi ne 100  +   < 0.001  +   < 0.001  +  0.04  0.05 + 0.00 0.57 NA + 0.24
SNVF coarse 92 + 0.11 + 0.14 + 0.01 0.33   –   0.07  0.01  +  0.006  – 0.54
CNVF inland 24 + 0.10 NM + 0.12 0.10  +  0.16  0.05 NA + 0.10
CNVF coastal 11  – 0.78  – 0.10 + 0.00 0.90 + 0.01 0.78 NA  – 0.90

 Fig. 4.   Relationship between the percentage of toothed species and 
topographic position for the fi ne-scale SNVF sample. Dots represent indi-
vidual sites. One-way ANOVA:  F  4,95  = 9.8,  P   <  0.001 ( Table 4 ).   
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~17.5 ° C for sites in the other three samples); MAT may there-
fore partially explain these differences. However, if the per-
centage of toothed species is predicted from MAT using the 
Australian rainforest calibration of  Greenwood et al. (2004) , it 
is overpredicted by 4% for sites in the CNVF coastal sample 
and underpredicted by ~3% for the other samples (compare 
black and gray lines in  Fig. 2 ); the CNVF coastal sample is 
therefore disproportionately untoothed relative to most Austra-
lian rainforest vegetation, even after correcting for MAT. Fur-
thermore, within the CNVF coastal sample, sites closest to the 
coast tend to have the fewest toothed species, although the trend 
is signifi cant only at the 90% level ( Fig. 3 ). Together, these data 

 Fig. 5.   Composite phylogeny of woody dicots analyzed from the fi ne-scale SNVF sample, showing leaf-margin trait (untoothed vs. toothed) contrasted 
with average topographic position on a mirror tree. Average topographic position and leaf teeth do not have a consistent relationship to each other ( P  = 0.57; 
see  Table 3 ). See online Appendix S2 for trees of all trait comparisons.   

suggest that salt stress selects against toothed species; this se-
lection probably occurs because salt stress is linked to physio-
logical drought, and leaf teeth are expensive with respect to 
water use ( Royer and Wilf, 2006 ). We note that coastal sites are 
generally windier than other sites, and their canopy is shorter 
and more open and exposed to the sun; these factors may also 
increase transpirational loss and physiological water stress. 

 Leaf teeth and growth form   —      Liana species are less likely to 
be toothed than trees and shrubs in the fi ne-scale SNVF sample; 
in the CNVF coastal sample, lianas are more likely to be 
toothed, but there is no statistically signifi cant pattern in the 
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SNVF coarse and CNVF inland samples ( Fig. 8 ). With the ex-
ception of the observed richness ( N  = 5 species) and abundance 
of Vitaceae in the CNVF coastal sample, lianas in our samples 
tend to be shared across community types, and they character-
istically lack or only rarely have teeth. In comparison,  Burnham 
et al. (2001)  observed that lianas are disproportionately toothed 
in an Ecuadorian rainforest; the most common families at their 
riparian and lake-margin sites belong to Sapindaceae, which are 
mostly toothed, and Fabaceae, which are exclusively untoothed 
in their data set. We conclude that in our study area differences 
among growth forms in the relative proportions of toothed spe-
cies are not strongly controlled by ecological factors; instead, 
phylogenetic differences offer a better explanation. 

 Leaf teeth and growth strategy   —      Toothed species at our sites 
are rarely rapidly growing, early-phase species. In the SNVF, 
some of the most common and/or abundant toothed species in-
clude the canopy trees  Ceratopetalum apetalum ,  Schizomeria 
ovata  (both Cunoniaceae), and  Orites excelsa  (Proteaceae), the 
understory shrubs  Wilkiea huegeliana  (Monimiaceae) and  Tri-
unia youngiana  (Proteaceae), and the small trees  Helicia 
ferruginea  (Proteaceae) and  Daphnandra tenuipes  (Athero-
spermataceae). All these species are present (and often domi-
nant) in riparian habitats, yet all are slow-growing (mostly), 
mature-phase species ( Kooyman, 2005 ; R. M. Kooyman, un-
published data). The CNVF has more untoothed canopy trees 
and early phase species with toothed leaves, for example,  Den-
drocnide excelsa  (Urticaceae) and  Polyscias murrayi  (Arali-
aceae). However, the number and abundance of early-phase, 
toothed species is generally low, and there is no trend toward 
more early-phase species in riparian areas. In fact, as with the 
SNVF, the majority of toothed species belong to the slower-
growing, mature-phase canopy and subcanopy groups ( Kooy-
man, 2005 ; R. M. Kooyman, unpublished data). 

 The analysis of environmental and life history variables com-
monly associated with rapid growth and early successional sta-
tus also indicates a weak link between growth strategy and leaf 
teeth ( Tables 4, 5 ). Seed size, fruit type (fl eshy vs. nonfl eshy), 
dispersal mode (wind vs. frugivore), ability to resprout after 
disturbance, and leaf lobing and compounding generally corre-
late poorly with the leaf-margin character (untoothed vs. 
toothed). The two exceptions to this pattern are fi re return fre-
quency, where toothed species are more common in fi re-prone 
areas in the one sample where fi re return frequency composes 
an important gradient (SNVF coarse;  Table 4 ), and fruit size, 
where toothed species are more likely to have smaller fruits in 
the two CNVF samples (but not in the two SNVF samples; 
 Table 5 ). Phylogenetic patterns of inheritance of these life his-

 Fig. 6.   Nonmetric multidimensional scaling (nMDS) ordination show-
ing the relationship between topographic position and the abundance of 
toothed species in the fi ne-scale SNVF sample. All three panels show the 
same ordination. Each symbol or number represents a single site; symbol 
sizes scale proportionately with an estimate of cover abundance (CA) by 
toothed species (calculated as the fraction of summed CA of toothed spe-

cies relative to all species; CA for individual species is modifi ed from 
 Braun-Blanquet, 1932 ; see Materials and Methods for details; scaling of 
symbol sizes differs between panels). Dashed lines represent the 60% simi-
larity slice through the classifi cation (clustering) dendrogram based on the 
underlying resemblance matrix. (A) General patterns for site-level means 
of all species. The ordination shows a clear association between sites with 
abundant coverage by toothed species and low topographic position. (B, C) 
Relationship between topographic position and CA for the individual spe-
cies (B)  Sloanea australis  (Elaeocarpaceae), a toothed species with clear 
riparian tendencies, and (C)  Ceratopetalum apetalum  (Cunoniaceae), a 
toothed species with broad topographic occurrence. Sites with no bubbles 
do not contain the species (CA = 0).   

 
←
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egy. In comparison with eastern North American forests, where 
the association may be more important ( Royer et al., 2005 ; 
Royer and Wilf, 2006), this poor correlation may be driven in 
the SNVF by the lack of a well-developed successional fl ora. 
Here, existing species of the mature (undisturbed) forest gener-
ally regenerate immediately following disturbance. However, 
in cases where soil disturbance is signifi cant,  Acacia orites  (Fa-
baceae, untoothed phyllodes) and/or  Callicoma serratifolia  
(Cunoniaceae, toothed) can dominate the regeneration because 
both have long-lived seed reserves ( Kooyman, 2005 ). Thus, 
 Callicoma serratifolia  provides the only example of a toothed 
species that is both fast growing and reliant on larger-scale dis-
turbance for regeneration in SNVF assemblages. 

 Leaf teeth and topographic position   —      At the SNVF fi ne 
sites, riparian habitats contain a higher percentage and greater 
abundance of toothed species than nonriparian habitats; our 
data also establish, for the fi rst time, a continuous gradient con-
trolled by topography between wetter and drier sites ( Figs. 4, 
6A ;  Table 4 ). The correlation between topographic position and 
leaf teeth does not appear to be an inherited syndrome, and thus 
the infl uence of evolutionary history probably cannot explain 
the general pattern ( Fig. 5 ,  Table 3 ; Appendix S2). These asso-
ciations emphasize the need to account for topographic position 
when calibrating the relationship between the percentage of 
toothed species and MAT in present-day forests for application 
to fossil plant sites, because fossil leaves overwhelmingly are 
derived from the lowest topographic positions on the landscape 
( Burnham et al., 2001 ;  Kowalski and Dilcher, 2003 ;  Green-
wood, 2005b ). Probably the most appropriate calibration sites 
are those from the lowest topographic positions. 

 The SNVF coarse and CNVF inland samples have similar, 
but not statistically signifi cant correlations between toothed 
species and topographic position; no correlation is seen in the 
CNVF coastal sample ( Table 4 ). These weaker signals are ex-
pected because site selection for these samples was not deter-
mined by topographic position (see Materials and Methods, 
 SNVF samples  and  CNVF samples ). Also, other environmental 
gradients are larger in the other samples than in the fi ne-scale 
SNVF sample, and these large gradients can confound the rela-
tionship between leaf teeth and topographic position. For ex-
ample, in the CNVF coastal sample, salt effects (as proxied by 
proximity to coast) probably overwhelm any effect of topo-

 Fig. 7.   Nonmetric multidimensional scaling (nMDS) ordination 
showing the relationship between topographic position and the abun-
dance of toothed species in the CNVF inland sample. Symbols represent 
individual sites; symbol sizes scale proportionately with an estimate of 
cover abundance (CA) by all toothed species (calculated as the fraction 
of summed CA of toothed species relative to all species; CA for indi-
vidual species is modifi ed from  Braun-Blanquet, 1932 ; see Materials and 
Methods for details). Solid and dashed lines represent the 50% and 60% 
similarity slices, respectively, through the classifi cation (clustering) den-
drogram based on the underlying resemblance matrix. The elevation 
range for each site cluster is marked. The ordination shows no clear as-
sociation between the canopy coverage of toothed species and topo-
graphic position; instead, the relative abundance of toothed species 
tracks elevation.   

 Fig. 8.   Percentage of toothed species by growth form. Each symbol represents the departure for each growth form relative to the site mean. Sites are 
grouped by sample: (A) SNVF fi ne, (B) SNVF coarse, (C) CNVF coastal and inland. Sites with  < 5 species of a growth form are excluded.   

tory traits do not appear to have signifi cantly coevolved with 
the presence of leaf teeth ( Table 3 ; Appendix S2), and therefore 
also do not support a strong link between growth strategy and 
leaf teeth. Importantly, a general measure of site disturbance 
( Table 1 ) shows no clear association with the percentage of 
toothed species ( Table 4 ), even though disturbance is an impor-
tant gradient in the SNVF coarse and CNVF inland samples. 

 Taken together (observations of growth rate and successional 
status, measurement of traits linked to growth rate and succes-
sional status, and observations of disturbance), there is no 
strong association between toothed species and growth strat-



747April 2009] Royer et al. — Leaf teeth ecology in Australian rainforest

the percentage of toothed species between the SNVF and CNVF 
inland sites ( Fig. 2 ), despite differing bedrock. However, we 
did not measure directly the soil nutrient status at our sites. Soil 
depth is sometimes, but not always, linked with soil fertility 
(e.g.,  Jenny, 1994 ); in the SNVF fi ne sample, sites with deep 
soils are positively correlated with a high percentage of toothed 
species ( Table 4 ), even when topographic position is factored 
out ( F  1,96  = 10.5,  P  = 0.002; one-way ANCOVA, topographic 
position covariate). Thus, it is possible that soil fertility infl u-
ences the proportion of toothed species in our study area. How-
ever, the correlation between the percentage of toothed species 
and topographic position remains highly signifi cant even after 
removing the infl uence of soil depth ( F  4,94  = 6.0,  P  = 0.0002; 
one-way ANCOVA, soil depth covariate), and deep soils are 
also linked to greater water availability (via increased water 
holding capacity and root volume; e.g.,  Pimentel et al., 1995 ; 
 Schulze et al., 1996 ). Given that the percentage of toothed spe-
cies does not vary strongly across bedrock type in our study 
area, it is likely that the infl uence of soil depth on leaf teeth is 
more related to water availability than to soil fertility. 

 To summarize, there are at least three explanations for the 
abundance of toothed species at riparian sites (the freshwater 
effect; see introduction): increased availability of water (soil 
moisture), higher diversity of toothed lianas, and selection 
against untoothed species in disturbed environments. Our data 
most strongly support the fi rst explanation, which is consistent 
with the hypothesis that leaf teeth are expensive with respect to 
water use ( Royer and Wilf, 2006 ; see introduction). We can 
reject the disturbance hypothesis as an explanation for the 
freshwater effect in our study area based on direct observations 
of disturbance, growth rate, and successional status, and on en-
vironmental and life history traits commonly associated with 
growth rate and successional status. With regards to the second 
(liana) explanation, liana species are indeed more common in 
riparian environments ( Fig. 9 ), but they are disproportionately 
toothed relative to other growth forms in only one sample, due 
to the local richness of a single family (Vitaceae in CNVF 
coastal;  Fig. 8 ). Therefore, the likely explanation for the fresh-
water effect in our study area is water availability.  Kowalski 
and Dilcher (2003)  suggest a similar cause at their eastern North 
American sites, whereas  Burnham et al. (2001)  consider the li-
ana and disturbance effects to be more important at their Ecua-
dorian sites. Together, this suggests multiple causes for the 
freshwater effect in different settings. 

 Summary   —      Mean annual temperature exerts the principal 
control over the percentage of toothed species across most 
mesic sites worldwide ( Wolfe, 1993 ;  Greenwood, 2005a ). In 
our study area, where MAT varies ~3 ° C across sites, the per-
centage of toothed species ranges from 5 to 50%; thus, factors 
in addition to MAT are critical. Our data implicate topographic 

graphic position (see earlier discussion). In the CNVF inland 
sample, elevation is more important than topographic position 
for explaining patterns in the proportional abundance of toothed 
species ( Fig. 7 ). Elevation is also critical in the coarse-scale 
SNVF sample, as is fi re return frequency ( Table 4 ). In sum-
mary, topographic position has a moderate-to-signifi cant im-
pact on the percentage and abundance of toothed species at our 
sites, and these signals are most clearly resolved when other 
environmental gradients are minimized. We hypothesize that if 
the CNVF community type were sampled in a manner similar 
to the fi ne-scale SNVF sample, a stronger relationship between 
leaf teeth and topographic position would emerge. 

  Webb (1968)  and  Greenwood et al. (2004)  observed that 
Australian rainforest sites with nutrient-rich bedrock (e.g., ba-
salt, limestone) contain a slightly higher percentage of toothed 
species (~5%) than sites with nutrient-poor bedrock (e.g., rhyo-
lite, sandstone). In our study area, each community type is as-
sociated with a single bedrock type (SNVF: rhyolite; CNVF: 
basalt; see Materials and Methods), and thus bedrock cannot 
explain the correlations between topographic position and 
toothed species. Moreover, there are no strong differences in 

  Table  5. Correlations among species between life history traits and the leaf-margin character (untoothed vs. toothed). Correlations are based on all 
species in a sample and were calculated using one-way ANOVA.  N  = species richness (woody dicots);  m  = slope of correlation. Boldfaced correlations 
are statistically signifi cant ( P   ≤  0.05). See  Table 2  for descriptions of traits. 

Seed size Fruit size Fruit type Dispersal mode Resprout Leaf size Lobed leaves Compound leaves

Sample  N  m  P  m  P  m  P  m  P  m  P  m  P  m  P  m  P 

SNVF fi ne 99  – 0.24  – 0.28  – 0.30  – 0.65 + 0.84  +  0.04 + 0.95 + 0.34
SNVF coarse 172   –   0.03  – 0.12  – 0.33  – 0.43 + 0.52 + 0.06 + 0.71 + 0.35
CNVF inland 213  – 0.52   –    < 0.001 + 0.41  – 0.45  +  0.02 + + 0.31 + 0.58
CNVF coastal 179  – 0.39   –   0.002 + 0.12  – 0.30 + 0.11  – 0.63  – 0.41 + 0.44

 Fig. 9.   Relationship between the percentage of liana species and topo-
graphic position for the fi ne-scale SNVF sample. Dots represent individual 
sites. One-way ANOVA:  F  4,95  = 4.5,  P  = 0.002.   
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position, soil depth, and distance to coast as important factors 
for infl uencing the distribution of toothed species. The high 
percentage of toothed species in riparian habitats (the freshwa-
ter effect) is likely controlled by water availability, not phylog-
eny, growth form (lianas, shrubs, trees), or growth strategy (fast 
vs. slow growth rates); likewise, the low percentage of toothed 
species in coastal areas is probably also related to water avail-
ability via salt stress. This sensitivity to water availability is 
consistent with experiments that show that leaf teeth in many 
eastern North American species are conduits for signifi cant wa-
ter loss, particularly early in the growing season ( Royer and 
Wilf, 2006 ). 

 Our observed freshwater effect has been previously ob-
served on three continents: Australia (Greenwood, 2005b), 
South America ( Burnham et al., 2001 ), and North America 
( Kowalski and Dilcher, 2003 ). Broadly, this suggests that the 
effect is not phylogenetically inherited, a conclusion also sup-
ported by quantitative tests for species within our study area. 
Also, our results support previous observations ( Greenwood 
et al., 2004 ) that Australian rainforest vegetation has propor-
tionately fewer toothed species at a given MAT than vegeta-
tion elsewhere; the cause of this difference is unknown, but 
several historical hypotheses have been suggested ( Greenwood 
et al., 2004 ). We also fi nd no strong evidence for an associa-
tion between the presence of leaf teeth and fast-growing, ear-
ly-phase species. This syndrome is most often reported from 
North American vegetation (e.g.,  Royer et al., 2005 ;  Royer and 
Wilf, 2006 ), and thus our data present regional differences 
needing further study. 

 Our study highlights water availability as a factor that should 
be taken into account when reconstructing climate from the 
analysis of teeth in fossil leaves. The original growth settings 
for most fossil leaf assemblages are edaphically wet ( Spicer, 
1981 ) and topographically low on the landscape. Thus, the in-
fl uence of topographic position on the distribution of toothed 
species is probably more uniform in most fossil leaf deposits 
than what we observed here. Nevertheless, because leaf-climate 
methods are mostly calibrated in distal fl oodplain and upland 
habitats, a consistent bias toward falsely cool inferred paleotem-
peratures is probably present ( Burnham et al., 2001 ;  Kowalski 
and Dilcher, 2003 ;  Greenwood, 2005b ); further, we show here 
that the magnitude of the bias will vary, in part, due to the topo-
graphic positions of the calibration fl oras. Thus, recalibration 
initiatives should emphasize the lowest topographic positions. 
Also, coastal fossil deposits should be treated with care because 
even in edaphically wet settings, the impact of salt spray will 
probably reduce the presence of toothed species. 
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