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Abstract

Aims
The clustering of plants with similar leaf traits along environmental 
gradients may arise from adaptation as well as acclimation to het-
erogeneous habitat conditions. Determining the forces that shape 
plant leaf traits requires both linking variation in trait morphology 
with abiotic gradients and linking that trait variation with plant per-
formance under varying abiotic conditions. Across the spectrum of 
plant types, shade-tolerant evergreen herbs are relatively low in trait 
plasticity, compared to deciduous and sun-adapted species. These 
plants employ stress-tolerant strategies for survival, which coincide 
with relatively static trait morphologies, slow growth and hence a 
lower ability to adjust to changing environmental conditions.

Methods
We investigate how the survival of two ecologically similar under-
story evergreen species, Asarum arifolium and Hepatica nobilis, cor-
responds with variation in six commonly measured functional traits 
(leaf area, specific leaf area, plant height, leaf number, leaf length 
and shoot mass) along natural and experimental abiotic gradients. 
We examine temporal (the period 2007–9) and spatial (100 km) 
variations in these traits after (i) translocating 576 plants across a 

span from the southern Appalachian Mountains in NC, USA, to the 
Piedmont, GA, USA, which includes north- and south-facing slope 
habitats and (ii) the experimental manipulation of diffuse light and 
soil moisture.

Important findings
We find that when translocated into a novel habitats, with novel 
environmental conditions that often are more extreme than the 
source habitat, both species appear capable of considerable mor-
phological acclimation and generally converge to similar trait 
values. Hepatica nobilis does not exhibit mean trait values particu-
larly different from those of A. arifolium, but it demonstrates much 
greater phenotypic plasticity. These results indicate that relatively 
conservative plant species nonetheless acclimate and survive across 
heterogeneous environmental conditions.
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INTRODUCTION
Environmental gradients shape species distributions by how 
well individual niche requirements correspond with envi-
ronmental heterogeneity (e.g. Ackerly and Cornwell 2007; 
Weiher and Keddy 1995). Plant functional traits are morpho-
logical or physiological characteristics that govern the fitness 
(e.g. survival) of a species by affecting growth, reproduction 
and survival (Reich et  al. 2003; Violle et  al. 2007). Sessile 
organisms must employ phenotypic plasticity (acclimation) 

to persist in the spatial and temporal heterogeneity of nat-
ural habitats (Bradshaw 1965; Lavorel and Garnier 2002; 
Rozendaal et al. 2006), so species traits may converge along 
environmental gradients as the plants acclimate to similar 
conditions. Observed similarities in species and trait cluster-
ing along environmental gradients probably reflect a com-
bination of habitat suitability and phenotypic acclimation 
(Ackerly and Cornwell 2007; Ackerly et  al. 2002; Keddy 
1992; McGill et al. 2006; Shipley et al. 2006; Valladares et al. 
2007).
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Transplant studies indicate that most plants exhibit 
strong plasticity when exposed to varying environments 
(e.g. Doust 1981, 1987; Thompson et al. 1991a, 1991b), but 
plants also maintain specific trait values indicative of their 
individual species and ecotypes (e.g. Reich, Walters et  al. 
1998; Rozendaal et  al. 2006; Valladares et  al. 2000). It has 
been recognized that a link between an organism’s niche and 
the environment exists in its morphological traits (Darwin 
1859; Diamond 1975; Hutchinson 1959), but it may not 
be the presence of the exact trait values, but the flexibility 
of those trait values, which allows greater adaptability in 
novel habitats. Greater trait plasticity allows more flexibility 
for persistence in difficult conditions (Bongers and Popma 
1988; Grassein et al. 2010; Griffith and Sultan 2005; Grubb 
1998; Rozendaal et  al. 2006), potentially resulting in 
larger realized distributions (Baeten et  al. 2010; Donohue 
et  al. 2001; Valladares et  al. 2007). For this reason, it is 
important to assess plant performance in conjunction with 
plasticity. Comparative investigation into trait-based niche 
differentiation between plant species requires determining 
the links between environment, phenotypic plasticity, trait 
morphology and plant fitness (Chu et al. 2009; McGill et al. 
2006).

We employ a large-scale translocation of two understory 
evergreen herbs, Asarum arifolium and Hepatica nobilis, across 
natural and manipulated abiotic gradients to investigate the 
correspondence between habitat-specific survival and vari-
ation in phenotypic traits. Specifically, we ask whether the 
species maintain specific trait values regardless of transplant 
environment and whether the traits, or changes in those 
traits, relate to survival across transplant environments. 
Hepatica nobilis fitness (as indicated by greater growth, repro-
duction and survival) in transplant experiments is much 
higher than that of A. arifolium (Warren 2010; Warren and 
Bradford 2011). Although previous work established spe-
cies-specific differences in H. nobilis and A. arifolium fitness 
(Warren 2010; Warren and Bradford 2011), here we inves-
tigate species-specific variation in trait values and plasticity 
in experimental transplants. Given that an investment in 
tough, thick evergreen leaves generally correlates with rela-
tively low phenotypic plasticity (Grime and Mackey 2002; 
Reich et al. 1992, 1997; Skillman et al. 1996; Westoby et al. 
2002; Wright et al. 2004), we expect that H. nobilis exhibits 
greater survival ability because it has inherent trait charac-
teristics better suited for the experimental habitats used in 
this research. Alternately, given that high phenotypic plas-
ticity is considered integral for plant functioning in response 
to heterogeneous environments (Bongers and Popma 
1988; Rozendaal et al. 2006), H. nobilis may perform better 
when transplanted into novel habitats due to greater over-
all trait plasticity than A.  arifolium. If the traits chosen for 
this research are not linked with survival or if the degree of 
variation in the environmental gradients is not sufficient to 
induce or influence the traits, we expect little trait plasticity 
and no correspondence with survival.

MATERIAlS AND METhODS
Study species

The transplant species are two small (10 to 15 cm tall), per-
ennial understory evergreen herbs that occur in the tem-
perate deciduous forests of eastern USA. Asarum arifolium 
Michx. (Aristolochiaceae; synonym Hexastylis arifolia) occurs 
in southeastern USA from Florida to Virginia, NC, to the 
Mississippi River (Appendix 1). Hepatica nobilis Schreb. var. 
obtusa (Pursh) Steyerm. (Ranunculaceae) occurs in the USA 
from northern Florida to Nova Scotia west, to Alabama 
and Missouri and Montana, as well as in Europe and Asia 
(Appendix 1). Both plants typically occur on north-facing 
slopes, depend on ants for propagule dispersal and produce 
no clonal offspring (Giladi 2004; Harris 2000; Warren 2007, 
2008). New leaves emerge in early spring and turn over each 
year; however, the photoharvest efficiency of understory 
evergreen herbs declines substantially before senescence 
(Neufeld and Young 2003).

Experimental plots and treatments

In January 2006, we collected A.  arifolium (n  =  288) and 
H. nobilis (n = 288) individuals at Whitehall Forest (WHF) in 
Georgia, USA (33º53′N, 83°21′W) for the study. Whereas phe-
notypic plasticity research characteristically is focused on trait 
development in genetically identical individuals, its investiga-
tion has expanded to include the response of different species 
and populations in their ecological context (Valladares et al. 
2006). We collected individuals from the same population to 
minimize genetic variability. Because key demographic func-
tions are dependent on size rather than age for both species 
(Giladi 2004; Warren 2007) and because phenotypic plastic-
ity varies as a function of ontogeny in plants (Coleman et al. 
1994), we chose only adult, reproductive-size plants (Giladi 
2004; Warren 2007). We translocated plants to experimental 
grids located on north- and south-facing slopes at WHF and 
Coweeta Hydrologic Laboratory (CWT) in NC, USA (35°03′N, 
83°25′W).

Half of all transplants were subjected to watering and 
shading experiments. We augmented soil moisture by deliv-
ering water from two 200-l reservoirs via drip irrigation 
(Dripworks, Inc., Willits, CA, USA) to the lower (slope posi-
tion) two rows of each grid. We delivered ~70 l of water 
weekly per plot during May–August 2006. To attenuate solar 
irradiation, we randomly assigned custom-made polyvi-
nyl chloride frames (1 × 1 × 0.5 m) to half the plots in each 
grid. Black, knitted 60% neutral shade cloth (International 
Greenhouse Co., Georgetown, IL, USA) was attached to the 
top of each frame.

Ambient soil moisture, diffuse light and temperature 
were monitored throughout the experiments. We meas-
ured volumetric soil moisture percentage in each cell with 
a handheld Hydrosense Soil Water Content Measurement 
System (Campbell Scientific, Inc., Logan, UT, USA). We cal-
culated incident photosynthetically active radiation (diffuse 
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light, wavelength: 400–700 nm) as the percentage of photo-
synthetic photon flux density (PPFD) at a fully exposed ref-
erence site and PPFD transmitted through the forest canopy 
at each cell. The understory grid measurements were taken 
with a handheld AccuPAR ceptometer (Decagon Devices, 
Inc. Pullman, Washington, DC, USA), and the open refer-
ence measurements were taken simultaneously with an 
LI-200 spherical PAR sensor and logged with a LI-1400 
datalogger (LiCor, Inc., Lincoln, NE, USA). We sampled soil 
moisture at five averaged points within each cell (n = 144) 
in June and July 2007, January 2008 and April 2009; dif-
fuse light was sampled in each cell (n = 144) in July and 
January 2007 and 2008. See Warren (2010) and Warren 
and Bradford (2011) for more detailed description of trans-
plant, treatment and physical monitoring methodology.

Functional traits

We utilized six aboveground plant traits commonly used 
in ecological investigation: leaf area (LA), specific leaf area 
(SLA), plant height (HGT), leaf number (LN), leaf length 
(LNG) and aboveground shoot biomass (SM) (Chapin et  al. 
1987; Lusk et  al. 2008; Poorter et  al. 2008; Shipley 2006; 
Weiher et al. 1999; Westoby et al. 2002; Wright et al. 2004). 
One individual plant per species per plot was selected at 
random and harvested in February 2007 (n = 279) and 2009 
(n  =  212). Photosynthesis in understory evergreen herbs is 
minimal at the end of their leaf span (Neufeld and Young 
2003), so harvesting the leaves in February probably imposed 
little deleterious impact as new leaves emerge in March. Leaf 
area (in cm2) was the one-sided projected leaf and petiole 
surface area as measured using a LI-3100C leaf area meter 
(Licor, Inc.). We dried the plants at 60ºC for 72 h and weighed 
the leaves for SM (g). We calculated SLA (cm2 g–1) by dividing 
LA by SM. We measured H (approximate petiole length in 
cm) after harvest.

Data analysis

Analysis of variance (ANOVA) models were used to assess 
the impacts of discrete factors on functional traits (LA, SLA, 
HGT, LN, LNG and SM). The factors were species identity 
(A.  arifolium, H.  nobilis), experimental watering (±), experi-
ment shading (±), slope aspect (north, south) and site (CWT, 
WHF). Because a full array of interaction terms for five fac-
tors would be unfeasible and the a priori target was species-
level effects, we investigated all Species × Functional trait 
interactions and selected the strongest statistically significant 
interaction for evaluation using the R statistical program-
ming environment (R Development Core Team 2012). We 
determined the strongest interaction term using Akaike’s 
Information Criterion (AIC) values (Akaike 1973). AIC meas-
ures how well the model explains variance in the data whilst 
penalizing the model for extraneous parameters. We reported 
main effects for species-level differences in all functional traits 
and significant main and interaction effects for treatment and 
landscape effects.

A relative distance plasticity index (RDPI, Valladares et al. 
2006) was calculated for each trait across slope aspects (north 
and south) and years (2007 and 2009). We used the RDPI, 
which ranges from zero (no plasticity) to one (maximum plas-
ticity), to examine phenotypic distances among individuals of 
each species (see Valladares et al., 2006, for full methodology). 
We transplanted A.  arifolium and H.  nobilis into north- and 
south-facing habitats to investigate spatial plasticity because 
shifts across slope aspect correspond with considerable natural 
contrast in environmental conditions (Warren 2010), under-
story evergreen herb abundance (Warren 2008) and survival 
between study species (Warren 2010; Warren and Bradford 
2011). The RDPI generally is used to evaluate trait plasticity 
across experimental treatments or environmental conditions 
(e.g. Grassein et al. 2010; Valladares et al. 2006); we used it to 
evaluate plasticity across sites to compare the ability of each 
study species to adjust to the novel conditions in proximate 
(WHF) and distant (CWT) translocations. We calculated pair-
wise phenotypic plasticity distances as the absolute value of 
the difference between trait values of 2007 and 2009 in ran-
domized individuals divided by the sum of the paired trait 
values (see Valladares et al., 2006, for full calculations). The 
RDPI approach can generate pairwise replicate measures of 
plasticity distance, which allows for robust statistical com-
parison between species. Inter- and intraspecific variability 
in plasticity values of 2007 and 2009 were compared using 
mean values ±90% confidence intervals (CIs). As ecologi-
cal field studies pose a challenge in balancing between poor 
specificity (Type I error) and detection power (Type II error), 
we considered coefficients with P values <0.05 as significant 
and coefficients with P values <0.10 as marginally significant 
(sensu Hurlbert and Lombardi 2009).

RESUlTS
Soil moisture was higher and temperature lower on 
north- (moisture: 18.9 ± 0.3%; temperature: 15.1 ± 0.2°C) 
than south-facing (moisture: 17.9 ± 0.4%; temperature: 
17.9 ± 0.4°C) slopes and at CWT (moisture: 19.9 ± 0.4%; tem-
perature: 14.1 ± 0.1°C) than at WHF (moisture: 16.9 ± 0.3%; 
temperature: 17.4 ± 0.1°C; see Warren, 2010, for extensive 
site and treatment characteristics). Summer season diffuse 
light (1.8 ± 0.1%) did not differ by aspect or site. Watering 
more than doubled the soil moisture from 13.9 ± 5.8% in 
unwatered plots to 29.9 ± 8.3% in watered plots and shad-
ing halved diffuse light from 2.5 ± 1.0% in unshaded plots to 
1.1 ± 0.5% in shaded plots.

Hepatica nobilis consistently exhibited higher survival than 
A. arifolium across treatments, landscapes and years (Appendix 
2). Both species survived much better with watering in 2007, 
but shading had little effect. Both species also survived much 
better on north- than south-facing slopes in 2007 and 2009, 
but only H. nobilis seemed significantly affected by transplant 
location as it survived better at CWT than WHF in 2009. The 
highest survival rates for both species occurred with watering 
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in 2007 and on north-facing slopes in 2007 and 2009. The 
lowest survival for both species occurred on south-facing 
slopes in 2007 and 2009.

Across all sites and treatments, all six mean trait values dif-
fered significantly between species (Table 1, a–f) during the 
first year after transplanting (2007) as A. arifolium had lower 
LA, SLA, LN and SM and larger HGT and LNG than H. nobi-
lis (Fig.  3a–f). In all traits except HGT and LN, significant 
Species × Site interaction terms indicated that A. arifolium and 
H. nobilis LA, SLA, LNG and SM responded differently at each 
location, namely, CWT and WHF. The species also differed by 
aspect for HGT and by shade treatment for LN.

Mean species LA increased 3.72 cm2 with watering and 
was 4 cm2 greater on north- than south-facing slopes in 2007 
(Table  1, a). The significant Species × Site term indicated 
that H. nobilis and A. arifolium responded differently to each 
site as mean H. nobilis LA was 4.52 cm2 greater at WHF than 
CWT, whereas A.  arifolium LA was 1.83 cm2 lower. Mean 
species SLA was 5.39 cm2 g–1 greater on north-facing slopes 
(Table  1, b). The significant Species × Site term indicated 
that mean A.  arifolium SLA was slightly higher (0.49 cm2 
g–1) at CWT than at WHF, whereas H. nobilis SLA was much 
greater (8.55 cm2 g–1). Mean species HGT increased 1.02 cm 
with shading (Table 1, c). The significant Species × Shading 
interaction term indicated that HGT in A. arifolium increased 
significantly more with shading (1.35 cm) than in H. nobilis 
(0.85 cm). Mean species LN increased by 0.21 leaves with 
watering and was 0.18 leaves lower on south-facing slopes 
(Table 1, d). The significant Species × Shading interaction term 
indicated that mean A.  arifolium LN remained unchanged 
with shading (0.01 leaves), whereas mean H.  nobilis LN 
decreased 0.48 leaves with shading. Mean species leaf length 
increased 0.57 cm with shading and 0.36 cm on north-facing 
slopes (Table 1, e). The significant Species × Site interaction 
term indicated that mean A.  arifolium LNG was 0.54 cm 
greater at CWT than at WHF, whereas H.  nobilis LNG was 
0.22 cm lower at CWT than at WHF. Mean SM increased 
0.03 g with watering and 0.03 g on north- than south-facing 
slopes (Table 1, f). The significant Species × Site interaction 
term indicated that mean A. arifolium SM was 0.02 g greater 
at CWT than at WHF, whereas H. nobilis SM was 0.06 g lower 
at CWT than at WHF

Most of the species trait differences disappeared by 2009 
(Fig. 1a–f), as A. arifolium only had significantly higher HGT 
and LN than H. nobilis (Table 2, a–f). The LA for both species 
dropped significantly between 2007 and 2009, H.  nobilis so 
much so that the mean difference (±90% CI) between spe-
cies shrank from 6.9 ± 2.1 to 2.3 ± 4.1 cm2 (Fig. 1a). Similarly, 
the mean difference in SLA dropped from 17.7 ± 3.7 to 
7.2 ± 12.6 cm2 g–1 between years (Fig.  1b), the mean differ-
ence in LNG dropped from 0.9 ± 0.2 to 0.3 ± 0.4 cm (Fig. 1e) 
and the mean difference in SM dropped from 0.03 ± 0.02 to 
0.01 ± 0.03 g (Fig. 1f). The mean HGT of both species dropped 
significantly between years, but they maintained their 
mean difference in height from 2007 (3.0 ± 0.3 cm) to 2009 

(2.1 ± 0.8 cm; Fig. 1c). The mean number of H. nobilis leaves 
decreased significantly between 2007 and 2009, but H. nobilis 
maintained significantly more leaves than A. arifolium in 2007 
(2.4 ± 0.3) and 2009 (1.3 ± 0.2; Fig.  1d). Only LA and SLA 
exhibited significant Species × Aspect interaction, indicating 

Table 1: analysis of variance (ANOVA) of 2007 trait values by 
species (Asarum arifolium, Hepatica nobilis), watering (+,–), shading 
(+,–), site (Coweeta Hydrologic Laboratory, Whitehall Forest) and 
slope aspect (North, South)

Trait† Factor MSE F P

a. LA Species 6046.5 44.67 <0.01

Water 1357.9 10.30 <0.01

Shade 225.4 1.66 0.19

Site 202.9 1.46 0.22

Aspect 211.3 15.59 <0.01

Species × Site 1308.2 9.66 <0.01

b. SLA Species 39598.0 95.11 <0.01

Water 559.0 1.34 0.24

Shade 49.0 0.11 0.73

Site 2531.0 6.07 0.01

Aspect 3267.0 7.84 0.01

Species × Site 1884.0 4.52 0.03

c. HGT  Species 1336.2 487.8 <0.01

Water 0.6 0.21 0.64

Shade 152.4 55.62 <0.01

Site 0.6 0.22 0.62

Aspect 41.7 15.22 <0.01

Species × Aspect 15.9 5.81 0.02

d. LN Species 781.7 404.4 <0.01

Water 6.9 3.58 0.06

Shade 7.1 3.67 0.06

Site 5.2 2.68 0.11

Aspect 6.1 3.16 0.08

Species × Shade 8.4 4.32 0.04

e. LNG Species 10655.2 82.14 <0.01

Water 3151.9 24.30 <0.01

Shade 213.5 1.64 0.20

Site 331.5 2.55 0.11

Aspect 1698.2 13.09 <0.01

Species × Site 1920.2 14.80 <0.01

f. SM Species 0.113 10.29 <0.01

Water 0.088 8.04 <0.01

Shade 0.022 2.07 0.15

Site 0.053 4.82 0.03

Aspect 0.085 7.78 0.01

Species × Site 0.175 15.96 <0.01

All Species × Treatment interactions were evaluated using AIC selec-
tion and only the strongest interaction for each ANOVA model was 
retained for evaluation.
†Leaf traits: LA  =  leaf area; SLA  =  specific leaf area; HGT  =  plant 
height; LN = leaf number; LNG = leaf length; SM = shoot mass.
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that A.  arifolium and H.  nobilis responded differently across 
slope aspects.

The significant LA Species × Aspect term indicated that, 
whereas both species responded similarly to the slope aspect, 
H.  nobilis LA was much larger (21.37 cm2) on north- than 
south-facing slopes than was A.  arifolium LA (5.53 cm2) on 
north- than south-facing slopes (Table  2, a). Similarly, the 
significant SLA Species × Aspect term indicated that SLA 
was much larger (41.30 cm2 g–1) on north- than south-facing 
slopes in H. nobilis than was SLA (18.29 cm2 g–1) in A. arifo-
lium on north- than south-facing slopes (Table 2, b). Mean 
species HGT was 1.33 cm higher on north- than south-facing 
slopes (Table 2, c). Mean species LN was 0.30 leaves greater 
at CWT than WHF and 0.43 leaves greater on north- than 

south-facing slopes (Table  2, d). Mean species LNG was 
0.72 cm greater on north- than south-facing slopes (Table 2, 
e). Mean species SM was 0.3 g greater on north- than south-
facing slopes (Table 2, f).

Relative trait plasticity (±90% CI) across treatments, slope 
aspect, sites and years was overwhelmingly higher for H. nobilis 
than A.  arifolium (Figs. 2–4). In general. for both species, 
plasticity was highest in LA, LN and SM. With watering, mean (± 
SD) H. nobilis plasticity for all traits (22 ± 11%) was higher than 
in A. arifolium (13 ± 8%), particularly with significantly higher 
LA, SLA, HGT, LN and SM plasticity (Fig. 2a). With shading, 
H. nobilis plasticity for all traits (20 ± 10%) was higher than in 
A.  arifolium (14 ± 7%), particularly with significantly higher 
LA, SLA, LN and SM plasticity (Fig. 2b). The patterns of trait 

Figure 1: functional leaf traits (mean ± 90% CI) in 2007 and 2009 for Asarum arifolium (light-colored bars) and Hepatica nobilis (dark-colored 
bars).
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plasticity were similar across slope aspect and site to plasticity 
for experimental treatments (Figs. 2, 3). Mean trait plasticity 
across slope aspects was higher in H.  nobilis (22 ± 10%) than 
in A. arifolium (14 ± 7%) for all traits except LNG (Fig. 3a). For 
variation across transplant sites, H. nobilis plasticity (23 ± 12%) 
also was higher than in A. arifolium (15 ± 7%) for all traits except 
HGT and LNG (Fig. 3b).

In 2009, H.  nobilis generally remained more plastic than 
A. arifolium across slope aspect and sites, but not as consistently 
as in 2007. Mean trait plasticity across slope aspects was higher 
in H. nobilis (25 ± 8%) than in A. arifolium (14 ± 5%), particu-
larly for LA, HGT and SM (Fig. 4a). Across sites in 2009 was the 
only situation where mean H. nobilis plasticity (28 ± 10%) was 
not considerably higher than A. arifolium plasticity (26 ± 10%), 
as it was only higher in LN and SM and lower in LNG (Fig. 4b)

DISCUSSION
Trait aggregation along natural environmental gradients 
may be attributable to phenotypic plasticity by which plants  
acclimate to environmental heterogeneity (Bradshaw 1965; 
Rozendaal et  al. 2006). We translocated two shade-tolerant 

understory evergreen herbs in environmentally heteroge-
neous habits and asked whether variation in functional traits 
corresponds with variation in experimental treatments and 
environmental gradients. Most of the trait values initially 
differed between A. arifolium and H. nobilis and variation in the 
traits corresponds with variation in environmental conditions, 
particularly shifts in slope aspect from north to south (Tables 
1 and 2; Fig. 1). Because we used two understory evergreen 
species, a guild whose phenotypic plasticity is considered 
relatively conserved when compared to other plant types (Grime 
and Mackey 2002; Reich et al. 1992, 1997; Skillman et al. 1996; 

Figure 2: functional trait plasticity (mean ± 90% CI) across water-
ing (A, ±irrigation) and shade (B, ±shadecloth) treatments in 2007 
for Asarum arifolium (light-colored bars) and Hepatica nobilis (dark-
colored bars). The traits shown are leaf area (LA), specific leaf area 
(SLA), plant height (HGT), leaf number (LN), leaf length (LNG) and 
shoot mass (SM). The relative distance plasticity index (RDPI) is cal-
culated as the absolute value of the difference between trait values of 
randomized individuals divided by the sum of the paired trait values, 
resulting in a potential range from zero (no plasticity) to one (maxi-
mum plasticity). 

Table 2: analysis of variance (ANOVA) of 2009 trait values by 
species (Asarum arifolium, Hepatica nobilis), site (Coweeta Hydrologic 
Laboratory, Whitehall Forest) and slope aspect (North, South)

Trait† Factor MSE F P

a. LA Species 168.1 1.33 0.25

Site 172.1 1.36 0.24

Aspect 2680.1 21.29 <0.01

Species × Aspect 348.1 2.76 0.09

b. SLA Species 1614.7 1.38 0.24

Site 185.1 0.15 0.69

Aspect 31334.8 26.81 <0.01

Species × Aspect 4101.7 3.51 0.06

c. HGT Species 146.6 31.8 <0.01

Site 9.7 2.11 0.62

Aspect 48.8 10.60 <0.01

d. LN Species 81.4 82.5 <0.01

Site 3.4 3.39 0.06

Aspect 8.4 8.47 <0.01

Species × Shade 2.2 2.26 0.13

e. LNG Species 250.1 1.71 0.19

Site 67.7 0.46 0.49

Aspect 1718.1 11.71 <0.01

f. SM Species 0.003 0.21 0.64

Site 0.037 2.51 0.11

Aspect 0.086 5.92 0.02

All Species × Treatment interactions were evaluated using AIC selec-
tion and only the strongest interaction for each ANOVA model was 
retained for evaluation.
†Leaf traits: LA  =  leaf area; SLA  =  specific leaf area; HGT  =  plant 
height; LN = leaf number; LNG = leaf length; SM = shoot mass.
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Westoby et al. 2002; Wright et al. 2004), we expected to find 
inherent trait values associated with H. nobilis, which explain 
its better survival in the experimental habitats. Alternately, 
we found a convergence of trait values between species more 
consistent with phenotypic plasticity. That is, when translocated 
into novel habitats, and often relatively adverse environmental 
conditions, individuals of both species adjusted morphologically 
rather than remaining static and perishing. Moreover, the 
species that better survives in adverse habitats, H.  nobilis, 
consistently exhibits greater phenotypic plasticity.

Species-specific functional trait values and 
responses

Asarum arifolium and H. nobilis are ecologically similar in that 
they are both shade-tolerant evergreen herbs. However, 
they are phylogenetically distinct with dissimilar vegeta-
tive and reproductive morphology (Appendix 1), pollination 

biology and distribution. When transplanted into shared 
plots, all traits differed significantly between species dur-
ing the first year (Fig. 1a–f). By 2009, however, only HGT 
and LN differed. The HGT of both species dropped ~3 cm 
between 2007 and 2009, but A. arifolium remained taller in 
both years. Both plants responded to experimental shad-
ing in 2007 with significant increases in HGT (Table 1, c). 
This is a common reaction in plants as shade (specifically, 
the red:far-red light ratio associated with shade) prompts 
stem elongation, presumably so plants can clear obstruc-
tions such as accumulated forest floor leaf litter and other 
plants to enhance light capture (Hicks and Frank 1984; 
Schmitt and Wulff 1993; Smith 1982). Plant height can con-
vey competitive advantage for light interception (Chu et al. 
2009; Givnish 1982; Neufeld and Young 2003; Westoby et al. 
2002), but becomes progressively more costly in terms of 
biomass investment (see Neufeld and Young 2003), though 

Figure  3: functional trait plasticity (mean ± 90% CI) across slope 
aspect (A, north/south) and site (B, Coweeta Hydrologic Laboratory/
Whitehall Forest) locations in 2007 for Asarum arifolium (light-colored 
bars) and Hepatica nobilis (dark-colored bars).

Figure  4: functional trait plasticity (mean ± 90% CI) across slope 
aspect (A, north/south) and site (B, Coweeta Hydrologic Laboratory/
Whitehall Forest) locations in 2009 for Asarum arifolium (light-colored 
bars) and Hepatica nobilis (dark-colored bars).
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in A.  arifolium and H.  nobilis, shading does not correspond 
with greater aboveground biomass (Table  1, f). The study 
species also maintained distinct LN across years as A. arifo-
lium rarely produces >1 leaf, whereas H.  nobilis generally 
produces 3–4 leaves (Fig. 1d). Despite a distinct difference 
in LN, both species converge to the same LA in 2009. Thus, 
each species reaches the same leaf coverage and potential 
for light interception by producing very different numbers 
of leaves. Whereas A. arifolium and H. nobilis LA values con-
verge between years, the overall LA drops for both species 
(Fig. 2a). The LA for both species decreases significantly with 
increases in light (Table 2, a), a common LA response (Reich 
et  al. 1997). A  reduction in LA may reflect an adjustment 
to decrease boundary-layer resistance and shed excess heat 
(Cornelissen et al. 2003; Evans and Poorter 2001; Parkhurst 
and Loucks 1972; Rozendaal et al. 2006), as well as reduce 
desiccation (Lambers et  al. 1998). Given that the study 
design moved half of each translocated species from pre-
sumably benign/tolerable conditions (Warren 2010; Warren 
and Bradford 2011) to south-facing plots where they would 
not typically occur (Warren 2008) due to relatively higher 
temperatures and lower soil moisture (Cantlon 1953; Geiger 
et al. 2003), stress responses by these plants probably results 
in decreased LA. Indeed, mean LA on south-facing slopes 
(10.0 cm2) is approximately half that on north-facing slopes 
(19.3 cm2). For understory herbs, particularly evergreens, 
diminished height also protects against stressful conditions 
(Givnish 1982), and the plants are somewhat shorter on 
south- (4.0 cm) than north-facing (5.4 cm) slopes.

The most dramatic convergence in trait values across years 
occurs in SLA (Fig. 2b). A 2% increase in A. arifolium SLA 
and a 7% decrease in H. nobilis SLA between 2007 and 2009 
result in statistically identical SLA between species. Mean 
SLA has been correlated across species with temperature, 
light and moisture, and low SLA often corresponds with 
increased plant investment in leaf defenses (i.e. thicker, 
tougher leaves) and higher light (Ackerly et al. 2002; Evans 
and Poorter 2001; Reich, Ellsworth et al. 1998; Wright et al. 
2004). SLA is considered a key functional marker for plant 
performance as lower SLA often correlates with a drop in 
mass-based leaf nutrients and photosynthetic rates (Reich 
et  al. 1997; Wright et  al. 2004). The thick, dense leaves of 
evergreens (particularly herbaceous species) generally fall 
on the low end of the SLA spectrum across all plant types, 
(except for some conifers), reflecting a trade-off favoring 
persistence over rapid growth (Poorter and Bongers 2006; 
Reich et  al. 2003). Even where evergreen trees contradict 
this pattern (e.g. boreal forests), the evergreen life history 
appears adaptive for tolerating nutrient-poor conditions 
(Givnish 2002). Low SLA may give evergreens an advantage 
in low-resource environments, where persistence and the 
sequestration of resources outweigh any benefits of fast, 
competitive growth and disadvantage of greater initial energy 
investments in leaf structure and limited photosynthetic 
rates (Neufeld and Young 2003; Reich et  al. 2003). Thus, 

the trade-off for the tough, persistent evergreen leaves is an 
inherent physiological ceiling on maximal photosynthetic 
rates, limited phenotypic plasticity and consequently 
low growth rates (Reich et  al. 1992; Skillman et  al. 1996). 
Interestingly, mean SLA for the higher surviving plant, 
H. nobilis, decreases between 2007 to 2009 to match that of 
the lower surviving plant, A.  arifolium, which maintained 
the same mean SLA between years (Fig. 1b), suggesting that 
phenotypic plasticity, rather than mortality, better explains 
the observed trends in leaf trait morphology.

Species-specific trait plasticity

Soil moisture, solar irradiance and temperature patterns are 
very heterogeneous beneath the canopy of deciduous for-
ests (Kato and Komiyama 2002; Neufeld and Young 2003; 
Warren 2010), and plants must acclimate to persist and thrive 
(Bradshaw 1965; Grubb 1998; Rozendaal et  al. 2006; Sims 
et al. 1994). Phenotypic plasticity in leaf and root structure is 
a means by which plants can maximize foraging of resources, 
as well as tolerate suboptimal conditions. We observe that 
H. nobilis generally demonstrates greater spatial and temporal 
plasticity than A. arifolium (Figs. 2–4). The higher survival and 
phenotypic plasticity of H.  nobilis transplants across abiotic 
gradients and experimental treatments suggests it is better 
able to adjust to the environmental extremes. For plants, the 
capacity to exhibit plastic responses to heterogeneous envi-
ronments (both spatial and temporal) probably influences 
how much of the environment the organism can inhabit 
(Bradshaw 1965; Schlichting and Pigliucci 1995; Valladares 
et  al. 2007). The greater phenotypic plasticity in H.  nobilis 
than in A. arifolium may help explain the discrepancy in the 
species’ distributions as A.  arifolium is limited to the south-
eastern region of USA whereas H. nobilis spans eastern North 
America, Europe and Asia.

Leaf traits with high plasticity are presumed more integral 
for plant functioning in response to an environmental 
gradient (Bongers and Popma 1988; Rozendaal et al. 2006). 
Shade-tolerant, understory species might be expected to 
have greater leaf plasticity in order to harvest light in places 
where it is scarce (Rozendaal et al. 2006), and Bongers and 
Popma (1988) suggest that high plasticity in leaf traits is 
critical for leaf functioning in different light environments. 
Both study species exhibit the greatest relative plasticity in 
LA and SM, but in 2007, H.  nobilis exhibits much greater 
plasticity in all traits, except HGT, with variation in watering, 
shading, slope aspect and transplant site (Figs. 2–3). At 
the same time, H.  nobilis exhibited far greater ability to 
survive adverse transplant conditions, particularly in plots 
without watering and in south-facing slopes (Appendix 
2). Interestingly, the experimental watering and shading 
treatments do not correspond with greater trait plasticity 
than slope aspect and site in 2007 (Figs. 2–3), and thus 
continued evaluation of trait plasticity into 2009 only 
required the latter (Fig. 4). In 2009, H. nobilis remained more 
plastic across slope aspects, particularly in LA, HGT and SM 
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(Fig. 4) and continued to outperform A. arifolium on the more 
difficult south-facing slopes (Appendix 2). Neither species 
exhibited greater survival by site in 2007, but H.  nobilis 
survived somewhat better at CWT than at WHF by 2009 and 
no longer outperforms A. arifolium at WHF. Similarly, each 
species exhibits very little overall difference in trait plasticity 
across sites in 2009 (Fig. 4), except that H. nobilis has greater 
LN and SM plasticity and A. arifolium exhibits greater LNG 
plasticity. These results suggest that whereas greater trait 
plasticity in H. nobilis gives it the ability to survive in a much 
wider range of conditions than A. arifolium, something mutes 
this advantage at WHF, where both species exhibit similar 
longer-term survival.

CONClUSIONS
We observe an ecological convergence in trait values along 
environmental gradients between phylogenetically distinct, 
but ecologically similar, understory evergreen herbs, which 
is more consistent with phenotypic plasticity than selective 
mortality. That is, individuals with maladaptive traits appear 
to adjust leaf morphology to local conditions, particularly 
H.  nobilis, rather than die. This exemplifies a remarkable 
amount of flexibility for a plant guild expected to be rela-
tively unresponsive to environmental heterogeneity. The 
convergence of leaf traits between species when translo-
cated along environmental gradients suggests that meas-
ures of mean values of the leaf traits explored here may be 

inadequate measures of niche, particularly for core traits 
such as specific leaf area. Instead, we find that trait pheno-
typic plasticity better corresponds with the observed perfor-
mance and natural distributions of the study species. Indeed, 
the relative spatial and temporal phenotype plasticity that 
H. nobilis exhibits appears to be one of the key differences 
from A. arifolium. The convergence in leaf trait morphology 
along the experimental gradients obscures absolute niche 
differentiation but exemplifies a greater capacity to tolerate 
novel environments and, as a consequence, greater ecologi-
cal niche breadth.
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b

Plants of Asarum arifolium (a) and Hepatica nobilis (b) with seeds set. Asarum arifolium seeds are contained in a starchy pod at ground level, 
whereas H. nobilis seeds are clustered at the end of an upright flower stalk. Asarum arifolium commonly produces one leaf, whereas H. nobilis 
produces multiple leaves (photos by R. Warren).

Survival of Asarum arifolium (light-colored bars) and Hepatica nobilis (dark-colored bars) in 2007 and 2009 (these data are presented in a differ-
ent format in Warren 2010). The watering and shading treatments (“–” = no treatment, “+” = treatment) were discontinued between 2007 and 
2009. The transplant locations varied by slope aspect (“S” = south facing; “N” = north facing) and site (“W” = Whitehall Forest, Athens, GA, 
USA; “C” = Coweeta Hydrologic Laboratory, Otto, NC, USA). Source: Warren RJ (2010).

APPENDIx 2

 at SU
N

Y
 B

uffalo on N
ovem

ber 16, 2012
http://jpe.oxfordjournals.org/

D
ow

nloaded from
 

http://jpe.oxfordjournals.org/


Warren and Lake     |     Woodland herb traits Page 11 of 12

REFERENCES
Ackerly DD, Cornwell WK. (2007) A trait-based approach to commu-

nity assembly: partitioning of species trait values into within- and 

among-community components. Ecol Lett 10:135–45.

Ackerly DD, Knight CA, Weiss SB, et al. (2002) Leaf size, specific leaf 

area and microhabitat distribution of chaparral woody plants: con-

trasting patterns in species level and community level analyses. 

Oecologia 130:449–57.

Akaike H (1973) Information theory as an extension of the maxi-

mum likelihood principle. In Petrov BN, Csaki F (eds). Second 

International Symposium on Information Theory. Budapest, Hungary: 

Akademiai Kiado, 267–81.

Baeten L, Vanhellemont M, De Frenne P, et  al. (2010) Plasticity in 

response to phosphorus and light availability in four forest herbs. 

Oecologia 163:1021–32.

Bongers F, Popma J (1988) Is exposure-related variation in leaf char-

acteristics of tropical rain forest species adaptive? In Werger MJA, 

van der Aart PJM, During HJ, Verhoeven JTA (eds). Plant Form 

and Vegetation Structure. The Hague, the Netherlands: Academic 

Publishing, 192–200.

Bradshaw AD (1965) Evolutionary significance of phenotypic plastic-

ity in plants. Adv Genet 13:115–55.

Cantlon JE (1953) Vegetation and microclimates on north and south 

slopes of Cushetunk Mountain, New Jersey. Ecol Monogr 23:241–70.

Chapin FS, Bloom AJ, Field CB, et al. (1987) Plant responses to mul-

tiple environmental factors. Bioscience 37:49–57.

Chu C, Wang Y, Li Q, et al. (2009) Effects of traits, species identity 

and local environmental conditions on the assessment of 

interactions: insights from an alpine meadow community. J Plant 

Ecol 2:135–41.

Coleman JS, McConnaughay KD, Ackerly DD. (1994) Interpreting 

phenotypic variation in plants. Trends Ecol Evol (Amst) 9:187–91.

Cornelissen JHC, Lavorel S, Garnier E, et al. (2003) A handbook of 

protocols for standardised and easy measurement of plant func-

tional traits worldwide. Austral J Bot 51:335–80.

Darwin C (1859) The Origin of Species by Means of Natural Selection or 

the Preservation of Favoured Races in the Struggle for Life. London, UK: 

Murray.

Diamond JM (1975) Assembly of species communities. In Cody ML, 

Diamond JM (eds). Ecology and Evolution of Communities. Cambridge, 

MA: Belknap Press, 342–444.

Donohue K, Pyle EH, Messiqua D, et al. (2001) Adaptive divergence in 

plasticity in natural populations of Impatiens capensis and its con-

sequences for performance in novel habitats. Evolution 55:692–702.

Doust LL (1981) Population dynamics and local specialization in a 

clonal perennial (Ranunculus repens).2. The dynamics of leaves, and 

a reciprocal transplant-replant experiment. J Ecol 69:757–68.

Doust LL (1987) Population dynamics and local specialization in a 

clonal perennial (Ranunculus repens).3. Responses to light and 

nutrient supply. J Ecol 75:555–68.

Evans JR, Poorter H (2001) Photosynthetic acclimation of plants to 

growth irradiance: the relative importance of specific leaf area and 

nitrogen partitioning in maximizing carbon gain. Plant Cell Environ 

24:755–67.

Geiger R, Aron RH, Todhunter P (2003) The Climate Near the Ground. 

Lanham, MD: Rowman and Littlefield.

Giladi I (2004) The role of habitat-specific demography, habitat-spe-

cific dispersal, and the evolution of dispersal distances in deter-

mining current and future distributions of the ant-dispersed forest 

herb, Hexastylis arifolia. Ph.D. Thesis. University of Georgia, Athens, 

GA. http://coweeta.uga.edu/coweeta_publications_grad_desc.php.

Givnish TJ (1982) On the adaptive significance of leaf height in forest 

herbs. Am Nat 120:353–81.

Givnish TJ (2002) Adaptive significance of evergreen vs. deciduous 

leaves: solving the triple paradox. Silva Fennica 36:703–43.

Grassein F, Till-Bottraud I, Lavorel S. (2010) Plant resource-use 

strategies: the importance of phenotypic plasticity in response 

to a productivity gradient for two subalpine species. Ann Bot 

106:637–45.

Griffith TM, Sultan SE. (2005) Shade tolerance plasticity in response 

to neutral vs green shade cues in Polygonum species of contrasting 

ecological breadth. New Phytol 166:141–7.

Grime JP, Mackey JML (2002) The role of plasticity in resource cap-

ture by plants. Evol Ecol 16:299–307.

Grubb PJ (1998) A reassessment of the strategies of plants which cope 

with shortages of resources. Perspect Plant Ecol Evol System 1:3–31.

Harris R (2000) Habitat-specific demography of the perennial under-

story herb Hepatica americana (Ranunculaceae). Master’s Thesis. 

University of Georgia, Athens, GA.

Hicks RR, Frank PS (1984) Relationship of aspect to soil nutrients, 

species importance and biomass in a forested watershed in west-

virginia. Forest Ecol Manage 8:281–91.

Hurlbert SH, Lombardi CM (2009) Final collapse of the newman-

pearson decision theoretic framework and the rise of the neofishe-

rian. Ann Zool Fennici 46:311–49.

Hutchinson GE (1959) Homage to Santa rosalia or why are there so 

many kinds of animals. Am Nat 93:145–59.

Kato S, Komiyama A (2002) Spatial and seasonal heterogeneity in 

understory light conditions caused by differential leaf flushing of 

deciduous overstory trees. Ecol Res 17:1440–703.

Keddy PA (1992) Assembly and response rules - 2 goals for predictive 

community ecology. J Veg Sci 3:157–64.

Lambers HF, Chapin SI, Pons TL (1998) Plant Physiological Ecology. 

New York, NY: Springer.

Lavorel S, Garnier E (2002) Predicting changes in community com-

position and ecosystem functioning from plant traits: revisiting the 

holy grail. Funct Ecol 16:545–56.

Lusk CH, Reich PB, Montgomery RA, et al. (2008) Why are evergreen 

leaves so contrary about shade? Trends Ecol Evol (Amst) 23:299–303.

McGill BJ, Enquist BJ, Weiher E, et al. (2006) Rebuilding community 

ecology from functional traits. Trends Ecol Evol (Amst) 21:178–85.

Neufeld HS, Young DR (2003) Ecophysiology of the herbaceous layer 

in temperate deciduous forests. In Gilliam F, Roberts M (eds). The 

Herbaceous Layer in Forests of Eastern North America. Oxford, UK: 

Oxford University Press, 38–90.

Parkhurst D, Loucks O (1972) Optimal leaf size in relation to environ-

ment. J Ecol 60:505–37.

Poorter L, Bongers F. (2006) Leaf traits are good predictors of plant 

performance across 53 rain forest species. Ecology 87:1733–43.

Poorter L, Wright SJ, Paz H, et al. (2008) Are functional traits good 

predictors of demographic rates? Evidence from five neotropical 

forests. Ecology 89:1908–20.

 at SU
N

Y
 B

uffalo on N
ovem

ber 16, 2012
http://jpe.oxfordjournals.org/

D
ow

nloaded from
 

http://coweeta.uga.edu/coweeta_publications_grad_desc.php
http://jpe.oxfordjournals.org/


Page 12 of 12 Journal of Plant Ecology

R Development Core Team (2012) R: A Language and Environment for 

Statistical Computing. Vienna, Austria: R Foundation for Statistical 

Computing.

Reich PB, Ellsworth DS, Walters MB (1998) Leaf structure (specific 

leaf area) modulates photosynthesis-nitrogen relations: evidence 

from within and across species and functional groups. Funct Ecol 

12:948–58.

Reich PB, Walters MB, Ellsworth DS (1992) Leaf life span in relation 

to leaf, plant, and stand characteristics among diverse ecosystems. 

Ecol Monogr 62:365–92.

Reich PB, Walters MB, Ellsworth DS. (1997) From tropics to tundra: 

global convergence in plant functioning. Proc Natl Acad Sci U S A 

94:13730–4.

Reich PB, Walters MB, Tjoelker MG, et al. (1998) Photosynthesis and 

respiration rates depend on leaf and root morphology and nitro-

gen concentration in nine boreal tree species differing in relative 

growth rate. Funct Ecol 12:395–405.

Rozendaal DMA, Hurtado VH, Poorter L (2006) Plasticity in leaf traits 

of 38 tropical tree species in response to light: relationships with 

light demand and adult stature. Funct Ecol 20:207–16.

Schlichting CD, Pigliucci M (1995) Lost in phenotypic space - 

environment-dependent morphology in Phlox drummondii 

(Polemoniaceae). Int J Plant Sci 156:542–46.

Schmitt J, Wulff RD. (1993) Light spectral quality, phytochrome and 

plant competition. Trends Ecol Evol (Amst) 8:47–51.

Shipley B (2006) Net assimilation rate, specific leaf area and leaf mass 

ratio: which is most closely correlated with relative growth rate? 

A meta-analysis. Funct Ecol 20:565–74.

Shipley B, Vile D, Garnier E. (2006) From plant traits to plant com-

munities: a statistical mechanistic approach to biodiversity. Science 

314:812–4.

Sims DA, Gebauer RLE, Pearcy RW (1994) Scaling sun and shade 

photosynthetic acclimation of Alocasia macrorrhiza to whole-plant 

performance.2. Simulation of carbon balance and growth at differ-

ent photon flux densities. Plant Cell Environ 17:889–900.

Skillman JB, Strain BR, Osmond CB (1996) Contrasting pat-

terns of photosynthetic acclimation and photoinhibition in 

two evergreen herbs from a winter deciduous forest. Oecologia 

107:446–55.

Smith H (1982) Light quality, photoperception, and plant strategy. 

Ann Rev Plant Physiol 33:481–518.

Thompson JD, McNeilly T, Gray AJ (1991a) Population variation in 

Spartina anglica Hubbard, C.E. .1. Evidence from a common garden 

experiment. New Phytol 117:115–28.

Thompson JD, McNeilly T, Gray AJ (1991b) Population variation in 

Spartina anglica Hubbard, C.E. .2. Reciprocal transplants among 3 

successional populations. New Phytol 117:129–39.

Valladares F, Gianoli E, Gómez JM. (2007) Ecological limits to plant 

phenotypic plasticity. New Phytol 176:749–63.

Valladares F, Sanchez-Gomez D, Zavala MA (2006) Quantitative 

estimation of phenotypic plasticity: bridging the gap between 

the evolutionary concept and its ecological applications. J Ecol 

94:1103–16.

Valladares F, Wright SJ, Lasso E, et  al. (2000) Plastic phenotypic 

response to light of 16 congeneric shrubs from a Panamanian rain-

forest. Ecology 81:1925–36.

Violle C, Navas ML, Vile D, et al. (2007) Let the concept of trait be 

functional! Oikos 116:882–92.

Warren RJ (2007) Linking understory evergreen herbaceous distri-

butions and niche differentiation using habitat-specific demogra-

phy and experimental common gardens. Ph.D. Thesis, University 

of Georgia, Athens, GA. http://coweeta.uga.edu/coweeta_publica-

tions_grad_desc.php.

Warren RJ (2008) Mechanisms driving understory evergreen herb 

distributions across slope aspects: as derived from landscape posi-

tion. Plant Ecol 198:297–308.

Warren RJ II. (2010) An experimental test of well-described vegeta-

tion patterns across slope aspects using woodland herb transplants 

and manipulated abiotic drivers. New Phytol 185:1038–49.

Warren RJ, Bradford MA. (2011) The shape of things to come: wood-

land herb niche contraction begins during recruitment in mesic 

forest microhabitat. Proc Biol Sci 278:1390–8.

Weiher E, Keddy PA (1995) Assembly rules, null models, and trait 

dispersion - new questions from old patterns. Oikos 74:159–64.

Weiher E, van der Werf A, Thompson K, et  al. (1999) Challenging 

Theophrastus: a common core list of plant traits for functional 

ecology. J Veg Sci 10:609–20.

Westoby M, Falster DS, Moles AT, et al. (2002) Plant ecological strate-

gies: some leading dimensions of variation between species. Ann 

Rev Ecol Syst 33:125–59.

Wright IJ, Reich PB, Westoby M, et  al. (2004) The worldwide leaf 

economics spectrum. Nature 428:821–7.

 at SU
N

Y
 B

uffalo on N
ovem

ber 16, 2012
http://jpe.oxfordjournals.org/

D
ow

nloaded from
 

http://coweeta.uga.edu/coweeta_publications_grad_desc.php
http://coweeta.uga.edu/coweeta_publications_grad_desc.php
http://jpe.oxfordjournals.org/



