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Abstract

It has been hypothesized that plants cannot tolerate combined shade and drought, as a result of morphological
trade-offs. However, numerous plant species are reportedly widespread in shaded forest understories that face
drought, whether seasonal or occasional. We studied juveniles of six plant species that cope with strong summer
drought in the understoreys of mixed Quercus forests in southern Spain: the tall-shrubs Phillyrea latifolia and
Viburnum tinus, the perennial herb Rubia peregrina, the small shrub Ruscus aculeatus, and climbers Hedera
helix and Smilax aspera. All of these species persist in evergreen shade (c. 3% daylight). Two other species were
studied as comparators, Ruscus hypoglossum, less tolerant of drought, and Ceratonia siliqua, less tolerant of
shade. Morphological and chemical variables relevant to shade and drought tolerance were measured for juve-
niles in a range of sizes, and also for the leaves of mature plants. The species converge in features that confer
tolerance of shade plus drought by reducing demand for resources. Demand for water is reduced through a mod-
erate to high below-ground mass fraction and low to moderate specific leaf area (respectively 0.22–0.52 and
112–172 cm2 g−1 at 1.00 g total dry mass). Demand for both irradiance and water is reduced through a low to
moderate foliar nitrogen concentration and long-lived, physically protected leaves ( � 2 yr). The species also
converge in features that confer tolerance of either low irradiance or drought through specialized capture of re-
source, without precluding the other tolerance. These features include deep roots relative to shoot size, moder-
ately higher specific leaf area in shade (1.2–2.0 × that in sun) and higher chlorophyll:nitrogen ratio in shade.
Foliar chlorophyll per unit mass was higher in shade, but chlorophyll was not necessarily synthesized in greater
amounts; rather, it was higher apparently due to shade effects on structural features linked with specific leaf area.
In contrast, N per unit mass was higher in sun leaves independently of specific leaf area. Despite these conver-
gences, the species diverge considerably in their root mass allocation and architecture, leaf saturated water con-
tent, density of stomata and guard cell size. No single narrowly defined functional type is needed for tolerance of
shade plus drought.

Introduction

Can plants tolerate combined shade and drought (spe-
cifically, dry soil)? Although shade can benefit
droughted plants (reducing overheating, vapour-pres-
sure deficit, and oxidative stress; Ludlow and Powles
(1988) and Abrams and Mostoller (1995), Ellsworth
and Reich (1992), Callaway (1995), Valladares and

Pearcy (1997)), droughted plants face mortality even
in shade (Vance and Zaerr 1991; Veenendaal et al.
1995; Zavala et al. 2000). Further, Smith and Huston
(1989) hypothesized that a trade-off makes drought
tolerance impossible in shade. According to their
hypothesis, shade tolerance is increased by a high al-
location to shoot rather than root, and a high specific
leaf area (lamina area/lamina dry mass), but drought
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tolerance is reduced by these features, which entail a
large evaporative surface, and reduced ability to cap-
ture water (Smith and Huston 1989). Many plants
around the world, however, do tolerate drought in
deep shade (say < 4% daylight; Wright et al. (1992)
and Burslem (1996), Caspersen and Kobe (2001),
Sack and Grubb (2002)). Understanding this tolerance
is critical given the increasing incidence and severity
of droughts affecting forests worldwide (Fearnside
1995; Karl et al. 1995; Peñuelas et al. 1998; Siwecki
and Ufnalski 1998).

Functional morphology can confer tolerance of
shade and drought in two separate ways. First, mech-
anisms might enhance the specialized capture of irra-
diance or water. For instance, mechanisms that en-
hance light-capture in shade include a high specific
leaf area and a shade-acclimated photosynthetic ap-
paratus (Lichtenthaler 1985; Givnish 1988), and
mechanisms that increase water capture include deep
roots with efficient architecture (Levitt 1980). Alto-
gether different mechanisms might lead to reduced
demand for resources. Mechanisms that reduce water
demand during drought include reducing water loss
and developing desiccation-resistant tissue. Mecha-
nisms that reduce demand simultaneously for irradi-
ance and water (and other resources) include long-
lived parts, less frequently needing replacement
(Grime 1966; Walters and Reich 1999; Lusk and Re-
ich 2000). Such mechanisms are frequently grouped
as a “stress-tolerator syndrome” (Grime 1979; Chapin
et al. 1993). Mechanisms of this type might provide a
way to overcome potential trade-offs between shade
tolerance and drought tolerance such as that hypoth-
esized by Smith and Huston (1989).

Juveniles establishing in the understories of scle-
rophyll-dominated, seasonally-dry forests in the Med-
iterranean Basin face evergreen shade combined with
strong drought (Barbero et al. 1992). The proportion
of daylight penetrating to plant level is often as low
as 3% throughout the year (Baldy et al. 1987; Gratani
1997). Severe summer drought produces pre-dawn
water potentials below −2 MPa in the leaves of deep-
rooting canopy trees (Sala 1999; Save et al. 1999),
and the soil occupied by the juveniles is probably
drier, as upper layers of forest soil commonly dry out
first (Zahner 1955; Veenendaal et al. 1995; Lopez et
al. 1998; Poorter and Hayashida-Oliver 2000). We
studied the functional morphology associated with
tolerance for juveniles of six species. We measured
biomass allocation, root form, leaf composition, the
sun-shade plasticity of specific leaf area, and the con-

centrations of leaf chlorophyll and nitrogen. For sev-
eral variables allometries were determined.

We determined the sun-shade plasticity of leaf fea-
tures in mature plants to explore an ecological mech-
anism for shade tolerance. Mature shade-tolerators
may show a relatively high plasticity in specific leaf
area—which might contribute to casting deep shade
that excludes juvenile light-demanders (Canham et al.
1994; Grubb 1998).

Methods

Study areas and species

Three forests in southern Spain were sampled in this
study. The first (hereafter, ‘Aljibe’) is located in the
Sierra del Aljibe (36°31� N, 5°38� W), province of
Cádiz; the second (hereafter, ‘Grazalema’) is located
on the south-facing slope of Sierra del Pinar (36°46�
N, 5°26� W), also province of Cádiz; and the third
(hereafter, ‘Cazorla’) is located in the Sierra de Ca-
zorla (37°58� N, 2°51� W), province of Jaén. The for-
ests differ in soil type and soil nutrient concentrations.
Aljibe is set on sandstone with acidic soil, Grazalema
on Jurassic limestone with basic soil, and Cazorla on
Jurassic and Cretaceous limestone with basic soil (Ta-
ble 1). Consequently, the soil at Aljibe is sandy, and
poor in nutrients relative to those at Grazalema and
Cazorla (Table 1). At Aljibe, the mean annual precip-
itation ranges among sites from 665 to 1210 mm
(Ojeda et al. 1995), at Grazalema from 516 to 2223
mm (Aparicio and Silvestre 1996), and the value for
a representative site at Cazorla is 1527 mm (Herrera
et al. 1994). At all three forests precipitation is highly
seasonal. At Aljibe, as little as 5 mm commonly oc-
curs between June and September; in mid-July of a
typically dry summer the water potential of soil 1 at
10 cm depth reaches −2 to −4 MPa (T. Marañón, un-
published data). At Cazorla, mean summer precipita-
tion is 15 mm. Below the mountain peaks in all three
study areas, the vegetation consists primarily of
mixed evergreen-deciduous forest, varying from
dense forest to open woodland. At Aljibe, the canopy
is dominated by semi-deciduous Quercus canariensis
(Fagaceae; nomenclature follows Tutin et al. (1964–
1980)) and evergreen species Arbutus unedo (Ericace-
ae) Phillyrea latifolia (Oleaceae), Quercus suber, and
Viburnum tinus (Caprifoliaceae). At Grazalema and
Cazorla, the canopy is dominated by semi-deciduous
Quercus faginea and by evergreen species Phillyrea
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and Quercus rotundifolia. At Grazalema, additional
evergreen canopy dominants include Ceratonia sili-
qua (Fabaceae) and Pistacia lentiscus (Anacardiace-
ae); at Cazorla, Arbutus and Viburnum are common
instead. At Aljibe the forest is locally managed for
cork production.

Eight species of juveniles were sampled in this
study, of which six persist in the shaded understorey
in soil prone to drought. These species have divergent
life histories with respect to irradiance. Tall-shrub
Phillyrea latifolia persists as saplings for many years
in the understorey, apparently suppressed until the
shade is relieved, whereas saplings of tall shrub
Viburnum tinus achieve larger sizes in the understo-
rey. Both species need moderate irradiance for flow-
ering. Rubia peregrina (Rubiaceae), a scrambling
herb that produces widely creeping rhizomes, estab-
lishes both in understorey and open sites. Ruscus ac-
uleatus (Ruscaceae), a phylloclade-bearing monocot-
yledonous small shrub that forms tight clumps of
shoots, is a shade-demander, flowering and fruiting
only in the shade. Hedera helix (Araliaceae), a root-
climber, and Smilax aspera (Smilacaceae), a tendril-
climber, are observed establishing in deeply-shaded
understories; Hedera can persist many years in deep
shade. Both climbers flower under high irradiance in
the mid- to upper-canopy. Juveniles of two species
not generally tolerant of deep shade plus drought
were also sampled, as comparators. Ceratonia siliqua
a small tree species, establishes in well-lit patches in
open woodland. Ruscus hypoglossum has a similar
growth form to Ruscus aculeatus, but with larger,
non-spiny phylloclades; it grows in moister shady
sites.

In addition to the juveniles, at each study site we
sampled sun and shade leaves from the mature plants
of the dominant evergreen overstorey species. Here-
after generic names are used, except for the different
species of Quercus and Ruscus.

Collection of understorey juveniles, and leaf
samples from exposed plants

In each forest, one to three sites were selected, where
abundant juveniles of the study species were located
in a range of sizes, in observably deep shade. Adja-
cent clearings were also sampled. Sampling at Aljibe
took place on 2–4 April 1998 at sites that had an un-
derstorey left apparently undisturbed by managers for
at least several years. In our abbreviations for the
sites, the first letter represents the forest; the second

letter is ‘U’ (understorey) or ‘O’ (open); the third let-
ter refers to the specific site, as needed. At Aljibe, two
understorey sites were sampled: site AUa (600 m al-
titude), 20 to 30 m upslope from a river, and site AUb,
8 km from site AUa, on rocky terrain. One open site
was sampled, site AO, a grazed clearing, at the edge
of the forest, 50 to 70 m from site AUa. Sampling at
Grazalema took place on 2 February 1999. One un-
derstorey site was sampled, site GU, and one open
site, GO, 50 to 100 m away. Sampling at Cazorla took
place on 9–10 February 1999. Three sites were sam-
pled, CUa, CUb and CUc. Site CUa is at 790 m el-
evation, and is moister than the other sites, though the
soil dries in summer. CUa is least susceptible to frost.
Higher-altitude sites CUb (1150 m elevation) and
CUc (2 km from site CUb, 1200 m elevation) are de-
scribed by Herrera et al. (1994), respectively as
Hoyos de Muñoz (tall scrub, to 4.5 m in height) and
Agracea (forest, 5–18 m).

At each understorey site, ten juveniles were se-
lected of each study species that occurred abundantly.
Juveniles were selected in a range of sizes, from new-
ly-germinated seedlings to plants several years of age.
While in the studied forests there was pronounced
herbivory, the selected understorey juveniles showed
minimal damage or none at all (i.e., 0 to 10% of
above-ground parts affected by herbivory or mechan-
ical damage), with the exception of moderately-
grazed large juveniles of Ruscus species collected at
sites AUb and GU (ca. 10–30% of shoots eaten).

Irradiance levels were measured at the study sites,
and soils were sampled. Soil samples were collected
from several spots at each study site, from above and
below 20–25 cm depth (Table 1). Soil analysis fol-
lowed Allen (1989). As an index of the light environ-
ment, the diffuse site factor of Anderson (1964) was
calculated as the percent daylight photosynthetically
active radiation. During cloudy conditions (i.e. dur-
ing sampling at Aljibe and Cazorla), irradiance was
measured for each sampled juvenile, and simulta-
neously in a fully open area (using a Skye SKP 200/
215 PAR quantum sensor, Skye Instruments Ltd,
Llandrindod Wells, Powys, UK). During sampling at
Grazalema measurements were made for 25 understo-
rey juveniles during 30 min in which small clouds
obscured the sun’s disc.

The understorey juveniles were excavated in en-
tirety, and brought back to the lab in sealed plastic
bags with moist paper towel. From open sites AO and
GO, shoot samples (> 3 leaves) were collected from
the ungrazed parts of juvenile plants to allow sun-
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shade comparison of leaf features with the understo-
rey juveniles. For each available study species, ten
open-grown juveniles were sampled, with mean lam-
ina area values in the same range as the collected un-
derstorey juveniles. At site AO, four Ruscus aculeatus
plants were sampled at the forest edge, partially
shaded by crowns of Quercus.

Processing of plant material

Leaf chlorophyll per unit area (Chl/area) was mea-
sured with a SPAD-502 chlorophyll meter (Minolta
Co., 2–30 Toyotsu-Cho, Sulla-shi, Osaka 641, Japan).
Each plant’s value was calculated as the mean of the
values for the three top leaves, with each leaf value
the mean of three abaxial readings, centrally, to the
right of the midvein. For a given species SPAD mea-
surements are linearly related to total chlorophyll (a
+ b) per unit area (Marquard and Tipton 1987; Singha
and Townsend 1989; Fanizza et al. 1991; Manetas et
al. 1998). Sun and shade leaves for a given species
can be compared directly in their SPAD values. It is
unresolved whether the SPAD-chlorophyll relation-
ship differs for leaves of different species (Marquard
and Tipton 1987; Gratani 1992; Castelli et al. 1996),
so we did not compare SPAD values across species.
Leaf chlorophyll per unit mass (Chl/mass) was calcu-
lated as Chl/area × SLA (in units SPAD × cm2 g−1).

In the lab, the excavated juveniles were separated
into leaf, stem, rhizome and root for subsequent mea-
surements. The plant sections were saturated in bea-
kers of water, inside plastic bags, at least 24 hours,
and then saturated mass values were determined, as
well as lamina areas (Skye Leaf Area meter, Skye In-
struments Ltd., Landrindod Wells, Powys, UK). Dry
mass was measured after oven-drying 48 hours at 70
°C. Leaf water mass concentration was calculated as
(leaf saturated mass – leaf dry mass) /leaf dry mass ×
100%. Fresh leaf and root tissues were preserved in
formalin-acetic acid, for three juveniles from each
species sampled at site CUa. Stomatal densities and
guard cell lengths were determined from nail varnish
impressions of the abaxial lamina immediately to the
right of the midvein.

Mean nitrogen concentrations (N/mass) were de-
termined for 4–10 pooled-leaf samples for randomly
selected juveniles of each species from at least two
study sites. Concentrations of total nitrogen were de-
termined from Kjeldhal digests of samples (38 °C for
3 h in concentrated sulphuric acid with mercuric ox-
ide and hydrogen peroxide) with a continuous flow

colorimeter (ChemLab Scientific Products, Horn-
church, RM12 4EH). Standard leaf samples provided
by Dr E.V.J. Tanner, and previously analysed in sev-
eral international laboratories, were used as a check.

Data analysis

Several plant variables that were quantified change
during ontogeny. Variables were log-transformed and
regressed against log plant dry mass, for each species
at each site, using least squares:

log y � a . log plant dry mass � b, (1)

where y is a variable, and a and b are parameters of
the linearized power law (Niklas 1994). The regres-
sions allowed testing of species and site differences,
controlling for differences in plant dry mass.

The regression approach was also used to estimate
sun-shade plasticity in SLA. SLA is often inversely
related to lamina area during ontogeny (Veneklaas
and Poorter 1998), so it is important to compare SLAs
for sun and shade leaves of similar area. SLA was re-
gressed against lamina area for the leaves of under-
storey juveniles (‘shade leaves’) of each species, us-
ing Equation (1). Next, a shade leaf SLA was
estimated from the regression, for leaves of the same
lamina area as the mean value for the leaves of open-
grown juveniles (‘sun leaves’) in the adjacent clear-
ing. The sun-shade plasticity for SLA was calculated
as ‘estimated shade SLA’ / mean sun SLA. This anal-
ysis was not done for Hedera and Smilax, because sun
leaves had much larger mean area than shade leaves.

Regressions were also used to investigate the sun-
shade plasticity of leaf chlorophyll and nitrogen con-
centrations. These features often vary with SLA for
both sun and shade leaves of a given species (Stewart
et al. 1990; Evans 1998). Leaf chlorophyll and nitro-
gen concentrations were regressed against SLA, for
the sun leaves of each species, and for shade leaves.
The sun and shade leaf regressions were then com-
pared. This analysis indicates whether sun-shade dif-
ferences in Chl/mass and N/mass might arise simply
from differences in SLA-linked structural features,
without modulation of leaf chemistry.

For each regressed variable, regressions were fit-
ted for each species at each site. Regressions were
tested for differences in slopes and intercepts ((Zar
1999); Genstat 5 Release 4.1, Rothamsted Experi-
mental Station, UK). For each variable, first, regres-
sions were fitted for each species at each individual
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site, and these site-specific regressions were com-
pared. When for a given species the site-specific re-
gressions for a given forest coincided, the data were
pooled, for a forest-specific regression. Next, the for-
est-specific regressions for that species were com-
pared. When these coincided, the data were pooled,
and a single regression was fitted for the species. Fi-
nally, the different species’ regressions were com-
pared. When, for a given species, site- or forest-spe-
cific regressions were non-significant, a pooled-site
regression was fitted, and, if significant, it was com-
pared with other species’ regressions. Regressions
were tested at an all-species-wide Type-I error rate of
0.05 for each relationship, using the sequential Bon-
ferroni technique (Rice 1989).

From the regressions, values for given variables
were estimated for plants of dry mass 100 mg and
1.00 g. Confidence intervals were derived for 95%
confidence for each species (Snedecor and Cochran
1989; Sokal and Rohlf 1995; Zar 1999). The regres-
sion parameters are provided to allow estimation for
plants in the sampled mass range, and, for chlorophyll
and nitrogen concentrations, for leaves of SLA in the
sampled range. We note that leaf characteristics
change seasonally (Eliáš and Masarovičová 1986;
Gratani et al. 1992) and the values provided describe
the study species during late winter to early spring.

A separate analysis was performed to determine
‘allometric’ slopes—i.e. the precise ontogenetic
changes in given plant variables with plant dry mass,
or SLA. The least-squares regression approach de-
scribed above is useful for estimation, and for deter-
mining differences among sites, forests or species
(Ricker 1984; Kohyama and Grubb 1994; Yamada et
al. 2000), but it typically underestimates the magni-
tude of allometric slopes (Ricker 1984). For allomet-
ric slopes, standard major axes were used (Rayner
1985). In cases in which a common least-squares
slope held for two or more sites or species, a com-
mon standard major axis was calculated analogously,
as �i � 1

k s�yi�/�i � 1
k s�xi�, where k is the number of

pooled species, and s(xi) and s(yi) are the standard
deviations of the x- and y-data of species i (cf. Zar
(1999)). We tested whether allometric slopes depart
from geometric scaling. Geometric scaling holds
when an object maintains a constant shape and bulk
density as it increases in size (Niklas 1994). The de-
parture from geometric scaling quantifies a change in
shape and/or bulk density.

Studies of the plasticity of leaves of mature trees

We conducted two different studies of the sun-shade
plasticity of leaves of mature plants. In the first study,
adjacent to site AUa, five trees each of Arbutus,
Phillyrea, Quercus suber, and Viburnum were used.
Five leaves from each tree were collected from the
outer exposed canopy along the southern side; five
leaves also were collected from the inner, shaded can-
opy along the northern side. Data for SLA, lamina
area, and chlorophyll concentrations were analysed
by two-way repeated-measures ANOVA, blocked for
given trees, with species and sun-shade as factors
(Sokal and Rohlf 1995). For the second study we
sampled the dominant tree species at the other sites,
and determined the differences between the most-ex-
posed set of forest sun leaves and the most-shaded set
of shade leaves. For each species � 3 (usually 10)
exposed leaves were collected from each of 5–10 for-
est-edge trees, and � 3 (usually 10) lower-canopy
leaves from each of 5–10 forest-interior trees. Data
were analysed by three-way ANOVA, with species,
site, and sun-shade as main factors. In both studies
differences were tested as orthogonal constrasts (Gil-
ligan 1986). Prior to running ANOVAs, all data were
log-transformed, to increase homoscedasticity, and to
model for multiplicative effects (Gilligan 1986). Sta-
tistics were calculated using Minitab Release 12 and
Genstat 5.

To compare with the leaves of the juvenile Hedera
and Smilax, 3–5 shaded leaves were collected from
5–10 many-year-old individuals at sites AUa and GU.

Results

Maximum depth of shade for understorey juveniles

The study forests cast moderate shade on average.
The mean light readings for each species ranged from
4.9 to 7.3% daylight in forest A, and 4.2% to 8.5% in
forest C (Table 2), and at forest G, the mean ± SE of
all 25 readings was 7.2% ± 0.54. However, juveniles
persist in shade much deeper than the average level.
In forest G, the three lowest values for seedlings
ranged from 3.7 to 4.3% daylight. In forests A and C,
numerous juveniles of significant size of all six spe-
cies occurred at ca. 3% daylight or below (Table 2).
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Allocation below ground

For all the species, allocation to root dry mass fol-
lowed clear ontogenetic trends. For all species, the
pooled-site regressions for log root dry mass vs log
plant dry mass were significant (R2 range 0.63–0.98;
P < 0.05). Except for Rubia the species’ regressions
had coincident slopes, and differed significantly only
in intercepts (P < 0.001; F-ratio test; Table 3). Fur-
ther, except for Rubia, the allometric slope � 1, so
root mass fraction remained about the same for each
species as plant size increased, as previously reported
for herbs and for temperate tree species up to c. 20 g
dry mass (Pearsall 1927; Monk 1966). For Rubia, al-
location to root decreased with increasing plant size
(Table 3; allometric slope 0.806 ± 0.169, 95% CL).

The species’ root mass fractions estimated for
plants of 100 mg and 1.00 g dry mass ranged from
very low to very high (Figure 1). The values ranged
from 0.10 and 0.05 for Rubia to 0.53 and 0.48 for
Ruscus aculeatus. The outstandingly high root mass
fractions of the Ruscus spp. reflect relatively massive,
fleshy roots. The shade tolerators Viburnum and
Phillyrea had root mass fractions (respectively 0.29–
0.33 and 0.34–0.39, 95% CI, at 100 mg plant dry
mass) notably high relative to the light-demander
Ceratonia (0.19–0.20, 95% CI), and relative to light-
demanding tropical evergreen rainforest tree juve-

niles, though only moderate relative to the juveniles
of temperate deciduous trees and shrubs (Figure 1).

In Rubia and the Ruscus species, allocation below
ground also includes considerable allocation to rhi-
zome, in contrasting ways. Rubia develops a long,
thin (leptocaul) creeping rhizome in the size range
sampled, and the Ruscus spp. develop short, fat
(pachycaul) rhizomes (see Bell (1991), p. 131). Ru-
bia increases its allocation to rhizome at it develops,
making possible its wide-spreading habit (Figure 1;
allometric slope for log below-ground dry mass vs log
plant dry mass was 1.30 ± 0.178, 95% CL). Includ-
ing its rhizome, Rubia has a below-ground mass frac-
tion in the same range as the root mass fractions for
the other study species, even at 100 mg plant dry
mass (Figure 1). For Rubia, the smallest sampled ju-
venile with a distinct rhizome was 70 mg dry mass,
and the largest plant sampled had a rhizome 1.4 m in
length, linking distinct clumps of shoots (Table 4). By
contrast, allocation to rhizome in the Ruscus species
does not increase ontogenetically, but rather simply
keeps pace with allocation to shoot and root, forming
the foundation for a cespitose architecture (for the
two Ruscus spp. the common allometric slope for log
below-ground dry mass vs log plant dry mass was
0.992 ± 0.072, 95% CL). Despite this conservative
allocation pattern, the Ruscus rhizome becomes large.
The smallest Ruscus aculeatus juvenile with distinct
rhizome was 180 mg dry mass. In the largest Ruscus

Table 3. Intercepts b and slopes a for regressions of log root dry mass (mg) vs log plant dry mass (mg). Italics indicate that the regression
for an individual site was significant at P < 0.05. Parentheses indicate that when sites within a forest were pooled the regression was sig-
nificant at P < 0.05. For each species juveniles at different sites and in different forests had coincident regressions. Excepting Rubia, species’
pooled-site regressions had coincident slopes; intercepts b allow prediction for each species.

Species Understorey site(s) b ±SE

Phillyrea GU, (CUa, CUb, CUc) −0.359 ± 0.057

Viburnum AUa, (CUa, CUb) −0.431 ± 0.058

Rubia AUa, GU, CUa −0.410 ± 0.193(a = 0.710 ± 0.082; R2 =0.78***)

Ruscus aculeatus (AUa, AUb), GU, CUa −0.198 ± 0.063

Hedera GU, CUa −0.491 ± 0.061

Smilax AUb, GU, CUa −0.582 ± 0.059

Comparator species
Ruscus hypoglossum AUb −0.436 ± 0.078

Ceratonia GU −0.629 ± 0.068

Common least-squares slope a ±SE 0.961 ± 0.023†

R2 0.97***†

Common allometric slope a ± 95% CL 1.02 ± 0.045†

SE = standard error of mean; CL = confidence limits. n.s. = not significant at P = 0.05. ***: P < 0.001, F-ratio test. †Common slope for all
species but Rubia.
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juveniles sampled, the rhizome reached 25 cm in to-
tal length and c. 3 cm in diameter (Table 4). Ruscus
aculeatus allocates significantly more to root and less
to rhizome than moist site comparator Ruscus hypo-
glossum (Figure 1). The two Ruscus species have
nearly identical total below-ground allocation (Fig-
ure 1).

Smilax juveniles develop rhizomes at sizes larger
than those sampled.

Rooting depth

Rooting depth at a given plant dry mass was statisti-
cally the same for all the species. The pooled-site re-
gressions for log rooting depth vs log plant dry mass
were significant for all species but comparator Cera-
tonia (R2 = 0.26–0.77; P < 0.05), and coincided in
slope, and intercept (a = 0.223 ± 0.015 SE; b = 0.538
± 0.037 SE; R2 = 0.55; P < 0.001). For these species,
mean rooting depth at 100 mg and at 1.00 g plant dry
mass was 9.6 cm (95% CI 9.1–10.2) and 16.1 cm
(95% CI 15.0–17.2) respectively. Ceratonia had a

similar mean rooting depth, 8.9 cm ± 2.5 SE (mean
plant dry mass 82.9 mg ± 6.38). If the rooting depth
function holds for larger juveniles then the species
root as deeply as deciduous Quercus species noted for
deep roots, c. 25 cm for plants of 4 to 7.4 g dry mass
(Pallardy and Rhoads 1993). Rubia and the Ruscus
species were sampled at that size (Table 2) and root
that deeply. One difference in rooting depth was
found between sites: for Phillyrea, juveniles from
drier forest G had deeper roots than those of moister
forest C; the regression of log rooting depth vs log
plant dry mass had a higher intercept (P = 0.025; bsite

G = 0.239 ± 0.0549; bsite C = 0.111 ± 0.135; common
slope a = 0.384 ± 0.056; R2 = 0.48; P < 0.001).

The species’ rooting depth allometry favors rapid
soil penetration. The common allometric slope for log
rooting depth vs log plant dry mass for all species
except Ceratonia was 0.301 ± 0.030 (95% CL). This
slope differs negligibly from geometric scaling (1/3,
the scaling of a length versus a volume), indicating
that allocation to depth is maintained even as roots
increasingly branch, thicken, and suberize. Despite

Figure 1. Mean root mass fractions for collected juveniles, and, for Rubia and Ruscus species, below-ground mass fractions including rhi-
zome. Values estimated for plants of 100 mg and 1.00 g dry mass from regression equations (Table 3, and in text). Error bars = 95% con-
fidence limits (Bonferroni-adjusted for each species). Comparative data: median root mass fractions with interquartile ranges for juveniles
experimentally grown in <5% daylight. ‘TRF’ = tropical rainforest; ‘Temp.’ = temperate deciduous forest or scrub. Sources: TRF species data
for 52 shade-tolerant tree species (ST) and 29 light-demanding tree species (LD; the ‘intermediate’ species in that study) summarized in
Veneklaas and Poorter (1998); Temp. species data for 21 tree and shrub species grown one season, from Loach (1970) and Latham (1992),
Canham et al. (1996), Grubb et al. (1996), and Walters and Reich (1996).
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this allocation pattern, the roots of all but the largest
of the sampled juveniles were in the top 30 cm of soil,
which holds c. 80% of the overstorey tree fine roots
(Lopez et al. 1998; Canadell et al. 1999).

Root architecture

Not all species have a highly dissected root architec-
ture. While the roots of Hedera and Smilax juveniles
were highly dissected, those of Phillyrea, Viburnum,
and Rubia were notably less so, and those of Ruscus
aculeatus were coarsely branched (Table 4). The fine
root diameter 5 mm from the tips was similar for all
species (c. 0.35–0.45 mm) except Ruscus aculeatus,
which had strikingly thicker roots (Table 4).

Specific leaf area

SLA was strongly linked with seed size, across spe-
cies, and with plant size in each species’ ontogeny.
Excluding phylloclade-bearing Ruscus aculeatus,

SLA was negatively related to seed dry mass (Fig-
ure 2), as reported for diverse sets of species of seed-
lings (Marañón and Grubb 1993; Hunt and Cornelis-
sen 1997). SLA declines ontogenetically with
increasing plant dry mass. For all species but com-
parator Ceratonia, the pooled-site regressions for log
SLA vs log plant dry mass were significant (R2 range
0.21–0.71; P < 0.05), coincided in slope, and differed
in intercepts (intercept difference P < 0.001; F-ratio
test; Table 5).

The species’ SLA values were low to moderate,
relative to values for species of moister forests (Fig.
3a). The estimated mean SLA values at 100 mg plant
dry mass ranged from 154 cm2 g−1 for Phillyrea, to
236 cm2 g−1 for Smilax (Fig. 3a). The values for
shade-tolerant Phillyrea and Viburnum at 100 mg
plant dry mass were close to that of light-demanding
comparator Ceratonia (154 ± 14.0 SE). By 1.00 g
plant dry mass the study species’ SLAs range from
from 112 cm2 g−1 for Phillyrea, to 172 cm2 g−1 for

Table 4. Seedling root architecture and development for the understory study species. Values with same superscript letters are not signifi-
cantly different at P <0.05 (planned orthogonal contrasts).

Species Root architecture and rhizome development Diameter of fine root,

5 mm from tip (mm)

±SE

Viburnum One primary root extends vertically with many short, finer branches, some of which de-

velop into prominent horizontal secondaries with lateral branches.

0.38 ± 0.033a

Phillyrea Root system like that of Viburnum, but the main roots are often thicker, and horizontal

secondaries are commonly unbranched.

0.33 ± 0.068a

Rubia Smallest seedlings have one fine descending root with few branches. From the second

growing season the strongly woody rhizome develops and dominates below-ground

growth, reaching c. 5 to 6 mm diameter. Fine adventitious roots arise in tufts along the

rhizome at intervals of 2 to 5 cm.

0.37 ± 0.12a

Ruscus aculeatus Smallest seedlings have a single, thick root. During early growth a new vertical root is

initiated for each new shoot. Growing roots can bifurcate, involving bifurcation of stele

(Arber 1925). By the third growing season, the succulent/woody rhizome develops (c. 5

mm diameter), and initiates new roots and shoots. In larger seedlings fleshy, coarsely-

branched roots radiate diffusely from the central rhizome system (1.5 to 3 cm diameter).

Direction of root growth ranges from vertically downward to nearly horizontal.

0.71 ± 0.034b

Hedera Root system of small seedlings is similar to that of Viburnum, but the main roots are of-

ten slender. Larger juveniles (beyond the range of study seedlings) root adventitiously

from the nodes of the above-ground creeping stem. Still larger plants use adventitious

roots for climbing.

0.45 ± 0.030a

Smilax Smallest seedlings have roots similar to those of Hedera, but often more branched.

Larger juveniles (beyond the range of study seedlings) possess a strongly woody rhizome,

up to 2 cm diameter, sometimes spiny, along which arise roots. Many-year-old plants

possess a rhizome that can extend below ground for several metres, connecting spiny

above-ground vine-like stems.

0.42 ± 0.062a

SE = standard error of mean.
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Rubia (Fig. 3a). Moist-site comparator Ruscus hypo-
glossum had a relatively high initial SLA (Fig. 3a).

The allometry of SLA vs plant dry mass indicates
a changing of proportions during leaf ontogeny,
which is relevant to light capture. If the leaf propor-
tions and density remained constant with increasing
size, SLA would decline with increasing plant mass
with an allometric slope of −1/3, because SLA repre-
sents an area/mass. Leaf density might increase dur-
ing ontogeny, and this would tend to produce a still
steeper decline of SLA. However, the species’ allom-
etric slope is weaker than −1/3. Thus, as plants of the
study species increase in size, a less than proportion-
ate increase in leaf thickness retards the decline of
SLA.

The species show similar sun-shade plasticity in
SLA to the juveniles of many tropical trees and tem-
perate trees and shrubs (Table 6). The species’ shade
leaf regressions for log SLA vs log lamina area, sig-
nificant except for Phillyrea (R2 = 0.33–0.76; P <
0.05), coincided in slope, but differed in intercepts
(F-ratio test; P < 0.001; Table 6). The SLA plasticity
quotients were typically moderate, in the range 1.7 to
1.9, but low for Rubia at one site (1.2; Table 6). All
the species’ values are low, however, relative to those
of some shade-tolerant herbs of moist sites (Table 6).

Leaf water mass concentration

For all the study species, leaf water mass concentra-
tion declined ontogenetically with increasing plant
dry mass (Fig. 3b). For the relationship log leaf water
mass concentration vs log plant dry mass, the species’
pooled-site regressions were significant for all species
but Ceratonia (R2 range 0.24–0.60; P < 0.05; Ta-
ble 5), coincided in slope, and differed in intercepts
(P < 0.001, F-ratio test). The species’ leaf water mass
concentrations at 100 mg and at 1.00 g plant dry mass
varied considerably (Fig. 3b). All values were well
below the ranges for ‘all-leaf-cell succulent’ shrubs of
semi-desert, and for temperate herbs (Fig. 3b). Ex-
cepting Phillyrea, the species’ leaf water mass con-
centrations were within the range for mature non-
succulent shrubs of semi-desert, and higher than
values for temperate deciduous and tropical rainfor-
est trees (Fig. 3b). Phillyrea at 1.00 g dry mass had a
lower value, in the range for temperate trees (Fig. 3b).
Rubia and Ruscus aculeatus had the highest values,
similar to that of comparator species Ceratonia (Fig.
3b). Comparator species Ruscus hypoglossum had an
even higher value (Fig. 3b). In the Ruscus species, a
special leaf anatomy may facilitate water storage. Un-
der microscopic inspection swollen achlorophyllous
cells were observed in the phylloclade mesophyll.

Leaf water mass concentration and SLA were in-
terrelated. The two traits were strongly correlated
across species at a given plant dry mass (the inter-
cepts of the species’ regressions for log SLA vs log
plant dry mass and those for log leaf water mass con-
centration vs log plant dry mass were correlated; r =
0.91; P = 0.004 including comparator Ruscus hypo-
glossum; r = 0.90; P = 0.013 without). Such a rela-
tionship is typical for leaves of sets of species at ma-
turity, given a relatively narrow range of leaf
succulence (Stewart et al. 1990; von Willert et al.
1990; Roderick et al. (1999a, 1999b)).

Chlorophyll concentrations

For the study species, chlorophyll concentrations
were strongly linked with SLA. The pooled-site re-
gressions of log Chl/area vs log SLA, and log Chl/
mass vs log SLA were significant for sun and shade
leaves of all species except the comparator Ruscus
hypoglossum (Table 7). As plants increase in size, and
leaves of lower SLA are produced, higher Chl/area
values occur, probably due to increasing mesophyll
layers. Notably, the allometric slopes for log Chl/area

Figure 2. Mean values for specific leaf area, estimated at 100 mg
plant dry mass, versus seed dry mass (seed data from Herrera
(1987)): Hh, Hedera helix; Pl, Phillyrea latifolia; Ra, Ruscus ac-
uleatus; Rp, Rubia peregrina; Sa, Smilax aspera; Vt, Viburnum ti-
nus.
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vs log SLA were weaker than predicted from geomet-
ric scaling (−1, a mass/area vs an area/mass). The
slower than expected increase in Chl/area presumably
arises at least in part because Chl/area is diluted by
additional cell wall thickening and vascularisation.
Consistent with these patterns, Chl/mass declines
with declining SLA (Table 7).

Strikingly, we found no sun-shade plasticity in
chlorophyll concentrations except for that predicted
by sun-shade differences in SLA. To evaluate sun-
shade plasticity in chlorophyll concentrations, the re-
gressions for sun leaves were compared with the re-
gressions for shade leaves, for log Chl/area vs log
SLA and for Chl/mass vs log SLA. The regressions
for sun and shade leaves were fully coincident for
Hedera, Rubia, Ruscus, Smilax and Viburnum for one
or both of the relationships (Fig. 4a for Viburnum and
Smilax). Differences between sun- and shade-leaf re-
gressions occurred only for Rubia leaves; sun leaves
from plants at site AO had higher regression inter-
cepts than shade leaves from plants at site AUa for
both relationships (P < 0.001; F-ratio test), but also
higher than those at other sites, including open site

GO (Table 7). The bulk of this evidence indicates that
sun-shade differences in leaf chlorophyll concentra-
tions may arise simply from structural differences
linked to sun-shade differences in SLA, without any
greater chlorophyll synthesis.

Nitrogen concentrations

The species’ N/mass values ranged widely. The val-
ues ranged from 12.0 mg g−1 ± 0.16, 95% CL for
Phillyrea to 20.4 mg g−1 ± 0.24, 95% CL for Smilax
(Fig. 4b), and in shade leaves were linked with SLA
(Figure 5; r = 0.84; P = 0.018), as previously found
for sets of species within and across biomes (Field
and Mooney 1986; Stewart et al. 1990; Reich et al.
1999). Understorey Smilax falls above the regression.

Sun leaves have higher N/mass than shade leaves,
after controlling for SLA. The sun leaves showed a
distinct N/mass vs SLA relationship from that of the
shade leaves (Fig. 4b). Even excluding outliers Rus-
cus aculeatus and leguminous comparator Ceratonia,
the sun leaves’ non-significant regression for N/mass
vs SLA lay above the shade leaves’ regression (Fig.

Table 5. Intercepts (b values) and slopes (a) of regressions for log specific leaf area (SLA; cm2 g−1) vs log plant dry mass (mg) and log leaf
water mass concentration (%) vs log plant dry mass (g). Italics indicate that the regression for an individual site was significant at P < 0.05.
Parentheses indicate that when sites within a forest were pooled the regression was significant at P < 0.05. For each species but Hedera, no
differences were found among juveniles at different sites and in different forests. For the relationship log SLA vs log plant dry mass, Hedera
at more xeric site GU had significantly lower mean SLA values than Hedera of moister site CUa (P = 0.032; bsite GU = 2.62 ± 0.021 SE; bsite

CUa = 2.66 ± 0.065 SE; common a = – 0.184 ± 0.038 SE; R2 = 0.69; P < 0.001). Species’ pooled-site regressions had coincident slopes;
intercepts b allow prediction for each species.

Species Understorey site(s) (i) b ±SE,log SLA vs log

plant dry mass

Understorey site(s) (ii) b ±SE, log leaf water

mass concentration vs log

plant dry mass

Phillyrea GU, (CUa, CUb, CUc) 2.47 ± 0.030 GU, (CUa, CUb, CUc) 2.36 ± 0.025

Viburnum AUa, CUa, CUb 2.55 ± 0.031 AUa, CUa, CUb 2.60 ± 0.026

Rubia AUa, GU, CUa 2.65 ± 0.031 AUa, GU, CUa 2.78 ± 0.026

Ruscus aculeatus (AUa, AUb), GU, CUa 2.65 ± 0.034 AUa, GU, CUa 2.67± 0.030

Hedera GU 2.53 ± 0.037 GU, CUa 2.61± 0.031

CUa 2.59 ± 0.033

Smilax AUb, GU, CUa 2.65 ± 0.062 AUb, GU, CUa 2.65 ± 0.026

Comparator species
Ruscus hypoglossum AUb 2.93 ± 0.044 AUb 2.92 ± 0.042

Ceratonia GU n.s. GU n.s.

Common least-squares

slope a ±SE

−0.139± 0.012 −0.113 ± 0.013

R2 0.66*** 0.77***

Common allometric slope

a ±95% CL

−0.219 ± 0.024 −0.229 ± 0.027

SE = standard error of mean; CL = confidence limits. n.s. = not significant at P = 0.05. ***: P < 0.001, F-ratio test.
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Figure 3. Mean properties for fully expanded leaves estimated from regressions for plants of 100 mg and 1.00 g dry mass (Table 5), except
for Ceratonia for which simple means are given (mean total plant dry mass 83 mg): (a) specific leaf area, and (b) leaf water mass concen-
tration. Error bars show 95% confidence intervals, Bonferroni-adjusted for each species. Comparative data: median values with interquartile
ranges, in (a) for juveniles experimentally grown in <5% daylight (TRF, tropical rainforest; Temp, temperate deciduous forest or scrub);
sources: for TRF species, Veneklaas and Poorter (1998) for 69 shade-tolerant tree species (ST), and 51 light-demanding tree species (LD;
‘intermediate’ species in their study), and for Temp. species as in Figure 1. In (b) for leaves of adult plants sampled in the field; sources: von
Willert et al. (1990) for saturated leaves of non-succulent and ’all-leaf-cell succulent’ semi-desert shrubs (10 and 6 species respectively) and
Ricklefs and Matthew (1982) and Shipley (1995), and Turner et al. (2000) respectively for fresh (not saturated) leaves of 34 Temp. trees, 34
herbaceous angiosperms of well-lit habitats, and 25 species of TRF trees (values reported for heath forest and mixed dipterocarp forest did
not differ significantly and are pooled here).
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4b). The data for Rubia and Viburnum could be anal-
ysed in more detail. For both species the regression
of log N/mass vs log SLA was significant for both sun
and shade leaves (P < 0.001; Table 7). For each spe-
cies, the regressions for sun and shade leaves coin-
cided in slope (P < 0.001; Table 7), but the regression
for sun leaves had a higher intercept (P < 0.001 for
each species; Table 7), indicating higher N/mass rela-
tive to SLA Fig. 4c for Viburnum). Since for each
species the regressions for log Chl/mass vs log SLA
for sun and shade leaves coincided (Fig. 4, a and c),
but the regression for log N/mass vs log SLA for sun
leaves had a higher intercept than that for shade
leaves (Fig. 4c), the sun leaves had a higher nitro-
gen:chlorophyll ratio.

Ruscus aculeatus apparently increases its sun leaf
N more than the other study species. This finding is
consistent with that in a previous study, in which the
leaf N concentration in semi-shaded adult Ruscus ac-
uleatus was a notably high 34 mg g−1 (de Lillis and
Fontanella 1992).

Stomatal density

The study species ranged widely in stomatal density.
Phillyrea had a relatively high value, 234 ± 3.8 sto-
mata mm−2, while Viburnum, Rubia, Hedera, and Sm-
ilax had lower values, 118–178 stomata mm−2 (Fig-
ure 5). The stomatal density for Ruscus aculeatus,
25.8 ± 4.6, was outstandingly low, even when dou-
bled to account for both surfaces; the phylloclades

Figure 4. Three plots of leaf chemical properties on specific leaf
area (SLA) for sun and shade leaves: (a) double-log plot of chlo-
rophyll per dry mass (Chl/mass) on SLA for two species (for each
species the sun and shade regressions are coincident), (b) N/mass
versus SLA, for subsampled juveniles; circles for study species,
triangles for comparators; filled symbols for juveniles in understo-
rey sites; open symbols for juveniles at open sites (Ruscus aculea-
tus juveniles were semi-shaded); symbols for species as in Fig-
ure 2, plus Cs, Ceratonia siliqua and Rh, Ruscus hypoglossum, and
(c) double-log plots of the concentrations of Chl/mass and N/mass
versus SLA for Viburnum.

Figure 5. Guard cell length versus stomatal density for the study
species; means with standard errors (symbols for species as in Fig-
ure 2). For Ruscus aculeatus one point represents the lower sur-
face of the phylloclade, as for the leaves of the other species; the
other point represents the upper and lower surfaces together.
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have stomata on each surface, unlike the leaves of the
other study species. Across species, when Ruscus ac-
uleatus was excluded, guard cell length was nega-
tively correlated with stomatal density (r = −0.94; P
= 0.017; Figure 5).

Leaf form and plasticity for older plants

SLA declined from juveniles to mature plants. The
SLA values for mature Viburnum and Phillyrea were
substantially lower than those for the sun and shade
leaves of juveniles (Tables 6, 8a, 8b). The same trend
was found for Hedera and Smilax; mean values for
many-year-old plants were respectively 146 ± 7.72
SE and 106 ± 4.19 SE (cf. juvenile values in Figure
3a.

Mature plants showed significant sun-shade plas-
ticity in SLA, lamina area and Chl/mass (Tables 8a,
8b). The plasticities of SLA and lamina area were
about the same as in many previously studied tem-
perate and tropical trees and shrubs, 1.2 to 1.5 × (Ta-
ble 8a). Species that are shade-tolerant during estab-
lishment, such as Phillyrea and Viburnum, did not
have consistently higher plasticity in SLA than spe-
cies that are light-demanding during establishment,
such as Arbutus, Ceratonia, Pistacia, and Quercus
rotundifolia (Tables 8a, 8b). As in the case of juve-
nile leaves (see above), the sun-shade plasticity in
mature plant leaf Chl/mass was apparently linked to
the plasticity in SLA (the values for PQSLA and
PQChl/mass in Tables 8a, 8b, were typically about the
same).

Discussion

The six study species persist, despite repeated
drought, in irradiance ca. 3% of full sunlight or less.
Such deep shade presumably excludes species of
open sites, though it is only moderately deep com-
pared with the shade that occurs in the understories
of moister temperate deciduous forests (0.3% to 4%
daylight; reviewed in Coomes and Grubb (2000)).
Notably, the shade reported in this study is evergreen
shade, and still deeper shade may occur in the grow-
ing season (April–May), when the semi-deciduous
Quercus species leaf out completely; during this study
they had partially expanded foliage.

The six study species tolerate deep shade plus
drought, in forests varying in soil types. We propose

that tolerance occurs as a result of reduced resource
demand, combined with specialized resource capture.

Mechanisms for reduced resource demand

The species converge in features that reduce the de-
mand for water or, in general, for growth resources
(Table 9). All species have moderate to high below-
ground mass fractions (0.22–0.59), sometimes above
the range of shade-tolerant tropical rainforest juve-
niles (Figure 1). A high below-ground allocation re-
duces aerial evaporative surface relative to plant
mass, and though it entails allocation away from ir-
radiance capture, it is compatible with shade toler-
ance. Moreover, it reduces demand for resources (in-
cluding irradiance) by protecting much of the plant
from mechanical damage. Shade-tolerant juvenile
trees of tropical rainforests allocate more below-
ground than do light-demanders (Veneklaas and
Poorter 1998); the shade-tolerators presumably ben-
efit from a reduced demand, as well as from increased
capture of soil resources due to high root allocation
(see below). The morphology of below-ground parts
can further reduce resource demand; the relatively
thick roots of Viburnum and Phillyrea are likely to
have relatively long lifespans, in the way argued by
Eissenstat (1992). The rhizome of Rubia and the
fleshy roots and rhizome of Ruscus apparently store
water and/or carbon (Antonielli et al. 1989). Finally,
underground parts can support a protective plant ar-
chitecture. For understorey Rubia, the wide-spreading
“guerilla form” (sensu Lovett Doust (1981) and Na-
vas and Garnier (1990)) might reduce the risk of de-
struction by separating shoots in space. Ruscus ac-
uleatus has a compact cespitose “tank” form, with
hard, spiny phylloclades.

The species’ values for specific leaf area (leaf area/
leaf dry mass; SLA) imply a reduced demand for wa-
ter, and simultaneously for other resources. Low SLA
values imply water retentiveness (i.e., low surface
area: mass). The species’ decrease of SLA with in-
creasing plant size suggests increasing water-reten-
tiveness. The species’ SLAs range from low to mod-
erate, relative to species of moister forest (Fig. 3a)
and are probably associated with relatively long leaf
lifespans ( � 2 yrs; unpub. obs.), as discussed by Re-
ich et al. (1991, 1999) and Walters and Reich (1999).
Similarly, shade-tolerant tree juveniles in tropical
rainforest might achieve a benefically reduced de-
mand for resources, with their low SLAs relative to
light-demanders.
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Water storage ability also reduces demand for soil
water during drought. The leaf water mass concentra-
tions of the study species may confer considerable
drought tolerance in the shade. The leaf water mass
concentrations are mostly in the range of semi-desert
non-succulent shrubs, higher than those of temperate
deciduous and tropical rainforest trees. Water storage
also depends on the leaf water-retentiveness, which
relates to SLA (see above), cuticle properties
(Schreiber and Riederer 1996), and microclimate
(Kerstiens 1996). A rough suggestion of the useful-
ness of stored water can be derived from the cuticu-
lar transpiration for adult Hedera leaves under high
irradiance, c. 3 mg water per hour, per g fresh weight
(Pisek and Berger 1938). If double this rate is ex-
tended to Hedera juvenile leaves (perhaps accounting
for their higher SLA), the leaves would fall to 60%
relative water content in two days under high irradi-
ance. Given deep shade, and day-night cycles, the
stored water might allow survival for weeks.

Other leaf traits reflect a reduced resource demand.
The species have moderate or low stomatal densities,
typical of shaded habitats (Salisbury 1927; Grubb et
al. 1975; Peat and Fitter 1994), and reflecting a low
water demand (Grubb 1984). While the inverse rela-
tionship between guard cell length and stomatal size
(excepting Ruscus aculeatus) may to some degree
balance water loss, Phillyrea and Ruscus aculeatus

have especially small guard cells, relative to stomatal
density, compared with the other species, and with the
general trend for 60 woody species of Japanese rain-
forest (Figure 1 in Grubb et al. (1975)). Finally, the
species’ N/mass ranged low to moderate, relative to
the shade leaves of woody species in tropical lowland
rainforest in Mexico (mean 18 mg g−1; Bongers and
Popma (1988)) and Singapore (range 11–26, mean 17
mg g−1; Grubb et al. (1994)). Low to moderate
N/mass is often linked with slow maximum photosyn-
thesis in resource-poor habitats (Small 1972; Field
and Mooney 1986; Aerts and Chapin 2000).

Although many of the species converge in features
that reduce resource demand, there are strong diver-
gences (Table 9). For example, Phillyrea has only
40–50% the leaf water mass concentration of Rubia
or Ruscus aculeatus; Phillyrea is unlikely to depend
as much on stored leaf water. Instead, Phillyrea prob-
ably reduces water loss, with its low SLA and small
stomata. Ruscus aculeatus shows the most extreme
development of mechanisms for reduced resource de-
mand (Table 9).

Mechanisms for specialised resource capture

Several of the study species’ features may confer tol-
erance through specialised resource capture (Table 9).
The allometry of SLA vs plant size may contribute to

Table 9. Tolerance mechanisms of the study species.

Type of mechanism For irradi-

ance (I),

water (W),

or both (I,

W)

Phillyrea Viburnum Rubia Ruscus

aculeatus

Hedera Smilax

Reducing resource demand

‰ high below-ground mass fraction I,W ++ ++ +++ +++ ++ ++

‰ low specific leaf area I,W + + ++ ++ + ++

‰ protected, long-lived parts* I, W +++ +++ +++ +++ +++ +++

‰ high water content (?storage) W ++ +++ +++ +++ +++ +++

‰ low stomatal density W + ++ ++ + ++ ++

Specialized resource capture

‰ higher specific leaf area in shade I ++ ++ ++ ++ ?++ ?++

‰ higher Chl/mass in shade I ++ ++ ++ ++ ++ ++

‰ high root mass fraction W ++ ++ + +++ ++ ++

‰ deep roots W +++ +++ +++ +++ +++ +++

‰ fine, dissected roots† W ++ ++ ++ + +++ +++

+++, ++, and + respectively indicate high, moderate or low values relative to species of moister forest. Chl/mass = leaf chlorophyll per dry
mass. Summarized from data in the text, and in Figures 1, 3a and 3b, and 5, and Tables 4, 6, and 7. *unpubl. obs. †For this trait comparative
data were scant, and species are ranked relative to each other.
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irradiance capture. Since SLA indicates the area for
irradiance interception per unit mass, the relatively
high initial SLA of seedlings is likely to benefit irra-
diance capture (Sack and Grubb 2001). Further, as
plants increase in size, the leaf proportions change;
the decline of SLA, and thus of irradiance capture per
leaf mass, is slowed, relative to geometric scaling.

Moderate sun-shade plasticity in SLA may also
contribute to the species’ irradiance capture in shade
(Givnish 1988). The production of leaves of higher
SLA in shade apparently not only increases the pho-
tosynthetic surface per unit mass, but simultaneously
increases the Chl/mass, and the chlorophyll:nitrogen
ratio, all of which further improve irradiance capture
efficiency (see Evans (1998)). Our results provide the
first explicit indication that the commonly described
increase in the chlorophyll:nitrogen ratio in shade
leaves (e.g. Björkman and Holmgren (1963) and See-
mann et al. (1987), Evans (1989), Kull and Niinemets
(1998), Evans and Poorter (2001)) does not necessar-
ily involve biochemical modulation of Chl/mass. In-
stead, it may result from a single allometric relation-
ship of Chl/mass vs SLA across sun and shade leaves
of a species, and an increased incorporation of
N/mass in sun leaves, independently of SLA (Figs 4a,
b and c). The data reported in other studies are con-
sistent with this pattern (e.g. Stewart et al. (1990) and
Evans (1998)). For Phillyrea, Viburnum, Rubia and
Ruscus, the shade-driven increases in SLA (Table 6)
correspond, given the equations in Table 7, to Chl/
mass increases of 1.2–1.5 ×. Such increases in Chl/
mass are low to moderate, when compared with val-
ues estimated from the plasticity of leaf chlorophyll
per fresh mass provided for a range of British forest
species (Murchie and Horton 1997). For these spe-
cies, Chl/mass may increase 1.8 to 2.4 × in shade
(given increases in fresh mass: dry mass in shade-
grown plants of up to c. 1.5 to 2 times; Evans (1972)).

The species converge in having traits associated
with specialised water capture. The species have
moderate to high root mass fractions (excepting Ru-
bia), and deep roots (comparable with deciduous
Quercus juveniles) that scale geometrically with plant
mass. Ruscus aculeatus allocates more to root than
moist site congener Ruscus hypoglossum. Hedera and
Smilax have dissected roots, probably efficient for
water capture (Fitter and Stickland 1991). However,
despite these features, a reduced water demand is crit-
ical, given the absolute shallowness of juvenile roots.

The species show divergence in several traits rel-
evant to resource capture (Table 9). For instance, Ru-

bia has a relatively high SLA, and its wide-spreading
habit probably benefits resource acquisition; for larger
juveniles, the shoots in higher irradiance may provide
sugar to more deeply-shaded shoots, which may sup-
ply more water (Stuefer 1998). The relatively higher
shoot allocation in Hedera and Smilax and the high
N/mass of Smilax are consistent with exploitation of
high irradiance patches; these species’ dissected roots
may benefit water capture. Ruscus also has a notewor-
thy mechanism for irradiance capture: all parts of the
aerial stems are strikingly chlorophyllous.

Mature trees might also facilitate juvenile resource
capture. A high sun-shade plasticity in mature plant
SLA could help cast shade that excludes less shade-
tolerant species (Canham et al. 1994; Grubb 1998).
The study species did not show higher SLA plasticity
at maturity than light demanders, perhaps due to ad-
ditional constraints in a system prone to severe
drought (Grier and Running 1977; Specht and Specht
1989; Sala et al. 1994; Coomes and Grubb 2000).

In sum, the studied species of juveniles differ
strongly in functional morphology and growth form.
However, these species converge in several mecha-
nisms. Some of the mechanisms possessed by the
study species also occur, to varying extents, among
particular species of tropical rainforests and of tem-
perate deciduous forests. This fact suggests that tol-
erance of shade plus drought, achieved in part
through functional morphology, may contribute im-
portantly to the ecology of many species in widely-
varying forest systems throughout the world. This tol-
erance may thus play an increasingly important role,
as droughts become stronger and more common
worldwide.

Acknowledgements

Pedro Jordano and Redouan Ajbilou were tremen-
dously helpful to our work in the field. Leaf nutrient
analyses were carried out by Glyn Jones, and soil
analyses by Rafael López and his team (IRNA). The
project was supported by scholarships to L.S. from
NSERC (Canada), the Cambridge Commonwealth
Trust, and the Cambridge University Department of
Plant Sciences (Frank Smart Fund), and by Spanish
DGICYT project grants to T.M. (PB97-1177 and
1FD97-0743-C03-03). We thank David Coomes, Bill
Davies, Chris Gilligan, Taylor Feild, Michael Huston,

159



Bill Platt, Ed Tanner, Fernando Valladares and Rafael
Villar for helpful comments.

References

Abrams M.D. and Mostoller S.A. 1995. Gas exchange, leaf struc-
ture and nitrogen in contrasting successional tree species grow-
ing in open and understorey sites during a drought. Tree Phys-
iology 15: 361–370.

Aerts R. and Chapin F.S. 2000. The mineral nutrition of wild plants
revisited: a re-evaluation of processes and patterns. Advances
in Ecological Research 30: 1–67.

Allen S.E. 1989. Chemical Analysis of Ecological Materials.
Blackwell, Oxford.

Anderson M.C. 1964. Studies of the woodland light climate. I. The
photographic computation of light conditions. Journal of Ecol-
ogy 52: 27–41.

Antonielli M., Ceccarelli M. and Pocceschi N. 1989. Rubia pereg-
rina L.: a stress resistant weed. Environmental and Experimen-
tal Botany 29: 467–476.

Aparicio A. and Silvestre S. 1996. Guía de la flora del Parque
Natural Sierra de Grazalema. Junta de Andalucía, Sevilla.

Arber A. 1925. (1961 reprint). Monocotyledons: A Morphological
Study. Hafner, New York.

Baldy C., Barbero M. and Madjidieh H. 1987. Extinction du ray-
onnement et modifications du spectre solaire sous differents
couverts du taillis de chêne vert (Quercus ilex L.) de la forêt de
la Gardiole de Rians (Var - France). Ecologia Mediterranaea 8:
77–86.

Barbero M., Loisel R. and Quezel P. 1992. Biogeography, ecology
and history of Mediterranean Quercus ilex ecosystems. Vegeta-
tio 99: 19–34.

Bell A.D. 1991. (1998 reprint). Plant Form. Oxford University
Press, New York.

Björkman O. and Holmgren P. 1963. Adaptability of the photosyn-
thetic apparatus to light intensity in ecotypes from exposed and
shaded habitats. Physiologia Plantarum 16: 889–914.

Bongers F. and Popma J. 1988. Is exposure-related variation in leaf
characteristics of tropical rain forest adaptive? In: Werger
M.J.A., van der Art P.J.N., During H.H. and Verhoeven J.T.A.
(eds), Plant Form and Vegetation Structure. SBA Academic
Publishing, The Hague, pp. 191–200.

Burslem D.F.R.P. 1996. Differential responses to nutrients, shade
and drought among tree seedlings of lowland tropical forest in
Singapore. In: Swaine M.D. (ed.), The Ecology of Tropical
Forest Tree Seedlings. UNESCO, Paris, and Parthenon, Carn-
forth, UK, pp. 211–244.

Callaway R.M. 1995. Positive interactions among plants. Botani-
cal Review 61: 306–349.

Canadell J., Djema A., Lopez B., Lloret F., Sabate S., Siscart D. et
al. 1999. Structure and dynamics of the root system. In: Roda
F., Retana J., Gracia C.A. and Bellot J. (eds), Ecology of Med-
iterranean Evergreen Forests. Springer-Verlag, Berlin, pp. 47–
60.

Canham C.D., Finzi A.C., Pacala S.W. and Burbank D.H. 1994.
Causes and consequences of resource heterogeneity in forests:
interspecific variation in light transmission by canopy trees.
Canadian Journal of Forest Research 24: 337–349.

Canham C.D., Berkowitz A.R., Kelly V.R., Lovett G.M., Ollinger
S.V. and Schnurr J. 1996. Biomass allocation and multiple re-
source limitation in tree seedlings. Canadian Journal of Forest
Research 26: 1521–1530.

Caspersen J.P. and Kobe R.K. 2001. Interspecific variation in sap-
ling mortality in relation to growth and soil moisture. Oikos 92:
160–168.

Castelli F., Contillo R. and Miceli F. 1996. Non-destructive deter-
mination of leaf chlorophyll content in four crop species. Jour-
nal of Agronomy & Crop Science 177: 275–283.

Chapin F.S., Autumn K. and Pugnaire F. 1993. Evolution of suites
of traits in response to environmental-stress. American Natu-
ralist 142S: S78–S92.

Coomes D.A. and Grubb P.J. 2000. Impacts of root competition in
forests and woodlands: a theoretical framework and review of
experiments. Ecological Monographs 70: 171–207.

de Lillis M. and Fontanella A. 1992. Comparative phenology and
growth in different species of the Mediterranean maquis of cen-
tral Italy. Vegetatio 99-100: 83–96.

Eissenstat D.M. 1992. Costs and benefits of constructing roots of
small diameter. Journal of Plant Nutrition 15: 763–782.
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