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Allocation and morphological responses to
resource manipulations are unlikely to mitigate
shade intolerance in Houstonia montana, a rare
southern Appalachian herb

Amy C. Euliss, Melany C. Fisk, S. Coleman McCleneghan, and Howard S. Neufeld

Abstract: High light requirements limit the distribution of several rare plant species endemic to the southern Appalachian
region. We studied the influence of light and nitrogen availability on carbon allocation and morphology in one of these
species, Houstonia montana Small. Insights into growth and nutrition of H. montana are needed for predicting how it will
respond to ongoing changes in its environment associated with atmospheric nitrogen deposition and resulting from succes-
sion and (or) management of grassy-bald habitats in which it occurs. We hypothesized that low light constrains below-
ground allocation, and that elevated N availability reduces limitations to aboveground growth at low light. We tested
growth and mycorrhizal colonization of H. montana in response to interactions of light and N availability in a greenhouse
experiment. Shade reduced plant biomass, root:shoot ratios, and mycorrhizal colonization, and increased specific leaf area
(area/mass). Elevated N reduced root:shoot ratios and mycorrhizal colonization. Under low light, N addition increased spe-
cific root length (length/mass) and foliar chlorophyll. We found support for the hypotheses that low light and high N re-
duce belowground allocation in H. montana. However, we did not find that high N significantly alleviates limitation to
plant growth in the shade, despite changes in allocation, morphology, and chemistry that were consistent with more effi-
cient use of C for aboveground growth. Thus, variation in the soil N availability is unlikely to have a marked effect on the
ability of H. montana to tolerate shade in its native habitat.

Key words: Houstonia montana, carbon allocation, mycorrhizae, nitrogen, light, leaf and root morphology.

Résumé : Une forte demande en luminosité limite la distribution de plusieurs espèces endémiques rares du sud des Appa-
laches. Les auteurs ont étudié l’influence de la lumière et la disponibilité de l’azote sur l’allocation du carbone et la mor-
phologie chez une de ces espèces, l’Houstonia montana Small. On doit connaı̂tre la croissance et la nutrition du
H. montana pour prédire les réactions aux modifications en cours de son environnement associées à la déposition atmos-
phérique d’azote, ainsi que celles qui résultent de la succession et (ou) de l’aménagement des habitats herbacés dénudés,
où on le retrouve. On propose l’hypothèse que la faible intensité lumineuse restreint l’allocation hypogée, et qu’une forte
disponibilité d’azote réduit les limitations à la croissance épigée, à faible intensité lumineuse. Dans une expérience en
serres, les auteurs ont mesuré la croissance et la colonisation mycorhizienne, en réaction à des interactions entre la lumière
et la disponibilité en azote. L’ombrage diminue la biomasse des plantes, les rapports racine:tige et la colonisation
mycorhizienne, tout en augmentant la surface foliaire spécifique (surface/masse). Une forte concentration d’azote réduit les
rapports racine:tige et la colonisation mycorhizienne. Sous de faibles intensités lumineuses, l’addition d’azote augmente la
longueur racinaire spécifique (longueur/masse) et la chlorophylle foliaire. On confirme l’hypothèse qu’une faible intensité
lumineuse avec une forte présence d’azote réduit l’allocation hypogée chez le H. montana. Cependant, on ne peut
confirmer que l’azote élevé peut diminuer significativement les limitations à la croissance des plantes à l’ombre, malgré
des changements dans l’allocation, la morphologie et la chimie, qui concorderaient avec une utilisation plus efficace du
C hypogé. Ainsi, la variation de la disponibilité en azote du sol aurait peu d’effet sur la capacité du H. montana à tolérer
l’ombre dans son habitat naturel.

Mots-clés : Houstonia montana, allocation du carbone, mycorhizes, azote, lumière, morphologie caulinaire et racinaire.

[Traduit par la Rédaction]

Introduction

Houstonia montana Small is a rare perennial herb that is
endemic to the high-elevation southern Appalachian region

and restricted in its distribution to rock outcrop and grassy
bald or slope habitats with mafic bedrock (Wiser et al.
1998). These habitats are not common on the landscape
(Wiser et al. 1996), and only 12 populations of H. montana

Received 28 November 2006. Published on the NRC Research Press Web site at canjbot.nrc.ca on 20 November 2007.
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are known to exist, 9 on rock outcrops and 3 on grassy
slopes (Wiser et al. 1998). Habitat loss is thus one obvious
potential threat to persistence of this species. Other impor-
tant concerns include atmospheric deposition of nitrogen,
known to be high in the southern Appalachian region
(Johnson and Lindberg 1992; Joslin and Wolfe 1992), and
loss of open grassy slope habitat owing to encroachment by
larger vegetation. Nitrogen enrichment can impact plant-
community composition and reduce diversity (Gough et al.
2000; Stevens et al. 2006), and in these environments could
alter growth of H. montana and its competitive interactions
with neighboring plants. Houstonia montana populations on
grassy slopes also face the possibility of overgrowth by
taller plants because succession to woody vegetation is
likely. Although the factors responsible for the origin of
grassy balds are not fully understood, it is clear that succes-
sion to woody vegetation can happen in the absence of man-
agement by mowing or grazing (Lindsay and Bratton 1980;
Sullivan and Pittillo 1988).

Predicting the response of H. montana to changes in the
environment or to management requires better understanding
of the influence of light and nutrition on the growth of this
rare plant. A negative association between H. montana and
taller vegetation within these habitats (Wiser et al. 1998)
suggests shade intolerance in this species. Houstonia mon-
tana thus may share some traits with other endemic and
(or) rare species that are restricted to open environments
with little interspecific competition for light (Baskin and
Baskin 1988; Walck et al. 1999; Lloyd et al. 2002; Lavergne
et al. 2004). In grassy slope sites where H. montana is sur-
rounded by dense vegetation, it appears to avoid direct com-
petition for light resources with relatively rapid early-season
growth (Euliss et al. 2007). Despite the general focus on
aboveground growth in studies of H. montana and other en-
demic rock outcrop species, growth response to varied light
has not been directly tested for H. montana. Furthermore,
the combination of high irradiance and poorly developed
soils in rock outcrops suggest a belowground limitation to
growth of this plant, and it is not clear whether nutrient
availability influences tolerance to shading. Houstonia mon-
tana appears to require some elements derived from mafic
rock (Wiser et al. 1998), although other nutrients deserve
explicit attention as well. Nitrogen, in particular, should be
considered because of its influence on photosynthesis, car-
bon allocation, and growth.

The need to consider belowground resource acquisition is
well recognized, even where light requirements are thought
to be the primary factors influencing plant communities
(Coomes and Grubb 2000; Lewis and Tanner 2000; Walters
and Reich 2000; Cahill 2002, 2003; Barberis and Tanner
2005; Schnitzer et al. 2005). The clear tradeoffs that exist
in the allocation by plants to aboveground versus below-
ground resource acquisition, especially those arising from
co-limitation by light and nutrients (Lambers and Poorter
1992; Coomes and Grubb 2000), have important implica-
tions for plant growth response to light. For example, alloca-
tion of C to maximize photosynthetic gain in response to
shading may in some instances explain reduced plant nu-
trient uptake (Peace and Grubb 1982; Jackson and Caldwell
1992; Cui and Caldwell 1997; Lewis and Tanner 2000).
Likewise, N availability can strongly influence plant re-

sponses to light (Coomes and Grubb 2000) through the di-
rect effect of N availability on photosynthetic potential as
well as the indirect effect of N availability on C allocation
for light versus nutrient acquisition. Actual plant growth re-
sponse to N under reduced light varies widely among stud-
ies, with shade-intolerant species most often sensitive to co-
limitation by light and nutrients (Thompson et al. 1992; Fa-
hey et al. 1998; Catovsky and Bazzaz 2000; Walters and
Reich 2000). It is also reasonable to expect particularly
acute sensitivity to light availability where belowground re-
source availability is low and plants have high allocation be-
lowground to roots and mycorrhizae (Chapin et al. 1993).

The possibility that availability of N mitigates shade intol-
erance deserves attention in efforts to understand the distri-
bution of H. montana. Growth of H. montana on rock
outcrops, where soil development is poor and belowground
resources are scarce, may be restricted to open environments
because high irradiance is necessary for fixation of sufficient
C to support nutrient acquisition. Growth in these environ-
ments suggests that H montana is a stress-tolerant plant,
with high belowground allocation, slow growth, and mini-
mal responsiveness to variations in resource availability
(Grime 1977; Chapin 1980; Chapin et al. 1993). If
H. montana is indeed typical of stress-tolerant plants, then
we would not expect plasticity of allocation in response to
light and (or) N availability. However, Euliss et al. (2007)
found wide variation in aboveground growth among popula-
tions in contrasting environments, including rapid early-sea-
son growth in one grassy slope site. These observations are
not consistent with a strictly stress-tolerant plant and suggest
that H. montana can respond to variation in the environ-
ment. If this is the case, then shade intolerance in
H. montana may be sensitive to N availability. More de-
tailed understanding of whole-plant C allocation in relation
to light and N is needed to elucidate effects on allocation
and aboveground growth, and thereby aid predictions of the
responses of H. montana to encroachment by taller vegeta-
tion and to changes in soil N availability. Therefore, in this
study we examined the response of H. montana to low light
in interaction with N availability. We used a greenhouse ex-
periment to test the hypotheses that in H. montana (i) low
light constrains allocation of C belowground to growth of
roots and colonization by mycorrhizae, and (ii) high N re-
duces C allocation belowground and improves aboveground
growth, especially at low light.

Materials and methods

Plants and treatments
Houstonia montana is a perennial herb with a rosette form

and multiple, branching stems arising from each rosette.
Plants reproduce primarily by seed. The numbers and height
of stems and amount of branching vary substantially among
different environments (Euliss et al. 2007). Plants were es-
tablished from tissue stock at the Cincinnati Botanical Gar-
dens (late November to early December 2003) using leaf
and (or) stem material from cryopreserved plants. Stock ori-
ginated from the same genetic line (one clone) of plants
from Grassy Ridge on Roan Mountain TN, where one of
the few known populations of H. montana occurs (Euliss et
al. 2007). This population of H. montana is found on a
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grassy, southwest facing slope at 1830 m elevation and
covers approximately 185 m2. Plants were transferred in
mid-January 2004, to 10.2 cm � 25.4 cm PVC pipe pots
with a 2:1:1 mixture of Metromix (Monsanto, St. Louis,
Mo.), sand, and perlite. Sand was autoclaved twice at
130 8C for 30 min prior to adding to the mixture. Eight
grams of sieved, native soils were combined with the soil
mixture in each pot to serve as a fungal inoculum. Native
soils were obtained from Grassy Ridge on Roan Mountain
and frozen for 2 weeks prior to inoculation.

Plants were grown in the greenhouse at Appalachian State
University in a 2 � 2 factorial design with two levels of
light (full sun and shade), two levels of nitrogen (low and
high), and 20 replicate plants in each treatment combination.
Each plant in the high N treatment received 350 mL of a
50 ppm solution of ammonium nitrate once a week for
26 weeks (a total of 0.5 g�plant–1). This volume fully satu-
rated the soil in a pot without causing drainage. Plants not

Fig. 1. Total above- and below-ground biomass (a) and nitrogen ac-
cumulation (b) of H. montana at the time of harvest. Aboveground
biomass is represented above the 0 line; belowground biomass is
represented below the 0 line. Error bars represent standard errors of
the mean (n = 10). Above- or below-ground means with the same
letter are not significantly different among treatments at P < 0.05.
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receiving fertilizer N (low N treatment) received 350 mL of
water at the time of fertilization. Sunlight was reduced in
the shade treatment to 25% of ambient by covering plants
with a neutral density shade cloth. Plants in the full-sun
treatment received approximately 1073 mmoles�m–2�s–1 of
natural light, compared with 261 mmoles�m–2�s–1 in the shade
treatment. At the start of the treatments, the number of indi-
vidual stems at the soil surface was counted and the height
of the tallest stem was recorded. Plants were rotated within
rows on the greenhouse bench once a week to receive equal
amounts of light.

Plant analyses
Ten plants per treatment were harvested over a 2 week

period between 16 August and 2 September 2004. Stems
were counted, and the height of the tallest stem was meas-
ured from soil level to the stem apex. All leaves were re-
moved from the stems, a subsample was set aside for leaf-
area analysis, and the remaining leaves were dried at 47 8C,
weighed, and ground for N and P analyses at the North Car-
olina State Department of Soil Science analytical services
laboratory (Raleigh, N.C.). Nitrogen was quantified by com-
bustion on a Perkin-Elmer 2400 CHN Elemental Analyzer
(series II) and P was quantified on a Perkin-Elmer Optima
2000DV ion coupled plasma emission spectrograph (Perkin-
Elmer Corp., Norwalk, Conn.) following dry ashing and di-
lution in HCl. Leaf area and dry mass were quantified and
specific leaf area calculated for 20 leaves per plant using a
LI-3100 leaf-area meter (LI-Cor, Lincoln, Nebr.).

Chlorophyll content was measured for 3–4 leaves from
each of the plants that remained after harvest (9 or 10, de-
pending on mortality). To achieve this, 1 cm2 of leaf tissue
was placed in 3 mL of N,N-dimethylformamide (DMF) for
24 h. DMF was zeroed at 720 nm, and then absorbance of ex-
tractions was read at 664 and 647 nm using a UV–VIS spec-
trophotometer (Shimadzu, Columbia, Md.). Concentrations
of chlorophyll were calculated according to Porra (2002):

Chla ¼ ½12� A664� � ½3:11� A647�
Chlb ¼ ½20:78� A647� � ½4:88� A664�

Chlaþ b ¼ ½17:67� A647� þ ½7:12� A664�

The amount of chlorophyll produced on a whole-plant basis
was estimated by multiplying the average total chlorophyll
for each treatment by the leaf area of each plant within a
treatment.

All roots were separated from soil and cleared of debris.
Roots were subsampled to quantify specific root length and
mycorrhizal colonization and the remaining roots were dried
at 60 8C. Root length was quantified on two or three 0.01 g
(dry-mass equivalent) subsamples per pot using a line inter-
sect method (Tennant 1975) in which roots were cut
into <1 cm pieces and their vertical and horizontal intersec-
tions counted on a 1.3 cm grid. Specific root length was cal-
culated as root length/biomass.

Percent mycorrhizal colonization of roots was quantified
on a separate root subsample from each pot, according to
methods described by Brundrett et al. (1996). Roots were
cut into 1 cm segments, dispersed over a numbered grid,
and 20 segments per plant were chosen randomly. Root seg-

ments were autoclaved at 121 8C for 15 min in 10% KOH,
rinsed in distilled water, placed in trypan blue (0.05% w/v
lactoglycerol), and autoclaved again at 121 8C for 15 min.
Excess stain was removed by placing roots in lactoglycerol.
Stained root segments were observed under 400� magnifi-
cation using an Olympus BX51 compound microscope with
an ocular micrometer. Twenty intersections of a root seg-
ment and a predetermined point on the micrometer were
viewed and the mycorrhizal structures (vesicles, arbuscules,
or mycorrhizal hyphae) present at each intersection were
quantified, for a total of 400 intersections per plant. Total
colonized root length per plant was calculated by multiply-
ing the proportion of root length colonized by total plant
root length.

Statistical analyses
Treatment effects were tested with two-way ANOVAs

using PROC GLM in SAS (SAS System, version 8.2, SAS
Institute Inc. Cary, N.C.). Tukey post hoc tests were con-
ducted to determine differences between means. To normal-
ize variances of the mean, total root length and plant height
data were log transformed and soil NO3

– data were square
root transformed. Mycorrhizae data included a high fre-
quency of zero values and could not be normalized; there-
fore, ANOVAs and Tukey post hoc tests were performed on
ranked data (Treseder and Allen 2002). Data were reported
as significant at P < 0.05.

Results

Plants responded markedly to the shading treatment, with
less total growth and N accumulation and proportionately
more allocation aboveground in the shade compared with
the full-sun treatment (Table 1 and Fig. 1a). Shading signifi-
cantly reduced stem number, stem mass, and leaf mass, but
increased plant height (Table 1). Total above- and below-
ground biomass were reduced by shading (Fig. 1a). Below-
ground biomass was reduced proportionately more than
aboveground, producing significantly lower root:shoot ratios
in the shade (0.46) compared with the sun treatment (0.97;
Table 1). Allocation of N generally responded to shade in
the same manner as biomass, with root N : shoot N of 0.32
in shade and 0.80 in sun.

Plant growth responded less to N addition than to shading
(Table 1 and Fig. 1a), despite substantial increases in soil
NH4

+ and NO3
– concentrations, plant tissue N concentrations

(Table 2), and whole-plant N accumulation in response to N
addition (Fig. 1b). Nitrogen addition had no significant ef-
fects on stem number, stem height, or root mass (Table 1).
Nitrogen addition increased total aboveground growth by
approximately 26% in sun and 59% in shade, but variation
among individual plants was high and trends were not quite
significant for stem mass (P = 0.09), leaf mass (P = 0.11),
or the aboveground total (P = 0.09). Trends towards lower
root biomass and higher aboveground biomass together
caused a significant reduction of the root:shoot ratio of
plants in high N (0.55) compared with those in low N
(0.89; Table 1). Nitrogen addition significantly increased to-
tal plant N accumulation aboveground (F = 12.56, P =
0.0015) and caused a marked shift toward aboveground allo-
cation of N (Fig. 1b).
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Leaf morphology and chemistry were influenced signifi-
cantly both by light and N availability. Total leaf area was
reduced by shading, especially at low N, and increased in
response to N addition (Table 3). Specific leaf area (SLA,
leaf area/mass) was highest in response to shade + high N
and lowest in response to full sun + low N (Fig. 2). Nitrogen
addition increased foliar concentrations of N and chloro-
phyll, whereas shading had no consistent effects (Tables 2
and 3). Trends in foliar P concentrations cannot be statisti-
cally evaluated (Table 2), because of the necessity of com-
positing leaf material for analysis. Total canopy chlorophyll
was reduced by shading at low N and increased with N ad-
dition (Table 3), in part as a result of treatment effects on
leaf area.

Plant root morphology was modified in response to both
shade and N addition. Root length decreased (Table 1) and
specific root length (length/mass) increased in response to
shading (F = 15.35, P = 0.0004; Fig. 2). Nitrogen addition
did not affect root length or specific root length, but a light
by N interaction (F = 6.37, P = 0.016) resulted from the low
specific root length in response to high N, full-sun treatment
(Fig. 2).

Mycorrhizal colonization of plants was low overall
(Table 4), ranging from 1.8% to 16.8% of root length. In
contrast to plant growth responses, mycorrhizal colonization
was more responsive to N availability than to light availabil-
ity (Fig. 3). Colonization by total mycorrhizal structures was
reduced by shading and by high N, largely owing to re-
sponses by hyphal structures (Table 4; Fig. 3). Colonization
by vesicles was extremely low and responded only to N
availability (Table 4). Colonization by arbuscules was varia-
ble and did not respond to either treatment; however, the
abundance of arbuscules was reduced by high N with shad-
ing, yielding a light by N interaction (Table 4).

Mycorrhizal colonization was also expressed as a total per
plant, to account for treatment effects on root length. Treat-
ment effects mostly paralleled those for colonization rates
(Table 4).

Discussion

In this greenhouse study, we explored the influence of
low light on growth and allocation to belowground struc-
tures in H. montana. One general objective was to learn

Table 2. KCl-extractable NH4
+ and NO3

– (mg�kg soil–1) and foliar N and P concentrations at the time of harvest, and ANOVA results
(F values), in response to light and nitrogen treatments.

NH4
+ (mg

N�g soil–1)
NO3

–

(mg N�g soil–1)
Total inorganic
N (mg�pot–1) Foliar N (%) Foliar P (%) Foliar N:P

Whole-plant
N (mg�plant–1)

Full sun
High N 8.0 (0.86)a 20.2 (1.63)a 28.2 (1.56)a 3.3 (0.31)ac 0.43 7.8 (0.72)a 49.5 (8.80)a
Low N 6.6 (0.35)a 0.7 (0.14)b 6.6 (0.39)b 2.1 (0.05)b 0.51 4.1 (0.09)b 23.6 (1.45)b

Shade
High N 7.2 (0.77)a 22.8 (3.12)a 30.0 (3.68)a 4.0 (0.15)a 0.38 10.4 (0.40)c 14.4 (1.65)b
Low N 7.3 (0.68)a 3.63 (0.47)b 11.0 (1.00)b 2.7 (0.09)bc 0.44 6.0 (0.20)d 7.3 (1.66)b

F values

Light 0.01 1.42 0.24 10.35** NA 24.40**** 27.30****
Nitrogen 0.49 245.06**** 25.46**** 44.74**** NA 79.39**** 11.24**
Light � nitrogen 1.65 0.09 1.48 0.03 NA 0.50 3.66

Note: Standard errors of the mean are in parentheses (n = 10). Means with the same letter within a column are not significantly different at P < 0.05.
*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

Table 3. Leaf area and chlorophyll concentrations for Houstonia montana, and ANOVA results (F values),
in response to light and nitrogen treatments.

Leaf area
(cm2�plant–1)

Chlorophyll a
(mg�m–2)

Chlorophyll b
(mg�m–2)

Chlorophyll
concentration
(mg�g–1)

Total canopy
chlorophyll
(mg�plant–1)

Full sun
High N 62.0 (10.94)a 143 (7.1)ab 51 (2.6)a 2.5 (0.25)a 1.2 (0.21)a
Low N 53.4 (5.30)ab 142 (10.9)ab 52 (4.4)ab 2.3 (0.13)a 1.0 (0.09)a

Shade
High N 51.2 (6.34)ab 174 (9.2)b 64 (3.7)b 5.4 (0.40)b 1.2 (0.15)a
Low N 25.3 (6.09)b 134 (7.8)a 51 (3.0)a 3.7 (0.16)c 0.5 (0.11)b

F values

Light 6.80** 1.65 4.02 72.65**** 3.12
Nitrogen 5.07* 5.99* 3.48 13.39*** 9.54**
Light � nitrogen 1.13 5.36* 4.85* 8.69** 3.48

Note: Standard errors of the mean are in parentheses (n = 10). Means with the same letter within a column are not
significantly different at P <0.05. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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more about whole-plant growth of this rare and endangered
species, something that is impractical to evaluate in a field
setting. More specific goals were to test the potential for
tradeoffs in allocation for C and N acquisition and to evalu-
ate the possibility that higher N availability mitigates light
limitation of plant growth. We found a proportionately
larger belowground than aboveground response to light
availability, consistent with our hypothesis that low light
limits allocation of C belowground to both roots and mycor-
rhizae in H. montana. Plants responded to N addition by re-
ducing root:shoot ratios and mycorrhizal colonization,
consistent with our second hypothesis that high N reduces
belowground allocation. However, aboveground growth was
not significantly enhanced by high N compared with low N
at low light, despite the reduction of belowground C sinks,
and foliar responses (higher N and chlorophyll) consistent
with higher photosynthetic potential. Plants were small rela-
tive to those in full sun, regardless of N level, and results
did not clearly support our hypothesis that aboveground
growth is improved at low light by excess N.

Shading H. montana induced changes in both allocation
and morphology that were consistent with improved effi-
ciency of C use for growth. The reduction in whole-plant
growth by shading resulted from a proportionately larger re-
duction in root biomass (81%) than aboveground biomass
(61%). Shading caused an even more pronounced reduction
in mycorrhizal colonization (94%). Root:shoot ratios of her-
baceous species commonly decline with low light (Lambers
and Poorter 1992; Ryser and Eek 2000; Shipley and Me-
ziane 2002). While this may be a simple consequence of

the ontogenetic change in root:shoot ratios as plants grow
(Gedroc et al. 1996; McConnaughay and Coleman 1999;
Müller et al. 2000), it also can be interpreted as adjusting C
use to increase light acquisition (Lambers and Poorter 1992;
Shipley and Meziane 2002). Reduction in mycorrhizae also
is consistent with the idea of resource optimization. Mycor-
rhizal colonization can cost plants 10%–20% of their total
carbon (Allen 1991), and C limitation associated with low
light availability can result in mycorrhizal parasitism of the
stressed host (Johnson et al. 1997), or reduced colonization
(Gehring 2003). In this study, H. montana presumably con-
served C by reducing colonization at low light. Finally, the
increase in SLA with shading is a common response to low
light (Lambers and Poorter 1992; Anten and Hirose 1998;
Reich et al. 1998; Ryser and Eek 2000). Higher SLA in
shaded H. montana should maximize the use of structural C
for light interception.

The reduction by N addition of allocation belowground to
roots and mycorrhizae is another example of adjusting C use
to increase light acquisition, consistent with the idea of re-
source optimization. The similarity of this effect between
full sun and shade treatments further suggests that the de-
mand for light exceeded that for N, even in the high light
treatment. Neither aboveground nor belowground biomass
alone responded significantly to N. Nevertheless, root:shoot
ratios declined significantly (38%) in response to elevated
N, as a result of the combined trends towards higher above-
ground biomass and lower root biomass. The reduction of
mycorrhizal colonization by N addition was more substantial
than the reduction in root biomass, especially when coupled

Fig. 2. Specific leaf area (a) and specific root length (b) at time of harvest (n = 10). Error bars represent standard errors of the mean. Means
with the same letter are not significantly different at P < 0.05.
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with changes in root length. Both of these responses to high
N indicate a shift away from belowground C allocation
when nutrients are readily available. They also demonstrate
an interesting contrast between roots versus mycorrhizae,
with roots more responsive to light and mycorrhizal coloni-
zation (as a percentage of root length) more responsive to N.

While elevated N commonly elicits a reduction in the
root:shoot ratio (Aerts et al. 1991; Lambers and Poorter
1992; Reich et al. 1998, 2003; Aerts and Chapin 2000; Ship-
ley and Meziane 2002), the mycorrhizal response to N is
more variable (Johnson 1993; Lussenhop et al. 1998; Eom
et al. 1999; Treseder and Allen 2002; Jumpponen et al.
2005; Tu et al. 2006). Averaged over many studies, coloni-
zation of plants by AMF declines with higher N availability,
but broad variation exists among studies (Treseder 2004).
Similar lack of consistency surrounds our understanding of
the role of AMF in plant N nutrition and growth. Some stud-
ies show a mycorrhizal benefit to plant N nutrition and to
plant growth (Hawkins et al. 2000; Mäder et al. 2000;
Azcón et al. 2001; Tu et al. 2006). Others have found that

mycorrhizae do not aid plant N uptake and that parasitism
is common, especially when P is abundant (Graham and
Abbott 2000; Grogan and Chapin 2000; Reynolds et al.
2005). The lack of agreement among studies may arise
from differences in the plant and fungal species tested.
Plant-growth responses to mycorrhizal colonization span a
wide spectrum from positive to negative, depending on the
specific combination of plant and fungal species (Kliro-
nomos 2003). We do not know whether mycorrhizae bene-
fited H. montana in our study. However, our choice of
native-soil inoculum enhances the possibility that
H. montana was colonized by more mutualistic mycorrhizae,
as plants in native communities tend to select for those my-
corrhizae that are most beneficial (Klironomos 2002). At the
same time, we do not know how effectively a rare plant can
select for beneficial mycorrhizal species, because of the
chance that those fungi are absent or infrequent in the com-
munity. It is a plausible hypothesis that parasitic mycorrhi-
zae are a substantial C drain on H. montana in its native
habitat, thereby contributing to the plant’s high light require-
ment. Clearly, nonmycorrhizal controls would be useful for
learning the costs and benefits of specific mycorrhizal asso-
ciations and effects on H. montana growth and nutrition.
Whether mycorrhizae are parasitic or mutualistic, the re-
sponses to light and nitrogen that we observed in this study
indicate reduced mycorrhizal C cost under elevated N.

Changes in foliar chemistry in H. montana as a response
to high N are a final indication of resource optimization via
adjustments in allocation to acquire light. Foliar N concen-
trations were substantially higher with N addition. In the
low-light treatment, higher chlorophyll concentrations indi-
cate that at least some of this N was allocated toward light
acquisition, increasing photosynthetic potential. Across spe-
cies adapted for different environments, it is generally
thought that high N is allocated preferentially towards
chlorophyll in shade-tolerant plants but to RuBisCO in
shade-intolerant plants (Niinemets 1997; Ryser and Eek
2000). The response by H. montana to an altered light envi-
ronment apparently does not correspond to the pattern ob-
served across species, as the highest chlorophyll
concentration occurred in the low light, high N treatment.
The benefit here of higher chlorophyll in an apparently

Table 4. Mycorrhizal colonization per plant expressed as percent of root length colonized and as total root length colo-
nized per plant, and ANOVA results (F values) for effects of light and nitrogen treatments.

Percent root length colonized Total root length colonized (cm�plant–1)

Vesicles Arbuscules Hyphae Vesicles Arbuscules Hyphae

Full sun
High N 0.0 (0.00)ab 2.5 (1.21)a 4.9 (1.56)a 0 (0.0)a 352 (204.9)a 309 (79.6)a
Low N 0.1 (0.03)ab 2.8 (1.39)ab 14.0 (2.48)a 6 (0.6)ab 269 (143.6)ab 1705 (425.6)b

Shade
High N 0.0 (0.00)a 0.1 (0.13)b 1.7 (0.55)b 0 (0.0)a 3 (3.3)b 39 (10.3)a
Low N 0.5 (0.27)b 2.6 (1.09)ab 5.8 (2.04)b 13 (95.8)b 74 (32.5)a 111 (33.8)ab

F values

Light 3.58 1.33 6.83** 2.98 3.53 36.15****
Nitrogen 8.19** 1.87 15.67*** 7.91** 0.69 10.44***
Light � nitrogen 3.58 9.15** 0.33 2.98 8.32** 0.08

Note: Standard errors of the mean are in parentheses (n = 10). Means with the same letter within a column are not significantly
different at P < 0.05. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****P < 0.0001.
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shade-intolerant plant relies on the corresponding increase in
SLA, providing more leaf area for interception of light.
Without photosynthetic measurements we cannot directly
assess the effects of high N at low light. Nevertheless, we
would expect higher chlorophyll and SLA to complement
reduced belowground C allocation in the low light, high N
treatment and to increase C fixation relative to the low N
treatment.

Despite changes in allocation, morphology, and chemistry
that would be expected to maximize aboveground plant
growth and light capture by H. montana, we did not detect
a substantial aboveground growth response to elevated
N. The trend toward higher aboveground biomass
accumulation with elevated N was small compared with the
effects of light, and the small aboveground response to N
does not support our initial hypothesis that high N alleviates
low-light limitations to growth. While H. montana
responded with obvious changes in allocation and
morphology, these responses did not as clearly translate to
large increases in aboveground growth. This may result
partly because a low overall plant C balance at low light
limits the extent to which changes in allocation and
morphology can improve aboveground growth. It is also
likely that higher tissue respiration associated with high N
concentration and specific root length (Lambers and Poorter
1992) contributes to the low growth response.

The minimal influence of N on growth at low light in
H. montana contrasts with a number of studies, although
response to nutrients at low light is not always found. In a
review of many studies, Coomes and Grubb (2000) proposed
that species with high inherent growth rates and responsive-
ness to light are generally most responsive to nutrients. This
idea is supported by studies demonstrating response to
nutrients at moderately low light by shade-intolerant but not
shade-tolerant species (Thompson et al. 1992; Catovsky and
Bazzaz 2000; Walters and Reich 2000), although evidence
for responses in shade-tolerant species exists also (Peace
and Grubb 1982; Lewis and Tanner 2000; Catovsky and
Bazzaz 2002). Houstonia montana is clearly responsive to
light. However, we know less about its potential for rapid
growth. Its dominance in rock outcrop environments with
little soil development, and hence a high probability of
belowground resource limitation, is consistent with stress-
tolerant species that have inherently slow growth (Chapin et
al. 1993). In contrast, Euliss et al. (2007) found rapid early-
season growth by H. montana relative to neighboring
species, in grassy-slope habitats. As noted by Coomes and
Grubb (2000), understanding factors that determine whether
nutrients can modify shade tolerance requires additional
mechanistic study across plants of carefully defined life
history types. Further study of the relative growth rate and
respiration responses to N should clarify the response to N
by H. montana, a plant species that appears to differ
somewhat from common generalizations regarding life-
history tradeoffs.

The overriding light limitation to growth of H. montana
in this greenhouse study is very likely representative of
limitations under field conditions. The strong light response
is consistent with its distribution in the environment, limited
to places where neighboring vegetation is less than 50 cm
tall (Wiser et al. 1998). The reduction in allocation to roots

and mycorrhizae in shade clearly reduced the potential for
H. montana to compete for nutrients. This did not appear to
interfere with nutrient uptake in the greenhouse, as foliar N
and P were not reduced by shade. Reduced belowground
allocation would be more likely to contribute to nutrient
limitation, and thereby exacerbate the light limitation, in a
mixed plant community in a field setting. However, our
results indicate that alleviation of nutrient limitation in
more fertile sites would not markedly reduce effects of the
light limitation. Moreover, changes in allocation in the field
setting could be constrained by other factors such as water
limitation. If this is true, then the allocation response that
we observed in the greenhouse would exceed that which
occurs in the native environment. Therefore, the main
conclusions of this greenhouse study should be applicable
to field settings with competition from neighboring plants
and with other factors influencing allocation.

In conclusion, this comprehensive assessment of the
response by H. montana to above- versus below-ground
limitations demonstrates a clear reliance on high light that
is not mitigated by N availability, and is unlikely to respond
to N availability in the field setting. Our interpretation is
aided by quantification of morphology, allocation, and
chemistry responses to light and nutrients that clearly show
responsiveness by H. montana to environmental variation. It
appears that the marked reduction in plant size at low light
minimizes the amount of aboveground growth that can result
from changes in allocation and morphology. We also
hypothesize that respiratory costs limit the growth response
at high N. Our results thus contribute to the growing
understanding of variable mechanisms underlying shade
intolerance in plants. Furthermore, there is considerable
interest in factors that limit the distribution of rare plants,
including the possibility of inherently poor competition for
light (Griggs 1940; Drury 1974; Baskin and Baskin 1988;
Lloyd et al. 2002; Lavergne et al. 2004). Additional
mechanistic studies on whole-plant and mycorrhizal
responses to environmental manipulations would facilitate
our understanding of the generality of these factors.
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Mäder, P.A., Vierheilig, H., Streitwolf-Engel, R., Boller, T., Frey,
B., Christie, P., and Wiemken, A. 2000. Transport of 15N from
a soil compartment separated by a polytetrafluoroethylene mem-
brane to plant roots via the hyphae of arbuscular mycorrhizal
fungi. New Phytol. 146: 155–161. doi:10.1046/j.1469-8137.
2000.00615.x.

McConnaughay, K.D.M., and Coleman, J.S. 1999. Biomass alloca-
tion in plants: ontogeny or optimality? A test along three re-
source gradients. Ecology, 80: 2581–2593.

Müller, I., Schmid, B., and Weiner, J. 2000. The effect of nutrient
availability on biomass allocation patterns in 27 species of her-
baceous plants. Perspect. Plant Ecol. Evol. Syst. 3: 115–127.
doi:10.1078/1433-8319-00007.
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