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Abstract Changes in forest openings affect light quality
and quantity, and the magnitude of rainfall that reaches
the soil surface. Osmorhiza depauperata, a geophyte,
acclimates to changes imposed because of forest open-
ings. We studied which changes in biomass allocation
allow acclimation of O. depauperata to the various
environments that this species inhabits, and where it
develops better. Three light intensities (I4 = 4 %,
I26 = 26 %, I64 = 64 % of ambient sunlight) and two
moisture levels (M40 = 40–60 %, M80 = 80–100 %
field capacity) were evaluated on O. depauperata under
greenhouse conditions. Plant biomasses per pot were
0.81, 0.56 and 0.48 g at I26, I4 and I64 light intensities,
respectively, after one growing season. The biomass
allocation to aboveground tissues and leaf area de-
creased as light intensity increased. Soil moisture mod-
ified only belowground biomass and weight of fine roots.
The interaction between soil moisture content and light
intensity was consistent. This was because of a signifi-
cant reduction in total plant biomass under high both
soil moisture content and high light intensity. Osmorhiza
depauperata growth was favored most at medium light
intensities. Changes in biomass allocation among vari-
ous organs allow this species to inhabit forest habitats
with different light intensities.

Keywords Light intensity Æ Soil moisture Æ Biomass Æ
Leaf area Æ Biomass allocation Æ Osmorhiza depauperata

Introduction

Changes in forest openings, either natural or anthro-
pogenic (i.e., tree harvesting), affect light quality and
quantity, and the amount of rainfall that reaches the soil
surface (Valverde and Silvertown 1997; North et al.
2005). These factors are very important for plant sur-
vival: they are paramount by themselves, and affect
other environmental factors (e.g., temperature, evapo-
transpiration, decomposition processes: Bristow and
Campbell 1984; Lieffers et al. 1999; Davidson and
Janssens 2006). Cover of understory species increases
rapidly after forest openings as a result of the new re-
source availability (i.e., more light and water). Under-
story species might also affect the natural forest
regeneration differently (Mcpherson and Weltzin 1998;
Martı́nez-Pastur et al. 2002); competition with seedlings
of forest plant species might be for light, water and
nutrients (Messier and Kimmins 1990; Clinton and Vose
1996) or throughout allelopathic substances (Mallik
2003). In other cases, understory species might have a
facilitating effect on forest regeneration by (1) protecting
it from extreme temperatures, high evapotranspiration
or herbivory (Ibáñez and Schupp 2001; Smit et al. 2006,
2007); and (2) improving water availability (Callaway
2007), light (Connell and Slatyer 1977) and nutrient
conditions (Kelly et al. 1998).

Physiological (photosynthesis, transpiration, nutrient
uptake) and biomass allocation changes are acclimation
mechanisms that allow plants to efficiently utilize resources
ina newhabitat. Plants fromshadedhabitats tend tohave a
lower light compensation point (LCP), respiration, and
maximum net photosynthesis; they also develop a higher
leaf area and invest a greater share of their resources into
aerial parts in comparison to plants from sunny habitats
(Bazzaz 1996). Another adaptation of understory plants
from deciduous forests is that leaf unfolding usually hap-
pens before the tree canopy develops, enlarging a small
window of time when light penetrates to the forest ground
and temperatures allow growth (Popovic et al. 2006).
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Despite changes in biomass allocation having been
studied in annual and perennial plants in various envi-
ronments (Dale and Causton 1992a; Canham et al. 1996;
Grubb et al. 1996; Pattison et al. 1998; Rünk and Zobel
2006), few studies have been conducted in geophytes.
Studies have focused mostly on determining plant bio-
mass patterns and use of reserves during the growing
season (Nault and Gagnon 1988; Eggert 1992; Ruiters
1994, 1995). Some studies have focused on the effects of
shading. Verdaguer et al. (2010) focused on bulb pro-
duction in Oxalis pes-caprae. These latter authors found
a decrease in vegetative (i.e., total plant biomass) and
reproductive (i.e., flower biomass) responses upon
shading. Other authors studied the plasticity in response
to light and phosphorus availability (Baeten et al. 2010).
They found effects only on the reproductive responses of
summer flowering geophytes but those of spring flow-
ering geophytes. Werger and Huber (2006) reported that
responses to different light levels could be delayed be-
cause of organ preformation. Musil et al. (2009) focused
their study on the effects of competition on a geophyte
under contrasting water and nutrient conditions so the
shading effects by plants could not be distinguished from
the belowground competition.

In geophytes, the unfavorable timing for growth oc-
curs belowground, when their reserve organs (bulb,
tubercle, rhizome, napiform root) develop buds towards
the soil surface (Raunkiaer 1934). As a result, a great
portion of the plant biomass is belowground, and the
aerial parts regenerate from it on each growing cycle.

Osmorhiza depauperata Philippi (Apiaceae) is a
perennial, geophyte herb with rhizomes. It is distributed
with an anti-tropical disjunction between North (mainly
western and northeastern US) and South America. In
South America, it can be found from Tierra del Fuego
(Argentina) to its Northern border in the Province of
Ñuble (Chile), passing through the Patagonian Andes. It
typically inhabits forests, like those of Nothofagus
pumilio, although it can also be found in open spaces
(Lowry and Jones 1984; Wen et al. 2002). It grows
during spring and summer, flowers from mid-spring to
early summer, produces fruits from mid- to late-sum-
mer, and enters into dormancy during winter (Moore
1983).

Osmorhiza depauperata shows a high plasticity. It
acclimates to forest stand openings, and is present dur-
ing the whole cycle of forest management (Martı́nez-
Pastur et al. 2002). Lencinas et al. (2012) found that the
maximum net photosynthetic rate (Amax), LCP, dark
respiration rate (DRR) and leaf saturation point (LSP)
increased in O. depauperata with increasing irradiance.
This species could facilitate or be a competitor of the
natural forest regeneration. Since it usually inhabits
forests, but also acclimates to managed forests, our
objectives were to determine (1) changes in biomass
allocation that allow O. depauperata to acclimate to the
various environments that it inhabits, and (2) charac-
teristics of the environments where this species develops
better. Hypothesis were that (1) O. depauperata assigns a

greater share of biomass to those organs that will ac-
quire the resources that limit growth—a hypothesis
supported by the economic theory (Bloom et al. 1985);
and (2) O. depauperata develops better in environments
where light and water availabilities are not limiting.

Materials and methods

Sampling procedures

One-year-old, 2- to 3-cm height plants of O. depauperata
were obtained from the understory of an undisturbed
forest of N. pumilio near Ushuaia (Tierra del Fuego,
Argentina; 54�43¢56¢¢S, 68�58¢17¢¢W) during the 1st week
of September 2006, before leaf emergence. This forest
had a high canopy cover (mean ± SD 94 ± 5 %),
which was measured with a concave, spherical den-
sitometer (Forestry Suppliers, http://www.forestry-
suppliers.com/); this instrument is a concave, spherical
gridded mirror used to calculate canopy cover (Lemmon
1957). Plants were placed in plastic pots (14 cm diame-
ter, 15 cm height) containing a mixture of peat, sand and
forest litter (1:1:1). Physicochemical properties [e.g.,
sand/silt/clay (%) 36–24–40; organic matter 7 %;
pH 4.99, and soil moisture content at field capacity
81 %] were similar to those reported for undisturbed,
primary forests of N. pumilio (Romanyà et al. 2005).
Field capacity was determined gravimetrically (Brown,
1995) by measuring soil moisture content after 2 days of
saturating the soil (Soriano Soto and Pons Martı́ 2004).

Pots were placed in a greenhouse, covered with a
100 lm nylon to exclude rainfall, during one growing
season (September 2006–March 2007) at Ushuaia city
(Tierra del Fuego, Argentina; 54�46¢05¢¢S, 68�12¢27¢¢W).
Within the greenhouse, three light intensities were ob-
tained using one or two layers of commercial shade cloth
in addition to the nylon cover, resulting in 4, 26 and
64 % of the natural incident irradiance (I4, I26 and I64,
respectively). During summer, the mean solar radiation
reaching the soil surface was 2,085 ± 534 lmol m�2

s�1, with a maximum value of 2,702 lmol m�2 s�1,
which was measured using a lux-meter (Model Extech,
Waltham, MA) in lux units (visible flux density) and
converted to photosynthetic photon flux density (PPFD)
using the methods provided by Thimijan and Heins
(1983). Compared with field measurements, experimental
irradiances assayed in the greenhouse reflected natural
conditions: the low irradiance treatment (I4) corre-
sponded to an undisturbed forest with a full closed
canopy; the medium irradiance treatment (I26) was
comparable to either open areas inside undisturbed for-
ests or closed sectors in harvested stands (up to 30 m2

ha�1 basal area), and the high irradiance treatment (I64)
was comparable to post-harvesting conditions in man-
aged forests with large open areas (10–15 m2 ha�1 basal
area) (Martı́nez-Pastur et al. 2007).

Temperature was controlled by forcing ventilation
until <24 �Cwas obtained at the plant leaf level. Air and
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soil temperatures, and air relative humidity, were moni-
tored in each irradiance treatment using data loggers
(ONSET Computer Corporation, http://www.onsetcomp.
com/) throughout the study period (Table 1). Within each
light intensity level, soil moisture content on half of the
plants was maintained at 40–60 % field capacity (M40),
while the other half was kept at 80–100 % field capacity
(M80) via manual irrigation. Every 3 days, irrigation
amounts were determined as the weight difference between
the theoretical maximum weight at each level of field
capacity and the actual pot weight. Measured soil moisture
levels were similar to those under natural conditions, from
medium soil moisture levels (M40) in undisturbed forests to
higher soil moisture levels (M80) in cut stands, since har-
vesting increase effective rainfall at the understory level
(Aussenac 2000).

Six plants per irradiance and moisture treatment were
sampled randomly monthly from October to March (six
dates). For each plant, total leaf area (LA, cm2) was first
measured using digital photos of the leaves and image
analysis software, and then averaged for each treatment
(Hovenden and Vander Schoor 2003). Thereafter,
aboveground (AB), and fine (FR) and thick (TR) root dry
weight biomasses (g) were obtained per plant. Above-
ground biomass consisted of leaves, stems and inflores-
cences. Roots were classified as fine when they were
<2 mm diameter, or thick when they were more than
2 mm diameter and included napiform roots. Below-
ground biomass (BB) was obtained as FR + TR, and
whole plant biomass (PB) as AB + BB. Additionally, the
following ratios were calculated: aboveground/whole
plant biomasses (AB/PB) and leaf area ratio (LAR, cm2

g�1). These variables were selected because they represent
the final outcome of several previous processes (i.e.,
photosynthesis, respiration, resource allocation within
the plant, morphological and metabolic processes, etc.).

Relative growth rates (RGR) and net assimilation
rate (NAR) were calculated for each treatment combi-
nation using the formulas provided by Hunt et al.
(2002):

RGR ¼ ðloge W2 � loge W1Þ=ðt2 � t1Þ ð1Þ
NAR � ½ðW2 � W1Þðloge LA2 � loge LA1Þ�=½ðLA2 � LA1Þ

ðt2 � t1Þ� ð2Þ

where logeWi is the mean of the loge of the harvest
weights at time i. Wi is the weight of the plants at time
i. LogeLAi is the loge mean of leaf area. LAi is the leaf
area and ti is the date of the harvest i in days.

Statistical analysis

Data were analyzed using a three-way ANOVA (6
dates · 3 irradiances · 2 moisture levels). Also, one-way
ANOVAs were conducted to compare irradiance-soil
moisture content treatments within each sampling date,
and to compare sampling dates within each irradiance-
soil moisture content treatment. When F tests were sig-
nificant, means were always compared using the Tukey’s
test (P < 0.05). The tests of Kolmogorov–Smirnov and
Levene were used to evaluate normality and homosce-
dasticity assumptions, respectively. Because of this, data
(x) of total leaf area; whole plant, aboveground, and fine
and thick root biomasses, and total leaf area/whole
plant biomass ratios needed to be transformed to
log(x + 1), and those of aboveground/whole plant
biomass ratios to sin�1�x, before analysis (Zar 1996).
For RGR and NAR data analysis, since there were not
enough replicates to do a full three way ANOVA, dates
were pooled by season: two dates in spring and three
dates in summer. All reported data correspond to back-
transformed values. Software packages included: R 2.12-
1 (R Development Core Team 2011) for statistics,
‘‘ggplot2 0.89’’ package for graphing (Wickham 2009),
and ‘‘vegan 1.17-8’’ for CCA (Oksanen et al. 2011).

Results

All measured variables and study ratios changed
significantly with irradiance treatments and dates
(Table 2). Soil moisture content, however, only affected
significantly the fine root and belowground biomasses.
Total leaf area and both estimated ratios were signifi-
cantly higher at I4. Total leaf area was almost twice or
five times greater in I4 than in I26 or I64, respectively.
The leaf area fraction followed the same pattern. The
aboveground/whole plant biomass ratio was 1.7 or 1.38
times greater in I4 than in I26 or I64, respectively.

Table 1 Climatic variables in the greenhouse where Osmorhiza depauperata plants were placed and exposed to three irradiance levels
throughout a growing season at Ushuaia city, Argentina. Values are mean ± 1 SE; I64, I26 and I4 = 64, 26 and 4 % of natural incident
irradiance, respectively

Month Air temperature (�C) Air humidity (%) Soil temperature (�C)

I64 I26 I4 I64 I26 I4 I64 I26 I4

October 8.5 ± 2.7 9.1 ± 2.4 9.5 ± 2.3 66 ± 8 66 ± 7 65 ± 7 9.1 ± 2.1 8.1 ± 1.3 8.0 ± 1.4
November 11.4 ± 2.5 12.5 ± 2.4 12.5 ± 2.3 67 ± 8 66 ± 7 66 ± 6 12.2 ± 1.8 11.2 ± 1.3 11.0 ± 1.3
December 11.9 ± 3.2 12.9 ± 3.1 13.0 ± 3.0 67 ± 6 66 ± 5 67 ± 5 12.1 ± 2.1 11.4 ± 1.7 11.3 ± 1.8
January 16.3 ± 1.2 16.9 ± 1.5 16.9 ± 1.4 65 ± 2 65 ± 2 64 ± 2 16.6 ± 1.0 14.4 ± 0.7 14.3 ± 0.8
February 13.1 ± 2.1 13.6 ± 1.9 13.4 ± 1.8 66 ± 10 66 ± 9 68 ± 9 13.6 ± 1.3 12.4 ± 0.7 12.1 ± 0.9
March 10.9 ± 2.4 11.2 ± 2.4 10.8 ± 2.3 67 ± 7 68 ± 7 69 ± 7 11.2 ± 1.7 10.4 ± 1.2 10.1 ± 1.3
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Aboveground biomass was two times greater in I4
and I26 than in I64. Thick root biomass was two times
greater in I26 than in I4 and I64. Also, fine root biomass
was 1.4 or 2.8 times greater in I26 than I64 or I4,
respectively. Whole plant biomass was 55 % greater in
I26 than in I64 and I4. Belowground and fine root
biomasses were 14 and 18 % greater at M40 than at
M80, respectively. The same pattern was observed for
most of the other variables; however, no significant
differences were detected. Total leaf area and the bio-
mass variables significantly increased throughout the
growing season. By March, total leaf area and whole
plant biomass had increased by almost 1,473 and
1,925 %, respectively. Similar percentages were found
for the biomass compartments. The AB/PB ratio in-
creased from 0.36 in October to 0.53 in November, and
then decreased to 0.31 at the end of the experiment.
LAR was highest in November and minimum in March.
The interactions between irradiance, soil moisture and
dates were due mostly to differences between treatments
in the first dates, which were less marked than in the
following months. A consistent interaction between
irradiance and soil moisture was found to be caused by
significant differences in leaf area and all biomasses be-
tween soil moisture contents only in the I64 treatment.

Results of the one-way ANOVAs also showed con-
tinuous and significant increases in total leaf area and
whole plant biomass throughout the growing season
(Tables 3, 4). Except for I64-M80, total leaf area in-

creased since November onwards. Only these two vari-
ables are presented since the other biomass variables
responded similar to whole plant biomass. The I64-M80
treatment showed the lowest values of total leaf area
(Table 3) and whole plant biomass (Table 4) at any date.
Greatest values for total leaf area occurred under I4
which were almost two times greater than under I26, and
almost four times greater than under I64-M40, inde-
pendently of the soil moisture content. These differences
in total leaf area were delayed between I4 and I26
compared with I4 and I64-M40, making differences even
more conspicuous. Despite differences in whole plant
biomass reached 44 %, we found no significant differ-
ences among the treatments I26, I4 and I64-M40. Re-
sponses of total leaf area and whole plant biomass to
irradiance were early in the growing season (Tables 3, 4).

Similar results were shown for biomass allocation at
the end of the growing season (March, Fig. 1). More-
over, at this time, plants showed a smaller development
at the I64-M80 than at the I64-M40 treatment as indi-
cated by a lower total leaf area and whole plant biomass
and its components (Table 3; Fig. 1).

The fraction of thick root biomass was similar in all
treatments in October. However, there was an 18 %
decrease later on in I4 and I26 (Fig. 2). This decrease
was only 5 % in I64. The thick root fraction grew faster
in I26 than in I4, reaching the same fraction as in I64.
The fine root biomass fraction was 35 or 114 % greater
in I64 than in I26 or I4, respectively. It grew slightly in

Table 3 One-way ANOVAs for total leaf area (cm2) of O. depauperata plants exposed to various irradiance and soil moisture levels,
showing means (n = 6) for six dates throughout the growing season. Capital letters represent differences among columns within each row.
Lower-case letters represent differences among rows within each column. In both cases, the Tukey’s test was used at P < 0.05. I64, I26
and I4 = 64, 26 and 4 % of natural incident irradiance, respectively; M80 = 80–100 % soil moisture content; M40 = 40–60 % soil
moisture content. F(p): F test and its associated probability

Date I64-M80 I26-M80 I4-M80 I64-M40 I26-M40 I4-M40 F(p)

October 5.52 A,a 6.42 AB,a 16.31 C,a 8.90 ABC,a 11.65 ABC,a 13.51 BC,a 5.55 (0.0010)
November 17.30 A,b 52.87 BCD,b 83.87 D,b 31.23 AB,b 37.89 BC,b 64.64 CD,b 14.93 (0.0000)
December 18.99 A,b 127.42 C,c 149.31 C,c 35.73 B,b 65.38 B,b 125.98 C,bc 34.08 (0.0000)
January 20.10 A,b 160.89 D,c 191.18 D,cd 32.81 AB,b 65.31 BC,b 148.48 CD,c 21.98 (0.0000)
February 17.40 A,b 194.12 CD,c 275.80 D,de 65.06 B,bc 147.99 C,c 252.43 D,cd 81.47 (0.0000)
March 31.38 A,b 164.80 C,c 386.39 D,e 79.86 B,c 151.42 C,c 351.69 D,d 94.13 (0.0000)
F(p) 10.52 (0.0000) 119.40 (0.0000) 87.13 (0.0000) 18.98 (0.0000) 51.00 (0.0000) 47.92 (0.0000)

Table 4 One-way ANOVAs for whole plant biomass (g) of O. depauperata plants exposed to various irradiance and soil moisture levels,
showing means (n = 6) for six dates throughout the growing season. Capital letters represent differences among columns within each row.
Lower-case letters represent differences among rows within each column. In both cases, the Tukey’s test was used at P < 0.05. I64, I26
and I4 = 64, 26 and 4 % of natural incident irradiance, respectively; M80 = 80–100 % soil moisture content; M40 = 40–60 % soil
moisture content. F(p): F test and its associated probability

Date I64-M80 I26-M80 I4-M80 I64-M40 I26-M40 I4-M40 F(p)

October 0.05 A,a 0.05 A,a 0.11 AB,a 0.16 B,a 0.07 AB,a 0.06 AB,a 3.31 (0.0168)
November 0.16 –,a 0.30 –,a 0.24 –,a 0.28 –,ab 0.19 –,ab 0.20 –,ab 2.16 (0.0859)
December 0.28 A,ab 0.81 B,b 0.42 AB,ab 0.42 AB,ab 0.48 AB,b 0.41 A,b 4.03 (0.0064)
January 0.60 –,c 1.09 –,bc 0.75 –,b 0.75 –,bc 0.57 –,b 0.47 –,bc 2.29 (0.0703)
February 0.44 A,bc 1.73 C,cd 0.91 ABC,b 1.09 ABC,cd 1.66 BC,c 0.85 AB,c 7.72 (0.0001)
March 0.48 A,bc 2.27 B,d 1.62 B,c 1.64 B,d 2.27 B,c 1.46 B,d 13.26 (0.0000)
F(p) 11.60 (0.0000) 36.52 (0.0000) 20.56 (0.0000) 17.82 (0.0000) 44.84 (0.0000) 29.52 (0.0000)
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all treatments except in I4, where it remained fairly
constant at 10 %. The aerial biomass fraction increased
in November to 56 or 50 % in the I26 and I64 treat-
ments, respectively, and then decreased in the following
months to 25 %. In the I4 treatment, however, it re-
mained fairly high during the growing season (i.e.,
51–66 %; Fig. 2), and then decreased rather slowly in
February and March to 51 %.

We found an interaction between irradiance and the
soil moisture treatment for RGR (Table 5; Fig. 3a).
Values were lowest in I64-M80 (15.5 mg g�1 day�1) and
highest in I26-M80 (37.33 mg g�1 day�1). Plants had
intermediate values of RGR in I64-M40 and I4
(27.05 mg g�1 day�1). Also, RGR declined with time
and there was no interaction of this factor with any
other (Table 5; Fig. 3). It was higher in spring
(30.99 mg g�1 day�1) than in summer (21.16 mg g�1

day�1).
There was also an interaction in NAR between irra-

diance and the soil moisture treatment (Table 5; Fig. 3
b). It was highest at I64-M40 (0.36 mg cm�2 day�1),

intermediate at I64-M80 (0.21 mg cm�2 day�1) and I26
(0.26 mg cm�2 day�1), and significantly lowest at I4
(0.09 mg cm�2 day�1). No effect of season was found.

Discussion

Osmorhiza depauperata was sensitive to the light
intensity and soil moisture contents to which it was
exposed. However, only the belowground and fine root
biomasses differed in the two study soil moisture
contents under low and medium light intensity expo-
sures. In comparison to results obtained under low soil
moisture contents, total plant biomass, but not its
allocation, was the only trait affected under I64-M80
conditions. The interaction between irradiance and soil
moisture content (i.e., the fact that the influence of soil
moisture content on whole plant biomass and total
leaf area was found only under I64) is explained below
in the section ‘‘Interaction irradiance-soil moisture
content’’.

Fig. 1 Aboveground, belowground, and thick and fine root bio-
masses of Osmorhiza depauperata plants for each irradiance and soil
moisture content treatment in the last sampling date (March). I64, I26
and I4 = 64, 26 and 4 %of natural incident irradiance, respectively;

M80 = 80–100 % soil moisture content; M40 = 40–60 % soil
moisture content. Bars are mean ± 1 SD of n = 6. Different letters
above bars indicate significant differences according toTukey’s test at
P < 0.05 among the six studied treatments
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Biomass allocation

Light intensity affected biomass allocation. Plants as-
signed a greater share of carbon to aboveground bio-
mass and total leaf area development at lower light
intensities. As a result, LAR was greater under low than
at high light intensity.

At the I26 and I64 treatments, plants allocated 15 and
23 % more biomass to belowground organs, respec-
tively, than at the I4 treatment (Fig. 2; Table 3). Our
results agree with those of Dale and Causton (1992a, b),
Eickmeier and Schussler (1994), and Toledo-Aceves and
Swaine (2008) on other herbaceous species.

Carbon and water balances play an important role in
plant acclimation to various habitats (Bazzaz and
Carlson 1982; Reynolds and Thornley 1982; Bloom et al.
1985; Hilbert 1990; Gleeson 1993). Early in the growing

season, aboveground biomass in geophytes is produced
at the expense of the plant’s carbon reserves (i.e., from
the belowground storage organs: Eggert 1992) which in
Osmorhiza depauperata are at the thick roots. In the I4
and I26 treatments, the thick root fraction decreased
steeply at the onset of the growing season (from 0.45 to
0.27), while it decreased slightly from 0.41 to 0.36 in the
I64 treatment, and in the following months it remained
around 0.48. This decrease was due to an increase in the
aboveground biomass rather than a decrease in the thick
root biomass (Table 2). The thick root biomass re-
mained 36 % lower on average in the I4 than in the
other treatments from early summer (January) onwards;
at the same time, it increased steadily from 0.28 to 0.52
in the I26 treatment (Fig. 2). The increase in the thick
root fraction occurred in all treatments; however, it was
delayed by a month in I26 and 2 months in I4 when

Table 5 ANOVA for relative growth rate (RGR) and net assimilation rate (NAR) of O. depauperata plants exposed to various irradiance
and soil moisture levels. DF Degrees of freedom, F(p) F test and its associated probability

Factor DF RGR NAR

Irradiance 2 22.91 (0.0000) 88.29 (0.0000)
Soil moisture 1 0 (0.985) 6.03 (0.0252)
Season 1 57.55 (0.0000) 0.39 (0.5388)
Irradiance · soil moisture 2 12.84 (0.0004) 16.35 (0.0001)
Irradiance · season 2 1.95 (0.1726) 0.16 (0.8544)
Soil moisture · season 1 0.66 (0.4261) 0.47 (0.5022)
Irradiance · soil moisture · season 2 2.09 (0.1541) 2.18 (0.1435)

Fig. 2 Aboveground and belowground biomass allocation of O.
depauperata plants throughout the growing season for each
treatment of irradiance and soil moisture content. I64, I26 and
I4 = 64, 26 and 4 % of natural incident irradiance, respectively;

M80 = 80–100 % soil moisture content; M40 = 40–60 % soil
moisture content. For each date, the mean corresponded to n = 6.
AB (light grey color) aboveground biomass, FR (grey color) fine
root biomass, TR (black color) thick root biomass
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compared to the I64 treatment. This finding could be the
result of a delay in the ontogenetic drift caused by dif-
ferent irradiances (Geng et al. 2007; Xie et al. 2012).

In low light environments, the major constraint to
growth is the low energy available to build carbon
structures; as a result, plants will respond producing
larger leaves, with lower specific leaf area, and greater
chlorophyll and lower soluble protein contents in these
habitats (Givnish 1988). In most species, however, leaf
mass fraction is insensitive to light conditions (Poorter
and van der Werf 1998). In I4, the fraction of above-
ground biomass remained from 5 to 34 % higher than in
other treatments; plants produced bigger and thinner
leaves, and also allocated more biomass to leaves in this
treatment, which might contribute to enhancing the light
harvesting surface (Table 2). This result differs from
spring geophytes where the aboveground biomass frac-
tion remains low even after canopy closure (Popovic
et al. 2006). This is probably because Osmorhiza dep-
auperata remains active during the whole spring and
summer, while spring geophytes remain active only for a
short time period after canopy closure.

In the I64 treatment, carbon allocation to fine roots
was 13 % greater than in the I26 treatment, and 57 %
greater than in the I4 treatment (Fig. 2). This might be
because leaves in sunnier environments transpire more
water. Therefore, plants invest more resources into root
growth than leaf area production (Turner and Begg
1981). Greater carbon allocation to root growth might
allow for a better soil resource exploration, and a greater
root nutrient and water uptake. This is because fine
roots conduct the greatest nutrient and water uptake
(Jackson et al. 1997; Bader et al. 2009). In other words, a
greater investment in fine root biomass would improve
these processes (Brundrett et al. 1996). Simultaneously,
I64 showed a reduction of 65 % in the aboveground
biomass fraction, and 72 % in the total leaf area. Dale
and Causton (1992a) attributed the reduction in total
leaf area under high light conditions to an acclimation

for reducing evapotranspiration; this would contribute
to maintaining the plant water balance. On the hand, the
fraction of fine roots was low in the I4 treatment: only
38 % of that in the other treatments at the end of the
summer (March). At the same time, however, the frac-
tion of fine roots was similar in the I26 and I64 treat-
ments. Very likely, the low PAR in the I4 treatment did
not allow a great enough carbon input for growth and
maintenance of finer roots. This is because roots are
costly to maintain; they have a greater respiration rate
than aboveground tissues (Lambers et al. 1983; Amthor
1984).

Biomass accumulation

The greatest amount of biomass at any soil moisture
content was found on plants exposed to the I26 treat-
ment on average for all sampling dates (Table 2). At the
end of the summer (i.e., March), however, whole plant
biomass was similar under all study irradiance levels.
The only exception was under I64-M80 where biomass
was only 21 % that of I26 (Table 4). These results sug-
gest that plants acclimated to various habitat conditions,
and reached a similar biomass under most irradiance
levels. Acclimation was both physiological (Lencinas
et al. 2012), and in terms of differential biomass allo-
cation (see previous section).

Biomass accumulation in perennial organs is in-
creased towards the end of the growing season in low-
nutrient perennial plants. In these plants, root nutrient
reserves might be remobilized in the following growing
season (Chapin 1980). In the present study, the pattern of
biomass accumulation in the different compartments
differed among irradiance treatments. For example,
biomass accumulated preferentially in the thick roots
earliest (December) in I64, intermediate (January) in I26,
and latest (February) in I4 when aboveground biomass
growth remained high (Fig. 2). These differences in the

Fig. 3 a Relative growth rates (RGR), b net assimilation rate
(NAR) of O. depauperata plants throughout the growing season
for each treatment of irradiance and soil moisture content. I64, I26
and I4 = 64, 26 and 4 % of natural incident irradiance,
respectively. Squares I64, circles I26, triangles I4. Open shapes

80–100 % soil moisture content, closed shapes = 40–60 % soil
moisture content. Bars Standard error. Different letters above bars
indicate significant differences according to Tukey’s test at
P < 0.05 among the six studied treatments

476



patterns might help to explain some of the differences in
the final date (March), where the thick root biomass was
49 % lower in I4 than in I26 (Fig. 1).

Plants in the I64 treatment failed to produce more
biomass than those in the I26 treatment despite having a
60 % greater available PAR. This result can be ex-
plained because of a lower photosynthetic capacity per
plant in the I64 than in the other irradiance treatments.
Multiplying the photosynthetic rate per unit leaf area
(Lencinas et al. 2012) by the leaf area of plants in the
present work we can get a rough estimate of the pho-
tosynthetic rate per plant. Some assumptions must be
made: (1) leaves were exposed to the mean irradiance
they were grown at (I64 = 1,334.4 lmol PPFD m�2 s�1;
I24 = 524.1 lmol PPFD m�2 s�1; I4 = 83.4 lmol PPFD
m�2 s�1), and (2) there was no self-shading between
leaves or plants. This showed that plants fixed 33 % or
65 % less carbon in the I64-M40 or I64-M80, respec-
tively, than in the I26 and I4 treatments. This indicates
that, even though leaves had higher Amax in the I64 than
in the other light treatments (Lencinas et al. 2012), in-
creased Amax was not enough to cope with the reduction
in leaf area at the highest irradiance levels. Furthermore,
the LSP in this species is 454 lmol PPFD (Lencinas
et al. 2012), which is less than half of the available light
in the I64 treatment. This means that plants in this
treatment were unable to handle that light availability
for converting it into carbon reserves. This contrasts
with the results from several authors (Sims and Pearcy
1989, 1994; Skillman et al. 1996), although Tani et al.
(2001) observed the same phenomena for an understory
evergreen perennial herb.

On the other hand, the net photosynthetic rate per
plant was almost equal in the I4 and the I26 treatments,
despite the fact that plants in the I4 treatment grew at an
irradiance far below the LSP (293 lmol m�2 s�1:
Lencinas et al. 2012). We found the greatest leaf area in
I4 compared to any other irradiance treatment. Leaf
area is a greater contributor to RGR than Amax (Sims
et al. 1994; Poorter et al. 1990; Evans and Poorter 2001;
Poorter 2002; Lambers et al. 2008).

The decrease of leaf area in I64 was because plants
produced a smaller number of small leaves than at lower
irradiance levels. The number of leaves did not differ
between either irradiance or soil moisture content
[P(>v2) = 0.66 and 0.32, respectively, data not shown].
Perhaps, this was the result of organ preformation
constraints (Watson and Casper 1984; Werger and
Huber 2006), invariablemeristem size, or apicaldominance
(Lambers et al. 2008). This suggests that this species
might be unable to take advantage of higher light
intensities even though it is able to grow under different
environments.

Plants exposed to the I26 treatment showed a 118 %
thicker root biomass than I4 and I64-M40 in March
(Fig. 1). It would then be expected that these plants
might produce more leaves, or leaf area and inflores-
cences in the following growing season. On the other
hand, plants exposed to the I64-M80 treatment had the

lowest thickness in root biomass. Root reserves could be
used to (1) produce new leaves early in the next spring,
after the aerial plant portion has died in the previous
winter; and/or (2) produce better reproductive structures
during the following growing season. Bigger plant size
and reserve pools have usually been correlated with
higher plant survival and fructification (Meekins and
McCarthy 2000; Obeso 2002).

Soil moisture content

The study soil moisture levels were well above the per-
manent wilting point (9.8–11.5 %) reported by Hend-
rickson and Veihmeyer (1945) for similar textured soils.
Thereafter, soil moisture content was not a limiting
factor for growth within each studied light intensity
treatment. A greater proportion of the root system is
expected as fine roots in environments where soil avail-
able water content is low (Olesinski et al. 2011). Fine
root biomass was 18 % greater in the M40 than in the
M80 treatment (Table 2). However, it was a small pro-
portion of the total plant biomass in comparison to the
other plant biomass components. On the contrary, the
difference between I4 and I26 in fine root biomass was
64 % (Table 2). This result is expected since water status
affects biomass allocation to a lesser extent than light-
availability (Poorter and Nagel 2000).

Interaction irradiance-soil moisture content

Whole plant biomass and total leaf area were lower in
the I64-M80 than in the I64-M40 treatment (Table 4).
This might be the result of increased root respiration
under high irradiance (Hansen 1977; Ekblad and Hög-
berg 2001; Högberg et al. 2001) and higher soil tem-
perature (Table 1; Lambers et al. 2008) coupled with
poor soil aeration because of high soil moisture. The
magnitude and flow of oxygen in soils is inversely pro-
portional to its moisture content as a consequence of the
low solubility of oxygen in water (Grable and Siemer
1967; Scanlon et al. 2002). Under I26 and I4, soil aera-
tion might have been high enough to maintain root
respiration even under high soil moisture contents, since
root respiration was most likely lower.

This is relevant since harvested forests receive greater
amounts of solar radiation and water onto the soil sur-
face than in undisturbed forests (Aussenac 2000).

Growth analysis

The RGR was similar to that reported in other studies of
geophytes (Popovic et al. 2006; Duchoslav 2009). NAR
values were low compared with those reported by
Popovic et al. (2006). As with other variables, RGR and
NAR interacted with irradiance and soil moisture con-
tent (Fig. 3). RGR values agreed with results for total
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biomass. RGRs were 29, 33 or 119 % higher at I26 than
at I64-M40, I4 or I64-M80, respectively. The decline in
RGR with time is a common phenomenon because of
self-shading or increase in plant age, which necessarily
requires a greater investment in supporting structures
(Poorter 2002). It was also the case in O. depauperata
because the increases in thick root biomass constitute
unproductive tissue since it does not capture energy.

NAR values followed another pattern. They were 39,
69 or 302 % higher at I64-M40 than at I26, I64-M80 or
I4, respectively. This pattern agrees with values found by
Lencinas et al. (2012) for Amax. However, NAR values
were significantly higher for I26 than for I4, while Amax

showed no significant differences in Lencinas et al.
(2012). This can be explained because leaf area was
127 % higher in I4 than in I26, which also showed a
smaller carbon balance after exposure to a lower irra-
diation (Table 3).

The difference reported in the patterns followed by
RGR and NAR can be explained because most of the
variation in RGR is caused by LAR (Poorter and van
der Werf 1998). LAR in I64 was 47 % less than that in
I24, and 76 % less than that in I4. The covariance be-
tween NAR and LAR explains a great deal of variation
in RGR.

Implications for adaptation under field conditions

Although plants acclimated well to low irradiance con-
ditions, they did not profit from higher irradiances. This
contrasts with previous reports for this species. A low
plasticity is common in shade-adapted species where the
environment is very stable (Elemans 2004). This low
flexibility to changing environments might help explain
why this species has been cited as typical of shaded
habitats (Moore 1983).

Although the plants tested here survived in all treat-
ments, this does not mean that they would do so under
field conditions, where competition is present. The low
yield under high irradiance suggests that O. depauperata
could be outgrown by more vigorous species. However,
we acknowledge that this study was performed during
only one growing season, and that acclimation to higher
irradiances might need more time (Werger and Huber
2006). Our results could also explain the absence of O.
depauperata in flooded sites (resulting from the invader
rodent Castor canadensis) because at these sites the
irradiance levels are high (Martı́nez-Pastur et al. 2006).

Conclusions

The results partially supported the first hypothesis.
Osmorhiza depauperata modified its biomass allocation
when exposed to various irradiances. The study soil
moisture contents changed only the fine root biomass
values. The second hypothesis, however, had to be

rejected. At the end of the growing period, whole plant
biomass was unaffected by the study irradiances, al-
though the I26 environments tended to have a greater
whole plant biomass. It appeared that I26 was the most
favourable irradiance for O. depauperata, where below-
ground biomass was highest.

Changes in biomass allocation among various organs
in O. depauperata contribute to its existence in con-
trasting habitats. For example, a higher leaf area under
darker conditions allows this species to capture the little
light available; also, a root system with a higher pro-
portion of fine roots allows O. depauperata to survive in
more open, illuminated habitats, where evapotranspi-
ration is greater.
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Smit C, Den Ouden J, Müller-Schärer H (2006) Unpalatable plants
facilitate tree sapling survival in wooded pastures. J Appl Ecol
43:305–312

Smit C, Vandenberghe C, den Ouden J, Müller-Schärer H (2007)
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