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a  b  s  t  r  a  c  t

We  studied  the  phenotypic  plasticity  of  physiological  and  growth  traits  in  two  distinct  clones  of  com-
mon  reed  (Phragmites  australis  (Cav.)  Trin.  Ex Steud.).  Replicates  of  a clone  from  Denmark  (DK  clone)
belonging  to  the  European  temperate  P. australis  and  a clone  from  Algeria  (ALG  clone)  belonging  to  the
African-Mediterranean  gene  pool  of  P. australis  were  grown  in phytotrons  in a  factorial  block  design
at 15 ◦C or  25 ◦C  daytime  temperature  and  high  or  low  fertilization  level.  Plant  growth,  tissue  nutrient
concentrations,  photosynthetic  pigments  and photosynthetic  characteristics  were  measured.  Phenotypic
plasticity  was  quantified  for  the  measured  traits  as  plasticity  indices  in relation  to temperature  and  fer-
tilization.  The  plasticity  index  was  calculated  as the  difference  between  the maximum  and  the  minimum
mean  value  divided  by  the maximum  mean  value  of  a  parameter  within  a  treatment.  The functional  sig-
nificance  of the  plasticity  and  its contribution  to  plant  fitness  was  assessed  by  correlation  of  the  plant
traits  to plant  biomass  as  a proxy  for  fitness.

The  DK  clone  responded  much  more  to temperature  than  the  ALG  clone,  which  responded  more  to
fertilization,  and  both  clones  responded  to  high  fertilization  with  lower  allocation  of  biomass  to  roots
and  rhizomes.  The  ALG  clone  had  a  higher  nutrient  demand  due  to  its  large  and  fast  biomass  develop-
ment.  Hence,  for most  traits,  the  calculated  plasticity  indices  for fertilization  were  highest  for  the  ALG
clone,  especially  within  photosynthetic  parameters  and  pigments,  and  the  plasticity  indices  for  temper-
ature  were  highest  for the  DK  clone,  especially  within  growth  parameters.  In both  clones,  photosynthetic
pigments,  biomass  allocation  to leaf  blades  and  rhizomes,  the shoot:root  ratio  as well  as  leaf  and  shoot
production  rates  were  highly  correlated  to fitness.  These  traits  also  had  a  relatively  high degree  of  plastic-
ity, indicating  a functional  significance  of plasticity,  but several  traits  that  showed  high  plasticity  did  not

correlate  with  fitness  (e.g.  Pmax). We  conclude  that  the  responses  of  the  two contrasting  P.  australis  geno-
types  to  temperature  and  fertilization  are  genetically  determined  and  related  to  the  climatic  conditions
at the  site  of  their  origin.  Although  phenotypic  plasticity  per  se is  not  a precondition  for  plant  fitness,  the
genetically  determined  differences  in the  degree  of  phenotypic  plasticity  of  distinct  P. australis  genotypes
to temperature  and  nutrient  availability  affect  fitness  and  may  influence  how  the  genotypes  will  respond

hang
to global  environmental  c

. Introduction

Plants of the same species with several distinct genotypes are
apable of growing in different habitats of high environmental het-
rogeneity. As a consequence, they may  possess a high phenotypic
ariation (Lehmann and Rebele, 2005; Sultan, 1995). Phenotypic
lasticity is generally defined as the capacity of a genotype to
roduce distinct phenotypes when exposed to different environ-

ental conditions, and phenotypic plasticity has been suggested

mportant for adaptation to temporal environmental changes and
patial heterogeneity (Bradshaw, 1965; Sultan, 2000). Adaptive
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phenotypic plasticity is the phenotypic response to an environ-
ment that enhances plant performance. This phenotypic variation
is often considered to be a functional response maximizing fitness
in the particular environment (Sultan, 1995). Sudden environmen-
tal changes might put species lacking sufficient plasticity at risk
of extinction, not being able to withstand unfavorable conditions
(Coleman et al., 1994; Sultan, 2000).

Plasticity is trait-specific, as genotypes are not plastic but can
disclose plastic traits when exposed to contrasting environmental
conditions. An example is a rapid change in growth characteris-
tics and morphology that can provide greater access to limiting

resources (Grime and Mackey, 2002; Haraguchi, 1993). Thus, to
compensate for biomass reduction occurring under resource limi-
tation, plants increase biomass allocation to roots in low-nutrient
soils. Such functional plasticity can allow the genetic individual to
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http://www.sciencedirect.com/science/journal/03043770
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row and reproduce successfully in different environments (Sultan,
000).

Plants encounter multiple environmental factors and the effects
n plant growth often interact. Nutrient availability and tem-
erature are key environmental forces to which plants respond
henotypically. For instance, simulated warming changed the
iomass allocation among developmental stages and types of ram-
ts of Carex bigelowii as well as the nutrient concentrations in the
boveground tissues (Jonsdottir et al., 2005). Also, in Calamagrostis
pigejos, the highest plasticity was found for the belowground
iomass allocation as an adjustment to variable soil fertility
Lehmann and Rebele, 2005). In spring and winter wheat a change
f the growth temperature resulted in the adjustment of the
oot:shoot ratio and the carbohydrate content (Equiza and Tognetti,
002).

Phenotypic plasticity has been investigated in both annual
nd perennial plants (Dong et al., 1996; Funk, 2008; Sultan,
995). Clonal perennials reproduce both vegetatively and by sex-
al reproduction. By clonal spread, the plants are able to respond
apidly to environmental heterogeneity whereas sexual reproduc-
ion enables the maintenance of genetic variability for natural
election. Santamaria (2002) pointed out that the generality of
road plastic responses, promoted by the clonal growth of aquatic
ascular plants, favors a wide spatial distribution.

The common reed (Phragmites australis) is a dominant clonal
etland plant with a worldwide geographical distribution. The

ccurrence of this perennial grass ranges from cold temperate to
ropical regions, in oligotrophic as well as eutrophic habitats. It
elies both on sexual and vegetative spreading, with annual shoots
merging from perennial horizontal and vertical rhizomes (Brix,
999; Haslam, 1968). Several studies have shown that P. australis
as a high genetic variability both between and within populations,
hich is augmented by its clonal growth form and cosmopoli-

an distribution (Brix, 1999; Clevering and Lissner, 1999; Hansen
t al., 2007; Kuhl et al., 1999; Rolletschek et al., 1999). Also, genet-
cally determined differences in the timing of flowering, length of
rowing seasons, biomass allocation and morphology have been
ound in different P. australis clones from a latitudinal gradient
Bastlova et al., 2006; Clevering et al., 2001). These differences
ave been proposed to have developed as adaptations to growth

n various climatic habitats (Clevering et al., 2001; Hansen et al.,
007). However, the significance of genetic determinacy and exter-
al constraints for P. australis stand structure and growth may
ary from habitat to habitat (Engloner, 2009). In P. australis clones
rowing adjacent to each other, clone-specific differences in mor-
hology and physiological parameters have been found, even after
ransplantation to a common environment, indicating that differ-
nt genotypes may  respond differently to changing site conditions,
nd that different genotypes may  use different ecophysiological
trategies (Rolletschek et al., 1999). Also, a strong effect of the
eographical gradient on the growth and phenology of different
. australis populations has been found by Bastlova et al. (2004).
. australis has been shown to be a highly plastic plant in several
tudies. Vretare et al. (2001) found that P. australis exhibited pheno-
ypic plasticity as a functional response to different water depths,
nd Bellavance and Brisson (2010) reported that P. australis had a
ompetitive advantage over Typha sp. due to its high morphologi-
al plasticity. Moreover, Clevering (1999) showed that clones of P.
ustralis originating from infertile habitats were less plastic than
hose from fertile and eutrophicated habitats.

Although P. australis is one of the most intensively studied wet-
and plants, to our knowledge, a comparison and quantification of

he phenotypic plasticity of distinct genotypes, and an assessment
f the functional significance of their plastic responses, has never
een made. In this study, the plasticity of physiological and growth
raits in two phylogeographically distinct clones of P. australis
ny 103 (2012) 89– 97

subjected to different growth temperatures and nutrient availabili-
ties was measured. The effects of growth temperature and nutrient
availability on the contribution of plant trait plasticity to fitness
were investigated in order to assess the extent to which differ-
ences in genotypes may  lead to a different functional significance
of plasticity. We  hypothesize that the genetic background of the
clone determines which plant traits contribute mainly to fitness in
different environments.

2. Materials and methods

2.1. Plant material and experimental setup

The plants used in this study were chosen from a large collection
of live P. australis clones, kept in a common environment at Aarhus
University, Denmark (56◦13′N; 10◦07′E), for at least five years prior
to the study. Each clone of the collection is the progeny of a single
plant and represents a different genotype. Two clones were com-
pared based on their phylogeographic relationship: a clone from
a coastal stand close to Aarhus, Denmark (56◦12′N; 10◦29′E) (DK
clone), and a clone from an oasis in the Sahara desert close to Gueb-
bour, Algeria (28◦29′N; 6◦41′E) (ALG clone). The DK clone possesses
the alleles of the European temperate P. australis, whereas the ALG
clone belongs to the African-Mediterranean gene pool of P. aus-
tralis. The differences between the clones are therefore assumed to
be driven by different evolutionary pressures in their native distri-
bution ranges. The phylogeographic groups within P. australis were
identified and described in Lambertini et al. (2006).

The clones were propagated by layering of shoots horizontally in
shallow water for five weeks to initiate adventitious shoot growth
at the stem nodes. When adventitious shoots were 15–20 cm high
and had developed roots, the stems were cut at both sides of
the nodes and the resulting genetically identical replicates were
planted in 3.5 L pots containing a commercial peat. Each potted
plant was placed in its own outer container to allow separate treat-
ment. The plants were then placed in two 2.0 m × 0.8 m × 1.7 m
(L × W × H) indoor growth cabinets (BIO 2000S, Weiss Umwelt-
technik GmbH, Lindensruth, Germany) at a relative air humidity
of 65%, a light:dark cycle of 16:8 h, and at an irradiance of approxi-
mately 400 �mol  m−2 s−1 (PAR) at the base of the plants, provided
by metal halide bulbs. After an acclimatization period of two weeks
with a 20 ◦C:17 ◦C day:night temperature cycle, the plants were
distributed between two  growth cabinets: one with a 15 ◦C:12 ◦C
day:night temperature cycle (Low Temp treatment; 15 ◦C), the
other with a 25 ◦C:22 ◦C day:night temperature cycle (High Temp
treatment; 25 ◦C). The ability of the growth cabinets to control
the air temperature and relative humidity was generally better
than 0.5 ◦C and 3% RH, respectively. However, during photoperiods,
gradients in temperature and humidity develop in the chambers.
Hence, plants were rotated at random in each of the growth cham-
bers once a week to minimize undesired chamber effects.

The plants were fertilized twice per week with 250 mL  of a
nutrient solution prepared from tap water containing either 1‰
(High Fert treatment) or 0.1‰ (Low Fert treatment) of a commercial
macronutrient solution (Pioner NPK Makro 10-4-25 + Mg,  Brøste,
Denmark). The 1‰ nutrient solution contained (in mM): 6.1 NO3,
0.9 NH4, 1.3 P, 6.5 K, 1.8 Mg  and 1.8 S. Micronutrients were sup-
plied at the same level (in �M:  0.02 B, 2.2 Cu, 24 Fe, 9.1 Mn,  0.5
Mo and 2.8 Zn) in all treatments from a commercial micronutrient
stock solution (Pioner Mikro + Fe, Brøste, Denmark). The pH was
adjusted to pH 6.7 and additional iron (approximately 0.6 mM of

Fe(II)SO4) was added right before every fertilization. Between fer-
tilizations, the plants were watered with demineralized water. The
plants were placed such as to largely avoid shading by adjacent
taller plants.
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The experimental setup was a 2 × 2 × 2 factorial design with
he factors being “Clone” (DK clone versus ALG clone), “Tempera-
ure” (Low Temp: 15 ◦C versus High Temp: 25 ◦C) and “Fertilization”
Low Fert: 0.1‰ versus High Fert: 1‰) with six replicates in each
reatment combination. The experiment was run for 76 d after the
cclimatization period.

.2. Plant growth and tissue analysis

Numbers of shoots and leaves per plant were counted weekly.
he number of leaves per plant included all fully developed leaves.
bsolute shoot and leaf production rates were determined as the
ifference between the final and the initial number of shoots and

eaves, respectively, divided by the growth period in days. At the
nal harvest, plants were fractionated into leaf blades, leaf sheaths,
tems, roots and rhizomes, the fractions dried to constant dry mass
t 80 ◦C and then weighed. Biomass allocation was  calculated as the
atio of the dry mass of the respective plant part to final dry mass.
he ratio of aboveground plant parts to belowground plant parts
hereafter shoot:root ratio) was determined.

Total nitrogen (N) was analyzed in 1.5–3.5 mg  of ground mate-
ial with a CN analyzer (Fisons Instruments, Model NA2000, Italy)
nd expressed on a % dry mass basis. The concentrations of P and K
ere analyzed by inductively coupled plasma emission spectrom-

try (Perkin Elmer Plasma II, CT, USA) after digestion of ground
aterial in HNO3–H2O2 in a microwave oven (Multiwave 3000,
nton Paar GmbH, Austria).

The fresh leaf blade of the youngest fully developed leaf, which
as also used for photosynthesis measurement, was  scanned with

n area meter (Model 3100, LI-COR, USA) and, after freeze drying,
eighed to determine the specific leaf area (SLA; the ratio of leaf

rea to leaf dry mass). Hereafter, concentrations of total chlorophyll
Chla and Chlb) and total carotenoids in the same leaf were analyzed
fter extraction with 96% ethanol by photospectrometry according
o Lichtenthaler (1987).

.3. CO2-exchange

After approximately six weeks of experimental growth, photo-
ynthetic gas exchange parameters were measured with an ADC
CA-4 infrared gas analyzer (IRGA) equipped with a Leaf Micro-
limate Control System (ADC BioScientific Ltd., UK). The PLC-4 leaf
hamber was air conditioned at the respective growth temperature
nd placed on a tripod to ensure stability during readings. The leaf
hamber was supplied with ambient air from outside the build-
ng using an air pump. Light was supplied from a white halogen
ource (Portable Light Unit, PLU-002, ADC BioScientific Ltd., UK)
t an irradiance of approximately 1500 �mol  m−2 s−1 (PAR). Light
esponse curves were prepared by measuring net CO2-assimilation
t 1500 �mol  m−2 s−1 to estimate the maximum light-saturated
ate of photosynthesis (Pmax), and at the linear part of the light
esponse curve at 110, 75, 40, 20 and 5 �mol  m−2 s−1. The irradiance
as controlled by placing neutral filters between the light source

nd the leaf chamber. The measurements began with the high-
st irradiance (1500 �mol  m−2 s−1) and the readings were logged
fter a stable assimilation rate was reached. Pmax was calculated
s the average of five readings at 1500 �mol  m−2 s−1. The appar-
nt quantum yield (�), the dark respiration rate (Rd) and the
ight compensation point (Ic) were estimated from the linear part
5–110 �mol  m−2 s−1 PAR) of the light response curves using linear
egression analysis. Photosynthetic nitrogen-use efficiency (PNUE)
as calculated as the ratio of Pmax to leaf N concentration.
CO2-response curves were prepared by measuring net CO2-
ssimilation at a range of CO2 levels in the air supplying the leaf
hamber at an irradiance of 1500 �mol  m−2 s−1. CO2 levels were
nriched by mixing atmospheric air with synthetic air containing
ny 103 (2012) 89– 97 91

2000 ppm CO2 (ADC Gas Mixer, The Analytical Development Co.,
Ltd., Hoddesdon, England). The desired CO2 level was controlled by
the microclimate control system of the IRGA. Measurements began
at the highest CO2 level (800 ppm) and, after logging, the CO2 level
was lowered to approximately 400, 200, 50 and <3 ppm. To achieve
a CO2 level of <3 ppm in the reference air, a CO2 scrubbing filter was
fitted into the airflow line, before the air was passed into the leaf
chamber. Maximum carboxylation rates (Vcmax) were estimated
from the initial part of the CO2-response curves (Ci < 250 ppm) fol-
lowing Dubois et al. (2007) based on the photosynthesis model
of Farquhar et al. (1980).  The CO2 compensation point (� ) was
estimated using linear regression analysis.

2.4. Chlorophyll fluorescence

The effective quantum yield of PSII in dark-incubated leaves
(Fv/Fm) was measured in dark-acclimated leaves with a Portable
Chlorophyll Fluorometer (PAM-2000, Walz Mess- und Regeltech-
nik, Germany). Leaves were darkened for minimum 15 min with a
leaf clamp prior to measurement.

2.5. Plasticity indices

Plasticity indices (PIs) were calculated for the measured param-
eters according to Valladares et al. (2006) to compare the degree of
plasticity among the clones as a response to temperature and fertil-
ization, respectively. The index ranges from zero (no plasticity) to
one (maximum plasticity) and is calculated within each treatment
(either temperature or fertilization) as follows:

PI = maximum mean − minimum mean
minimum mean

PIs were calculated for all physiological and growth parame-
ters that were not significantly affected by the interaction term
“Temp × Fert”.

2.6. Statistical analyses

All statistical analyses were conducted using the software Stat-
graphics Centurion XVI (Statpoint Technologies, Inc., VA, USA).

A rotated principal components analysis (PCA) was  conducted
on all results. The number of factors was  restricted to three, and the
factor scores after Equimax rotation were used for interpretation
of the data variability.

Data were also analyzed by three-way (Clone × Temp × Fert)
analysis of variance (ANOVA). The third-order interaction term was
suppressed. Data were tested for variance homogeneity using Lev-
ene’s test and, if necessary, log-transformed to ensure homogeneity
of variance. Multiple levels of main effects were compared by Bon-
ferroni multiple range tests at the 5% significance level.

Biomass parameters were used as a proxy for plant fitness, as
reproductive measures are difficult to obtain in short term studies.
The “fitness factor” for each clone was estimated by a PCA, which
combined the masses of all single plant fractions (leaf blades, leaf
sheaths, stems, roots, rhizomes) and the final biomass into a single
parameter. There was only one principle component extracted, its
values (factor scores) were used in the correlation analysis. This
ensured the incorporation of all plant parts into the fitness estimate.

To assess the functional significance of plasticity for fitness,
Pearson product moment correlation coefficients were calculated
between the individual plant parameters and the fitness factor
scores across all four treatments for each clone by multiple-variable

analysis. Correlation coefficients were calculated for the same
parameters as plasticity indices.

Plasticity indices were analyzed by two-way
(Clone × Treatment) ANOVA, where “Treatment” was either
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ig. 1. Mean final biomass (g DM)  of two P. australis genotypes (DK, DK clone; ALG,
LG clone) grown at 15 ◦C and 25 ◦C and at low and high fertilization, respectively.

emperature or Fertilization. PIs were log-transformed to achieve
omogeneity of variance.

One replicate of the DK clone from the Low Temp and Low Fert
reatment grew poorly and died before the end of the experiment.
ence, it was removed from all statistical analyses.

. Results

Fertilization and temperature affected growth and physiology of
he two clones, and the responses of the clones differed for several
f the measured parameters as shown by the significant interaction
erms in the ANOVA (Table 1).

.1. Plant growth and biomass allocation

Shoot and leaf production rates differed between clones
nd were significantly affected by fertilization and temperature
Table 2). Fertilization stimulated shoot and leaf production rates
f both clones, but the DK clone responded much stronger to ele-
ated temperature than the ALG clone, as shown by the significant
lone × Temp interaction in the ANOVA.

The ALG clone had a 3–5 times higher final biomass than the
K clone and a higher shoot:root ratio. The shoot:root ratio was
ighest at high fertilization and the DK clone responded more to
emperature than the ALG clone (Fig. 1 and Table 2).

Biomass allocation differed between the clones depending on
emperature, as shown by the significant Clone × Temp interactions
n the ANOVAs. The DK clone allocated more biomass to the above-
round plant parts at 25 ◦C and more to the belowground plant
arts at 15 ◦C, whereas temperature had no effect on biomass allo-
ation of the ALG clone. For both clones, high fertilization decreased
llocation to roots and rhizomes. However, allocation to roots of
he DK clone was not affected by fertilization at low temperature
Temp × Fert interaction). In addition, allocation to stems was  not
ffected by fertilization in either of the clones (Fig. 2).

.2. Photosynthesis, fluorescence and photosynthetic
itrogen-use efficiency (PNUE)

The two clones differed significantly in most of the measured
arameters. The light-saturated rate of photosynthesis (Pmax), the
ark respiration rate (Rd) and the maximum quantum yield of PSII
Fv/Fm) were affected by a significant Clone × Fert interaction, as
he ALG clone had higher values at high fertilization, whereas fer-

ilization did not affect these parameters in the DK clone. The DK
lone had a higher apparent quantum yield (�) and maximum
ate of Rubisco carboxylation (Vcmax) and a lower light compen-
ation point (Ic) than the ALG clone (Table 3). A Clone × Temp
Fig. 2. Biomass allocation (% of final biomass) to fractions of two P. australis geno-
types (DK, DK clone; ALG, ALG clone) grown at 15 ◦C and 25 ◦C and at low and high
fertilization, respectively.

interaction affected the CO2 compensation point (� ), as the DK
clone responded more to temperature than the ALG clone. Tem-
perature also affected Vcmax and Fv/Fm (highest at 25 ◦C) and Pmax

(highest at 15 ◦C). Fertilization affected Ic which was  highest for
both clones at high fertilization. The PNUE was  significantly higher
in the ALG clone than in the DK clone, but unaffected by fertilization
or temperature (Table 3).

3.3. SLA, photosynthetic pigments, N, P and K

The specific leaf area (SLA) was affected by a Clone × Temp inter-
action. At 25 ◦C, SLA of the ALG clone was significantly higher than
at 15 ◦C, while there was no temperature effect on the DK clone.
Overall, the ALG clone had a higher SLA than the DK clone (Table 4).

The leaves of the DK clone contained higher concentrations
of photosynthetic pigments than the leaves of the ALG clone. A
Clone × Fert interaction was  observed for Chla, Chlb and the Chl a/b
ratio as well as the Chl/carotenoid ratio, since only the ALG clone
had higher values at high fertilization. Furthermore, a Clone × Temp
interaction affected Chlb, total carotenoids (the DK clone had higher
values at 25 ◦C), the Chl a/b ratio (the DK clone had higher values at
15 ◦C) and the Chl/carotenoid ratio (the ALG clone responded more
to temperature than the DK clone) (Table 4).

The leaf N concentrations were higher in the DK clone than
in the ALG clone and higher at 15 ◦C than at 25 ◦C. The High Fert
treatment only resulted in higher tissue N concentration in the
ALG clone (Clone × Fert interaction). The leaf concentrations of K
and P were affected by a Clone × Temp interaction, where the DK
clone had higher leaf K and P concentrations at 25 ◦C than the ALG
clone. The leaf K and P concentrations generally were higher at high
fertilization (Table 5).

3.4. Principal components analysis, phenotypic plasticity and
fitness correlation

All measured parameters were simplified into three major prin-
cipal components describing the variation in the responses of the
plants to the treatments (Table 6). The first principal component
(PC1) explained the largest percentage of the variation (36.4%) and
had high loadings for the shoot and leaf production rates, biomass
allocation to all plant fractions except stems, the shoot:root ratio,
SLA, leaf K content and � and was interpreted as “growth fac-

tor”. Principal component 2 (PC2) explained an additional 26.7%
of the variation and had high loadings for all analyzed photosyn-
thetic pigments and pigment ratios, leaf N and P concentrations,
�, PNUE and biomass allocation to stems. It was interpreted as
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Table 1
Results (F-ratios; d.f. = 46) of the analysis of variance (ANOVA) of plant parameters in two  P. australis clones against “Clone” (ALG and DK), “Temperature” (Temp; 15 ◦C and
25 ◦C) and “Fertilization” (Fert; low and high) in the treatment conditions. Indication of statistically significant values: * <0.05 probability level, ** <0.01, *** <0.001. �, apparent
quantum yield; Pmax, maximum light-saturated rate of photosynthesis; Rd, dark respiration rate; Ic, light compensation point; � , CO2 compensation point; Fv/Fm, effective
quantum yield of PSII; Vcmax, maximum carboxylation rate of Rubisco; SLA, specific leaf area; PNUE, photosynthetic nitrogen-use efficiency.

Parameter Main factors Interactions

Clone d.f. = 1 Temp d.f. = 1 Fert d.f. = 1 Clone × Temp d.f. = 1 Clone × Fert d.f. = 1 Temp × Fert d.f. = 1

Shoot production rate 9.3** 101.6*** 8.9** 4.9* 1.2 0.2
Leaf  production rate 18.6*** 343.8*** 13.2*** 38.9*** 3.2 1.2
Shoot:root ratio 5.5* 63.6*** 4.8* 29.0*** 0.0 0.8
Leaf  blade allocation 9.6** 623.1*** 18.9*** 213.9*** 0.0 0.0
Leaf  sheath allocation 27.4*** 21.4*** 5.8* 42.4*** 1.0 0.1
Stem  allocation 384.6*** 11.6** 1.1 14.8*** 1.4 0.5
Root  allocation 74.0*** 151.8*** 16.9*** 121.7*** 0.0 4.7*
Rhizome allocation 27.9*** 97.8*** 5.4* 42.8*** 1.2 0.2
�  7.5** 0.0 2.1 0.5 3.8 3.8
Pmax 4.7* 14.8*** 3.8 0.3 8.8** 0.0
Rd 7.9** 0.7 14.5*** 1.4 7.7** 1.1
Ic 11.8** 2.1 8.6** 0.9 3.1 0.3
�  0.9 91.1*** 0.0 4.1* 0.1 0.2
Fv/Fm 4.7* 33.4*** 0.2 1.6 6.7* 0.0
Vcmax 13.7*** 10.2** 0.3 0.0 0.0 0.9
SLA 46.6*** 39.2*** 0.0 14.9*** 0.1 0.1
PNUE  109.2*** 0.0 0.8 2.1 0.0 0.2
N  leaf 138.0*** 11.5** 33.9*** 1.2 36.2*** 3.6
P  leaf 62.2*** 0.5 27.5*** 23.9*** 0.3 2.2
K  leaf 97.3*** 244.7*** 53.5*** 148.6*** 1.0 4.7*
Chla 56.9*** 11.0** 8.9** 1.9 11.1** 0.2
Chlb 59.0*** 25.9*** 8.4** 6.7* 9.7** 0.6
Chlorophyll a/b ratio 24.0*** 52.2*** 5.9* 6.4* 7.2* 0.2
Total  carotenoids 53.2*** 0.4 1.2 15.4*** 3.7 5.3*
Chl/carotenoid ratio 29.1*** 36.6*** 23.0*** 5.8* 19.5*** 5.2*

Table 2
Shoot and leaf production rates and shoot:root ratio of two P. australis clones grown under different temperature and fertilization conditions. Means ± standard error are
shown.  ALG, Algerian clone; DK, Danish clone.

Temp Fert Shoot production rate (shoots d−1) Leaf production rate (leaves d−1) Shoot:root ratio

DK ALG DK ALG DK ALG

15 ◦C Low 0.18 ± 0.03 0.12 ± 0.01 0.92 ± 0.07 1.54 ± 0.11 0.34 ± 0.03 1.85 ± 0.14
0.92
4.38
5.71

“
e
f
s
v
o
t
r

T
P
�
c

High  0.20 ± 0.05 0.21 ± 0.02 

25 ◦C Low 0.52 ± 0.07 0.32 ± 0.05 

High 0.76 ±  0.10 0.42 ± 0.02 

nutrient and pigment factor”. Principal component 3 (PC3)
xplained an additional 9.8% of the variation and had high loadings
or Pmax, Vcmax, Rd, Fv/Fm and Ic; hence, it was interpreted as “photo-
ynthesis factor”. Together the three factors explained 72.9% of the

ariation in the measured parameters. Fig. 3 shows the distribution
f the genotypes according to the experimental treatment within
he first two principal components. The two clones are clearly sepa-
ated from each other. Both clones were separated according to the

able 3
hotosynthetic parameters of two P. australis clones grown under different temperature a
,  apparent quantum yield; Rd, dark respiration rate; Ic, light compensation point; � , C
arboxylation rate; PNUE, photosynthetic nitrogen-use efficiency. Means ± standard erro

Temp Fert Pmax (�mol  m−2 s−1) � (mol mol−1) 

DK ALG DK ALG 

15 ◦C Low 22.5 ± 1.5 21.0 ± 1.0 0.04 ± 0.00 0.03 

High  19.9 ± 1.5 28.3 ± 0.4 0.04 ± 0.00 0.04 

25 ◦C Low 17.3 ± 1.8 17.0 ± 2.8 0.04 ± 0.00 0.03 

High 17.3 ± 2.0 21.6 ± 1.5 0.04 ± 0.00 0.04 

Temp  Fert � (�mol  m−2 s−1) Fv/Fm

DK ALG DK ALG 

15 ◦C Low 51.1 ± 3.7 55.2 ± 1.2 0.75 ± 0.02 0.68 

High  48.3 ± 3.0 55.6 ± 1.5 0.71 ± 0.02 0.72 

25 ◦C Low 71.1 ± 1.7 69.6 ± 3.5 0.78 ± 0.01 0.76 

High  72.3 ± 1.3 69.7 ± 3.9 0.77 ± 0.01 0.78 
 ± 0.17 2.21 ± 0.10 0.55 ± 0.17 2.15 ± 0.21
 ± 0.63 3.54 ± 0.23 2.79 ± 0.70 2.24 ± 0.11
 ± 0.78 5.08 ± 0.26 3.47 ± 0.12 2.80 ± 0.17

temperature treatment along the “growth factor” (PC1) with high
loadings for the High Temp treatment and low loadings for the Low
Temp treatment, but the DK clone showed a much stronger dis-
tinction to the treatment with a larger separation than the ALG

clone. The DK clone was  not separated according to fertilization
but the ALG clone had higher loadings for the High Fert treatment
and lower loadings for the Low Fert treatment along the “nutrient
and pigment factor” (PC2).

nd fertilization conditions. Pmax, maximum light-saturated rate of photosynthesis;
O2 compensation point; Fv/Fm, maximum quantum yield of PSII; Vcmax, maximum
r are shown. ALG, Algerian clone; DK, Danish clone.

Rd (�mol m−2 s−1) Ic (�mol m−2 s−1)

DK ALG DK ALG

± 0.00 0.73 ± 0.11 0.74 ± 0.07 17.0 ± 2.2 22.9 ± 2.3
± 0.00 0.84 ± 0.11 1.08 ± 0.11 23.2 ± 3.0 27.2 ± 3.9
± 0.00 0.59 ± 0.09 0.58 ± 0.10 15.4 ± 3.1 16.4 ± 2.3
± 0.00 0.65 ± 0.13 1.29 ± 0.14 14.5 ± 2.5 31.6 ± 2.7

Vcmax (�mol  m−2 s−1) PNUE (�mol C gN−1 s−1)

DK ALG DK ALG

± 0.01 55.9 ± 9.7 37.6 ± 3.3 11.0 ± 0.6 18.8 ± 1.0
± 0.01 56.7 ± 9.8 40.3 ± 3.0 10.6 ± 0.9 18.7 ± 1.9
± 0.01 72.9 ± 3.9 57.8 ± 8.9 10.3 ± 0.6 21.9 ± 3.1
± 0.01 67.0 ± 3.1 50.4 ± 5.9 9.6 ± 0.9 19.9 ± 1.8
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Table 4
Chla and Chlb, Chlorophyll a/b ratio, Chl/carotenoid ratio, total carotenoids and specific leaf area (SLA) of two  P. australis clones grown under different temperature and
fertilization conditions. Means ± standard error are shown. ALG, Algerian clone; DK, Danish clone.

Temp Fert Chla (mg  g−1 DM)  Chlb (mg  g−1 DM)  Chlorophyll a/b ratio

DK ALG DK ALG DK ALG

15 ◦C Low 4.55 ± 0.40 1.78 ± 0.16 1.10 ± 0.11 0.40 ± 0.04 4.16 ± 0.07 4.55 ± 0.17
High 3.84 ±  0.24 3.68 ± 0.27 0.92 ± 0.07 0.88 ± 0.07 4.21 ± 0.06 4.19 ± 0.07

25 ◦C Low 5.11 ± 0.42 2.62 ± 0.24 1.51 ± 0.15 0.63 ± 0.06 3.43 ± 0.09 4.22 ± 0.13
High 5.60 ± 0.28 3.77 ± 0.46 1.65 ± 0.10 1.02 ± 0.15 3.42 ± 0.09 3.78 ± 0.14

Temp  Fert Chl/carotenoid ratio Total carotenoids (mg  g−1 DM)  SLA (m2 kg−1 DM)

DK ALG DK ALG DK ALG

15 ◦C Low 4.01 ± 0.18 2.06 ± 0.19 1.40 ± 0.08 1.06 ± 0.03 14.7 ± 0.5 16.0 ± 0.5
High  4.08 ± 0.18 3.91 ± 0.24 1.16 ± 0.03 1.17 ± 0.06 14.7 ± 0.3 15.9 ± 0.4

25 ◦C Low 4.55 ± 0.11 3.81 ± 0.20 1.44 ± 0.10 0.85 ± 0.06 15.8 ± 0.6 20.0 ± 1.1
High 4.57 ± 0.07 4.49 ± 0.24 1.59 ± 0.08 1.05 ± 0.09 15.6 ± 0.5 20.4 ± 0.6

Table 5
Leaf nitrogen (N), potassium (K) and phosphorus (P) concentrations of two  P. australis clones grown under different temperature and fertilization conditions. Means ± standard
error  are shown. ALG, Algerian clone; DK, Danish clone.

Temp Fert N leaf (% DM) P leaf (mg  g−1 DM)  K leaf (mg g−1 DM)

DK ALG DK ALG DK ALG

15 ◦C Low 2.99 ± 0.05 1.79 ± 0.06 2.7 ± 0.1 2.3 ± 0.1 20.4 ± 1.1 21.4 ± 0.8

C
m
h

T
E
p
t
a
a
d
r

High 2.78 ± 0.20 2.48 ± 0.17 

25 ◦C Low 2.59 ± 0.09 1.51 ± 0.03 

High 2.78 ± 0.06 2.23 ± 0.08 

Plasticity indices (PIs) were affected by a significant

lone × Treatment interaction (P < 0.05; F-ratio = 5.86). Treat-
ent had no effect on PIs of the ALG clone, whereas PIs were

igher in the temperature treatment than in the fertilization

able 6
quimax-rotated principal component analysis (PCA) of all measured and analyzed
arameters of two  P. australis clones grown at different temperature and fertiliza-
ion conditions. Variables with high loadings are shown in bold. SLA, specific leaf
rea; � , CO2 compensation point; PNUE, photosynthetic nitrogen-use efficiency; �,
pparent quantum yield; Pmax, maximum light-saturated rate of photosynthesis; Rd,
ark respiration rate; Ic, light compensation point; Vcmax, maximum carboxylation
ate of Rubisco; Fv/Fm, effective quantum yield of PSII.

PC 1 PC 2 PC 3

Eigenvalue 9.1 6.7 2.4
Proportion of variance (%) 36.4 26.7 9.8
Cumulative proportion of variance (%) 36.4 63.1 72.9
Variable

Shoot production rate 0.726 0.436 −0.290
Leaf  production rate 0.939 0.124 −0.137
Shoot:root ratio 0.896 0.096 −0.043
Leaf  blade allocation 0.862 0.331 −0.270
Leaf  sheath allocation 0.810 −0.178 0.155
Root allocation −0.922 0.059 −0.110
Rhizome allocation −0.933 0.073 0.019
SLA  0.551 −0.381 0.105
�  0.796 0.106 −0.216
K  leaf 0.631 0.591 −0.285
Chla 0.117 0.935 −0.182
Chlb 0.252 0.904 −0.237
Chlorophyll a/b ratio −0.481 −0.701 0.245
Total carotenoids −0.028 0.839 −0.219
Chl/carotenoid ratio 0.264 0.743 −0.065
N  leaf −0.328 0.865 0.012
P  leaf 0.038 0.734 −0.110
PNUE 0.236 −0.586 0.523
Stem allocation 0.550 −0.643 0.407
�  −0.056 0.696 0.167
Pmax −0.237 0.152 0.672
Rd 0.075 0.099 0.892
Ic 0.034 −0.154 0.821
Vcmax 0.074 0.349 −0.527
Fv/Fm 0.363 0.345 −0.378
2.9 ± 0.3 2.7 ± 0.1 23.3 ± 1.9 26.0 ± 0.6
2.8 ± 0.1 1.8 ± 0.1 37.9 ± 1.5 23.9 ± 0.7
3.4 ± 0.1 2.3 ± 0.1 47.2 ± 0.3 28.6 ± 0.4

treatment for the DK clone. “Treatment” was  a significant main
effect (P < 0.01; F-ratio = 8.88) with the highest PIs for temperature.
Overall, PIs for parameters related to biomass and growth were
highest, especially for the DK clone (Table 7). On average, although
not significant, the DK clone had the highest PIs for temperature
and the ALG clone had the highest PIs for fertilization (Table 7).
The highest plasticity of the DK clone was  found for biomass and
growth parameters, the temperature response being dominant. For
the ALG clone, the highest plasticity was  found for photosynthetic
parameters and pigments as a response mainly to fertilization
(Fig. 4).
To identify which of the parameters were mostly related to fit-
ness at the different growth conditions, the “fitness factor” scores
were used as independent variables together with all parameters
to generate Pearson product moment correlations (r) to assess the

Fig. 3. Factor scores of PC1 plotted against PC2 of PCA of measured parameters in
two  distinct genotypes of P. australis (DK, DK clone; ALG, ALG clone) grown at 15 ◦C
and 25 ◦C and at low and high fertilization, respectively.
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Table 7
Plasticity Indices (PIs) for traits of two P. australis clones grown under different
temperature and fertilization conditions. Pmax, maximum light-saturated rate of
photosynthesis; Rd, dark respiration rate; �, apparent quantum yield; Ic, light com-
pensation point; � , CO2 compensation point; Fv/Fm, effective quantum yield of
PSII; Vcmax, maximum carboxylation rate of Rubisco; SLA, specific leaf area; PNUE,
photosynthetic nitrogen-use efficiency. DK, DK clone; ALG, ALG clone.

Variable PI temperature PI fertilization

DK ALG DK ALG

Shoot production rate 0.71 0.55 0.31 0.29
Leaf  production rate 0.82 0.57 0.25 0.30
Shoot:root ratio 0.86 0.21 0.27 0.17
Leaf  blade allocation 0.70 0.27 0.14 0.13
Leaf  sheath allocation 0.49 0.08 0.20 0.06
Stem allocation 0.47 0.01 0.19 0.00
Rhizome allocation 0.56 0.19 0.18 0.07
Pmax 0.19 0.22 0.07 0.24
Rd 0.20 0.03 0.11 0.44
� 0.03 0.00 0.02 0.19
Ic 0.25 0.04 0.12 0.33
� 0.31 0.20 0.01 0.00
Fv/Fm 0.05 0.09 0.02 0.04
Vcmax 0.20 0.28 0.03 0.05
SLA  0.06 0.21 0.00 0.01
Chla 0.21 0.15 0.01 0.41
Chlb 0.36 0.22 0.01 0.46
Chl  a/b ratio 0.18 0.08 0.00 0.09
PNUE 0.08 0.10 0.06 0.05

f
D
l
s
p
C
b

F
i
a
c
r
p
o

N  leaf 0.07 0.12 0.01 0.30
P  leaf 0.72 0.17 0.71 0.18

unctional significance of the individual parameters. Fitness of the
K clone correlated positively with leaf blade allocation (r = 0.894),

eaf sheath allocation (r = 0.706), stem allocation (r = 0.767) the
hoot:root ratio (r = 0.774), shoot production rate (r = 0.948), leaf

roduction rate (r = 0.968), leaf P content (r = 0.516), Chla (r = 0.479),
hlb (r = 0.651), Fv/Fm (r = 0.434) and � (r = 0.808). Pmax (r = −0.523),
iomass allocation to rhizomes (r = −0.820) and the Chl a/b ratio

ig. 4. Differences of plasticity indices (PIdiff: PIDK − PIALG) of measured parameters
n  two distinct genotypes of P. australis grown at different temperatures and nutrient
vailability. PIdiff > 0 are highest for the DK clone; PIdiff < 0 are highest for the ALG
lone. Pmax, maximum light-saturated rate of photosynthesis; Rd, dark respiration
ate; �, apparent quantum yield; Ic, light compensation point; � , CO2 compensation
oint; Vcmax, maximum carboxylation rate of Rubisco; Fv/Fm, effective quantum yield
f  PSII; SLA, specific leaf area; PNUE, photosynthetic nitrogen-use efficiency.
ny 103 (2012) 89– 97 95

(r = −0.834) correlated negatively with fitness of the DK clone. For
the ALG clone, fitness correlated positively with biomass alloca-
tion to leaf blades (r = 0.533), the shoot:root ratio (r = 0.634), shoot
production rate (r = 0.625), leaf production rate (r = 0.674), Chla
(r = 0.469), Chlb (r = 0.479), Rd (r = 0.537) and Ic (r = 0.418), and nega-
tively with biomass allocation to rhizomes (r = −0.459) and the Chl
a/b ratio (r = −0.549).

4. Discussion

The responses of the two genotypes of P. australis originating
from contrasting climatic areas to temperature and fertilization
level differed significantly. Overall, the DK clone responded mostly
to temperature, whereas the ALG clone responded mostly to fertil-
ization.

Both clones responded to high fertilization with higher above-
ground and lower belowground biomass allocation. Also Bastlova
et al. (2004) showed a positive relationship of nutrient-dose and
aboveground biomass for different populations of P. australis. Under
nutrient-poor conditions plants commonly increase relative alloca-
tion to rhizomes and roots to increase the nutrient-uptake capacity
and storage (Chapin et al., 1987). It is striking that the DK clone has
a higher biomass in the Low Temp/Low Fert treatment compared
to the Low Temp/High Fert treatment. However, this is not a sta-
tistically significant difference and can be attributed mainly to the
high and probably faster allocation to belowground biomass, espe-
cially rhizomes. Also, the slightly higher photosynthetic parameters
such as Chla+b, Pmax, Fv/Fm, PNUE and the low Ic point to a more effi-
cient photosynthesis of the DK clone at low temperature and low
fertilization.

The physiological parameters measured for the DK and the
ALG clone were within the range previously reported for differ-
ent populations of P. australis (Hansen et al., 2007). Photosynthetic
parameters of the ALG clone, such as Fv/Fm, Pmax and Rd responded
positively to high fertilization, suggesting a nutrient limitation for
those parameters in the ALG clone. Plants grown at high nutrient
availability have been reported to have high photosynthetic activ-
ity and high dark respiration rates due to the high construction
and maintenance requirements of leaves containing more nitro-
gen (Chapin et al., 1987). Nitrogen is one of the nutrients most
frequently limiting plant growth. Most nitrogen in plant leaves is
invested in compounds involved in photosynthesis, and at limited
N supply, a relatively larger proportion of the overall smaller N-
pool is invested in non-photosynthetic compounds (Chapin et al.,
1987). Also photosynthetic pigments of the ALG clone were higher
after growth at the high fertilization level. This is consistent with
the findings of Lippert et al. (2001),  who  related the higher N
availability to higher chlorophyll contents in a P. australis stand
from a eutrophic lake, compared to a stand from a mesotrophic
area.

Compared to the DK clone, the ALG clone showed characteristics
of leaves exposed to more light, such as a lower pigment concentra-
tions per leaf mass, lower Chl/carotenoid and higher Chl a/b ratios.
The leaves used for the analyses probably received a slightly higher
irradiance due to the taller shoots of the ALG clone being closer to
the light source. Nevertheless, the high PNUE and SLA of the ALG
clone point to a more efficient photosynthesis and inherently faster
growth rates, which can explain the clone’s high demand for nutri-
ents. The DK clone did not respond similarly to increased nutrient
availability, suggesting that its nutrient demand was much lower,
probably due to inherently slower growth rates.
Increased temperatures within the normal physiological tem-
perature range generally accelerate biochemical and physiological
processes, which stimulates plant growth (Atkin et al., 2006).
Previous studies have shown that high temperatures also affect
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owering and stimulate biomass production in several plant
pecies (Richardson et al., 2002; Werkman and Callaghan, 2002).
owever, temperature may  also interact with nutrient availabil-

ty. Since high temperatures enhance transpiration, the mass flow
f water, containing dissolved ions, increases simultaneously from
he bulk soil to the plant roots. In addition, high temperatures
ccelerate decomposition and mineralization processes in the soil
Chapin et al., 1988). Therefore, a rise in temperature may  indi-
ectly promote plant growth by increasing nutrient availability.
owever, if plant nutrient demands are not met, increased tem-
erature might not have the expected effect on plant biomass.

n the present study, the High Temp treatment favored growth
f the DK clone also under low nutrient availability, suggesting

 lower nutrient demand for the DK clone than that for the ALG
lone. Furthermore, the considerably higher final biomass of the
LG clone implies faster growth rates and therefore a lower thresh-
ld for N-limitation than the DK clone. In low-temperature areas
t high latitudes, such as Denmark, soil nutrient cycling proceeds
lowly. Hence, plants adapted to these areas may  be inherently
ore tolerant to low nutrient availability. It has been postulated

hat the genetic variation in P. australis has arisen analogously to
he latitude of its geographical origin. In a common garden experi-

ent of P. australis populations from different geographical areas,
essmann et al. (2001) found that photosynthetic characteristics
ere highly affected by the climate at the growth site as well as

he climate of the population origin. Clevering et al. (2001) found
onsiderable genotypic differences in growth characteristics, SLA
nd number and morphology of shoots of P. australis clones, which
ould be related to the climate at the clone’s location of origin.
ore northern populations started to grow earlier and had longer

rowth periods, produced more but shorter shoots and invested
ess biomass in seedling stems than southern populations. Also,
astlova et al. (2006) found a negative correlation of latitude of
rigin with plant height and biomass and a positive correlation
ith SLA of P. australis originating from localities across a geo-

raphical gradient. This is in agreement with the present study,
here the ALG clone, which can be considered a southern popula-

ion, had a higher biomass, fewer but taller shoots and a higher SLA
han the DK clone. Both clones displayed plasticity in most investi-
ated traits. This is in accordance with other studies investigating
henotypic plasticity in P. australis. Lessmann et al. (2001) and
levering et al. (2001) found plastic responses in photosynthetic
haracteristics, biomass allocation and RGR of genotypes grown
t different climatic conditions, and Vretare et al. (2001) reported
hat P. australis exhibited functional plasticity as a response to
ater depth. However, trait plasticity is not always adaptive as the

rait must correlate with plant performance to contribute to fitness
Dudley, 2004; Sultan, 1995). In this study, we used a biomass-
ased parameter as a proxy for fitness. Especially for a clonal and
ighly productive plant like P. australis that is largely spreading
y vegetative growth, biomass is an adequate measure of plant
erformance and fitness. In both clones, photosynthetic pigments,
iomass allocation to leaf blades and rhizomes, the shoot:root ratio
s well as leaf and shoot production rates were highly correlated
o fitness. These traits also had a relatively high degree of plastic-
ty (PI larger than 0), indicating that high phenotypic plasticity in
hese traits increased fitness. However, some traits that showed
igh plasticity did not correlate with fitness (e.g. Pmax and P con-
ent of leaves in the ALG clone). Rather few traits that correlated
trongly with fitness had very low plasticity (e.g. Fv/Fm in the DK
lone and the Chl a/b ratio). This supports the idea that even small
ifferences in the plasticity of certain traits can have far-reaching

onsequences for fitness (Funk, 2008; Givnish, 2002). The lack of
unctional significance of traits important for resource scaveng-
ng and conservation, such as SLA, PNUE and �, may  be due to the
act that we measured fitness on a relatively short timescale. These
ny 103 (2012) 89– 97

traits may  be of importance for fitness if evaluated over several
growth seasons.

In conclusion, this study shows that the responses of the
two P. australis genotypes from contrasting geographical regions
to temperature and fertilization are largely genetically deter-
mined and can be related to the climatic conditions at the
site of their origin. The correlations of the measured traits
with fitness suggest that the plasticity of several ecophysiolog-
ical traits influenced plant performance. We  suggest that the
great success of P. australis over a variety of contrasting geo-
graphic regions and habitats is promoted by its high degree
of phenotypic plasticity in response to different environmen-
tal conditions. Differences in phenotypic plasticity of distinct P.
australis genotypes play a substantial role in fitness responses
to temperature and nutrient availability and will influence how
these genotypes will respond to changing environmental condi-
tions.
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