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Abstract

Clonal plants benefit from the ability to translocate resources among interconnected ramets
through clonal integration to colonise ubiquitous heterogeneous habitats, which may contrib-
ute to the invasiveness of exotic clonal plants. To test this hypothesis, a greenhouse experi-
ment was conducted to investigate the effects of clonal integration on a non-native clonal
plant, Myriophyllum aquaticum, subjected to spatial and temporal heterogeneity of water sup-
ply. The daughter ramets were grown with stolon connections either severed from or con-
nected to the mother plant and subjected to different amounts or frequencies of water supply.
Clonal integration significantly improved growth and photosynthetic performance of daughter
ramets that were exposed to spatial and temporal heterogeneity of water supply. Biomass al-
location to roots of offspring ramets changed with water supply to enhance the capacity for
water uptake. The decrease of the maximum quantum yield of photosystem II (F\/Fy,) as a
function of reduced water supply was greatly alleviated by stolon connection. Moreover,
clonal integration facilitated stabilisation of foliar N concentration and C/N ratio to support
healthy growth of the ramets. These results suggest that clonal integration may facilitate inva-
sion of M. aquaticum when subjected to heterogeneity in resource supply under ev-

er-changing environments in China.

Key words Carbon/nitrogen balance - Chlorophyll fluorescence - Invasion - Myriophyllum

aquaticum - Water heterogeneity
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Introduction
According to IPCC (2007), extreme climatic events, such as seasonal droughts and floods,
seem to have become more frequent. At a regional scale, spatial and temporal precipitation
trends are expected, for instance, summer precipitation is increasing in Southern China (Piao
et al. 2010), which would be expected to lower the mean and increase the variability in soil
water content compared to normal precipitation patterns and hence to cause heterogeneity of
water supply in the field. Therefore, water exhibits spatial and temporal variation in availabil-
ity for plants, even among different microhabitats (Fay et al. 2003; James et al. 2003).
Clonality, a defining feature of clonal plants, may improve plants’ exploitation of ubiqui-
tous heterogeneous resources, help plants invade new environments and facilitate plants’ spa-
tial occupation of new habitats at a local scale (Maurer and Zedler 2002). Connected ramets
of clonal plants possess the capacity to share water, carbohydrates and nutrients among indi-
vidual subunits through clonal integration (Alpert and Mooney 1986; Marshall 1990; Stuefer
et al. 1994, 1996; Alpert 1996, 1999). When exposed to different resource conditions, clonal
ramets use reciprocal translocation to moderate their overall variation in resource availability
and to facilitate efficient acquisition of resources in the face of heterogeneity (Hutchings and
Wijesinghe 1997). For example, clonal integration may facilitate the colonisation and growth
of the ramets in heterogeneous habitats with stressful conditions (Saitoh et al. 2002; Chidu-
mayo 2006; Roiloa and Retuerto 2007; Otfinowski and Kenkel 2008), help genets to survive
and to recover after severe environmental change (Yu et al. 2008; Moola and Vasseur 2009)

and allow for occupation of new space (Brewer and Bertness 1996; Wang et al. 2008). These
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positive effects of clonal integration may increase the performance of clonal plants over
non-clonal plants or other clonal plants with little integration (Herben 2004).

Plant invasion has become a great threat to biodiversity and global ecosystem stability
(Mack et al. 2000). A great fraction of the most notorious alien invasive plants have the ca-
pacity for vigorous clonal propagation (Kolar and lodge 2001; Liu et al. 2006, Xu et al. 2010).
For instance, two invasive aquatic clonal plants, Myriophyllum aquaticum (parrotfeather) and
Eichhornia crassipes (water hyacinth), can form highly stands that exclude almost all other
species in aquatic ecosystems (Timmons and Klingman 1958; Aston 1977). Some studies
have suggested that the invasiveness of alien clonal plants may be closely correlated to clonal
characteristics such as clonal integration (Reichard 1997; Maurer and Zedler 2002; Liu et al.
2006). Many studies have examined how individual plants respond either to spatially hetero-
geneous resources (e.g., Crick and Grime 1987; Gersani and Sachs 1992; Bilbrough and
Caldwell 1995; Day et al. 2003), or less often, to temporal heterogeneity of resources (e.g.,
Lodge et al. 1994; Maestre and Reynolds 2007; Hagiwara et al. 2008). To date, however, few
studies have addressed how clonal integration affects the growth of non-native species when
subjected to resources, such as water availability, that may be spatially and temporally heter-
ogeneous in non-native habitats.

Biomass allocation is a fundamental aspect of the competiveness of aquatic invasive plants,
which often allocate a large fraction of their biomass to form canopy and to support the rapid
spring growth that allows them to suppress other species (Madsen 1991; Sytsma and Ander-

son 1992). In heterogeneous habitats consisting of a mixture of rich and poor resource patches,
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via clonal integration, clonal plants can alter biomass allocation and divert more biomass to
shoots or roots for acquisition of more abundant resource, and exploration of more favourable
space, a phenomenon called ‘division of labour’ (Stuefer et al. 1996; Alpert and Stuefer 1997;
Hutchings and Wijesinghe 1997; Xiao et al. 2006). This pattern of biomass allocation is dif-
ferent from that used by non-clonal plants, or clonal plants grown in homogeneous conditions
(Birch and Hutchings 1994; Stuefer et al. 1996; Alpert and Stuefer 1997; Hutchings and Wi-
jesinghe 1997). The relationship between plant photosynthetic efficiency and clonal integra-
tion has not been widely studied (but see Hartnett and Bazzaz 1983; Roiloa and Retuerto 2005,
2006a, b; Wang et al. 2008). Photosynthetic efficiency can be estimated by measuring chlo-
rophyll fluorescence (Schreiber et al. 1998). A sensitive indicator of plant photosynthetic
performance derived from the parameters of chlorophyll fluorescence is the maximum quan-
tum yield of photosystem II (F./F},), which usually significantly decreases when plants are
faced with environmental stress (Bj[Irkman and Demmig 1987; Johnson et al. 1993; Roiloa
and Retuerto 2005, 2006a, b). Environmental stress on ramets may be alleviated by clonal in-
tegration, which may markedly lower the negative effects of stress (such as water deficiency)
on F/Fy. In addition, photosynthetic activity, measured in terms of the effective quantum
yield of PSII (Yield), is closely related to plant performance. For healthy growth, plants must
maintain sufficient nutrient concentrations and relatively stable nutrient ratios (stoichiometric
balance) in their tissues (Marschner 1995; Han et al. 2011). However, the requirement for and
the ability to acquire and to maintain specific ranges of nutrient concentrations and ratios

(stoichiometric homeostasis) may differ among plant species subjected to variable environ-
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mental conditions (Sterner and Elser 2002). Nutrient availability depends on water availability,
which is influenced by heterogeneity of water supply (Lambers et al. 1998), that result in
changes in nutrient concentration and ratio. Biomass allocation, photosynthetic efficiency,
nutrient concentration (C, N) and nutrient ratio (C/N) can all contribute to the performance of
clonal plants when exposed to variation in spatial and temporal water availability; however,
their responses to clonal integration are still insufficiently understood, especially for
non-native clonal plants.

Myriophyllum aquaticum is a native aquatic plant from South America and a common
component of aquaria landscaping, which is regarded as the main vector of spread for this
species (Sutton 1985). It is reported that this species has escaped from aquaria and naturalised
in Taiwan (Xie et al. 2001). Although it is not considered to be a major noxious aquatic weed
throughout most of its range, it is an increasingly troublesome species that can cause severe
localised problems in shallow ditches, slow moving streams, ponds, shallow lakes and wet-
lands with heterogeneous habitats. For example, dense populations can block water move-
ment in streams and ditches, resulting in increased flood duration and intensity and posing a
severe threat to drinking water supplies in South Africa (Timmons and Klingman 1958; Sut-
ton 1985). Moreover, this species provides mosquito larvae a refuge from predation, which
creates a human health hazard (Orr and Resh 1989). Populations of M. aquaticum are usually
found in habitats where water levels fluctuate across different seasons, they produce roots
along riverbanks or shallow water along lake shorelines and extend creeping stolons over the

surface of water. M. aquaticum can survive on moist soils with no overlying water column,
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such as moist banks and sediments exposed by drawdown, even in relative dry environment.
Survival and spread of this species depend exclusively on vegetative reproduction by stem
fragments (Cook 1990; Xie et al. 2011).

A greenhouse growth experiment was conducted to investigate the effects of clonal inte-
gration on growth, biomass allocation to roots, photosynthetic efficiency, carbon/nitrogen
balance and thus potential invasiveness of the exotic clonal plant M. aquaticum as a function
of water availability (hereafter, ‘water heterogeneity’). Ramets (the apical part of branches)
were either connected to or severed from an established mother plant under different combi-
nations of the amount or the frequency of water supply. This design mimics the expansion of
off-spring ramets from a well-established population into neighboring habitats subject to spa-
tial and temporal heterogeneity in water supply. Here, we use the non-native aquatic plant M.
aquaticum to test the following hypotheses. (1) Clonal integration will significantly improve
growth and photosynthetic performance of the ramets subjected to water heterogeneity to help
the genets colonise heterogeneous habitats. (2) Clonal integration will affect the changes of
biomass allocation to roots caused by water heterogeneity. For example, according to labour
division theory, we predict that biomass allocation to the roots of daughter ramets will de-
crease with decreasing water availability (relatively more biomass allocation to shoots for
light and space) and increase with increasing water supply (relatively more biomass allocation
to roots for water) by clonal integration, while biomass allocation to roots will increase with
decreasing water supply when stolons are severed (producing more roots to acquire sufficient

water to support growth). (3) The decrease in F\,/F,, of the ramets subjected to water hetero-
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geneity would be alleviated by clonal integration. (4) Changes of nutrient concentrations (C,
N) and ratios (C/N) with water heterogeneity will be modified to relatively stable nutrient

concentration and ratio to support healthy growth by clonal integration.

Materials and methods

Experimental design

The growth experiment was conducted in a glasshouse under natural sunlight and ambient
temperature at The National Field Station of the Lake Ecosystem of Liangzi Lake, Wuhan
University, from July to September 2010. Source material of Myriophyllum aquaticum was
collected from Liangzi Lake in the Hubei province of China and then propagated in the
greenhouse. Field-collected clonal fragments were planted in seedling pots in early May 2010
and then transplanted to plastic pots (25 cm in diameter, 15 cm tall). After the plants grew
roots at multiple nodes and developed into a dense patch within the pot, the plants were
trimmed to similar size and allowed to grow for an additional 5 weeks. These plants were
used as mother plants in the experiment to simulate well-established populations of this spe-
cies in the natural environment, which are composed of abundant groups of connected off-
spring ramets. The substrate in each pot was a 1:1 mixture of washed pure sand and lake clay
with 5 g of slow-release fertiliser (Osmocote®, N-P-K: 16-8—12). 12 mother plants with sim-
ilar size (approximately 60 cm in diameter, each containing at least 30 branches) were used
for the growth experiment. To mimic the vegetative growth from mother patches, 6

well-developed branches were selected from each mother plant and were left connected to the
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parent as the daughter plants used in the experiment. For each branch, the top of approxi-
mately 4 cm of the apical part was placed on the surface of the same substrate as that of the
mother plant in a culture pot (20 cm in diameter, 15 cm tall) with sufficient water to encour-
age root generation. After 5 days, all apical parts of the branches had developed roots (1-2 cm
length), and the rooted part was potted in the culture pot and fixed in place with two pins.

The experiment was conducted with two main factors: water heterogeneity (three levels of
spatial and temporal heterogeneity treatment, respectively, for two experimental set-ups), and
clonal integration (stolon connection severed or kept intact). The water spatial heterogeneity
treatment had three levels of water supply amount (0.5 L every 10 days, 1.0 L every 10 days
and 2.0 L every 10 days). The water temporal heterogeneity treatment had three levels of wa-
ter supply frequency (0.2 L every day, 1.0 L every 5 days and 2.0 L every 10 days) with the
total amount of water provided kept constant throughout the experimental period. The water
used in this study was lake water (TN 54.69 mmol m>, TP 1.41 mmol m™ ). Low amounts of
water supply (0.5 L every 10 days) were applied only to maintain plant growth beyond wilting,
moderate amounts of water supply (1.0 L every 10 days) were provided to keep soil saturated
with water, and the maximum amount of water supply at each treatment was chosen to keep
the soil with an overlying water column (no more than 2 cm) that would not exceed the ca-
pacity of culture pots (5-L volume). Mean soil moisture (volumetric water content) was rec-
orded with soil moisture probes (TDR-3, Jinzhou Sunshine Technology, China) during the
experimental period. The clonal integration treatment left three daughter ramets connected to

and the other three ramets severed from the mother plant, so that each experimental unit con-
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sisted of one mother plant, three connected ramets and three severed ramets. Connected
ramets and severed ramets were subjected to water heterogeneity (spatial or temporal), while
the mother plant (including all other branches and stolons) was kept in a constantly wet
growth environment (Fig 1). The experiment used a two-way factorial randomised block de-
sign with each experimental unit was treated as a block, and the main factors were water het-
erogeneity and clonal integration. All of the 12 experimental units (6 for water spatial treat-
ment and 6 for water temporal treatment) were randomly located in the greenhouse. The ex-
perimental units were randomly repositioned every two weeks to avoid the effects of possible
environmental heterogeneity (such as light). The light intensity in the greenhouse was
1200-1500 pumol m?s'on a sunny day, and the mean air temperature was 15-28 °C during
the experimental period.

Measurements

One week before harvesting the plants, the minimum (Fp) and the maximum (F},) fluores-
cence yield were measured for a fully developed, healthy leaf on the second-youngest of the
ramets in each daughter plant after a dark adaptation of at least 20 minutes sufficient for pho-
tosystemll (PSII) reaction centres to open by a portable chlorophyll fluorometer (DIV-
ING-PAM, Walz, Effeltrich, Germany) with the saturation pulse method (Schreiber et al.
1998). The maximum quantum yield of PSII (F,/Fy,) was calculated as (Fy, — Fo)/Fu. The ef-
fective quantum yield of PS II (Yield) was calculated as (F'm— Fi)/F'm, where F'y,is defined as
the maximal fluorescence yield reached in a pulse of saturating light after a actinic light pulse

of 120 pmol m™ s™ for 10 seconds, and F; is the fluorescence yield of the leaf at that photo-
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synthetic photon flux density (BjJtkman and Demmig 1987; Johnson et al. 1993; Roiloa and
Retuerto 20064, b).

At harvest, the number of branches in each daughter plant was counted, and the total
length of the stolons was measured for all treatments. The daughter plants of M. aquaticum
were then harvested and separated into leaves, stolons and roots, and their biomass was de-
termined after drying at 70 °C for 72 h.

Leaves of the same part (apical part of the third-youngest ramets) of the daughter plants
were selected and ground into powder; approximately 1.0 mg of the powder was used to de-
termine the concentration of leaf C and N for all the treatments with a CHNS/O Elemental
Analyzer (EA3000, EUROVECTOR, Italy).

Statistical Analyses

All data were log transformed to meet assumptions of normality and homoscedasticity before
analysis. The effect of water heterogeneity treatment on mean soil moisture was analyzed
with one-way ANOVA. Factorial ANOVA for a randomised block design was used to test the
effect of water heterogeneity and clonal integration on photosynthetic performance (F./Fy, and
Yield), element concentration (C, N) and element ratio (C/N). Two-way multivariate analysis
of variance (MANOVA) was employed to investigate the global effects of water heterogenei-
ty and clonal integration on growth parameters (including total biomass, stolon length and
number of branches) of M. aquaticum, and corresponding univariate analyses were also con-
ducted. If a significant treatment effect was detected, post-hoc pair-wise comparisons of

means were made to examine differences between treatments using Studentized Tukey's HSD

10



211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

Oecologia

for multiple comparisons.

The effect of water heterogeneity and clonal integration on biomass allocation to roots
was tested using two-way ANCOVAs, with root biomass treated as dependent variable and
shoot biomass (leaves and stolons) as a covariate. Root: shoot ratios were not used because
the use of these ratios to test biological hypotheses has been criticised (Tremmel and Bazzaz
1995; Murphy and Dudley, 2007). Non-significant terms involving covariates were dropped
using backwards elimination. If a significant treatment effect was detected, estimated margin-
al means were computed to test (Bonferroni) for differences between treatments. Statistical
significance was assigned at P < 0.05. All data analyses were performed using SPSS 17.0

(SPSS, Chicago, IL, USA).

Results

Mean Soil Moisture

The mean soil moisture significantly differed across the water spatial heterogeneity treatment
(F2.15=108.23, P <0.001) and markedly decreased in relation to the reduced amount of water
supply (Low-amount: 0.44 + 0.03; middle-amount: 0.81 £ 0.05; high-amount: 0.95 + 0.06,
means + standard error). The mean value of soil moisture was not affected by water temporal
heterogeneity (£>,5= 1.02, P > 0.05).

Growth

In summary, under spatial heterogeneity of water supply, water heterogeneity and clonal inte-

gration had significant effects on growth of daughter ramets (apical part of branches) of M.

11

Page 12 of 35



Page 13 of 35

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

Oecologia

aquaticum, but their interaction was not significant. The growth of ramets was only markedly
affected by clonal integration in the water temporal heterogeneity treatment (Table 1a). Clonal
integration greatly increased total biomass, stolon length and the number of branches of M.
aquaticum in both experimental set-ups (Table 1b, Fig. 2). The growth parameters (including
total biomass, stolon length and number of branches) were significantly reduced by decreas-
ing amount of water supply but unaffected by water temporal heterogeneity (Fig. 2).

Biomass Allocation to Roots

Root biomass of daughter ramets was closely correlated with shoot biomass both in the water
spatial and temporal heterogeneity treatments (Table 2). In the water spatial heterogeneity
treatment, in relation to shoot biomass, water heterogeneity and the interaction between water
heterogeneity and clonal integration significantly affected root biomass. Least square means
comparisons showed that normalised root biomass was reduced by increased water availabil-
ity without stolon connections, while normalised root biomass was greatest in the moderate
treatment with clonal integration (Table 2, Fig. 3a). In the water temporal heterogeneity
treatment, the relationship between root biomass and shoot biomass was only significantly
affected by clonal integration; least square means comparisons showed that normalised root
biomass was greatly reduced with clonal integration (Table 2, Fig. 3b).

Photosynthetic Performance

The value of F\/Fy, of M. aquaticum in the apical sections of branches (daughter ramets) was
significantly affected by water spatial heterogeneity, clonal integration and their interaction.

The Yield of M. aquaticum was aftected by the two factors, but not by their interaction (Table

12
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3). The decreasing amount of water supply remarkably reduced the F\/Fy, value of daughter
ramets without clonal integration, but the differences disappeared when the stolon was kept
intact. On the other hand, increased amount of water supply and clonal integration greatly in-
creased the Yield value (Table 3). Meanwhile, the value of F\/F}, of daughter ramets was not
affected by water temporal heterogeneity, clonal integration or their interaction, but clonal
integration significantly improved photosynthetic activity (Yield) in the water temporal het-
erogeneity treatment (Table 3).

Foliar Nutrients Concentration (C, N) and Ratio (C/N)

Water spatial heterogeneity, clonal integration and their interaction had significant effects on
foliar N concentration and C/N ratio, but not on C concentration in daughter ramets (Table 3).
Foliar N concentration tended to be higher, while C/N ratio tended to be smaller as the water
supply was increased when the stolon was severed. However, the differences between the
treatments disappeared when stolon connections were preserved (Table 3). N concentration
and C/N ratio were significantly affected by water temporal heterogeneity and clonal integra-
tion, but not by their interaction (Table 3). Water temporal heterogeneity and clonal integra-
tion had similar effects on N concentration and the C/N ratio as did the water spatial hetero-
geneity treatment with the stolon severed; furthermore, the differences among the treatments

tended to be smaller with the stolon kept intact (Table 3).

Discussion

Clonal integration markedly increased the growth of daughter ramets (apical sections of

13
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branches) of M. aquaticum in both the water spatial and temporal heterogeneity treatments.
This result most likely occurred because the well-established mother plant supported the
growth of the interconnected young apical sections and facilitated the production of new tis-
sue due to acropetal (from mother plant to daughter ramets) translocation of carbohydrates via
clonal integration (Wang et al. 2008). The results agree with those obtained in previous stud-
ies on several other clonal plants (Hartnett and Bazzaz 1985; Hester et al. 1994; Brewer and
Bertness 1996; Yu et al. 2002; Wang et al. 2008), which showed that clonal integration facili-
tates establishment of newly produced ramets, improves growth of adult ramets and helps
genets to occupy open space in heterogeneous habitats. These observations indicate that clon-
al integration is critical in allowing M. aquaticum to explore new heterogeneous open space
and thus enhances its potential invasiveness in natural habitats. In addition, the growth of
daughter ramets was greatly reduced by decreasing the amount of water availability, either
with the stolon severed or kept intact, and showed no interaction with clonal integration.
These results are not in accordance with the studies (Saitoh et al. 2002; Chidumayo 2006,
Wang et al., 2008) that have examined the growth of ramets in heterogeneous habitats with
stressful conditions. This is most likely because clonal plant can preferentially facilitate estab-
lishment of newly produced ramets to more suitable environment and help genets occupy
more favourable open space, a phenomenon that has been interpreted as foraging behaviour
(Silvertown and Gordon 1989; Oborny and Cain 1997; Xiao et al. 2006). However, growth of
ramets was not affected by water temporal heterogeneity either with the stolon severed or kept

intact, which is not consistent with the results of previous studies (Novoplansky and Goldberg
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2001; Maestre and Reynolds 2007). Differences in species used and/or frequencies and
amounts of water supply could have caused the difference between our results and those of
other studies. Overall, the effects of water heterogeneity and clonal integration on growth
were additive without interaction, suggesting that M. aquaticum benefits from clonal integra-
tion to colonise heterogeneous habitats, which may be related to its potential invasiveness to
new open space with water heterogeneity.

Biomass allocation of M. aquaticum was significantly influenced by clonal integration
which is consistent with previous findings for many other clonal plants (Salzman and Parker
1985; Friedman and Alpert 1991; Evans and Whitney, 1992; Birch and Hutchings 1994;
Stuefer et al. 1994, 1996; Wang et al. 2008). In the water spatial heterogeneity treatment, bi-
omass allocation to roots tended to increase with decreasing water supply, allowing plants to
obtain more water by allocating more biomass to roots when the stolon was severed
(Markesteijin and Poorter 2009). With the stolon connection intact, biomass allocation to
roots under moderate water supply was greatest among the water spatial heterogeneity treat-
ments (Table 2, Fig. 3a). This result indicates that the physiological integration effect on the
middle-amount of water supply was intermediate between the other two levels of water sup-
ply. More water was provided by the mother plant via clonal integration under low water sup-
ply, and less water was offered by the mother plant under high water supply because enough
water could acquire directly by roots. The results obtained so far suggest that the biomass al-
location to roots modified by clonal integration also exhibits selective capacity. Biomass al-

location to roots of the daughter ramets most likely depends on the subsidy of water resource
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from the mother plant; that is, water resource from the mother plant always flows into the
connected ramets under water stress. The pattern of biomass allocation is not consistent with
the theory of labour division of clonal plants (Alpert and Stuefer 1997; Hutchings and Wi-
jestinghe 1997), perhaps because of sufficient resources (such as water) provided by the
mother plant with no resource restriction. In the water temporal heterogeneity treatment,
clonal integration significantly decreased the allocation of biomass to roots; mean water con-
tent in the soil exhibited no differences, and there was no stress of water deficiency for
daughter ramets (effects on F,/F},, no significance, Table 3). Via clonal integration, the moth-
er plant enhances the growth of its connected ramets and allows them to occupy more space
and then widely spread by means of increasing biomass allocation to shoots (leaves and sto-
lons). Thus, the effects of clonal integration on the biomass allocation pattern may improve
the capacity for resource uptake of M. aquaticum and enhance its potential invasiveness.

In favourable conditions, the value of F\/Fy, for most plant species ranges from 0.8 to 0.84
(Butler and Kitajima 1975; BjIrkman and Demmig 1987). In the water temporal heterogene-
ity treatment, the F\/Fy, values of both severed and intact ramets were within the normal range
of healthy plants and exhibited no significant differences among all treatments. Under water
spatial heterogeneity, however, the F,/Fy, values of severed ramets were remarkable lower
than those of intact ramets, indicating that water spatial heterogeneity imposed stress (water
deficiency) on daughter ramets (Table 3). However, the decrease of plants’ F\/Fy, values was
markedly alleviated by stolon connections, allowing the ramets to maintain F,/Fy, values

within the normal range (Table 3). Therefore, the results support our third hypothesis and

16
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suggest that clonal integration significantly buffered plants against water stress and signifi-
cantly increased plant photosynthetic performance. Previous studies (Roiloa and Retuerto
2006; Wang et al. 2008) also found that clonal integration significantly alleviated the decrease
in F,/Fy, of ramets grown in soils with heavy metals or with severe competition by neigh-
bouring plants. Moreover, photosynthetic capacity, measured in terms of the effective quan-
tum yield of PS II (Yield), was significantly improved by clonal integration in both experi-
mental set-ups and by increased amount of water supply in the water heterogeneity treatment.
The responses of Yield values were closely correlated with the growth of daughter ramets in
response to clonal integration under different amounts or frequencies of water supply, thus
supporting our first hypothesis.

As we expected, clonal integration significantly buffered against changes in the foliar N
concentration and the C/N ratio of ramets caused by water heterogeneity, indicating that the
clonal plant M. aquaticum possesses the ability to maintain a relatively stable nutrient con-
centration and nutrient ratio by clonal integration (Marshner 1995). This result is most likely
due to nutrient translocation among interconnected ramets and changes of biomass allocation
pattern via clonal integration, because plants absorb nutrients in a manner mainly dependent
on root biomass and soil water content. That the C/N ratio maintains a relatively stable value
is important for plants because the C/N balance determines resource allocation to growth or
defense (Bryand 1983). When exposed to heterogeneous resource supply, ramets of M.
aquaticum may reach a nutrient balance by clonal integration to support growth and thus

avoid waste of resource for defense according to the carbon nitrogen balance hypothesis (eg.,
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more chemical defensive substance induced by low C/N ratio, or more physical defensive
substance caused by high C/N ratio). Overall, the results suggested that clonal integration
might help the daughter ramets maintain sufficient element concentrations and stable element
ratios to support healthy growth when subjected to heterogeneous conditions, which may con-
tribute to the potential invasiveness of M. aquaticum. However, that foliar N concentration
decreased with intact stolon connections was most likely due to biodilution: the biomass ac-
cumulation of daughter ramets was faster than N accumulation (Titus and Andorfer 1996).

In summary, when subjected to water heterogeneity, growth and photosynthetic perfor-
mance of daughter ramets were significantly improved by clonal integration, indicating that
clonal integration may help M. aquaticum colonise heterogeneous habitats and then widely
spread. Moreover, clonal integration facilitated effective uptake of resources via changing
biomass allocation patterns and maintenance of stable foliar N concentration and C/N ratio of
offspring ramets to support their healthy growth. These results suggest that clonal integration
may facilitate invasion of M. aquaticum when subjected to resource heterogeneity under ev-

er-changing environments in China.
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List of figure legends

Fig. 1 Schematic representation of the experimental design. Each experimental unit contains
one mother plant, three severed daughter ramets and three intact daughter ramets. Ramets
were subjected to three levels of water spatial heterogeneity or water temporal heterogeneity
(L: Low-amount or Low-frequency; M: Middle-amount or Middle-frequency; H:

High-amount or High-frequency)

Fig. 2 Growth parameters (total biomass, stolon length and number of branches) of daughter
ramets of Myriophyllum aquaticum, grown with stolon connections either severed from or
connected to the mother plant and provided by three levels of amount or frequency of water
supply: (a, b, ¢) for water spatial heterogeneity; (d, e, f) for water temporal heterogeneity. Da-

ta indicate the means + SE

Fig. 3 Effects of water heterogeneity and clonal integration (severed or intact) on the rela-

tionship between shoot biomass and root biomass of the daughter ramets: (a) for water spatial

heterogeneity, (b) for water temporal heterogeneity. All data are log transformed
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Table 1

(a) Multivariate ANOVA analyses on growth parameters of daughter ramets of M. aquat-

icum
Source Wilk’s Lambda F d.f. P
Spatial
Heterogeneity (H) 0.142 12.65 6,46 <0.001
Integration (I) 0.154 42.18 3,23 <0.001
Hx1I 0.737 1.26 6,46 0.292
Block 0.244 2.84 15,64 0.002
Temporal
Heterogeneity (H) 0.728 1.32 6.46 0.268
Integration (I) 0.132 50.23 3,23 <0.001
HxI 0.901 0.41 6,46 0.869
Block 0.294 2.38 15,64 0.009

Main factors: water heterogeneity (spatial heterogeneity: 0.5 L every 10 days for

low-amount, 1.0 L every 10 days for middle-amount and 2.0 L every 10 days for

high-amount; or temporal heterogeneity: 2 L every 10 days for low-frequency, 1 L every 5

days for middle-frequency and 0.2 L every day for high-frequency), clonal integration (sto-

lon connections severed or kept intact). F/-values are shown

Significant P-values are presented in bold
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(b) Univariate test statistics on growth parameters

Page 30 of 35

Dependent variable Heterogeneity (H) Integration (I) Hx 1 Block

Spatial
Total biomass F) 95=9.34%%* F1 25=135.33%*%* [, ,5=0.69 Fs 5=2.82%
Stolon length F> 25=49.65%**%  F| 55=46.93*** [, »5=1.05 Fs,5=3.36%
Number of branches  F5 5=20.37*** [} 55=52.09%**  F, ,5=0.03 Fs5 5=15.12%*

Temporal
Total biomass F>25=10.01 Fy 25=149.25%%*% [, 55=0.69 Fs 25=4.92%*
Stolon length F> 25=2.81 F 25=5.44% F505=0.16 Fs55=3.32%
Number of branches F, 25=0.98 Fi 5= 1547** Fr05=1.18 F5,5=1.96

Main factor: water heterogeneity (spatial: low-amount, middle-amount, high-amount; or

temporal: low-frequency, middle-frequency, high-frequency), clonal integration, F-values

are shown, * P <0.05, ** P<0.01, *** P<0.001
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Table 2

Two-way ANCOVA analyses on root biomass of daughter ramets of M. aquaticum

Spatial Temporal

Source d.f. F P d.f. F P
Shoot biomass (S) 1 29.43 <0.001 1 6.63 0.017
Heterogeneity (H) 2 5.13 0.014 2 0.03 0.971
Integration (I) 1 3.20 0.086 1 14.99  0.001
Hx1I 2 15.02 <0.001 2 040  0.678
Block 5 3.60 0.014 5 0.38 0.858
Error 24 24

Main factor: water heterogeneity (spatial: low-amount, middle-amount, high-amount; or
temporal: low-frequency, middle-frequency, high-frequency), clonal integration; with shoot
biomass as covariate. F-values are shown

Significant P-values are presented in bold
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The results from two-way ANOVA of photosynthetic performance (F,/F,, Yield), nutrient concentration (C, N) and ratio (C/N) of daughter

ramets of M. aquaticum

Dependent Severed Intact ANOVAS

variable Low Middle High Low Middle High H I Hx1 Block
Spatial

FJFy, 0.77+£0.014a 0.79£0.015b 0.81 £ 0.003¢ 0.82 +0.006¢ 0.81 +0.008¢c 0.81 +£0.017¢c 5.59%%* 60.49%**  [542%**  272]
Yield 0.29+0.011a 0.30 + 0.004b 0.31 +0.006¢ 0.37 +£0.006d 0.37 +£0.009d 0.39 £ 0.007¢ 29.36***  96.12%** (.81 0.85

C (%, g/g) 4530+1.039a 4440+ 1.251a 43.89 £0.952a 4471 £1.011a 45.12 +£1.143a 44.04 £2.199a 2.08 0.04 0.72 1.24

N (%, g/g) 2.89+0.241a 3.45+0.238ab 3.68 £0.385b 3.10 £ 0.320ab 2.92+0.379a 3.19 £0.542ab 5.51%* 6.80%* 5.64%* 3.77*
C/N 15.14+1.090c  12.95+1.281ab 12.03 £1.157a 1454 +£1.397bc  15.65+£2.018¢ 14.04 £ 1.785abc 9.82%* 9.03%* 8.69%* 3.72%
Temporal

F/Fy, 0.82 +0.045a 0.81+0.007a 0.81 +£0.008a 0.82+0.010a 0.81 +0.005a 0.82£0.013a 3.07 0.49 1.99 0.89
Yield 0.35+0.015a 0.35+0.018a 0.35+0.016a 0.41+0.016b 0.40 +0.018b 0.41 +£0.022b 0.08 85.66%**  0.22 0.67

C (%, g/g) 45.03+0940a 4432+ 1.239 44.09 £1.150a 44.32 +£0.652a 42.63 £4.013a 44.16 £1.013a 1.26 1.56 0.72 1.26

N (%, g/g)  3.38+0.310c 3.07 +£0.370bc 2.73 £0.310ab 2.66 +0.378ab 2.49 +0.145a 2.41£0.192a 9.83%* 45.79***  1.54 4.32%*
C/N 1343 +£4.166a  14.601 + 1.716ab 16.29 + 1.712bc 16.95+2.413bc  17.22+2.175bc 18.43 +1.232¢ 6.20%* 26.92*** (.80 2.66*

Main factor: water heterogeneity (spatial: low-amount, middle-amount, high-amount; or temporal: low-frequency, middle-frequency,

high-frequency), clonal integration. F-values are shown

Data indicate means + SE (n = 6), Significant differences of treatments are indicated by different letters, * P < 0.05, ** P <0.01, *** P <0.001

Fy/Fy,: the maximum quantum yield of photosystem II (PS II); Yield: the effective quantum yield of PS II



Page 33 of 35 Oecologia

Fig. 1

Severed here

Other intact branches



Oecologia Page 34 of 35

Fig. 2
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Fig. 3
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