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Abstract Clonal integration facilitates the growth and
reproduction of clonal plants by providing the ability to
share resources among ramets in heterogeneous environ-
ments. The benefits of clonal integration for plant growth
may depend on a contrast in resource availability and may
encounter costs, especially when a young part of the clone is
growing across a border between richer and poorer condi-
tions than the old part. We studied a clonal amphibian plant
growing across a border between an aquatic and a terrestrial
ecosystem, which typically differ in the availability of
resources. We asked whether the young part of the clone
is supporting the old part with phosphorus and whether this
support has costs. We performed an experiment with
Alternanthera philoxeroides where plants grow from water
to aterrestrial habitat. The terrestrial habitat had either a low
or high phosphorus supply, and the connection between the
old and young parts of the clone was either left intact or split.
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We determined that the young part of the clone growing ina
terrestrial habitat supported the old part with phosphorus
when growing on a substrate rich in phosphorus. We have
found no cost of this resource translocation; on the contrary,
whole clones increased not only their accumulation of
phosphorus, but also of nitrogen. Our study shows how an
amphibian plant may profit from heterogeneous habitats by
resource sharing in a clonal network.
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Introduction

The term habitat heterogeneity refers to a non-uniform
spatial distribution of essential resources which limits
the growth of plants in a natural ecosystem (Stuefer
1996; Ye et al. 2015). While non-clonal plants, which
are restricted to a single rooting point, cannot always
explore and exploit this type of heterogeneity (Stuefer
1998), many clonal plants can do it due to multiple
rooting units connected by spacers (Stuefer et al. 1994;
He et al. 2011). The spacers (e.g. stolons and rhizomes)
allow sharing of resources such as water (Geng et al.
2006), photosynthates (Hartnett and Bazzaz 1983; Slade
and Hutchings 1987) and mineral nutrients (Liu et al.
2016). This kind of reciprocal resource sharing, usually
referred to as division of labour (Stuefer 1998; Ye et al.
2015), enables clonal plants to behave as a cooperative
system (Hutchings 1999) and therefore improves survi-
vorship, growth and reproduction of recipient rooting
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units (ramets) of clonal plants in resource-poor patches
of heterogeneous habitats (Alpert and Mooney 1986; Lu
et al. 2016). Therefore, clonal plants have a more effi-
cient use of spatially scattered resources compared to
non-clonal plants (Herben 2004).

There is no agreement whether resource sharing is
costly for a plant (Salzman and Parker 1985; Xu et al.
2010). Many studies have shown benefits of resource
sharing for the recipient ramets at no costs to the donor
ramet (Alpert and Mooney 1986; Stuefer 1995; Yu et al.
2002; Liu et al. 2016; Lu et al. 2016). Other studies have
reported costs to donor ramets (Caraco and Kelly 1991;
Pauliukonis and Gough 2004; Luo et al. 2014) or even
the cessation of support to recipient ramets in seriously
impoverished site (Hartnett and Bazzaz 1983; Wolfer
and Straile 2012). There are two important reasons for
the inconsistency of results:

(1) The benefit of resource sharing may vary with
contrasting resource availability in different patches
(Hutchings and Wijesinghe 2008). The underlying
mechanism may be stronger functional specializa-
tion of ramets for uptake of a limiting resource with
its increasing availability (Hartnett and Bazzaz
1983; Stuefer et al. 1994; Alpert 1999; Saitoh
et al. 2002; Yu et al. 2002).

(ii) Plants can more easily share resources in direction
of their growth (acropetally), i.e. from established
ramets with own root system to young ramets
without roots (developmental division of labour —
Stuefer 1998) than from young to old ramets (ba-
sipetally — Alpert and Mooney 1986; Jonsdottir
and Callaghan 1989). From preceding studies we
know that the basipetal or acropetal direction of
translocation primarily depends on the source-sink
relationships of interconnected ramets (Hutchings
and Wijesinghe 1997). For example, Lotscher and
Hay (1997) report that phosphorus (P) can be
transported basipetally in Trifolium repens under
heterogencous P supply, while Roiloa and
Hutchings (2012) report prevailing acropetal re-
source sharing in Glechoma hederacea.

Although heterogeneity in resource availability can be
found in numerous communities, in some of them it can be
clearly observed. For example, in wetlands plants may be
subjected to mosaic of aquatic and terrestrial patches that
clonal plants can cross (Wolfer and Straile 2004; Wang etal.
2009). Clonal amphibian plants are often found in aquatic-
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terrestrial ecotones, which typically differ by the availabil-
ity of nutrients (Liu etal. 2016), oxygen (Frost-Christensen
etal. 2003), carbon dioxide (Robe and Griffiths 2000), light
(Etnier et al. 2017), etc. For example, the same P concen-
tration differs in aquatic-terrestrial ecotones, where P con-
centrations in natural clean waters are relatively small com-
pared with the amount of P used in soils (Barko et al. 1991,
Sanyal and De Datta 1991). McRoy and Barsdate (1970)
have reported that aquatic plant Zostera marina can obtain
P from the sediment by roots and translocate to other parts of
the plant. We thus predicted that ramets of clonal amphibian
plants rooting within rich P soils also could absorb and
translocate P to ramets floating in P-poor waters due to
clonal integration. Therefore, we conducted an experiment
using a creeping amphibian herb, Alternanthera
philoxeroides, with representative clonal propagation from
aquatic to terrestrial environments to explore the following
three questions: (1) Can clonal integration improve the
performance of basal ramets in a low P availability habitat
by resource sharing supported by apical ramets in a high P
habitat? (2) What might clonal integration cost the growth
of apical ramets due to the basipetal translocation of P
resources? (3) Can whole clonal fragments benefit more
from soluble P compared to insoluble P due to greater
contrasting levels of P availability between aquatic and
terrestrial environments?

Material and methods
Study species

Alternanthera philoxeroides (Mart.) Griseb.
(Amaranthaceae) is a perennial amphibian species na-
tive to America that is rapidly spreading in China (Dong
et al. 2010; Zhou et al. 2012). It occurs in a variety of
wetland habitats due to its easy clonal multiplication by
the fragmentation of branching creeping shoots (Sainty
et al. 1997). Each node of the horizontal stem may
produce a new branch, a potentially independent frag-
ment of the clone (Geng et al. 2006).

Clonal fragments for an experiment using
A. philoxeroides were collected from a single population
distributed in a branch of the Yangtze River in Zhen-
jiang, China (32°13' N, 119°28' E), where genetic di-
versity of A. philoxeroides is extremely low (Wang et al.
2005). Then, these clonal fragments were propagated in
a greenhouse at Jiangsu University, China. The frag-
ments were cultured in 0.5% Hoagland nutrient solutions
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(Dai et al. 2016). After one month of culturing, similar-
aged and -sized clonal fragments (24.81 + 0.61 cm in
length; mean + SE), with four nodes and one apex were
used for the experiment.

Experimental design

Herein, the three oldest nodes of the clonal fragments
are referred to as the ‘basal part’ of the clonal fragments,
and the youngest node and one apex of the fragments are
referred to as the ‘apical part’ (Fig. 1). The basal parts of
the clonal fragments were placed into containers (30 x
20 x 8 cm; length x width x height) filled with a
modified 0.5 x Hoagland nutrient solution without ad-
ditional nitrogen (N) and P to simulate low-P aquatic
habitats (Table 1a) whereas the apical parts were planted
in plastic pots (10 cm in diameter) filled with washed
river sand (< 2 mm in diameter) to simulate high-P
terrestrial habitats. The sand mixed with soluble P was
treated with KH,PO,, while that with insoluble P was
treated with a mixture of inorganic P compounds and
organic P compounds. The amount of P for each pot was
56.52 mg in both soluble and insoluble P treatments.
Soluble P (orthophosphate ions) from soil solutions can
be taken up by plants (Effendy et al. 2014); conversely,
both inorganic P bound to metal cations and organic P
are insoluble and cannot be directly acquired by plants
(Vance et al. 2003; Richardson and Simpson 2011).
Therefore, even though the quantities of soluble P and
insoluble P are the same, compared to soluble P, the
availability of insoluble P is lower for plants. The N
amount was also 56.52 mg, provided by compounds of
KNOj; and NH4Cl (M/M = 1:1) in each pot. Part of the

Fig. 1 Experimental design of |

Apical

potassium was provided by the KH,PO, which was
used to supply P, and the rest of potassium was provided
by adding KCI, while all other basal nutrients were
supplied in constant (Table 1b), non-limiting amounts
(Pearse et al. 2007).

When the apical parts had produced adventitious
roots, half of the stolons were severed to prevent the
integration of basal and apical parts, whereas for the
other half, they were left connected to allow integration
(Fig. 1). Each treatment was repeated five times. The
experiment was performed in a greenhouse (tempera-
ture: 26 + 2°C; relative humidity: 62 + 2%, mean =+ SE;
photosynthetic photon flux density (PPFD) during the
day: approx. 300 pmol'm *s ). Each replicate was
repositioned randomly every week to avoid the effects
of possible environment patchiness within the green-
house. The newly formed branches in the basal parts
and apical parts outside the plastic pot were not allowed
to root. An adequate amount of distilled water was
supplied to the clonal fragments every two days. The
modified Hoagland solutions were completely replaced
every two weeks to maintain the same initial nutrient
concentration.

Harvest and measurements

After nine weeks of culturing, the apical and basal parts of
the clonal fragments of A. philoxeroides were harvested
separately. The number of new nodes, total stolon length
and the number of branches were counted for the apical
parts or basal parts, respectively. The apical parts and
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(including stems and leaves), and then dried at 70°C for
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Table 1 Compositions of nutrient addition: A — main elements in water; B — elements in sand

A

Element Content [mg/container (3 L)]
Mg 4.8

S 32

Fe 0.18

K 39

B

Element Content [mg/pot]
P 56.52

N 56.52

K 135.75

Ca 60.86

Mg 24

S 32.02

Fe 5.6

Cu 0.01

B 0.27

Mn 0.55

Mo 0.01

Zn 0.03

Compound
MgSO,47H,0
MgSO,47H,0
CoH,FeN,;NaOg
KCl

Compound

Soluble P: KH,PO,4
Insoluble P:50% Cas(OH)(PO,)s, 30% AIPO,, 20% C¢HO24PcNa,»

KNO;:NH,4Cl = 1:1
KCl, KNOs, KH,PO,
CaCl,, Cas(OH)(POy,)s
MgS0O,47H,0
MgS0,4-7H,0, ZnSO47H,0, MnSO,44H,0, CuSO,4-5H,O
CyoH 2FeN,NaOg
CuSOy45H,0

H;BO;

MnSO,4-4H,0
Na,Mo00,42H,0
ZnS047H,0

72 hours and weighed. The total biomass of apical parts or
basal parts was the sum of the biomass of the root and the
shoot. The number of new nodes, total stolon length, the
number of branches, and the biomass of both basal parts
and apical parts were also counted for the whole frag-
ments. After a digestion procedure (Kjeldahl digestion
method; 1 hourat200°C and 2 hours at 340°C ina mixture
of concentrated sulfuric acid and 30% hydrogen perox-
ide) (Fujita et al. 2010), the N and P concentrations in the
leaves of apical and basal parts were determined
colourimetrically using a UV-1200 spectrophotometer
(MAPADA, Shanghai, China).

Data analysis

Two-way ANOVAs were used to test the effects of
clonal integration (connected vs. severed) and P avail-
ability (soluble P vs. insoluble P) on the growth traits
(i.e. biomass, number of new nodes, total stolon length,
number of branches, and ratio of root to shoot), and
stoichiometric nutrition (i.e. concentration and accumu-
lation of N and P) of the apical or basal parts and whole
clonal fragments. Values for the biomass of root and the
number of branches of the basal parts were log(x + 1)

@ Springer

transformed to satisfy requirements of normality and
homogeneity of variance. Differences between individ-
ual means were tested with Bonferroni tests to examine
the effects of the treatments, and the P values were
adjusted by Bonferroni correction. All analyses were
performed with SPSS Statistics 22.0 software (SPSS,
Chicago, IL, USA).

Results
Performance of basal parts

Total stolon length, the number of new nodes, and the
P concentration and N concentration in leaves of the
basal parts were greatly affected by P availability
whereas the other measures were not affected
(Tables 2 and 3). Total stolon length and the number
of new nodes of basal parts were greater when the
stolons were connected with a soluble P treatment
than with an insoluble P treatment (Fig. 2a,c), but the
P concentration and N concentration in leaves of the
basal parts were reversed (Fig. 3a,b).
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Table 2 P-values of two-way analysis of variance (ANOVA) for stolon connection (C) and phosphorus form (P) and their interactions (C X
P) on variables related to growth traits of apical and basal part. The P values were adjusted by the Bonferroni correction

Growth traits Basal part Apical part Clonal fragment

Connection  Phosphorus C x P Connection Phosphorus C x P  Connection Phosphorus C x P
total stolon length 0.000 0.000 0.000  0.000 0.001 0.054  0.000 0.000 0.020
number of new nodes  0.000 0.000 0.000  0.000 0.000 0.013  0.000 0.000 0.006
number of branches 0.050 0.050 0.050  0.005 0.001 0.000  0.005 0.001 0.001
biomass of root 0.000 0.044 0.027 0.071 0.009 0.086 0.019 0.011 0.102
biomass of shoot 0.000 0.043 0.042  0.000 0.003 0.106  0.000 0.002 0.122
total biomass 0.000 0.126 0.143  0.000 0.000 0.127  0.000 0.000 0.127
ratio of root to shoot ~ 0.000 0.008 0.001  0.001 0.134 0.042  0.001 0.127 0.057

P <0.007

The growth of basal parts was greatly affected by
stolon connection, except for the number of branches
(Table 2, P < 0.007 and Table 3, P < 0.0125 with
Bonferroni correction). Stolon connection significantly
increased the biomass of the shoot, the biomass of the
root, total biomass and the ratio of the root to the shoot
of the basal parts (Fig. 2d,e; Fig. 2f; Fig. 4), and greatly
increased the concentration and accumulation of P and
N (Fig. 3).

There was a significant interaction effect of P availability
by stolon connection on the ratio of the root to the shoot of the
basal parts (Table 2). The ratio of the root to the shoot in
insoluble P treatments was greater than that in soluble P
treatments when the stolons were connected (Fig. 4).

Performance of apical parts

Most measures of apical parts were greatly affected by P
availability, except for the biomass of the root, and the
ratio of the root to the shoot (Tables 2 and 3). Total
biomass, total P accumulation and total N accumulation

Table 3 P values of two-way analysis of variance (ANOVA) for
stolon connection (C) and phosphorus form (P) form and their
interactions (C x P) on variables related to concentration and

of the apical parts were significantly greater in soluble P
treatments than those in insoluble P treatments (Fig. 2f;
Fig. 3c,d). Stolon connection made total stolon length, the
number of new nodes and the N concentration in leaves of
the apical parts significantly greater in soluble P treat-
ments than those in insoluble P treatments (Fig. 2a,c;
Fig. 3b), but the number of branches, biomass of the shoot
and the P concentration in leaves of the apical parts
exhibited no significant difference between soluble and
insoluble P treatments (Fig. 2b,d; Fig. 3a).

The growth of apical parts was also greatly affected by
stolon connection, except for the biomass of root and the
total P accumulation (Tables 2 and 3). Stolon connection
significantly increased total stolon length, the number of
new nodes, biomass of the shoot, total biomass and total
N accumulation of the apical parts (Fig. 2a,c,d,f; Fig. 3d).

Performance of whole clonal fragments

P availability and stolon connection significantly
affected all the growth measures except for biomass

accumulation of phosphorus and nitrogen for apical and basal
parts. The P-values were adjusted by the Bonferroni correction

Basal part Apical part

Connection Phosphorus CxP Connection Phosphorus CxP
P concentration in leaves 0.000 0.000 0.000 0.001 0.000 0.034
N concentration in leaves 0.000 0.000 0.000 0.005 0.004 0.003
Total P accumulation 0.000 0.087 0.083 0.081 0.000 0.213
Total N accumulation 0.000 0.196 0.187 0.000 0.000 0.023

P<0.0125
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Fig. 2 Lateral extension and biomass of Alternanthera
philoxeroides subjected to soluble P or insoluble P treatments.
Stolons connecting apical and basal parts were either connected
(grey) or severed (open). The left horizontal bars represent the
basal parts whereas the right horizontal bars represent the apical
parts. The sums of the basal part and the apical part indicate the

of the root (Table 2). Compared with insoluble P
treatments, when stolons were connected, total sto-
lon length, the number of new nodes and total bio-
mass of whole clonal fragments in soluble P treat-
ments were significantly greater (Fig. 2a,c,f). Stolon
connection significantly increased total stolon
length, biomass of the shoot and total biomass of
whole clonal fragments (Fig. 2a,d,f).
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Discussion

Clonal integration was advantageous for both basal and
apical part of the clone growing in aquatic versus ter-
restrial conditions and more so when availability of P
was high. Therefore, we observed costs due to resource
sharing neither for donor part of the clone nor for whole-
clone performance.
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Basipetal translocation of resources

In the present experiments, stolon connection signifi-
cantly increased the biomass and the P and N accumu-
lation of the basal parts of the clonal amphibian herb
A. philoxeroides regardless of P availability. This result
suggests that clonal integration facilitates the survivor-
ship and growth of old ramets growing in nutrient-poor
water due to basipetal translocation of resources.
Typically, resources move from older to younger
ramets (acropetal translocation) (Alpert and Mooney
1986; Jonsdottir and Callaghan 1989). For example,
the growth of Glechoma hederacea is significantly
greater in acropetal treatments than in basipetal treat-
ments (Roiloa and Hutchings 2012). Sharing of nutri-
ents in our experiment was thus driven mainly by the
source-sink relationship among ramets. Basipetal trans-
location of resources driven by source-sink relationship
is also common in many other clonal plants, such as
Trifolium repens, Fragaria orientalis and Sasa palmata
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(Lotscher and Hay 1997; Saitoh et al. 2006; Zhang and
Zhang 2013). For instance, under heterogeneous P sup-
ply, 50% of **P exported from a high-P patch is
transported basipetally in the small-leafed Trifolium
repens (Lotscher and Hay 1997).

Further, persistence of stolon connections significant-
ly increased the root to shoot ratio of the basal parts but
significantly decreased the root to shoot ratio of the apical
parts (Table 2 and Fig. 4) in comparison with split treat-
ments. It was probably due to necessity to build own root
system for separated apical parts but not for integrated
apical parts due to developmental division of labour
(Stuefer 1998; Zhang and Zhang 2013). Apical parts of
clones lacking roots are usually a source of carbon for
older part ofa clone, which is a source of water (Marshall
1990; Stuefer et al. 1994; Jonsdottir and Watson 1997)
and dissolution products of relatively abundant salts (i.e.
potassium and calcium — Barko et al. 1991).

Contrary to other studies considering the benefits to
recipient ramets and the costs to donor ramets (Wang
et al. 2009; Xu et al. 2010), our study found that clonal
integration did not cost any growth to donor parts but
increased whole clonal fragments. The main reason for
the lack of costs incurred by the apical parts in the exper-
iment is the fact that only surplus P and N resources may be
transported from the apical parts to the basal parts (Table 3,
Fig. 3c and d). Therefore, surplus resource supplies for
recipient ramets do not limit the normal growth of donor
ramets (Yu et al. 2002; Liu et al. 2016). However, the
maintenance of stolon connections significantly decreased
the P concentration in leaves of the apical parts. One
possible reason is that the growth rate of the apical parts
is greater than their rate of P uptake, which is causing the
dilution of P in plant tissues (Jarrell and Beverly 1981).

Contrasting levels of P availability

Growth parameters were enhanced in treatment with solu-
ble P in comparison with insoluble P and this is in agree-
ment that resource sharing is more beneficial when there
are greater contrasts in resource availability (Hutchings
and Wijesinghe 2008; Richardson and Simpson 2011).
Resource contrast between heterogeneous environments
plays important role as the main external driving force
behind integration effects (Caraco and Kelly 1991). The
benefits of clonal integration are enhanced under higher
levels of contrast, for instance, drought-stressed ramets
gain more benefits in a high-contrast environment than in
a lower-contrast environment (Zhang et al. 2009).
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Our results also show that the N concentration in
leaves and total N accumulation were significantly
higher in our soluble P treatments than those in our
insoluble P treatments when the stolons were connected
(Fig. 3b and d; Table 3). It suggests that both P avail-
ability and clonal integration significantly facilitate N
assimilation, as shown in other studies (Treseder and
Vitousek 2001; Giisewell et al. 2003). Due to higher
availability of P, plants have higher biotic N demands to
avoid elemental imbalance (Treseder and Vitousek
2001). Therefore, it may be expected that P availability
can alter N assimilation in plants (Rufty et al. 1990).

Conclusion

Resource sharing by clonal integration is an important
strategy thatallows the survivorship and expansion of clonal
amphibian plants A. philoxeroides in aquatic-terrestrial eco-
tones, which typically differ in the availability of resources.
The higher was the level of resource contrast responsible for
the establishment of source-sink relationships between in-
terconnected ramets, the greater was the benefit of resource
sharing. In addition, N assimilation was enhanced under
more contrasting levels of P availability. Therefore, resource
contrast will be one of most important driving factors to
affect the expansion of A. philoxeroides in aquatic-terrestrial
ecotones, especially in the context of anthropogenic nutrient
input and resource eutrophication.
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