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Abstract: Environments are ubiquitously heterogeneous in nature, and clonal plants commonly
benefit from both clonal integration and foraging responses in heterogeneous environments. While
many studies have examined clonal integration and foraging responses separately, few have tested the
effect of clonal integration on the foraging response of clonal plants to environmental heterogeneity.
We grew offspring ramets of each of three clonal plants (Hydrocotyle vulgaris, Duchesnea indica, and
Glechoma longituba) in both homogeneous and heterogenous soil environments and severed their stem
connection to a mother ramet (to prevent clonal integration from the mother ramet) or kept it intact
(to allow clonal integration). Without clonal integration from the mother ramet, soil heterogeneity
had no effect on biomass or number of ramets for any of the three species. With clonal integration,
soil heterogeneity also had no effect on biomass or number of ramets of D. indica and G. longituba,
but significantly decreased biomass and marginally significantly decreased number of ramets of
H. vulgaris. Without clonal integration, offspring ramets did not demonstrate either shoot or root
foraging responses in terms of total, shoot and root biomass and ramet number in the heterogeneous
soil environment in any of the three species. With integration, offspring ramets of H. vulgaris also
did not demonstrate either root or shoot foraging responses, but offspring ramets of G. longituba
demonstrated both root and shoot foraging responses, and those of D. indica demonstrated a root
foraging response when they grew in the heterogeneous soil environment. We conclude that clonal
integration can alter the foraging response of clonal plants, but this effect is species-specific. Our
results also suggest that foraging responses of clonal plants in heterogeneous soil environments may
not necessarily benefit the growth of clonal plants.

Keywords: clonal growth; environmental heterogeneity; foraging response; phenotypic plasticity;
physiological integration

1. Introduction

Clonal plants, such as those capable of clonal growth or vegetive propagation, are
abundant in nature, and play a substantial role in diverse habitats [1–4]. Vegetatively
produced offspring ramets commonly remain physically connected to one another and to
their mother ramets via horizontally growing roots or stems (stolons, creeping stems, and
rhizomes) [5–10]. These physical connections allow clonal integration, i.e., translocation
of resources (carbohydrates, water, and minimal nutrients) and signals from mother (or
developmentally older) ramets to offspring (or developmentally younger) ramets, and
from ramets growing in high-quality patches to those growing in low-quality ones in
heterogeneous environments [11–16]. A large body of studies have suggested that clonal
integration can promote the establishment of newly produced offspring ramets, ramets
growing in low-quality patches, and the whole clone [10,17–20].
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Environments are ubiquitously heterogeneous, and such environmental heterogeneity
can occur at different spatial scales relevant to plant growth, development, and reproduc-
tion [21–25]. When clonal plants grow in heterogeneous environments consisting of high-
and low-resource patches, they may demonstrate foraging responses by placing more roots
(root foraging), shoots (shoot foraging), and/or whole ramets (both root and shoot foraging)
in high-resource patches than in low-resource ones [26–30]. Because of such foraging re-
sponses, clonal plants can grow better in heterogeneous environments than in homogenous
ones even if the total amount of resources (i.e., light, water, and nutrients) is the same in
the two environments [10,31–35]. Due to interspecific differences in foraging responses,
environmental heterogeneity may potentially influence competitive interactions between
plants [36–40] and alter species composition and community productivity [25,41–46].

While numerous studies have separately tested the roles of clonal integration [16,20,47–53]
and foraging responses of clonal plants in heterogeneous environments [26,35,54,55], to
our best knowledge, few studies have assessed them simultaneously. As both clonal integration
and foraging responses can potentially promote the growth of clonal plants [7,13,19,20,31,35,38],
we hypothesize that the foraging responses of offspring ramets of clonal plants in het-
erogeneous environments will be more significant when clonal integration from their
connected mother ramets is prevented than when it is allowed, i.e., clonal integration
will alter the foraging responses of offspring ramets of clonal plants growing in hetero-
geneous environments. Since foraging responses are frequently associated with growth
promotion [35,56–59], we hypothesize further that the positive effect of environmental
heterogeneity on the growth of offspring ramets of clonal plants will be stronger when
clonal integration from their connected mother ramets is prevented than when it is allowed,
i.e., clonal integration will alter the effect of environmental heterogeneity on the growth of
offspring ramets.

To test these hypotheses, we grew offspring ramets of each of three clonal plants
(Hydrocotyle vulgaris, Duchesnea indica, and Glechoma longituba) in both homogeneous and
heterogenous soil environments and severed their physical (stolon or creeping stem) con-
nection to a mother ramet (to prevent clonal integration from the mother ramet) or kept
it intact (to allow clonal integration). The total amount of nutrients and substrates in
the homogeneous and heterogeneous environments remained the same. Specifically, we
addressed the following questions: (1) Do the three clonal plants demonstrate foraging
responses in terms of shoot, root, and total biomass and number of ramets in the het-
erogeneous soil environment? (2) Do such foraging responses in the heterogeneous soil
environment, if any, result in a growth promotion of the offspring ramets compared to the
homogeneous soil environment? (3) Does clonal integration from the connected mother
ramet affect the foraging responses of the offspring ramets in the heterogeneous soil envi-
ronment? (4) Does clonal integration alter the effect of soil heterogeneity on the growth of
the offspring ramets?

2. Materials and Methods
2.1. The Species

The three study species, i.e., Duchesnea indica (Andr.) Focke (Rosaceae), Glechoma
longituba Nakai Kupr. (Lamiaceae), and Hydrocotyle vulgaris L. (Umbelliferae), are all
perennial herbs capable of vigorous clonal growth and widely distributed in China [60,61].
All three species can be distributed at forest margins, and G. longituba and D. indica can
also occur under forests. Duchesnea indica and G. longituba are stoloniferous plants and H.
vulgaris produces creeping stems that can root at each node [62–64]. A ramet of D. indica
is a rosette, consisting of a vertical stem with highly compressed internodes, some leaves,
and roots [62]. Each leaf is composed of a slender petiole with three leaflets and is borne
on the vertical stem. The axillary buds on the vertical stem can develop into stolons. A
ramet of G. longituba commonly consists of two single leaves, a node and some roots, and
the two axillary buds at each stolon node can grow out to form two stolons [63]. A ramet of
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H. vulgaris consists of only one single leaf, one node, and some roots, and the axillary bud
at each node can form a creeping stem [64].

2.2. Sampling and Cultivation

Ramets of all three species were collected at the Jiaojiang campus of Taizhou Univer-
sity in the Jiaojiang District, Taizhou, Zhejiang Province, China. They were vegetatively
propagated in a greenhouse at Taizhou University. For each species, 35 similar-sized ramets
were selected and planted individually in pots (14 cm in diameter and 13 cm high) filled
with an equal mixture of sand and commercial compost (Meishimei Bio-Tech Co. Ltd.,
Beijing, China). After 30 days, for each species we selected, out of the 35 ramets, 20 which
produced at least one stolon or creeping stem with at least one ramet. For each ramet
selected, one stolon of similar size was kept and the remaining stolons or creeping stems, if
any, were removed.

2.3. Experimental Design

For each species, we set up four treatments, which were two soil heterogeneity treat-
ments (homogeneous vs. heterogeneous) crossed with two clonal integration treatments
(connection vs. severance, i.e., with vs. without integration; Figure 1). The 20 ramets of
each species were randomly assigned to one of the four treatments, and each treatment
was replicated five times. Each box (39 cm long × 28 cm wide × 14 cm deep) was divided
into four equal patches (19.5 cm long × 14 cm wide). For the heterogeneous treatment, two
patches in each box were filled with a high-nutrient soil and the other two with low-nutrient
soil, arranged in a checkboard manner (Figure 1). For the homogeneous treatment, each
of the four patches was filled with an even mixture of the high- and low-nutrient soil at a
volume ratio of 1:1. Thus, the total amount of soil nutrients in each box was the same for
all treatments.

The high- and low-nutrient soils were a mixture of sand and commercial compost
(5.59 g kg−1 total N, 3.99 g kg−1 total P and 146.2 g kg−1 organic matter; Hebei Dewoduo
Fertilizer Co., Ltd, Beijing, China) at volume ratios of 1:9 and 9:1 ratio, respectively. As sand
commonly contains very low amounts of N, P, and K, the amounts of N, P, and K in the
sand–compost mixtures roughly equal to those in compost. Therefore, the total amounts
of N, P, and K in the high-nutrient soil were about nine times higher than those in the
low-nutrient soil.

One pot with a mother ramet was then placed near a box and the stolon or creeping
stem of the ramet was forced to grow along the short edge of the adjacent soil patches
(Figure 1). Two weeks after the first daughter ramet rooted, the stolon/creeping stem
internode connecting the mother ramet and its first daughter ramet was either severed to
prevent clonal integration or kept intact (connected) to allow clonal integration (Figure 1).
Then we removed the apex of the stolon/creeping stem to encourage the production of
secondary and tertiary stolons and ramets in the box.

The experiment started on 1 September and ended on 1 December 2019, and was
conducted in the same greenhouse as for material cultivation. During the experiment,
we removed the additional stolons/creeping stems produced by the mother ramet. The
mean temperature and mean relative humidity in the greenhouse were 27.1 ◦C and 86.3%,
respectively. Water was added to the boxes and pots when soil surface became dry. To
avoid mass flow of water and thus soil nutrients between adjacent patches within the box,
water was added slowly to soil. The amount of water added each time varied depending
on the weather conditions. During the experiment, the boxes with the pots were randomly
repositioned three times to avoid potential differences in microclimatic conditions in the
greenhouse.
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Figure 1. Schematic representation of the experimental design. Each box consisted of four equal 
patches. In the heterogeneous treatment, two patches in a box were filled with a high-nutrient soil 
(gray rectangles) and the other two with a low-nutrient soil (white rectangles); in the homogeneous 
treatment, all four patches in a box were filled with an even mixture of the high- and the low-nutri-
ent soils at a volume ratio of 1:1. A mother ramet (red triangle) was grown in a pot (light gray circle) 
and its first daughter ramet (green dot) was grown at the short edge of the two adjacent patches. 
The internode (thick green lines) between the mother and the first daughter ramet was either sev-
ered to prevent clonal integration or kept connected to allow clonal integration. 
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For the heterogeneous treatments, we counted the total number of new offspring 

ramets in the high- and low-nutrient patches separately for each box. Then, we harvested 
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ramets in the low-nutrient patches in each box separately. For the homogeneous treat-
ments, the plant in each box was harvested in a similar fashion, i.e., the first daughter 
ramet and offspring ramets in the imagined low- and high-nutrient patches were har-
vested separately. We also harvested the mother ramet in each pot. The plants were then 
separated into shoots (leaves plus stolons/creeping stems) and roots, dried at 70 °C for 72 
h, and weighed.  

2.5. Data Analysis 
During the experiment, the first daughter ramet of H. vulgaris in one replicate of the 

severed homogeneous treatment died unexpectedly, and thus the data for this plant were 
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severed, i.e., with vs. without integration) on biomass (total, shoot, and root) and the num-
ber of offspring ramets in the whole box and on biomass of the mother ramet in the pot. 
When a significant effect was observed, Tukey HSD tests were used for multiple compar-
isons. We also employed three-way ANOVA with repeated measures to test the effects of 
patch quality (low- vs. high-nutrient patches), soil heterogeneity, and clonal integration 
on biomass and number of the offspring ramets in patches within the box for each species. 
In this model, patch quality was treated as a repeated variable because the low- and high-
nutrient patches in each box were not independent [65]. Following this model, planed 

Figure 1. Schematic representation of the experimental design. Each box consisted of four equal
patches. In the heterogeneous treatment, two patches in a box were filled with a high-nutrient soil
(gray rectangles) and the other two with a low-nutrient soil (white rectangles); in the homogeneous
treatment, all four patches in a box were filled with an even mixture of the high- and the low-nutrient
soils at a volume ratio of 1:1. A mother ramet (red triangle) was grown in a pot (light gray circle) and
its first daughter ramet (green dot) was grown at the short edge of the two adjacent patches. The
internode (thick green lines) between the mother and the first daughter ramet was either severed to
prevent clonal integration or kept connected to allow clonal integration.

2.4. Measurements

For the heterogeneous treatments, we counted the total number of new offspring
ramets in the high- and low-nutrient patches separately for each box. Then, we harvested
the first daughter ramet, all offspring ramets in the high-nutrient patches, and all offspring
ramets in the low-nutrient patches in each box separately. For the homogeneous treatments,
the plant in each box was harvested in a similar fashion, i.e., the first daughter ramet and
offspring ramets in the imagined low- and high-nutrient patches were harvested separately.
We also harvested the mother ramet in each pot. The plants were then separated into shoots
(leaves plus stolons/creeping stems) and roots, dried at 70 ◦C for 72 h, and weighed.

2.5. Data Analysis

During the experiment, the first daughter ramet of H. vulgaris in one replicate of the
severed homogeneous treatment died unexpectedly, and thus the data for this plant were
excluded from analysis. For each species, we used two-way ANOVA to test the effects of
soil heterogeneity (homogeneous vs. heterogeneous) and clonal integration (connected
vs. severed, i.e., with vs. without integration) on biomass (total, shoot, and root) and
the number of offspring ramets in the whole box and on biomass of the mother ramet in
the pot. When a significant effect was observed, Tukey HSD tests were used for multiple
comparisons. We also employed three-way ANOVA with repeated measures to test the
effects of patch quality (low- vs. high-nutrient patches), soil heterogeneity, and clonal
integration on biomass and number of the offspring ramets in patches within the box for
each species. In this model, patch quality was treated as a repeated variable because the
low- and high-nutrient patches in each box were not independent [65]. Following this
model, planed linear contrasts were used to test whether the mean values of each variable
differed between the low- and high-nutrient patches within each of the four combinations
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of clonal integration and soil heterogeneity. Before analysis, data on number of the offspring
ramets of H. vulgaris in the box were transformed to square root and data on total biomass,
root biomass, and number of offspring ramets of D. indica, and data on root biomass of the
offspring ramets of G. longituba were log-transformed to satisfy the assumption of ANOVA.
Also, data on root biomass of the mother ramet of H. vulgaris in the pot and data on total
and shoot biomass of the mother ramet of D. indica were log-transformed. All analyses
were conducted using SPSS 23.0 (IBM Corp., Armonk, NY, USA).

3. Results
3.1. Effects of Clonal Integration and Soil Heterogeneity on Biomass of the Mother in the Pot

Clonal integration did not significantly affect total and root biomass of the mother
ramet growing in the pot for any of the three species, and had no effect on shoot biomass of
the mother ramet of H. vulgaris and G. longituba (Table 1, Figure 2). While the ANOVA result
produced a significant effect of clonal integration on shoot biomass of D. indica (Table 1B),
post hoc analysis demonstrated no significant difference (Figure 2E). Soil heterogeneity in
the box had no significant effect on total, shoot, and root biomass of the mother ramet in
the pot for any of the three species (Table 1, Figure 2).

3.2. Effects of Clonal Integration and Soil Heterogeneity on Offspring Growth in the Box

Generally, averaged across the two soil treatments, clonal integration from the mother
ramet growing in the pot increased all growth measures of the offspring ramets growing in
the box for all three species, except root biomass of H. vulgaris (Table 2, Figure 3). Without
clonal integration from the mother ramet, soil heterogeneity had no effect on total, root,
and shoot biomass and the number of the offspring ramets growing in the whole box for
any of the three species (Figure 3). With clonal integration, soil heterogeneity also had no
significant effect on either biomass or number of the offspring ramets growing in the whole
box for D. indica (Figure 3E–H) and G. longituba (Figure 3I–L), but significantly decreased
total and shoot biomass of the offspring ramets of H. vulgaris (Figure 3A,B).

Table 1. ANOVA results for effects of clonal integration (I), soil heterogeneity (H), and their interaction
on the growth of the mother ramet of each species.

Effect
Total Mass Shoot Mass Root Mass

F P F P F P

(A) Hydrocotyle vulgaris
I 0.05 0.834 0.03 0.874 0.95 0.344
H 2.05 0.171 0.99 0.334 4.47 0.051

I × H 0.84 0.372 0.39 0.543 0.57 0.463
(B) Duchesnea indica

I 4.39 0.052 4.87 0.042 0.86 0.367
H 0.94 0.347 1.46 0.244 0.15 0.701

I × H 0.62 0.442 1.32 0.268 0.17 0.687
(C) Glechoma longituba

I 0.01 0.923 1.14 0.303 2.170 0.160
H 1.80 0.199 1.87 0.190 0.58 0.459

I × H 2.24 0.154 1.93 0.183 1.02 0.327
Values are in bold when p ≤ 0.05. Degree of freedom is 1, 15 for all effects on (A) H. vulgaris and 1, 16 for all effects
on (B) D. indica and (C) G. longituba.
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Figure 2. Effects of soil heterogeneity (homogeneous vs. heterogeneous) and clonal integration
(severed vs. connected) on total mass (A–C), shoot mass (D–F), and root mass (G–I) of the mother
ramet of each species.

Table 2. ANOVA results for effects of clonal integration from the mother ramet growing in the pot (I),
soil heterogeneity in the box (H), and their interaction on the growth of the offspring ramets of each
species growing in the box.

Effect
Total Mass Shoot Mass Root Mass No. of Ramets

F P F P F P F P

(A) Hydrocotyle vulgaris
I 9.8 0.007 11.2 0.004 <0.1 0.963 5.3 0.036
H 6.1 0.026 7.3 0.016 0.1 0.759 5.8 0.030

I × H 3.5 0.081 4.4 0.054 0.2 0.661 1.3 0.280
(B) Duchesnea indica

I 48.9 <0.001 45.2 <0.01 25.9 <0.001 69.3 <0.001
H 1.0 0.758 2.4 0.145 0.1 0.750 <0.1 0.944

I × H 4.4 0.051 4.9 0.050 4.0 0.063 5.3 0.034
(C) Glechoma longituba

I 122.4 <0.001 156.4 <0.01 49.5 <0.001 192.8 <0.001
H 2.1 0.167 1.8 0.203 < 0.1 0.953 0.2 0.683

I × H 2.4 0.137 1.1 0.311 2.4 0.139 0.5 0.503
Values are in bold when p ≤ 0.05. Degree of freedom is 1, 15 for all effects on (A) H. vulgaris and 1, 16 for all effects
on (B) D. indica and (C) G. longituba.
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Figure 3. Effects of soil heterogeneity (homogeneous vs. heterogeneous) and clonal integration
(severed vs. connected) on biomass (A–C,E–G,I–K) and number (D,H,L) of the offspring ramets
of each species growing in the box. Error bars indicate +1 SE. Different letters indicate significant
differences (Tukey HSD tests).

3.3. Effects of Clonal Integration on Foraging Responses

Patch quality or its two-way and three-way interactions with clonal integration and soil
heterogeneity had no significant effects on the growth of D. indica (Table 3B). There were sig-
nificant interactive effects of patch quality × clonal integration and patch quality × clonal
integration × soil heterogeneity on total biomass, shoot biomass, and number of ramets,
and a significant effect of patch quality × clonal integration × soil heterogeneity on to-
tal stem length of the offspring ramets of H. vulgaris at the patch level (Table 3A). There
were also significant interactive effects of patch quality × soil heterogeneity and patch
quality × clonal integration × soil heterogeneity on total and shoot biomass, and a signifi-
cant effect of patch quality × soil heterogeneity on number of the offspring ramets of G.
longituba at the patch level (Table 3C).
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Table 3. ANOVA results for effects of clonal integration from the mother ramet growing in the pot
(S), soil heterogeneity in the box (H), patch quality (Q), and their interactions on the growth of the
offspring ramets of each species growing in the box.

Effect
Total Mass Shoot Mass Root Mass No. of Ramets

F P F P F P F P

(A) Hydrocotyle vulgaris
Between subject

I 6.0 0.027 6.7 0.021 0.1 0.765 4.8 0.044
H 4.6 0.050 5.4 0.035 <0.1 0.847 6.5 0.022

I × H 2.1 0.167 2.9 0.111 0.6 0.432 2.2 0.159
Within subject

Q 0.9 0.362 0.7 0.425 0.6 0.445 1.2 0.300
Q × I 5.7 0.031 6.2 0.025 0.1 0.778 7.0 0.018
Q × H 3.0 0.104 3.2 0.096 0.1 0.742 0.4 0.534

Q × I × H 7.1 0.018 7.7 0.014 0.1 0.744 7.6 0.015
(B) Duchesnea indica

Between subject
I 45.1 0.001 55.8 0.001 24.9 0.001 41.0 0.001
H 2.8 0.117 3.9 0.065 1.1 0.306 0.6 0.458

I × H 4.5 0.049 6.7 0.020 1.7 0.212 2.4 0.139
Within subject

Q 0.3 0.571 0.5 0.476 2.3 0.148 0.1 0.811
Q × I 0.1 0.764 0.5 0.479 1.2 0.289 0.2 0.691
Q × H 1.2 0.288 0.1 0.781 3.7 0.071 1.5 0.242

Q × I × H 1.2 0.281 0.5 0.494 1.2 0.283 0.2 0.691
(C) Glechoma longituba

Between subject
I 125.9 0.001 167.6 0.001 17.5 0.001 192.8 0.001
H 2.3 0.147 2.0 0.180 0.9 0.350 0.2 0.683

I × H 2.6 0.124 1.3 0.264 1.9 0.183 0.5 0.503
Within subject

Q 3.2 0.094 0.5 0.487 2.3 0.150 0.2 0.627
Q × I 1.7 0.215 0.1 0.818 1.7 0.206 <0.1 0.884
Q × H 14.5 0.002 9.0 0.008 4.3 0.053 5.4 0.033

Q × I × H 9.9 0.006 6.7 0.020 2.7 0.121 2.8 0.111
Values are in bold when p ≤ 0.05. Degree of freedom is 1, 15 for all effects on (A) H. vulgaris and 1, 16 for all effects
on (B) D. indica and (C) G. longituba.

Without clonal integration from the mother ramet growing in the pot, the offspring
ramets growing in the box did not display significant differences in total, shoot, and
root biomass and number of ramets between the high- and low-nutrient patches in the
heterogeneous treatment (Figure 4). This was true for all three species (Figure 4). With
integration, the offspring ramets of H. vulgaris growing in the box also did not display
significant differences in total, shoot, and root biomass and number of ramets between the
high- and low-nutrient patches in the heterogeneous treatments (Figure 4A–D). However,
with clonal integration, the offspring ramets of D. indica produced more root mass in
the high- than in the low-nutrient patches in the heterogeneous treatment (Figure 4G),
and those of G. longituba produced more total, root, and shoot biomass and ramets in the
high-nutrient patches than in the low-nutrient patches in the heterogeneous treatment
(Figure 4I–L). Unexpectedly, in the homogeneous treatment, total and shoot biomass of H.
vulgaris and shoot biomass of G. longituba displayed significant differences between the
two types of imagined patches (Figure 4A,B,J).
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Figure 4. Effects of soil heterogeneity (homogeneous vs. heterogeneous), clonal integration (severed
vs. connected) and patch quality (high- vs. low-nutrient patches) on biomass (A–C,E–G,I–K) and
number (D,H,L) of the offspring ramets of each species growing in the box. Error bars indicate +1 SE.
Symbols (* p < 0.05, ** p < 0.01 and *** p < 0.001) indicate significant differences between the high-
and low-nutrient patches within the box (by linear contrasts).

4. Discussion

As expected, clonal integration promoted the growth of the offspring ramets in both
the homogeneous and heterogeneous soil environments for all three clonal plant species at
no cost to their connected mother ramets (Tables 1 and 2, Figures 2 and 3). These results are
consistent with previous findings of many experimental studies [10,15,18,20,66] and also
two meta-analytical studies [18,19]. The promoted growth of the offspring ramets is likely
due to the importation of carbohydrates, nutrients, and/or water translocated from their
connected mother ramet, as reported previously [9,10,16,20,66]. Also, likely only surplus
resources were exported from the mother ramet to the offspring ramets so that the loss
of these amounts of resources could not reduce the growth of the mother ramet and thus
result in a significant cost of clonal integration [10,67–69].

Without clonal integration from the mother ramet, the offspring ramets in the hetero-
geneous soil environment produced statistically the same amount of biomass and ramets
in the two types of soil patches (Figure 4), suggesting that none of the three clonal species
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demonstrated either root- or shoot-foraging responses in the heterogeneous soil environ-
ment without the support from their mother ramet. With clonal integration, however, the
offspring ramets of D. indica demonstrated root-foraging responses by producing more
root biomass in the high- than in the low-nutrient patches in the heterogeneous soil envi-
ronment, and those of G. longituba demonstrated both root and shoot foraging (Figure 4).
In previous studies, the root-sprouting clonal plant Ajuga genevensis and the stoloniferous
clonal plant Potentilla anserina did not demonstrate foraging responses [70,71]. However,
foraging responses in heterogeneous environments have been demonstrated in many other
clonal species, including Hierochloe glabra [58], Fragaria vesca [72], Potentilla reptans [40],
and Glechoma hederacea [73]. Additionally, in a study with six pairs of invasive and native
clonal plant species, Kesser et al. [59] found that the invasive species generally displayed
root-foraging responses in heterogeneous soil environments, whereas the native species
did not. Therefore, clonal species differ in the ability of root- and shoot-foraging responses
in heterogeneous environments. Our results also suggest that clonal integration can modify
the foraging responses of clonal plants in heterogeneous environments, but such an effect
can vary with species.

No matter whether clonal integration was allowed or not, soil heterogeneity signif-
icantly promoted the growth of the offspring ramets in none of the three clonal species
(Figure 3). This is despite that fact that in the presence of clonal integration, D. indica
demonstrated root foraging and G. longituba displayed both root and shoot foraging. Many
previous studies have suggested that soil heterogeneity can promote the growth of clonal
plants [25,36,38,42,55,65,71,74]. For instance, Birch and Hutchings (1994) found that Gle-
choma hederaceae produced 2.5 times higher biomass in the heterogeneous soil environment
than in the homogeneous environment with the same amount of nutrients. Similarly, in a
recent study, Si et al. (2021) reported that two dwarf bamboo species (Sasa argenteosriata
and Sasaella glabra) produced significantly more biomass in the heterogeneous than in the
homogeneous soil environment even if the two environments contained the same amount
of nutrients. However, there are also studies suggesting no effect of soil heterogeneity
on the growth of clonal plants [32,71,75,76]. Thus, in response to soil heterogeneity, a
significant foraging response of clonal plants may not necessarily result in their growth
promotion, as also suggested in other studies [33,58,71].

Surprisingly, soil heterogeneity decreased the growth of one clonal species (H. vulgaris)
in the presence of clonal integration (Figure 3A,B,D). Additionally and unexpectedly, in
the homogeneous treatment total and shoot biomass of H. vulgaris and shoot biomass of
G. longituba displayed significant differences between the two types of imagined patches
(Figure 4A,B,J). The exact reasons for these unexpected results are unknown. It is likely
that these came from some undetected disturbance noise during the experiment.

5. Conclusions

We conclude that clonal integration can alter root and/or foraging responses of clonal
plants when they grow in heterogeneous environments, but this effect of clonal integration
depends on the plant species. However, root- and/or shoot-foraging responses in hetero-
geneous environments may not necessarily be adaptative and thus benefit the growth of
clonal plants. Our results do not support the idea that clonal integration can modify the
effect of environmental heterogeneity on the growth of clonal plants. It should be noted that
we considered only clonal integration between a mother ramet growing in a pot and their
offspring ramets growing in heterogeneous environments. Future studies could consider
the effect of clonal integration between ramets growing in heterogeneous environments on
their foraging responses and potential growth benefits.
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