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Shading may alter the colonization pattern and dominance
between two invasive submerged aquatic plant species

Champika Ellawala Kankanamge  Fleur E. Matheson - Tenna Riis

Received: 7 January 2020/ Accepted: 8 April 2020/ Published online: 19 April 2020

© Springer Nature B.V. 2020

Abstract Egeria densa and Elodea canadensis are
two common invasive submerged macrophytes in
streams and rivers worldwide. We conducted a six-
week growth experiment with monocultures of E.
densa and E. canadensis and mixed communities of
the two species under five different shade levels (35%,
63%, 79%, 90% and 95%). Our aim was to test the
effect of shade and competition on colonization of
vegetative propagules of these species in flowing
waters. We found that biomass accrual in both species
was greatly reduced at high shade (> 79%) and that E.
densa individuals accrued more biomass than E.
canadensis individuals at all shade levels. At the least
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shade level (35%), interspecific competition with E.
densa stimulated biomass accrual of E. canadensis
individuals, compared to those within an E. canaden-
sis monoculture. At higher shade (> 63%), this
facilitation response disappeared, although E.
canadensis plants continued to have longer stem
length and a greater degree of branching than E. densa
plants at < 79% shade. At the highest shade level,
competition with E. canadensis reduced biomass
accrual of E. densa. Hence, shade influenced the
competitive interactions between these two species. At
low shade, the competitiveness of E. canadensis was
enhanced, but in the field E. densa appears to be the
dominant species in streams, especially those with
higher levels of shade and less frequent disturbance by
flushing flow events.

Keywords Submerged macrophytes - Monoculture
communities - Mixed communities - Stream shade -
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Introduction

Macrophyte beds affect stream ecosystem structure by
modifying flow velocity, substrate conditions, stream
depth and cross-sectional area (Sand-Jensen 2002;
Champion and Tanner 2000). They also play a critical
role in the functioning of stream ecosystems as they
influence primary production (Alnoe et al. 2015),
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nutrient cycling (Levi et al. 2015) and biodiversity
(e.g., Bell et al. 2013). Since streams are naturally
unstable ecosystems with frequent disturbances due to
hydrological events, vegetation dynamics in these
systems are usually intense (Riis 2008; Riis and Sand-
Jensen 2006). Many stream macrophyte species prop-
agate via stem fragments, most often generated during
hydrological events (Riis 2008; Riis and Sand-Jensen
2006). Retention of fragmentsis facilitated by the
presence of obstacles in the stream bed, including
established macrophyte beds, woody debris and
incursions of riparian vegetation into the channel
(Riis and Sand-Jensen 2006). Trapped stem fragments
are a primary source of colonizing propagules which
can create new populations, or re-establish existing
ones, following disturbance events.

The first interaction that macrophyte propagules
have with the recipient environment is likely to be
competition for limiting resources (Vila and Weiner
2004). Competition occurs between species (inter-
specific) and within species (intraspecific) due to the
need to acquire resources for growth, and this
influences the relative abundance and dominance of
species (Thiébaut et al. 2019; Maestre et al. 2009;
Milne et al. 2007). Interspecific competition can be
strong amongst species, especially those which are
biologically and ecologically similar. For example,
Hofstra et al. (1999) found that the relative compet-
itive potential of the Hydrocharitaceae Hydrilla ver-
ticillata was low when it was competing with
morphologically similar species in the same family
(i.e., Egeria densa, Elodea canadensis and La-
garosiphon major), but it was high when competing
with Ceratophyllum demersum (Ceratophyllaceae),
which is morphologically distinct. For this study,
Egeria densa Planch. and Elodea canadensis Michx.
were selected as being two common non-native, and
invasive, submerged aquatic macrophytes in New
Zealand streams and rivers (Champion et al. 2013;
Riis et al. 2012). They are morphologically similar so
we anticipated that there would be strong interspecific
competition between the two species. However, E.
densa is regarded as the more invasive of the two
species in New Zealand according to an aquatic weed
risk assessment model (Champion et al. 2014).

A non-native species is one that has arrived to a new
region other than the region where it evolved (David-
son et al. 2011). High competitive ability is considered
to be the primary factor dictating the invasion
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potential of an exotic species (Vila and Weiner
2004). Recent studies have examined alterations in
dominance of invasive species when competing for
resources such as nutrient, light and carbon (Connolly
et al. 2001; Martin and Coetzee 2014; Eller et al.
2015). Several studies have investigated the control-
ling effects of these biophysical factors for coloniza-
tion and growth of exotic macrophyte species (Martin
and Coetzee 2014; Riis et al. 2012), whereas less is
known about the effect of interspecific competition on
the colonization success of these species in streams.

Light is an essential resource for photosynthesis;
hence, it is a prominent limiting factor affecting the
distribution of submerged aquatic macrophytes (La-
coul and Freedman 2006). In streams, shade from
riparian vegetation affects light availability, especially
along stream margins, and this may limit the invading
ability of exotic stream macrophytes (Evangelista
et al. 2017). Shade tolerance and light-related plastic
adaptations are advantageous in competitive environ-
ments (Barko and Smart 1981; Lacoul and Freedman
2006). In general, increasing shade negatively affects
growth rate, biomass accrual and canopy formation,
while it positively affects stem elongation in mono-
culture stands (Riis et al. 2012; Zefferman 2014). This
study aimed to investigate the influence of shade, and
thus limitation of light, on competition between E.
densa and E. canadensis, from the initial colonization
stage. More specifically, we tested the influence of
shade on competition in colonizing monocultures of
each species and in mixed communities of the two
species in an outdoor recirculating mesocosm which
mimicked a slow-flowing large stream system. We
examined the influence of shade on the competitive
traits of individual plants growing within the different
community compositions. In streams, macrophyte
competitiveness is conferred by morphological traits
that maximize plant photosynthesis. For example,
high stem length and high branching degree are
considered to be beneficial traits for competition
because they increase light harvesting (Riis et al.
2012). We also measured overall species biomass
accrual to evaluate the overall effect of shade and
competition on the community.
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Methodology

Egeria densa and E. canadensis are well known
invaders in lakes, rivers and streams in many parts of
the world including New Zealand (Zefferman 2014;
Champion et al. 2013; Riis et al. 2012). Both species
mainly propagate by stem fragments (Champion et al.
2013; Riis et al. 2012). For this study, plant specimens
were collected from the Waitoa River (37.7517° S,
175.7171° E), North Island, New Zealand. Specimens
were stored in a chiller at 4 °C for 48 h. Then apical
shoots were harvested and planted into pots and placed
in the experimental mesocosm.

Shoots were planted into 800 mL (9 cm diameter,
12.5 cm deep) plastic pots filled with 1/3 garden soil at
the bottom and 2/3 washed sand on top. Commercial
grade garden soil was used to ensure sufficient nutrient
availability for plant growth in the substrate (similar to
Riis et al. 2012). Total carbon (C) and nitrogen (N) in
sediment samples (three replicates, sand and garden
soil separately) were analyzed using a C/N analyzer
(Procedure MAM, 01-1090, Elementar, Germany).
Sediment total recoverable phosphorus (TRP) was
determined using an ICP-MS (after a nitric/hydrochlo-
ric acid digestion, Method—EPA 200.2). Sediment C,
N and TRP contents were 0.030 & 0.006%,
0.020 £ 0.001% and 0.010 £ 0.001% in sand and
5.15 £ 0.92%,0.27 + 0.03% and 0.050 = 0.002% in
garden soil, respectively.

Replicate apical shoots (10 cm length) of one or
both species were planted into each pot. Similar
biomass was introduced to each pot. Egeria densa was
approximately twice as heavy by weight (wet, dry) as
E. canadensis. Six apical shoots from each species
were set aside for initial quantification of biomass
(grams dry weight, gdw). This confirmed that the
weight ratio of E. densa: E. canadensis was 1.95:1.
The mean dry weight of E. densa and E. canadensis
10-cm-long apical tips used in the study was
0.059 + 0.019 g and 0.030 £ 0.007 g, respectively.
Hence, two apical shoots of E. densa were planted in
each pot for pots only with E. densa (hereafter Ed pots
and individual plants named Ed), while four apical
shoots were introduced for pots only with E. canaden-
sis (hereafter Ec pots and individual plants named Ec).
Mixed community pots were planted with one apical
tip of E. densa and two apical tips of E. canadensis,
hence introducing similar biomass to each pot (here-
after named mixed pots and each species grown in

mixed community was named as Ed-Mix and Ec-
Mix). This study was planned as a simple replacement
design, in which all the experimental pots received
similar initial biomass, with the mixed communities
receiving approximately half the biomass of each
species relative to the monocultures (Harper 1977). A
similar approach has been used previously to study
interactions between E. densa and Stuckenia pectinata
in monoculture and mixed culture along environmen-
tal gradients (Borgnis and Boyer 2016). A total of 15
plant pots were assigned to each shade treatment (3
competition treatments x 5 replicates), yielding a
total of 75 plant pots (15 pots x 5 shade treatments).
The plants were grown for 6 weeks from March 8§ to
April 19, 2018 (early to mid-austral autumn). We
selected this time of year and experiment durations
broadly representative of the period of peak macro-
phyte growth and biomass accrual, and a typical
duration between scouring flood flow events in North
Island, New Zealand, lowland agricultural streams.
Six weeks was considered an adequate time period for
colonization in a new habitat in the latter part of the
growing season.

The experiment was set up in a large recirculating
outdoor mesocosm (20 m long, 1.5 m wide, water
depth—0.75 m) at the Ruakura experimental facility
(see Redekop et al. 2016 for image). The tank was
filled with clear potable water [Hamilton City Water
Supply, typically containing 470 ug NO;-N L™,
<10 ug NH,-N L' and 5 pg PO, >-P L™ with
a total alkalinity of 30.4 mg L' (0.6 mEq L™") and
pH 7.5]. Water with relatively low nutrient concen-
trations was used to minimize the growth of phyto-
plankton and epiphyton, which would likely further
reduce light availability. We considered that the
garden soil added to pots at depth would provide
sufficient nutrients in porewater to enable macrophyte
growth, without generating a significant flux of
nutrients into the overlying water of the mesocosm.
Flow velocity in the mesocosm was adjusted to be in
the range of 0.05-0.08 ms™"' by adjusting the rotating
velocity of a paddle wheel. Flow velocities of this
magnitude are typical of macrophyte-dominated low-
land streams in North Island, New Zealand, during
summer (see Champion and Tanner 2000). Light
availability was manipulated by using shade cloth
covers. Nominal percentages of shading relative to
ambient light provided by the cloth covers were 30%,
50%, 70%, 80% and 90%. Earlier experiments at this
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facility showed that this range of shading supported
the growth of both species (Kankanamge et al. 2019).
Ambient light in daylight hours varied from 75 to
2915 umol m™? s~ ! during the experimental period
(Radiation data from Ruakura climate station). Day-
light hours were between approximately 6 AM and
6 PM, while the peak values were usually observed in
between 12 and 3 PM. Actual shading provided by the
shade cloth covers was calculated by measuring the
available light at the base of the tank (filled with water)
in the absence of plants and ambient light above the
shade cloth cover by using a Licor UWQ 9346
underwater quantum sensor connected to a LI-1500
light sensor logger. Measurements were made on
March 29, April 4 and April 16 at mid-day, and
percentage shade at the base of the tank was calculated
and averaged, with the values being 35%, 63%, 79%,
90% and 95%, respectively. The average photosyn-
thetically available radiation (PAR) experienced by
plants in each shade treatment during the six-week
experiment was 28, 16, 9, 4 and 2 mol m~? d_l,
respectively.

Competitive morphology traits were measured at
the end of the experiment. Individual plants were
carefully separated. For each plant, we measured the
main stem length and the length of each branch
separately. Thereafter, shoots and roots were separated
and plant material was dried in an oven at 80 °C for
48 h. Biomass accrual was measured as total shoot dry
weight, root dry weight, root/shoot ratio, dry weight/
unit length, length of main stem and length of each
branch. Relative growth rate (RGR), branching degree
(number of branches/main stem length), lateral spread
(total plant length/main stem length) and weight of a
unit length (dry biomass/ total stem length) were
calculated using the above measurements. Relative
growth rate was calculated based on the mean of the
natural logarithm of the dry weights according to
Hoffman and Poorter (2002).

Data processing

All analyses were performed in SPSS 21.0 software.
Two-way ANOVA was used to evaluate the influences
of shade and plant community composition on plant
growth and morphology. One-way ANOVA was used
to isolate the effect of shade on each species grown in
different community compositions. Tukey multiple
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comparison tests were used to identify significantly
different groups.

Measured percentage shade at the base of the
mesocosm was used as the shade level to which plants
were exposed. The influence of shading on intraspeci-
fic and interspecific competition was studied on
individual plants and pots. Growth and morphology
results were compared at the individual plant level,
while biomass accrual results were compared at the
pot level. Pot-level biomass production was consid-
ered to reflect species behavior in an individual patch
or in a mixed community.

Results

Shoots of both species were able to grow under all
shade conditions. However, shade and community
composition had effects on the growth and morphol-
ogy of both species. Overall, total biomass accrual in
pots was significantly reduced when shade increased
(one-way ANOVA, F =77.06, P < 0.001). At 35%
shade and 95% shade, total biomass accrual in pots
differed among plant community compositions but at
shade levels 63%, 79% and 90% biomass accrual was
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Fig. 1 Biomass accumulation per pot basis. Mean £ SD,
mixed: mixed community pots, Ec: E. canadensis plants in
monoculture, Ed: E. densa plants in monoculture, DW: Dry
weight. Letters indicate differences between the growth
conditions based on one-way ANOVA analysis
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similar for E. densa monocultures, E. canadensis
monocultures and mixed communities (Fig. 1). At
35% shade, monoculture E. canadensis communities
accumulated significantly lower biomass than mixed
communities and monoculture E. densa communities,
which had similar biomass. At 95% shade, monocul-
ture E. densa communities accrued more biomass than
monoculture E. canadensis communities and mixed
communities.

Increasing shade from 35 to 95% generally reduced
biomass accrual for individual plants of both species,
especially E. densa (Table 1). At higher shade levels,
especially > 79%, biomass accrual of both E.
canadensis and E. densa was reduced. Egeria densa
plants were primarily affected by shade. The presence
of E. canadensis generally had little effect on biomass
accrual, growth and morphological traits of E. densa
except at high shade (95%) where biomass accrual and
RGR were reduced (Table 1, Fig. 2). In contrast, both
shade and community composition affected the
biomass accrual, growth and morphology of E.
canadensis (Table 1). Interspecific competition had a
positive influence on biomass accrual of E. canadensis
plants at 35% shade. E. canadensis individuals
accrued a similar biomass to E. densa individuals
when the two species were grown together at this

Table 1 Influence of shade and community composition on E.
densa and E. canadensis, two-way ANOVA results (F values)
based on per plant measurements

S C S xC

E. densa
DW per plant (g)
RGR (g DW/g/day)

13.66%** 0.60™ 0.83™
33.20%%% 1.58"™ 1.39™

Main stem length (cm) 3.69% 0.03™ 0.48™
Lateral spread 3.18% 0.22™ 0.13™
Branching degree 2.93% 1.22™ 1.98"
Root/shoot ratio 5.36%* 0.91™ 0.14™

E. canadensis

DW per plant (g) 20.63%%** 1.73™ 4.99%*
RGR (g DW/g/day) 38.96%** 0.06™ 3.98%%*
Main stem length (cm) 4.41%* 2.71™ 4.75%%*

Lateral spread 5.60%:* 0.13™ 1.56™
Branching degree 35.77%%% 5.36%%* 7.57H%*
Root/shoot ratio 4.33%* 2.08™ 5.12%*

ns Not significant, S shade, C community composition
P < 0.001; **P < 0.01; *P < 0.05

shade level (Fig. 2). Furthermore, E. canadensis
plants had a longer main stem length, and greater
lateral spread and branching degree than E. densa
plants when grown together at 35% shade (Fig. 2),
although the RGR of E. canadensis plants was lower.
However, at higher shading levels the facilitation
received by E. canadensis due to the presence of E.
densa disappeared, although main stem length of E.
canadensis plants continued to be longer than E.
densa plants at 63% and 79% shade. At the highest
shade level (95%), the presence of E. canadensis was
found to reduce biomass accrual and RGR of E. densa
individuals. Egeria densa plants accrued a higher
biomass compared to E. canadensis plants at all shade
levels, except 95% shade level (Fig.2). Biomass
allocation to roots reduced as shade increased for both
species with no apparent effect of intra- or inter-
specific competition.

Discussion

Shading and interspecific competition interacted to
affect growth responses of the two stream macro-
phytes, E. canadensis and E. densa. Shade had a strong
influence on biomass accrual, growth rates and
morphology of both E. canadensis and E. densa as
observed in several previous studies of these, and other
stream macrophyte species (Kankanamge et al. 2019;
Zefferman 2014; Riis et al. 2012; Barko and Smart
1981). The effects of interspecific competition were
more subtle than those of shade especially for E.
densa. Furthermore, interactive effects between shade
and community composition were significant for E.
canadensis but not for E. densa. Our results imply that
the competitiveness of E. canadensis with E. densa is
increased at low shade (35%) as E. canadensis showed
longer main stems, higher lateral spread and branching
degree than E. densa. E. canadensis also had demon-
strably longer stems compared to E. densa with
shading of 63% and 79% supporting its potential
competitive nature under these conditions. However,
its propensity for lower biomass accrual across all
shade levels tested likely means that E. densa will still
dominate in mixed communities. Field observations
from New Zealand streams and rivers tend to support
this expectation. E. canadensis usually occurs at low
abundance when E. densa is present (e.g., Champion
and Tanner 2000), with E. canadensis only tending to
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Fig. 2 Effect of shade on morphological and physiological
traits after six weeks based on measurements of individual
plants. Mean & SD (n = 5). Letters indicate significant differ-
ences (P < 0.05) between the growth conditions at a given
shade level according to one-way ANOVA analysis and post-
hoc Tukey tests. Ed, E. densa plants in monoculture; Ed-Mix, E.

proliferate in the absence of E. densa, or in streams
with high rates of flushing flows (F. Matheson, P.
Champion Pers. Observs.).

This study supports the concept that competition
and facilitation interactions between species may vary
along environmental stress gradients (Maestre et al.
2009). Along the shade gradient provided in this study,
facilitation received by E. canadensis from interac-
tions with E. densa at low shade (high light availabil-
ity) shifted towards a neutral interaction between these
two species at high shade (low light availability).
Meanwhile, E. densa experienced a neutral interaction
with E. canadensis at low shade (high light availabil-
ity), which shifted towards a competitive interaction at
high shade (low light availability). Similar variations
in species interactions along environmental gradients
have been observed in other studies (Li et al. 2018;
Hao et al. 2013; Milne et al. 2007), and there are
numerous examples which provide evidence that such
interactions play a determinant role in dominance of
species in mixed communities (Thiébaut et al. 2019;
Hao et al. 2013, Maestre et al. 2009 and references
there in).

The results of this study suggest that the presence of
E. densa facilitates E. canadensis colonization when
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densa plants in mixed community, Ec, E. canadensis plants in
monoculture; Ec-Mix, E. canadensis plants in mixed commu-
nity; DW, dry weight; RGR, relative growth rate, A Dry weight
per plant, B Relative growth rate, C Root/shoot ratio, D Main
stem length, E Lateral spread, F Branching degree

light availability is high and a similar biomass of
propagules is available. Such interactions may have
potential to alter the community composition in
streams. Most previous studies have examined inter-
actions between a native species and an invasive
species, while this study has documented interactions
between two exotic, invasive species with similar
morphology. This may explain the relatively subtle
interactive effects that we have observed especially for
E. densa. Further, the results might differ when the
propagule density varies (Thiébaut et al. 2019; You
et al. 2016). Here, the design enables us only to
evaluate the influence by the presence of the other, not
to study the influence of propagule density, since it is a
simple replacement experiment as used in other
studies (Borgnis and Boyer 2016 as an example) for
evaluating the difference between monoculture and
mixed culture. Nevertheless, in this study our results
do indicate that even at twice the propagule number
(density) E. canadensis cannot compete with E. densa
in terms of biomass accrual at shade levels ranging
from 35 to 95%. Potentially, E. canadensis might be
more competitive than E. densa in some stream
systems, particularly those that have regular flushing
flow events, which frequently reset the plant
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community, and if the relative supply of E. canadensis
to E. densa propagules is higher, i.e., ratio > 2.

In conclusion, our study has shown that shade has a
strong influence on the growth and competitive traits
of two common stream macrophyte species with
similar morphology, E. densa and E. canadensis.
When grown in mixed culture with high light avail-
ability, growth of E. canadensis plants was facilitated
by the presence of E. densa. At higher shade levels, the
interaction shifted to neutral then competitive, with E.
densa affected by E. canadensis presence at high
shade yet still clearly dominating under these condi-
tions. Biomass accrual was greater for E. densa plants
at all shade levels, suggesting that this species is likely
to be the superior competitor in stream and river
systems.
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