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Do patterns of establishment support invasive
status of five aquatic plants in New Zealand?

KARSTEN DOLLERUP, TENNA RIIS, AND JOHN S. CLAYTON*

ABSTRACT

In order to improve management of invasive aquatic
plants, a Weed Risk Assessment Model (WRAM) on aquatic
plant species in New Zealand was introduced in 2000. The
model ranks different attributes such as habitat versatility,
competitive ability, reproductive output, dispersal mecha-
nisms, range of potential impacts, potential distribution,
and resistance to management activities. The overall
objective of this study was to determine to what extent
relative growth rate, photosynthetic rate, light use efficien-
cy, allocation of biomass, and bicarbonate use efficiency
during establishment could explain the rank assigned to 5
species in the WRAM: Hydrilla verticillata (Linn.f.) Royle,
Ceratophyllum demersum L., Egeria densa Planchon, Lagarosiphon
major (Ridley) Moss, and Elodea canadensis Michaux. Overall,
our results indicate that the parameters measured for 5
invasive species do not support the rank assigned to these
same species in the WRAM. Our study investigated only the
growth performance of shoots during establishment and
thus only a small part of a plant’s life cycle. Although a high
rate of establishment might result in a high local abundance,
as well as a high regional distribution, our study illustrates
that this is a single component to determining overall
invasive status of the plants. Consequently, this indicates
that other parts of the life cycle and ecology also contribute
to high rate of invasion by the highly ranked species H.
verticillata and C. demersum.

Key words: Ceratophyllum demersum, Elodea canadensis, Egeria
densa, Hydrilla verticillata, Lagarosiphon major, relative growth
rate, photosynthetic rate.

INTRODUCTION

Freshwater ecosystems have numerous invasive plant
species, of which some have a huge impact on the
ecosystems they invade (Barrat-Segretain 2005). This has
been illustrated in New Zealand since the middle of the 19th
century, where human colonization has resulted in exten-
sive introductions of plants from Europe (Champion and
Clayton 2000). This has led to New Zealand having one of
the highest percentages of introduced flora in the world,
where estimates are around 50%. More than 50 invasive
aquatic plant species are now naturalized, and 75% of these

have been imported as ornamental plants for aquariums
and garden ponds (Williamson 1996, Champion 1998). The
invasion of aquatic species to the freshwater systems of New
Zealand has led to an inevitable loss of native biodiversity
(Champion and Clayton 2000).

Ceratophyllum demersum L. and 4 species from the family
Hydrocharitaceae—Elodea canadensis Michaux, Egeria densa
Planchon, Hydrilla verticillata (Linn.f.) Royle, and Lagarosiphon
major (Ridley) Moss—which are introduced and invasive
obligate submerged aquatic species, have the potential to
cause widespread problems throughout New Zealand (How-
ard-Williams 1993, Hofstra et al. 2010). Ceratophyllum demer-
sum, Egeria densa, and L. major constitute the greatest impact
on the native vegetation primarily due to their tall, surface-
reaching growth form (Clayton and Champion 2006). The
indigenous submerged aquatic flora has no canopy-forming
species and is generally of low stature, which has made them
particularly prone to invasion displacement as they are
quickly overgrown and light-excluded (Champion and
Clayton 2000). In addition to an advantageous growth form,
these 5 species tolerate a wide range of light intensities,
which enables them to inhabit a diverse trophic range of
water bodies and proliferate throughout the littoral zone
(Howard-Williams 1993, Champion and Clayton 2000).

To improve management of invasive aquatic plants, a
Weed Risk Assessment Model (WRAM) on aquatic plant
species in New Zealand was introduced in 2000 (Champion
and Clayton 2000, 2001). The model evaluates different
attributes such as habitat versatility, competitive ability,
reproductive output, dispersal mechanisms, range of po-
tential impacts, potential distribution, and resistance to
management activities. Data and experience from other
countries also were included in order to predict the
potential spread of already established invasive species with
limited distribution so far. The individual scores of all
attributes were summed and constituted the final impact
rank. The 5 species included in this study are among the 6
highest ranked submerged plant species in the WRAM
(Champion and Clayton 2000).

The overall objective of this study was to determine to
what extent (1) relative growth rate, (2) photosynthetic rate,
(3) light use efficiency, (4) allocation of biomass, and (5)
bicarbonate use efficiency during establishment can explain
the rank assigned to 5 species in the WRAM, which is: 1,
Hydrilla verticillata; 2, Ceratophyllum demersum; 3, Egeria densa; 4,
Lagarosiphon major; and 6, Elodea canadensis (Champion and
Clayton 2000, 2001). We hypothesized that plants with the
highest invasive impact score also had the highest growth
and photosynthetic rates, and a high allocation to green
biomass distributed on numerous branches. Moreover, we
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expected that plants with high impact scores also had high
light and bicarbonate use efficiencies. These traits would be
an advantage to plants in their ability to colonize habitats
and compete with other species with similar growth form.
The parameters were measured at 2 light intensities to
simulate and evaluate the impact of the different species at
shallow and deeper waters in natural lakes.

METHODS

Experimental setup

The experiment was conducted in 2 outdoor, tempera-
ture-controlled tanks (width: 1.2 m, length: 2.4 m, depth
0.525 m; for further information see Burnett et al. 2007) at
National Institute of Water and Atmospheric Research
(NIWA) research facility, Hamilton, New Zealand. The tanks
were shaded with mesh nets, allowing penetration of 50 and
25% of ambient light, respectively. The maximal irradiation
varied between 300 and 500 lmol photons m�2 s�1 in the
50% tank, and between 150 and 250 lmol photons m�2 s�1

in the 25% tank. Shoots in the 50% tank were expected to
be light saturated, but limited in the 25% tank. The overall
amount of light during the growth period varied in
accordance to ambient light conditions and hours of
daylight. The tanks were filled with tap water, and water
level was controlled automatically and fixed to 40 cm during
the experiment. Concentration of nitrogen and phosphorus
in the water was 11.5 lg NH4-N L�1 and 5 lg PO4

3�-P L�1.
Alkalinity was 0.6 mEq L�1 and pH was 7.48 (Riis et al. 2010).
These conditions constituted no nutrient limitation to the
plants during growth (Hofstra et al. 1999). In order to
simulate natural temperature fluctuations during the day,
temperature in the tank was controlled automatically and
had a 24-h fluctuation between 22 and 27 C.

Plant material of Elodea canadensis and L. major was
collected in the Waikato river system, New Zealand, in
March 2009. The samples were stored at 5 C prior to the
experiment. Shoots of H. verticillata, C. demersum, and Egeria
densa were collected from culture tanks at NIWA research
facility, Hamilton, New Zealand. For each of the 5 species,
30 shoots with a length of 20 cm were selected. In order to
obtain minimal deviance in biomass among replicates,
morphologically similar shoots without branches were
selected. Side buds shorter than 1 cm were ignored. The
shoots were planted in plastic pots (diameter: 10 cm, height:
8 cm) containing garden topsoil collected at the facility. A
layer of fine sand was added to minimize disturbance of
sediment during planting and growth in the tank. The
bottom of the shoots was embedded into the sediment to
avoid detachment. Fifteen shoot replicates of each species
were placed in each of the 2 tanks. To avoid potential
differences in incoming irradiation, the pots were placed in
diagonal lines with equal numbers of species in each column
and row (column space: 10 cm, row space: 20 cm).

Plant parameters

Plant parameters were measured before and after the
growth period that varied from 14 to 20 d among

individuals. To avoid damage on the replicates used in the
growth experiment, a number (n¼ 20) of separate replicates
were used to measure preexperiment parameters.

Relative growth rate (RGR) and photosynthetic rates (PS)
were measured at ambient conditions after the growth
period. RGR of the plants was based on total green biomass
and calculated by:

RGR ðd�1Þ ¼ lnðDWfinalÞ � lnðDWiniÞ=timeðdÞ 1½ �
where DWfinal is the dry weight (g) at the end of the
experiment; DWini (g) is the mean dry weight estimated by
the initial shoots; and time is the number of growing days.
Rate of photosynthesis was measured on 5 apical shoots of 4
cm. The shoots were selected randomly from different
individuals and transferred to airtight glass bottles filled
with tank water adjusted to 80% oxygen saturation. The
bottles were incubated in the tank for approximately 30
min. Outdoor irradiation was measured as a proxy for light
intensity in the tank (. 800 lmol photons m�2 s�1 ambient
light) during incubation. After incubation, the bottles were
brought to the laboratory and oxygen concentration was
measured with a fiber optic oxygen sensor1. The shoots were
oven-dried for 24 h, and dry weight (DW) was measured.
Photosynthetic rates were calculated using:

Rate of photosynthesis ðlmol g�1DW h�1Þ
¼ ðO2end lmol L�1

� �
�O2blind lmol L�1

� �
Þ

=Bottle Volume ðmlÞ=DWshoot=DtðminÞ3 60=1; 000

2½ �

where O2end is the amount of oxygen in the bottle at the end
of the incubation, and O2blind is the amount of oxygen in the
bottle at the beginning of the experiment. This was
estimated by the use of blind-sample bottles, in which no
shoot fragments were present during incubation. Dt is the
incubation time. DWshoot is the dry weight of the shoot.

Biomass allocation was characterized as total stem length
increase and number of branches. In addition, derived
morphology parameters branching degree and lateral
spread were calculated according to Hérault et al. (2008).
Branching degree describes the number of branches per
stem length, and a high value designates a high number of
branches per stem length. Lateral spread describes the
degree of lateral growth by comparing the total length of
the plant to the total length of all side shoots. As with
branching degree, a high value is equal to a high degree of
lateral to horizontal spread. In general, high values in
branching degree and lateral spread are considered
competitive compared to low values. Dry weights of plant
material were obtained after drying at 80 C for 24 h.

In order to estimate initial dry weight (DWini) of the
shoots, an additional 20 initial-shoots of Elodea canadensis,
Egeria densa, and L. major were selected, dried, and weighed
prior to the experiment. Due to the highly branched growth
form of H. verticillata and C. demersum, it was not possible to
ignore branching in these 2 species and selection was done
by morphological similarity and, therefore, H. verticillata was
excluded from branching degree analysis and C. demersum
was excluded from branching degree and lateral spread
analysis. The fresh weight (FW) of each shoot was weighed
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prior to planting in order to estimate the DWini by FW/DW
relations.

Light use efficiency (a), maximum photosynthesis (Pmax),
and dark respiration (Rdark) were measured on 3 shoots of
each species grown at 50% light intensity. Photosynthesis, as
a function of light intensity, was calculated by measuring
rates of photosynthesis as oxygen exchange at different light
intensities. Shoots were incubated in a 145-ml closed
Perspex chambers in N- and P-free medium with an
alkalinity of 0.85 mEq L�1 (Smart and Barko 1985). The
medium was mixed continuously with a magnetic stirrer.
The chamber was placed in a water bath at a constant
temperature (19 C). Oxygen was measured by a fiber optic
oxygen sensor1 calibrated to 0 and 100% O2. To obtain
respiration rates and light response curve, 1 shoot was
placed inside the chamber in darkness. Measurements were
performed at light intensities of 25, 38, 64, 105, 170, 280,
400, 910, and 1200 lmol photons m�2 s�1. Oxygen
development was logged every 10 s, and intervals lasted
for 15 min. A light response curve (O2 production as a
function of light intensity) was made for each shoot tested.
Light use efficiency (a) was estimated by linear regression on
the initial slope of the curve. All shoots used in this part of
the experiment were dried at 80 C for 24 h, and the dry
weight was determined. All results are expressed on a dry
mass basis.

Concentration of chlorophyll a in the plants used for the
light–response curves was determined by selecting 3 shoot
fragments of each plant from both tanks. Samples were
freeze-dried in the laboratory; chlorophyll was extracted
with ethanol, and the absorbance of the extract at 470.0,
648.6, and 664.2 nm was measured on a spectrophotometer
(Lichtenthaler 1987).

Inorganic carbon use efficiency of the plants was
determined by pH-drift experiment as described in Allen
and Spence (1981) and Maberly and Spence (1983). Apical
shoots of 5 cm were incubated in glass bottles with a
standard Barko solution (Smart and Barko 1985) with an
alkalinity of 0.85 mEq L�1 and an O2 concentration of 80%.
Glass bottles were placed in a water bath at 20 C with an
irradiance of 250 lmol photons m�2 s�1 and stirred for 16 h,
with pH measured subsequently.

Data analysis

Differences in response parameters between species were
tested using 1-way ANOVA (P , 0.05) within each of the 2
light intensities separately. Differences between species
were performed with an ANOVA Tukey test. Data were
transformed to approach normal distribution of data when
necessary.

RESULTS AND DISCUSSION

Growth rate (Figure 1) varied between the 5 species at
both 25% light intensity (ANOVA; F4,70¼ 78.55, P , 0.001)
and at 50% light intensity (ANOVA; F4,68¼63.09, P , 0.001).
At 50% light Elodea canadensis had the highest growth rate
and at 25% light Egeria densa had the highest growth rate
(Figure 1).

Rate of photosynthesis (Pamb) also differed between the
species within both 50% light (ANOVA; F4,20 ¼ 9.21, P ,
0.001) and 25% light (ANOVA; F4,19 ¼ 63.31, P , 0.001). In
50% light the highest photosynthetic rate was attained by
Elodea canadensis and L. major, whereas C. demersum had the
lowest rate (Figure 1). In 25% light, the highest photosyn-
thetic rate was attained by Elodea canadensis and H. verticillata,
whereas C. demersum also had the lowest rate (Figure 1).

The highest increase in stem length was seen in Elodea
canadensis and C. demersum at high light intensity (F3,14 ¼
17.55, P , 0.001) and Elodea canadensis, C. demersum, and
Egeria densa at low light intensity (F3,14¼ 8.82, P , 0.001), as
only L. major had a significantly lower stem length than the
other species (Figure 2).

Elodea canadensis had the highest number of branches at
high light conditions (F3,14 ¼ 16.42, P , 0.001), while Elodea
canadensis and H. verticillata had the highest number of
branches at low light intensity (F3,14 ¼ 40.34, P , 0.001).

Figure 1. Relative growth rates and ambient photosynthetic rates of Elodea
canadensis, Egeria densa, Hydrilla verticillata, Ceratophyllum demersum, and
Lagarosiphon major grown at 50% (white) and 25% (black) ambient light
intensity. Plants were grown 2 to 3 wk in outdoor tanks prior to
measurements (see Methods for further description). Letters indicate
significant differences between species in 50% (lowercase letters) and 25%
(capital letters). Chlorophyll a content in the plants are shown in the lower
panel. For all panels mean values (6 SD, n ¼ 9–15) are shown.
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Egeria densa and L. major had the lowest number of branches
at both light intensities. Elodea canadensis also had the highest
branching degree at high light intensity. Lateral spread
differed between all 4 species at both high (F3,14¼227.6, P ,
0.001) and low (F3,14 ¼ 361.1, P , 0.001) light intensity. At
both light intensities, Elodea canadensis had the highest lateral
spread, while H. verticillata had the lowest.

Light use efficiency was highest in Elodea canadensis, H.
verticillata, and C. demersum (F4,4 ¼ 3.99, P , 0.05; Table 1).
Maximum rate of photosynthesis was highest in L. major (F4,4
¼ 4.50, P , 0.05) but did not vary between the remaining 4
species. The respiration rate ranged from 22 to 149 lmol O2
g DW�1 h�1 and was highest for Elodea canadensis.

All 5 species were able to push the pH value above 10,
indicating that all species were efficient in utilizing
bicarbonate as the inorganic carbon source. Hydrilla
verticillata and Elodea canadensis had the highest pH and C.
demersum the lowest at the end of the drift experiment
(Table 2).

Beforehand, we expected that plants with highest invasive
impact score in the WRAM (see ranking in Table 1) would
have high growth and photosynthetic rate, high allocation
to green biomass distributed on numerous branches, and
high light and bicarbonate use efficiencies. Relative growth
rates and rates of photosynthesis of the 5 species did not
correspond to ranks assigned to the species in WRAM. With
the exception of L. major, the growth rates ranged between
0.003 and 0.088 d�1 (50% light) and 0.007 and 0.067 d�1

(25% light) and were within the range of freshwater
angiosperms proposed by Nielsen et al. (1996). The growth
rates for L. major were much lower than the relative growth
rates found by James et al. (2006) in a field study. Overall,
Elodea canadensis had the highest relative growth rate (0.088
d�1) in shoots incubated at 50% light intensity, which is
similar to the rate of 0.086 d�1 obtained in aquarium studies
by Nielsen and Sand-Jensen (1991). In the plants incubated
at 25% light intensity Egeria densa had the highest growth
rate (0.067 d�1), but this did not differ significantly from the
rate of Egeria densa in 50% light intensity (0.069 d�1). These
results indicate that Elodea canadensis is faster at establishing
in waters with high light conditions, whereas Egeria densa is
better at establishing in deeper waters with lower light
intensities. This result is supported by Champion and
Clayton (2000), who found that Egeria densa is able to grow
deeper than Elodea canadensis and L. major, which ultimately
has led to the displacement of these 2 species in several
water bodies of New Zealand.

There was no direct correspondence between growth
rate and photosynthetic rate. This is not surprising because
photosynthesis is only one of several factors controlling
growth in plants (Körner 1991). The photosynthetic rate was
not necessarily expected to be expressed in the relative
growth rate of the plant as respiration rates can be highly
variable between species. For example, the relatively high
ambient photosynthesis rate of L. major in high light did not
result in a correspondingly high growth rate, which is most
likely due to high respiration rates in this plant. The higher
ambient photosynthetic rate in Elodea canadensis and H.
verticillata in low light conditions is assumed to be a result of
the higher chlorophyll a content in those plants.

There was no correlation between the morphological
traits of the plants and the rank of the 5 species. In the
WRAM, H. verticillata and C. demersum are ranked as the most
aggressive invasive species and therefore we would expect
these 2 species to be the best performers in a growth
experiment, as expressed by the longest stem length, the
highest number of branches, the highest branching degree,

Figure 2. Morphological parameters of Elodea canadensis, Egeria densa, Hydrilla
verticillata, Ceratophyllum demersum, and Lagarosiphon major grown at 50%
(white) and 25% (black) ambient light intensity. Plants were grown 2 to 3 wk
in outdoor tanks prior to measurements (see Methods for further
description). Letters indicate significant differences between species in
50% (lowercase letters) and 25% (capital letters). For all panels mean values
(6 SD, n¼ 9–15) are shown. NA¼ not applicable.
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and the highest lateral spread. All 5 species in this study had
very similar total stem length. In traits related to the
different aspects of the plants’ ability to occupy and expand
their distribution in the initial phase, Elodea canadensis was
the most favorable in this study. This could be of
competitive significance during establishment where space
is limited and competition is high, as plants occupying most
space in the initial phase are also most likely to have a
higher chance of being dominant later in the growth season.
This result is supported by a similar experiment showing
that growth morphology of Elodea canadensis compared to
Egeria densa and L. major was the most competitive in terms
of beneficial morphological traits during establishment (Riis
et al. 2012).

The ability of these 5 species to efficiently utilize
available light and bicarbonate did not correspond to the
rank assigned in the WRAM either. Although light use
efficiency was higher for H. verticillata and C. demersum, it was
not significantly different from Elodea canadensis, which was
the lowest ranked species in WRAM. Cavalli et al. (2012)
showed that C. demersum is able to sustain an equally high
level of bicarbonate use efficiency across a range of
alkalinities in the growth medium; whereas, bicarbonate
use efficiency of L. major and Egeria densa was highest for
plants incubated at low alkalinity. Hence, even though we
do find correspondence in bicarbonate use efficiency and
WRAM rank of species, the ability of C. demersum to sustain
high bicarbonate use efficiency in a broad range of growth
conditions could potentially support the establishment of
this species in a broader range of habitat types.

Overall, our results indicate that the parameters mea-
sured for 5 invasive species do not support the rank
assigned to these same species in WRAM. For example, the
growth of whole plant beds and their ability to out-shade
the other species by concentrating their biomass in the
upper part of the water column in the established phase of

their life cycle can be particularly important in determining
the extent of invasion (Howard-Williams et al. 1987). On the
other hand, species ranking in WRAM is based on a wide
spectrum of plant traits, including tolerance to environ-
mental variables (e.g., water temperature, trophic status),
reproduction strategy and propagule dispersal mechanisms,
alterations to invaded habitats, and resistance to manage-
ment. Our study investigated only the growth of shoots
during establishment and thus only a small part of a plant’s
life cycle. Although a high rate of establishment might result
in a high local abundance, as well as a high regional
distribution, our study illustrates that this is a single
component to determining overall invasive status of the
plants. Consequently, this indicates that other parts of the
life cycle and ecology also contribute to the extent of
invasion by the highly ranked species H. verticillata and C.
demersum.
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