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Abstract Classical biological control for the man-
agement of floating invasive plants has been highly
successful in South Africa. However, restoring
ecosystem services has been compromised by a new
suite of submerged invasive plants. This study
proposes that biological control of floating invasive
macrophytes acts as a catalyst in a regime shift
between floating and submerged invasive plant dom-
inance. Regime shifts are large and sudden changes in
the structure and functioning of ecosystems. The
proposed shift is driven by the rapid decomposition of
floating plants and subsequent increase in availability
of nutrients and light. A mesocosm experiment
explored the effect of biological control on floating
Pistia stratiotes L. (Araceae) upon the growth of
invasive submerged Egeria densa Planch. (Hy-
drocharitaceae), and native submerged plant species
of the same family; Lagarosiphon major (Ridl.) Moss
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(Hydrocharitaceae). The results revealed a cascade
effect of biological control of P. stratiotes on the
availability of nitrogen, resulting in increased relative
growth rates and invasive capacity for E. densa. In
contrast, the native L. major could not compete with
healthy or damaged P. stratiotes. These findings
highlight the vulnerability of South African freshwater
systems to submerged plant invasions and demonstrate
the importance of a more holistic approach to invasive
plant management.

Keywords Macrophyte - Invasion - Competition -
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Introduction

Ecosystems are defined by the interactions and
internal processes that occur within them (DeAngelis
& Waterhouse, 1987; Biggs et al,, 2009). These
processes maintain an equilibrium that can be fluid in
its response to external pressures and maintain varying
degrees of stability. When internal processes such as
competition and nutrient cycling are altered by
external pressures, such as nutrient loading or species
removal, the result can be a shift from one stable state
to another (Rietkerk & Van de Koppel, 1997; Scheff-
fer & Carpenter, 2003; Suding et al., 2004; Viaroli
et al., 2008; Scheffer, 2009). These regime shifts can
occur even when the change in environmental
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conditions is relatively small, but it passes a critical
threshold causing the dominant system feedbacks to
weaken or break driving the trajectory of the system to
change towards a new regime (Walker & Meyers,
2004; Kinzig et al., 2006; Biggs et al., 2009). New
feedback mechanisms are then created and main-
tained, allowing the new regime to become
stable (Beisner et al., 2003; Schefffer & Carpenter
2003; Folke et al., 2004; Walker & Meyers, 2004).
Regime shifts have been documented in a wide range
of systems, but bridging the gap between the theoret-
ical side of regime shift research with the more applied
aspects of system management and conservation is
difficult and complex (Andersen et al., 2009; Conversi
et al., 2015).

A widely accepted regime shift between
stable states is that between floating and submerged
plant dominance in freshwater lakes (Scheffer et al.,
2003; Netten et al., 2010). Depending on environ-
mental conditions, both submerged and floating
macrophytes can be superior competitors for different
resources. This is due to an asymmetry in competitive
abilities; submerged plants can access nutrients in the
sediment as well as removing nutrients from the water
column, limiting the growth of floating macrophytes,
whereas floating plants have more access to light and
are able to shade out submerged species (Scheffer,
2009). Stable states characterized by the presence of
floating invasive plants have degraded numerous
freshwater ecosystems worldwide (Mitchell, 1985;
Center, 1994; Gaertner et al., 2014). South Africa has
been particularly hard hit, because the region’s
topography and climate has resulted in very few
natural lakes, resulting in a lack of evolutionary
history in South Africa’s native flora for species
adapted to thrive in slow moving or still waters
(Basson et al., 1997). Nutrient pollution as a result of
heavy urbanization (from industry, agricultural run-
off, and sewage treatment), as well as previously
poorly regulated water management has led to the
eutrophication of the majority of these water bodies
(Oberholster & Ashton, 2008; Van Ginkel, 2011). The
waters are consequently heavily loaded with ammo-
nium and nitrates, and in combination with a lack of
naturally occurring native macrophytes, the freshwa-
ter ecosystems in South Africa are particularly
vulnerable to invasive alien plant establishment (Hood
& Naiman, 2000; Odume et al., 2016).
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Dense mats of invasive floating macrophytes such
as water hyacinth [Eichhornia crassipes Mart. Solms
(Pontederiaceae)] and water lettuce [Pistia stratiotes
L. (Araceae)] that form on the water’s surface reduce
the quality of freshwater, increase the siltation of
rivers, dams and wetlands, reduce biodiversity and
ecosystem functioning, drown livestock and threaten
irrigation canals and pumps (Janse & Van Puijen-
broek, 1998; Scheffer et al., 2003; Caraco et al., 2006).
Floating macrophyte invasions in South Africa have
been well studied and the majority are now regarded as
being under varying degrees of control through
strategies including mechanical, chemical and, more
successfully, the release of multiple classical biolog-
ical control agents (Hill, 2003; McConnachie et al.,
2004; Coetzee et al., 2011; Hill & Coetzee, 2017).
However, restoration of degraded systems can be
successional, but it is not always linear (Suding et al.,
2004). It is important to understand the full implica-
tions of current management options for floating
plants on ecosystems and what that means for the
sustainability and provision of South Africa’s fresh-
water services. Whilst increased control of floating
plants is promising both ecologically and economi-
cally, the past decade has witnessed an increase in the
establishment of submerged invasive macrophytes in
South Africa, with species such as Myriophyllum
spicatum L. (Haloragaceae), Hydrilla verticillata
(L.F.) Royle (Hydrocharitaceae) and Egeria densa
Planch. (Hydrocharitaceae) recorded as established
across the country (Madeira et al., 2007; Martin &
Coetzee, 2011; Coetzee et al., 2011; Weyl & Coetzee,
2014).

As submerged plant invasions are often not iden-
tified until individual plants have reached the water’s
surface, chances of an early response for control and
management are small. Although the presence of
submerged plants can initially improve water quality
through increasing levels of dissolved oxygen in the
water column (Brix & Shierup, 1989; Jha et al., 2015;
Kelly et al., 2015), when populations explode, the
dense monoculture stands have negative implications
similar to those of floating invasive plants. These
include damage to hydro-electrical equipment,
decreased water quality and biodiversity, reduction
in flow rate, limitations to water access, as well as
altering nutrient regimes and sedimentation which
may increase flood risk (Chen & Barko, 1988; Barko
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et al., 1988; Vermaat et al., 2000; Bickel & Closs,
2008; Yarrow et al., 2009; Stiers et al., 2011).

This study proposes that in the systems dominated
by floating invasive plants, the application of biolog-
ical control agents rapidly diminishes the dense mats,
and their decay results in a sudden influx of nutrients
and increased light levels in the water column (Jewell,
1971; Hill, 1979; Shilla et al., 2006; Chimney &
Pietro, 2006; Longhi et al., 2008). This process, further
fueled by external nutrient loading, creates a resource-
rich and poorly occupied habitat that is vulnerable to
plant colonization.

The fundamental processes involved in biological
control result in community level trophic cascade
effects, yet understanding of the long-term and wider
scale consequences that this has on systems is limited
(Polis et al., 2000; Carvalheiro et al., 2008; Sim-
berloff, 2014; Nofemela, 2013; Lopez-Nuiiez et al.,
2017). Historically, biological control research stems
from a bi-trophic perspective; exploring interactions
between a target weed and its potential agent. This
species-level approach to managing invasive plants
may help with immediate issues related to their
establishment. However, exploring multi-trophic cas-
cade effects would paint a more holistic picture of the
impacts control can have, thus saving time and
resources as well as increasing system sustainability.

A major review of regime shift research identified
that shifts are more likely to occur when anthropogenic
pressures have reduced resilience by actions such as
removing whole functional groups of species (Folke
et al., 2004). The biological control programmes
targeting floating invasive species in South Africa
aim to do exactly that; remove a functional species.
Even though the ‘function’ may not be a desired one,
the ability of such species to dominate and alter their
environments indicates that just as their presence has
ecological impacts (Hill, 2003; Midgley et al., 2006;
Téllez et al., 2008), so too will their removal. Whilst
biological control has effectively reduced populations
of floating invasive plants, the effect this has on the
submerged plant community structure has not previ-
ously been explored. Thus, this study proposes that
freshwater ecosystems may experience a regime shift,
from floating invasive to submerged invasive plant
dominance, driven by the application of biological
control agents on the floating plants (Fig. 1).

To explore the proposed regime shift of this study,
two mesocosm experiments were conducted to

compare how the growth of native submerged La-
garosiphon major (Roxb.) (Ridley) Moss (Hydrochar-
itaceae) and invasive submerged E. densa was
(independently) affected by the biological control of
the floating invasive macrophyte, P. stratiotes, under a
range of nitrogen concentrations and initial planting
densities. Whilst the mesocosms cannot replicate the
highly complex web of interactions and processes that
occur within whole, natural ecosystems, the compet-
itive interactions between the floating and submerged
species are easier to interpret in an experimental
setting, and findings can be used to guide understand-
ing of observations in the field (Benton et al., 2007,
Spivak et al., 2011; Stewart et al., 2013).

Methods

Mesocosm experiments were conducted inside green-
house tunnels at the Waainek Research Facility at
Rhodes University in Grahamstown, South Africa.
The first experiment (P. stratiotes and E. densa) was
completed between 8 April and 17 June 2015, while
the second experiment (P. stratiotes and L. major) ran
from 4 April to 23 May 2016. Individual P. stratiotes
plants were sourced from insect-free stock plants
maintained at the Waainek Research Facility. Adult
Neohydronomus affinis Hustache (Coleoptera: Cur-
culionidae), a weevil routinely used in the biological
control of P. stratiotes (Cilliers, 1991), were supplied
by the South African Sugarcane Research Institute
(SASRI). Stock plants for each of the submerged plant
species were collected 6 months before the start of
their respective experiments and cultivated at the
research facility. The E. densa culture was collected
from the Kouga River, near Patensie, Eastern Cape,
(33°44'54.6"S, 24°38'07.6"E), and the L. major cul-
ture was collected from a population in a quarry dam
near Stutterheim, Eastern Cape, (32°35'14.4"S,
27°27'48.4"E). All plants were cultivated at the
Waainek Research Facility where they grew in a flow
through system, which comprised of eight connected
tanks of spring water that passed through a UV light
and filter. During cultivation, plants were grown under
80% shade cloth, with no artificial light sources
(typical light readings inside the polytunnel
were ~ 1000 Einstein/m?/s) and were supplied with
initial optimum nutrients according to Smart et al.
(1994). One month prior to both experiments, all
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Fig. 1 Causal relationships between key factors and processes
of the regime shift, and the internal feedback mechanisms that
reinforce (R) and balance (B) the system. Created within
STELLA® (iSEE systems Inc., Version 1.0.3). The strength of

submerged plants were treated with Malathion (Kom-
bat), an organophosphate insecticide (according to
manufacturer’s guidelines) to kill any phytophagous
insects associated with the plants collected from the
field. The floating plants were not subjected to this
treatment so as not to harm the biocontrol agents.

Both experiments were conducted in mesocosms
constructed from black plastic 75 L bins (55 cm
diameter), each filled with 65 L of spring water. In
the bottom of each bin, a 10 L planting container was
filled with a 10 cm layer of pond sediment topped with
a 2 cm layer of silica sand to prevent clouding of the
water and to limit algal growth. Sediment was
collected from Jameson Dam, Eastern Cape, South
Africa (33°19'07.2"S, 26°26'24.0"E). Thirty apical
shoots (20 cm in length) of the relevant submerged
species were planted in each container, and left for
3 weeks to acclimatise and grow to a starting density
of 100% cover.

There were three initial planting density treatments
following the De Wit replacement series (De Wit &
Van den Bergh, 1965), each a different ratio of floating
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interactions is depicted by the thickness of the arrows
connecting the variables that are positively (+) or negatively
(—) related

to submerged plants: 90:10, 50:50 and 10:90%
respectively. After the acclimation phase, either 27,
15 or 3 shoots (approximately 50 cm in length) were
removed from each container to represent the 10, 50
and 90% densities of the submerged plant, respec-
tively. To achieve the planting densities of the floating
P. stratiotes (90, 50 and 10%), either nine, five or one
rosette(s) each of a similar size class (12-16 cm
diameter) were added to the mesocosms.

Treatments

There was a total of 24 treatment combinations
arranged in a full factorial design, and replicated three
times, resulting in a total of 72 mesocosms. The
mesocosms were set up in a random block design. The
treatment combinations consisted of the three initial
planting densities, in the presence or absence of the
host specific biological control agent N. affinis on P.
stratiotes, growing at four initial nitrogen concentra-
tions of the water. For the biological control treat-
ments, two mating weevil pairs per water lettuce
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Table 1 Soil characteristics of sediment collected from Jameson Dam, EC, South Africa

Measurement pH Na K Ca Mg C N
Unit KCl Cmol/kg Cmol/kg Cmol/kg Cmol/kg g/kg g/kg
Value 3.9 0.25 0.09 1.99 1.38 80.9 54

rosette were used to ensure plant control would be
achieved (Diop et al., 2010). There were four nitrogen
treatments; very low, low, high and very high (0.0, 0.1,
1.0 and 10.0 mg N/L respectively). Nitrogen was
added at the start of the experiment in the form of
ammonium nitrate, to help quantify the role nitrogen
loading plays within the proposed regime shift.
Although high levels of ammonium are documented
as toxic to some submerged plants (Wang et al., 2008;
Cao et al.,, 2009), the range of concentrations are
representative of numerous eutrophic systems across
South Africa (Morrison et al., 2001; Odume et al.,
2016). Phosphorous (and other micronutrients) was
provided to all plants at the start of the experiment as
part of a standard nitrogen-free Hoagland’s solution
(5.2 mg/L) (Hoagland & Arnon, 1938) which ensures
sufficient micronutrients for optimal plant growth.
Once the experiment was set up, fine white gauze was
secured over each mesocosm to prevent N. affinis
movement between containers.

Measurements

Digital thermometers (Thermochron iButtons used
with Climastats Environmental Monitoring software,
version 4) were placed in waterproof vials and were
used to record daily temperatures throughout the
experiments. Temperature was not significantly dif-
ferent between the two experiments and was therefore
ruled out as a significant variable to explain contrast-
ing results (F(; 33, = 0.551, P = 0.46).

Light levels (PAR) were recorded fortnightly, five
centimetres below water surface in the centre of each
mesocosm, using an Apogee MQ-200 Quantum
Meter. pH was also measured fortnightly using a
Eutech PCTEST35 multi-parameter pen. Neither light
nor pH (which ranged between 7.2 and 7.4) were
significantly correlated with the growth of either E.
densa  (light:  F70) = 0.658, P =042; pH:
Faz0)=1.795, P =0.185) or L. major (light:
Fae3 = 0.103, P =0.749, pH: F(s3 = 0.922,
P = 0.341). These variables were subsequently

removed from further analysis. Soil chemistry of
Jameson Dam sediment (analysed at Bemlab Labora-
tory, Strand, Western Cape, South Africa) can be
found in Table 1. Every fortnight, dissolved oxygen
(mg/L) was measured using a Sper Scientific 850045
DO pen.-Weekly ammonium [NH,"] (mg/L) and
nitrate [NO3 ] (mg/L) levels were measured in each
mesocosm, using Vernier Software and Technol-
ogy ™ ion specific electrodes (ISE) and a LabQuest®
2 interface.

The shoots of the submerged plants that were
removed at the beginning of each experiment (to
create the three planting densities) were dried,
weighed and the average shoot weight was used to
calculate the remaining above-ground biomass in each
mesocosm at the start of the experiments. Upon
completion of the experiments, the above and below-
ground biomass for the submerged plants and the
floating plants were harvested, dried in drying ovens at
96°C for 72 h and weighed to calculate the relative
growth rate (RGR) over the experimental period.

The RGRs of all plants were calculated using the
standard formula (Evans, 1972):

RGR = (InW, —InWy)/(t2 — 1),

where W, and W, (g) are the start and end dry weights
respectively at #; and 1,, are the start and end time in
days.

Data analyses

General linear model (GLM) full factorial analyses of
variance (ANOVA), followed by Tukey HSD post hoc
tests were performed to investigate interactions
between initial planting densities, biological control
and total aquatic nitrogen levels on RGR and plant
biomass across treatments. Linear regression models
tested for significant correlations between both plant
biomass and growth rates of each species and all
measured variables within the mesocosms. Homo-
geneity of slopes was analysed using an analysis of co-
variance (ANCOVA), to determine interactions
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between P. stratiotes biomass and biological control
on submerged plant biomass. All statistical analyses
were conducted in the R environment (version 3.2.3; R
Development Core Team, 2014; available at http://
cran.r-project.org) using R Studio (version 0.98.1103).

Results
Biomass

At the end of the experiment, an increase in the
biomass of P. stratiotes significantly reduced the
biomass of L. major and E. densa, both in the presence
and absence of biological control agents on P.

Fig. 2 The relationship (A)
between the dry biomass of

Pistia stratiotes and

a Lagarosiphon major and s °
b Egeria densa at the end of
each experiment
(submerged biomass scales
differ). Each marker
represents a mesocosm, in
the presence (4+ BC) or
absence (— BC) of
Neohydronomus affinis, the

L. major biomass (g)
n

stratiotes (Fig. 2). The relationships between the
biomass of L. major and P. stratiotes in the presence
and absence of biological control were significant
(Fa60) = 16.12, P < 0.001). However, the slopes of
each relationship did not differ (Fs9e0) = 0.18,
P = 0.67). In contrast, the biomass of E. densa was
significantly affected by the biomass of P. stratiotes
(F63.64) = 1.67, P = 0.0074), and in the presence of
biocontrol agents, the slope was significantly steeper
(F,63) = 4.18, P = 0.0449).

As levels of total nitrogen (mg N/L) in the water
column increased, the final biomass of E. densa
significantly increased (Fig. 3). There was no signif-
icant relationship between levels of ammonium and
the biomass of E. densa (F(j 69 = 0.05, P = 0.83)

-BC —_
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although nitrate levels had a significantly positive
effect (F(; 70y = 9.18, P < 0.01). In contrast there was
a significant negative effect of total nitrogen on the
biomass of L. major, furthermore there was a signif-
icant negative effect of ammonium (F( e3y = 7.76,
P <0.01), and positive effect of nitrate
(Fae3 =385, P<0.000 on the native species
biomass. Throughout the experiment, despite starting
N levels, average ammonium levels were never
recorded to be higher than 0.6 mg/L for the L. major
experiment, and 0.4 mg/L for the E. densa experi-
ment, while nitrate levels were more variable (with
considerably more outliers), ranging from 0-38.7 mg/
L for L. major and 0.1-38 mg/L for the E. densa
experiment. Across both experiments, the biomass of
P. stratiotes decreased significantly as concentrations
of total nitrogen in the water increased (F(y 133, = 8.7,
P < 0.01) (Fig. 4).

At the end of each experiment, the levels of
dissolved oxygen (mg/L) in the water column signif-
icantly increased with higher biomass of both sub-
merged plants, although the relationship between
biomass and dissolved oxygen was much weaker for
L. major (Fig.5). The correlation differed signifi-
cantly between the two species (F(134) = 16.18,
P < 0.001), with a significantly steeper slope for E.
densa than for L. major (Fq 33 = 105.81,
P < 0.001). This suggests increased levels of

Fig. 3 The relationship
between the end dry biomass °
(g) of Egeria densa and
Lagarosiphon major and the °
concentrations of nitrogen in

the water (mg/L) of each 10
mesocosm. Asterisk

indicates significance

photosynthesis for E. densa compared to L. major
which makes sense as there was more biomass
recorded for E. densa, therefore, more plants to do
photosynthesis.

Growth rates

The different concentrations of nitrogen treatments of
the mesocosms did not significantly affect the RGR of
either submerged plant species, at any planting
density, either in the presence or absence of biological
control and was subsequently removed from further
analyses (Table 2). The RGRs of L. major were
significantly lower than those of E. densa in both the
absence (F(j64) = 14.91, P < 0.001) and presence
(Fa64y = 73.90, P < 0.001) of biocontrol agents on
P. stratiotes (Fig. 6). In addition, the effect of initial
planting density on RGR was significantly different
between the two species (F(z64) = 3.77, P = 0.03),
with lower submerged plant densities exhibiting
increased growth rates.

There was no significant highest order interaction
between biological control treatments, initial planting
density and the different concentrations of nitrogen for
both E. densa (Fg 4, = 0.05, P = 0.77) and L. major
(Fe.40 = 2.04, P = 0.08). However, the biological
control treatment of P. stratiotes significantly
increased the RGRs of E. densa (Fp42) = 16.46,
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Fig. 4 The relationship 60
between the dry biomass

(g) of P. stratiotes (both

experiments and both .
biocontrol treatments >0
pooled) after each

experiment and the final

nitrogen concentrations in 0 .
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P<0.001), but not L. major (Fqa0 = 2.988, Discussion

P = 0.09). Similarly, the initial planting density also
significantly affected the RGRs of E. densa
(F(2’42) = 1098, P < 0001), but not L. major
(F(1,40) = 158, P = 023) RGRs of E. densa were
significantly higher at the lowest initial submerged
planting density (10%) compared to 90 and 50%.
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The presence of non-controlled P. stratiotes signifi-
cantly reduced the biomass of both submerged species
across all treatments. However, over time, the invasive
E. densa and the native L. major each responded
differently to the presence of P. stratiotes, which was
subjected to biological control. The biomass results
indicate that as P. stratiotes is controlled (and biomass



Hydrobiologia (2018) 817:349-362 357
Table 2 Significance of Differences within species Df E. densa L. major
treatments on the RGRs of
Egeria densa and Biocontrol 1 < 0.01 0.09
ﬁlﬁi)@f&ﬁﬁﬁ?,ﬁ?ﬁ lroetween Density 2 <001 0.22
species as tested with Nutrient treatment 3 0.58 0.70
ANOVA Biocontrol x density 2 0.08 0.20
Biocontrol x nutrient treatment 3 0.37 0.17
Density x nutrient treatment 6 0.16 0.19
Biocontrol x density x nutrient treatment 6 0.77 0.08
Residuals 42
Differences between species with and without biocontrol ~ Df  + Biocontrol  — Biocontrol
Species 1 <0.01 <0.01
Density 2 0.03 0.05
Nutrient treatment 3 0.51 0.27
Species x density 2 0.07 0.41
Species x nutrient treatment 3 0.98 0.06
Density refers to initial Density x nutrient treatment 6 0.04 0.25
submerged planting density. Species x density x nutrient treatment 6 0.27 0.40

Values in bold indicate

P <005 Residuals

reduced), the biomass of E. densa plants increased;
supporting the theory that E. densa can capitalise on
the resources made available through the biological
control of P. stratiotes. The presence of controlled P.
stratiotes significantly increased the RGRs of E.
densa; an expected outcome as more resources (e.g.,
nutrients, light) were made available through the
degradation of the damaged floating plants (Chimney
& Pietro, 2006; Shilla et al., 2006; Longhi et al., 2008).
Speculatively, these higher RGRs of E. densa (relative
to L. major) may indicate a shift from floating invasive
to submerged invasive plant dominance, when the
floating plant community is reduced due to weevil
herbivory. Within the context of these experiments,
competitive ability is defined as the ability to
outcompete other species under the same set of
environmental conditions, using RGR as a proxy,
which indicates a superior capacity to utilize available
resources. For example, a strong positive association
between a species’ RGR and its competitive ability
and invasiveness has been reported elsewhere (Kolar
& Lodge, 2001; Grotkopp et al., 2002; Dawson et al.,
2011). This association suggests that trophic cascades
induced by the application of classical biological
control may result in increased competitive ability of
submerged alien plants, compared to submerged

native plants. In contrast to E. densa however, a shift
between floating and submerged plant dominance did
not occur between P. stratiotes and the native L.
major. RGRs of L. major, even when starting at a
much higher initial density than that of P. stratiotes,
were below zero, demonstrating plant mortality in
almost all treatments. This trend occurred despite the
biological control of P. stratiotes, supporting the
conclusion that L. major is a poor competitor for
resources in the presence of P. stratiotes, regardless of
whether P. stratiotes is subject to control or not. The
decline of L. major across the variety of treatments
indicates that this species will not thrive in systems
that are eutrophic and light-limited. These are two key
characteristics of systems dominated by floating
invasive plants across South Africa, suggesting that
they are simultaneously vulnerable to colonization
from invasive submerged plants (such as E. densa),
and less likely to promote colonization of native plants
such as L. major. This study provides quantifiable
evidence for the proposed regime shift between
invasive floating and invasive submerged plant dom-
inant states driven by the application of biological
control of floating plant communities, and highlights
the cascading effects that the biological control of
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Fig. 6 The mean relative growth rates (£ SE, n = 3), at the
three initial submerged planting densities, of a Egeria densa in
the absence of biocontrol agents (Neohydronomus affinis) on
Pistia stratiotes, b E. densa in the presence of biocontrol agents,

floating plants can have on submerged plant
communities.

Upon identifying biological control as a potential
catalyst for the regime shift, it is essential to under-
stand the underlying mechanisms driving the transi-
tion. No relationship between measured light levels
and the RGR or biomass of E. densa was observed in
the current study, whereas a strong correlation
between biomass and nitrate levels in the water was
apparent. This lack of relationship between light
availability and plant growth was not surprising, as
there is some evidence to suggest that the competitive
advantage of E. densa increases in low-light condi-
tions (Bini et al., 1999; Carrillo et al., 2006), and
cultivations of E. densa populations for prior to the
study produced more plants in better condition under

@ Springer

Initial submerged planting density (%)
NVL L mH EmVH

¢ Lagarosiphon major in the absence of biocontrol agents and
d L. major in the presence of biocontrol agents. The four data
series represent the four initial nitrogen treatments (VL very low,
L low, H high, VH very high)

80% shade cloth compared to 40% or no shade cloth
(E. Strange personal observation). These observations
suggest that the observed shift in plant dominance,
while potentially influenced by light availability, was
driven primarily by the nutrients made available from
the degradation of the floating P. stratiotes subject to
weevil herbivory. This is supported by strong evidence
that nutrient loading is a key factor which influences
species assemblages and increases the establishment
of invasive species in aquatic plant communities
(Davis et al., 2000; Daehler, 2003; Tyler et al., 2007;
Friih et al., 2012; Sharip et al., 2012; Uddin &
Robinson, 2017).

Unexpectedly low levels of dissolved oxygen were
recorded across all treatments which may be a product
of the experimental time frame. Reduced levels of
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dissolved oxygen are often recorded below mats of
floating plants due to a reduction in gas exchange
between the air and water, limited photosynthetic
opportunities for submerged plants and increased
microbial decomposition activity (Pokorny &
Rejmankova, 1983; Janes et al., 1996; Morris et al.,
2004; Netten et al., 2010). Despite this, there was still a
positive relationship between the growth of E. densa
and dissolved oxygen levels, an overall trend that
supports the assumption that as E. densa acquires more
resources for growth, its photosynthetic rates increase
and subsequently releases more dissolved oxygen into
the water column (Cook & Urmi-Konig, 1984).

The results of this study not only help further the
exploration of a potential regime shift occurring in
South Africa, they also provide important information
for the management of E. densa, an invasive species of
growing global concern (Champion & Wells, 2014;
Matthews et al., 2014). In this experiment, when E.
densa populations started at the lowest planting
density of 10% (paired with 90% P. stratiotes cover),
the largest increase in submerged plant RGR was
observed, a trend supported in the wider literature
(Henry-Silva et al., 2008; Pistori et al., 2004). This is
presumed to occur because as plant density increases,
access to resources from individuals are reduced, thus
following the conventions of intraspecific competition
(Schoener, 1973). These results, combined with the
knowledge that E. densa autofragments and repro-
duces vegetatively (Cabrera-Walsh et al., 2013),
suggest that immediately post-establishment, this
species can rapidly become problematic. Further still,
the growth of E. densa was not affected by the
presence of ammonium in the water column which did
have a negative impact on the growth of L. major. This
suggests an increased sensitivity of the native species
to the degraded conditions that exist in many of South
Africa’s systems (Oberholster & Ashton, 2008).
Biological control can effectively reduce floating
invasive plants; however, one possible outcome is
that it helps pave the way for submerged invasive plant
dominance. To spend time and resources effectively
controlling a symptom (floating invasive plants)
without addressing the problem (water quality) is
inefficient for long-term sustainability. Further field
testing is required to establish whether the proposed
shift is occurring following successful nationwide
biological control of floating plants.

Clearly there are limitations within any mesocosm
experiment, and to extrapolate the findings to defini-
tively explain observations in the field would be a
great over-simplification. However, increased com-
plexity of model systems does not always correlate
with rates of success in proving bi-stability and it has
been suggested that future regime shift research
should primarily focus on the specific mechanisms
behind switches in ecological states (Schroder et al.,
2005). Manipulation experiments may be bound by
spatial and temporal constraints, but small-scale
experiments can be crucial to help explain large-scale
patterns, and can be a powerful way to show that a
system has alternate attractors (Schefffer & Carpenter
2003; Stewart et al., 2013; Fordham, 2015). This study
highlights the benefits of including multi-trophic
considerations for future invasive plant management,
as well as research into the mechanisms of submerged
plant invasions and the vulnerabilities of native
macrophyte communities in South Africa, and beyond.

Conclusion

The aim of biological control initiatives against
floating invasive plants has always been to reduce
their populations and restore access to vital ecosystem
systems such as potable water and the recovery of
biodiversity (Hill & Coetzee, 2017). However, we
conclude that in the presence of submerged invasive
species, regime shifts from an invasive floating plant
state to an invasive submerged plant state are likely,
particularly when the submerged plants have high
RGRs and the ability to auto-fragment, such as E.
densa. The evidence presented has the potential to
better inform management of South Africa’s freshwa-
ter systems and promote a more holistic approach to
invasive plant management and ecosystem restoration.
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