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a  b  s  t  r  a  c  t

Competition  between  two globally  economic  and  ecologically  important  submerged  aquatic  macro-
phytes,  Lagarosiphon  major  (Rid.)  Moss  ex Wager  and  Myriophyllum  spicatum  L.,  was  studied  in  response
to  growing  in  different  substrate  nutrient  and  sediment  treatments.  Addition  series  experiments  were
conducted  with  mixed  plantings  of L. major  and  M. spicatum  grown  under  two  soil  nutrient  concentra-
tions  (high  vs. low)  and two sediment  treatments  (sand  vs. loam).  Competitive  ability  of  the  plants  was
determined  using  an inverse  linear  model  of  the total  dry weights  as  the yield  variable.  In high  nutrient
sediment  treatments,  L.  major  was  the  stronger  competitor  relative  to M. spicatum,  with  one  L. major  plant
being  competitively  equivalent  to 2.5  M.  spicatum  plants  in terms  of their  respective  ability  to  reduce  L.
major biomass.  In the  loam  sediment  treatments,  L.  major  was  an  even  stronger  competitor  relative to M.
spicatum  with  one  L.  major  being  equivalent  to 10  M. spicatum  plants.  Additionally,  L.  major  had  a faster
ntraspecific competition relative  growth  rate  (RGR)  than  M. spicatum  when  grown  in mixed  cultures,  a loam  sediment  type  and
at  both  high  and  low  planting  densities.  The  results  indicated  that  L. major  is a superior  competitor  to M.
spicatum  and  that both  nutrient  and  sediment  conditions  significantly  affect  the  competitive  ability  of
both  species.  The  results  contribute  to the  understanding  of  competition  between  submerged  invasive
macrophytes,  and  provide  insight  into  the  establishment  and  spread  of  invasive  submerged  macrophytes
. Introduction

Increases in the occurrence and spread of invasive submerged
acrophytes have focussed attention on the principle drivers of

heir invasion. Many factors influence macrophyte assemblages
ithin a system, including the success or failure of invasive

pecies to colonise, spread and/or become dominant. The factors
etermining the distribution and dispersal of these macrophytes

nvolve a variety of abiotic and biotic drivers, of which substrate
nd sediment nutrient concentrations are critical (Barko et al.,
991; James et al., 1999; Szoszkiewicz et al., 2006). Drivers in

quatic ecosystems are easily altered or impacted upon by anthro-
ogenic influences such as eutrophication and the creation of

mpoundments. For example, eutrophication resulting from human
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activities has been strongly implicated as a major cause of invasion
by Hydrilla verticillata (L.f.) Royle (Hydrocharitaceae) (and other
exotic species in the U.S.A.) (Belanger et al., 1989; Van et al., 1999).

While South African freshwater systems have been invaded by
a number of floating aquatic macrophytes, since the early 1900s,
with detrimental economic and environmental effects (Henderson
and Cilliers, 2002; Hill, 2003; Marais et al., 2004; Turpie, 2004;
Coetzee et al., 2011b), submerged and rooted invasive species
have received far less attention, despite their known environmen-
tal and economic impacts elsewhere. To date, these submerged
invasive macrophytes have not become as problematic as their
floating counterparts possibly because the suite of indigenous and
cosmopolitan species already established in southern Africa may
be superior competitors. Lagarosiphon major (Ridl.) (Hydrochari-
taceae), a common indigenous species in South Africa which often
proliferates in manmade impoundments, is also found in several

countries in Europe (Symoens and Triest, 1983; Preston et al., 2002;
Reynolds, 2002; Stokes et al., 2004) and New Zealand (McGregor
and Gourlay, 2002) where it is regarded as a troublesome inva-
sive. In Loch Corrib, Ireland, L. major has become invasive and
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uccessfully outcompetes native macrophytes including a variety
f charophytes, Myriophyllum spp., including Myriophyllum spica-
um L. (Haloragaceae), and Potamogeton spp. (Caffrey et al., 2010). In
ew Zealand, indigenous Potamogeton spp. and Myriophyllum spp.
ave also been outcompeted by L. major (Rattray et al., 1994), sug-
esting its potential to exclude new invading species in its native
ange.

Increasing research has been dedicated to understanding how
o-occurring plant species compete with one another for limited
esources (Connolly et al., 2001). A commonly accepted method of
etermining competitive ability between aquatic macrophytes is
he Spitters’ (1983) model. The model uses an addition series, which
llows for the relative competitive abilities of each plant species in
he experiment to be determined using reciprocal-yield models of

ean plant dry mass. The method has been used to determine com-
etition between a variety of aquatic species of different growth
orms under different environmental conditions (Van et al., 1999;
oetzee et al., 2005; Mony et al., 2007). The reciprocal-yield model
rovides a complete additive/full factorial design with high repli-
ation, which allows for modification of various growth conditions,
ncluding sediment treatments. Van et al. (1999) used this method
o investigate the influence of soil fertility on competitive inter-
ctions between invasive dioecious H. verticillata and indigenous
allisneria americana Michx. (Hydrocharitaceae) in the U.S.A. H. ver-
icillata forms a dense surface mat  of photosynthetic material which
an almost totally suppress penetration of light into the water
olumn, whereas V. americana produces a basal rosette of leaves
hich elongates up to the surface. Van et al. (1999) found that in
igh nutrient concentrations, H. verticillata was 7.2 times stronger a
ompetitor than V. americana,  however under lower nutrient condi-
ions, V. americana was the dominant species. Comparatively, Mony
t al. (2007), also using Spitters’ model, investigated the competi-
ion between two plant species of similar growth characteristics,
. verticillata and Egeria densa Planch (Hydrocharitaceae) as influ-
nced by sediment fertility and season. Both species are invasive
n the U.S.A. Competition from H. verticillata resulted in greater
esource allocation to the roots of E. densa. Significant belowground
ompetition by E. densa on H. verticillata was also evident at low
utrient concentrations.

L. major and M.  spicatum are submerged perennial species that
hare similar growth forms, similar invasive characteristics and are
ound within the same areas in the littoral zone. L. major is native to
outhern Africa, where it is restricted to the colder, higher escarp-
ent regions, such as the Drakensburg and Mpumalanga highlands.
utside its native range, L. major has successfully outcompeted

ndigenous submerged species and causes significant detrimen-
al economic impacts (Rattray et al., 1994; Csurhes and Edwards,
998; Cook, 2004). Myriophyllum spicatum, which is indigenous to
urope, Asia and North Africa, is the most important waterweed
n the U.S.A., requiring millions of dollars to be spent annually on
ts control (Couch and Nelson, 1985). Like most submerged weeds,
t negatively affects aquatic biodiversity (Madsen et al., 1991), and
inders recreational water use. In South Africa, M. spicatum was
rst recorded in the early 1800s and has since spread to a number
f freshwater systems. The plant has been declared a Category 1
eed (Henderson and Cilliers, 2002) as a precautionary measure

ased on the problems it causes in other parts of the world.
In South Africa, no co-occurring populations of L. major and M.

picatum have been recorded, but M.  spicatum has the potential to
pread through anthropogenic activities. Due to the similar growth
orms and preferred habitat types, competition between the two
pecies could be expected if M.  spicatum were to establish in L.

ajor localities. It is recognised that the composition of the bottom

ediments, including physical properties within these systems,
ay  affect the growth of both species (Barko and Smart, 1986).

dditionally, South Africa’s rapid increase in urbanisation and
ic Botany 114 (2014) 1� 11

agriculture has resulted in elevated pollution, especially nitrogen
in many freshwater habitats (Coetzee et al., 2011a). Nutrient
enrichment of aquatic and terrestrial environments is often linked
with the invasion of alien plants and is an important factor in
determining plant community composition (Byers, 2002; Van
et al., 1999). This study used addition series methods to examine
the effects of increased nutrients as well as sediment types (sand
vs. loam) on the growth and competitive abilities of L. major and M.
spicatum to find out whether sediment types and nutrient levels
may  be important in influencing the establishment, dominance
and distribution of these macrophytes within freshwater systems.

2. Materials and methods

2.1. Sediment selection

Competition studies between the two  plant species were con-
ducted at the Department of Zoology and Entomology, Rhodes
University, South Africa. Two  separate studies were conducted to
assess how the competitive interactions between M.  spicatum and
L. major change as influenced by increased nutrients as well as
substrate type (sand vs. loam). For the nutrient study, commer-
cial building sand was  used with either a high or low fertilizer
regime. For the sediment study, sediments that provided favourable
growing conditions of the two  species were selected. These two
sediments were determined by selecting sediments that represent
similar physical and chemical characteristics to the 29 L. major and
11 M.  spicatum sites sampled in South Africa. The sediments’ chemi-
cal and physical characteristics were analysed. Literature regarding
favourable M.  spicatum sediments was  also considered.

2.2. Soil analyses

Soil analyses were conducted in the following manner: 500 g
soil samples from field sites and from soils selected for use in the
experiment were sent to Bemlab Laboratory in Strand, Western
Cape, South Africa, for physical and chemical analysis. The follow-
ing parameters were analysed: pH in a 1 M solution of KCl at a soil:
solution ratio of 1:4; electrical resistance in a saturated paste using
a standard cup method; Bray II for plant-available phosphorus;
exchangeable cations, Ca, Mg,  Na and K extracted with ammo-
nium acetate at pH 7, trace elements Cu, Zn, Mn,  B extracted with
1 M HCl:H using the standard Eksteen method; percentage stone
(>2 mm)  was  also measured by dry sieving; and organic carbon
using the Walkley–Black standard method.

Soil characteristics from the field sites were plotted on a scatter
plot using nonmetric multidimensional scaling (nMDS) analysis.
Sediments selected for use in the experiment were added to the
plot to determine if they were characteristic of field sediment con-
ditions. PAST: Paleontological Statistics package ver. 1.81 (Hammer
et al., 2001) was  used for the analysis. The two-dimensional (2D)
nMDS plot indicated the similarity of these samples to other sam-
ples in the plot. The accuracy of the 2D representations is indicated
by the ‘stress’ value (Kruskal’s stress formula). Stress values <0.05
indicate an excellent representation with no prospect of misinter-
pretation. A Bray–Curtis cluster analysis was conducted to find out
how closely related the sites were to each other based on their
chemical characteristics. Differences between sediment properties
taken from L. major and M.  spicatum field sites were analysed using a
Mann–Whitney U-test, in STATISTICA ver. 11.0 (StatSoft Inc., 2011).
2.3. Competition studies experimental design

The experimental designs followed an addition series devel-
oped by Spitters (1983), consisting of factorial combinations of
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ifferent planting densities of the two competing plants. Two  sep-
rate experiments were conducted concurrently and the setup
or both experiments was the same. The planting densities of L.
ajor:M. spicatum were 0:3, 0:9, 3:3, 3:9, 3:0, 9:0, 9:3, 9:9 and each

ombination was planted into an individual 12-L plastic tub (42 cm
iam. × 14 cm deep), for both sediment types and nutrient levels
eing tested, giving a total of 16 tubs (supplementary data). The
ubs were placed in a polypropylene pool (215 cm diam. × 40 cm
eep, 1452 l), fitted with a steel frame and filled with clean borehole
ater (pH 7.7, total dissolved solids (TDS) 235 mg  L−1, electrical

onductivity (EC) 0.329 S/m). The experiment was  replicated four
imes for each treatment, i.e., four ponds each with 16 tubs (eight
ediment A and eight sediment B), each tub planted with factorial
ombinations of L. major:M.  spicatum. The planting medium was
overed with a fine layer of silica sand to minimise algal growth.
ubs were placed with enough space between them to avoid inter-
ction between plants from different tubs. The tubs were placed in

 pre-determined order based on planting densities and treatment,
ut the starting point of the order was randomly selected (supple-
entary data). Thermachron iButtons (Climastats Environmental
onitoring software, version 4) were used to detect significant

hanges in water and sediment temperatures during the experi-
ent. The buttons were placed in a water-tight container and either

oated on the water surface or positioned within the pond sed-
ment. Temperature data (maximum, minimum and daily mean
emperatures) were recorded every two hours. The mean daily tem-
eratures and temperature differences between the surface and
ediment were calculated. A Student’s t-test determined if there
ere significant differences between surface and sediment water

reatments.
Supplementary data associated with this article can be

ound, in the online version, at http://dx.doi.org/10.1016/j.
quabot.2013.11.001.

The studies were run for 13 weeks after planting, after which the
lants were harvested, original shoots measured and the number
f secondary shoots counted. The plants were separated from each
ther when in combination, then washed and cleaned. The plants
rom each tub were placed in separate brown paper bags and dried
n a Heraeus drying oven for 96 h at 60 ◦C. Dry biomass (g) was

easured using an Ohaus® AdventurerTM balance.

.4. The influence of nutrient availability on competition

To evaluate how competition between L. major and M. spi-
atum is influenced by sediment nutrient availability, a high
nd low fertilizer regime was used. In the high nutrient treat-
ent, 10 g of a controlled slow-release fertilizer (Haifa, Multicote

; 15:7:15 N:P:K + 2MgO + Micro-nutrients formulated for an 8-
onth release rate at 21 ◦C or 5–6 months release at 30 ◦C) was

horoughly mixed into 5 kg of building sand (Table 1). For the low
utrient substrate treatment, no fertilizer was added to the sand.
he sand was placed in each of the 16 tubs, 8 high and 8 low. The
ean starting mass per shoot of L. major and M. spicatum planted

n the nutrient treatment was 1.3 g (± 0.20 S.E: n = 216) and 1.7 g
± 0.22 S.E: n S.E., n = 216) respectively.

.5. The influence of sediment type on competition

Two different sediment treatments representative of L. major
nd M.  spicatum field sites were selected. The sediments were
ermed ‘loam’ for the sediment type sharing chemical and physi-
al properties representative of the L. major field sites and ‘sand’

or the sediment type representative of M.  spicatum field sites.
oth sediments were collected from Jameson Dam, Eastern Cape,
outh Africa (−33.319073 S; 26.444206 N). 5 kg of sediment per tub
as used for both treatments. The mean starting wet mass per
ic Botany 114 (2014) 1� 11 3

shoot of L. major and M.  spicatum was 1.3 g (±0.20 S.E., n = 216) and
1.7 g (±0.22 S.E., n = 216) respectively, and each shoot was approx-
imately 10 cm in length.

2.6. Data analyses

Data were analysed using inverse linear models. Multiple
regressions were conducted on the mean end dry masses of shoots,
roots, and total biomass under each planting density. The magni-
tude of the relationship was analysed using the reciprocal-yield
model (Spitters, 1983). This model involves multiple linear regres-
sions of the form:

1
Wl

= al0 + alldl + almdm

1
Wm

= am0 + ammdm + amldl

Here 1/Wl and 1/Wm are the inverse dry biomass yields of
individual L. major and M. spicatum respectively, while dl and dm

represent the respective planting densities for L. major and M.
spicatum. Intraspecific competition was estimated by the partial
regression coefficients all and amm and interspecific competition
by the coefficients alm and aml in terms of their effects on the recip-
rocal yield of L. major or M. spicatum masses, where each L. major
plant has an effect of 1/Wl equal to all/alm M.  spicatum plants. In
other words, L. major is all/alm times as aggressive as M.  spicatum
in terms of its impact on L. major mean plant weight. The coeffi-
cient alm is defined as the effect on L. major by M. spicatum and aml
is the effect on M.  spicatum by L. major.  Similarly, all and amm are
defined as the effect of L. major and M. spicatum, respectively, on
themselves. Competitive interactions were analysed for total dry
mass, roots and shoots and totals plant weight. The intercepts (al0
and am0) measure the reciprocal of the maximum mass of isolated
plants. Interspecific and intraspecific competition by one species on
its own yield, as well as the yield of the other species, was measured
using the ratio of the coefficients (all/alm and amm/aml).

To assess at what rate the two  species were accumulating
biomass, relative growth rates (RGRs) were calculated based on the
formula:

RGR = (ln W2 − ln W1)
(t2 − t1)

where W2 and W1 are plant dry weights at time t2 and t1 in days,
respectively (Hunt, 1990). Two-way Analysis of Variance (ANOVA),
followed by a Tukey Post-Hoc HSD test, in a General Linear Model,
determined whether the mean end-yields of L. major and M.  spi-
catum were significantly different between the treatments and
whether the mean RGR of L. major and M.  spicatum were signif-
icantly different between the treatments. All statistical analyses
were conducted in STATISTICA ver. 11.0. (StatSoft Inc., 2011).

3. Results

3.1. Field site sediment characteristics

Analysis of soil from field sites indicated that sediments used in
the competition experiments were representative of field growing
conditions. The L. major field sites were predominantly of a loam
soil type and were characterised by high clay, silt and fine sand per-
centages, and were of an intermediate texture consisting almost

entirely of micropores. Soils of this type are very sticky and have
high nutrient-holding capacity. Generally, medium-textured sedi-
ments that have high nutrient-holding capacity are most suitable
for plant growth (Barko et al., 1991).

http://dx.doi.org/10.1016/j.aquabot.2013.11.001
http://dx.doi.org/10.1016/j.aquabot.2013.11.001
https://www.researchgate.net/publication/279958090_Basic_Growth_Analysis?el=1_x_8&enrichId=rgreq-06470a1d13a8f855c6fb679d40eeadc2-XXX&enrichSource=Y292ZXJQYWdlOzI1OTUxMzEwNjtBUzoyNjU5MTA0NzY4NjU1MzlAMTQ0MDQwOTQwNjgyNA==
https://www.researchgate.net/publication/40160552_An_alternative_approach_to_the_analysis_of_mixed_cropping_experiments_I_Estimation_of_competition_effects?el=1_x_8&enrichId=rgreq-06470a1d13a8f855c6fb679d40eeadc2-XXX&enrichSource=Y292ZXJQYWdlOzI1OTUxMzEwNjtBUzoyNjU5MTA0NzY4NjU1MzlAMTQ0MDQwOTQwNjgyNA==
https://www.researchgate.net/publication/223217243_Sediment_Interactions_with_Submersed_Macrophyte_Growth_and_Community_Dynamics?el=1_x_8&enrichId=rgreq-06470a1d13a8f855c6fb679d40eeadc2-XXX&enrichSource=Y292ZXJQYWdlOzI1OTUxMzEwNjtBUzoyNjU5MTA0NzY4NjU1MzlAMTQ0MDQwOTQwNjgyNA==
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Table 1
Soil characteristics of sediments collected from Lagarosiphon major and Myriophyllum spicatum field sites, and Mann–Whitney U-test results.

L. major sites
(Median, n = 29)

Upper; Lower
percentiles

M.  spicatum
sites (Median,
n = 11)

Upper; Lower
percentiles

U-value,
*P < 0.05

pH (KCl) 4.50 4.7; 4.5 7.40 7.4; 7 U = 7*
H+ (cmol/kg) 1.33 1.8; 1.33 NA NA NA
P  (Bray II) mg/kg 8.50 13.75; 8.5 42.00 186.5; 34 U = 14*
K  mg/kg 145.00 189.75; 145 121.00 150; 103.5 U = 141
Na  Exchangeable cations (cmol(+)/kg) 0.23 0.325; 0.225 0.39 0.41; 0.27 U = 0.70
K  0.37 0.4825; 0.37 0.31 0.385; 0.26 U = 140.5
Ca  4.19 5.0625; 4.19 12.57 14.265; 8.61 U = 38*
Mg  1.99 2.7025; 1.99 3.29 3.99; 2.19 U = 90*
Cu  mg/kg 3.99 6; 3.99 2.59 4.535; 1.76 U = 121
Zn  mg/kg 1.90 3.25; 1.9 1.80 7; 1.2 U = 135
Mn  mg/kg 124.30 198.75; 124.3 106.60 267.25; 76.75 U = 138
B  mg/kg 0.24 0.2725; 0.24 0.42 1.415; 0.35 U = 62*
Fe  mg/kg 1368.42 1702.67;

1368.42
326.22 997.145; 266.8 U = 58*

SOC  % 1.56 2.275; 1.56 0.94 1.05; 0.72 U = 86
Na  % 3.42 4.8; 3.42 2.40 2.575; 2.23 U = 107
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Analysis of the effect of increased nutrients on competition
between L. major and M. spicatum showed that sediment nutrient
levels significantly affected the competitive ability of both plant
species (Table 3). The competition coefficients all/alm for whole

Table 2
Soil characteristics of the sediments used in the nutrient (building sand) and sedi-
ment (loam and sand) experiments.

Soil treatment Loam Sand Building
sanda

Soil Loam Sand Sand
pH  (KCl) 4.5 4.4 6.0
Resistance (Ohm) 660 1930 2100
H+ (cmol/kg) 1.83 0.49 0.25
Stone % 1 1 1
P  Bray II mg/kg 16 52 5
K  167 37 54
Na  Exchangeable cations

(cmol(+)/kg)
0.59 0.14 0.13

K  0.43 0.09 0.14
Ca  4.37 0.84 1.28
Mg  3.68 0.57 0.43
Cu  mg/kg 1.44 0.53 0.03
Zn  mg/kg 3 1 0.3
Mn  mg/kg 26.1 5.2 30.7
B  mg/kg 0.61 0.17 0.14
Fe  mg/kg 2416.27 306.6 91.75
C  % 2.15 0.35 0.21
Na  % 5.38 6.74 5.88
K  % 3.93 4.37 6.22
Ca  % 40.14 39.38 57.26
Mg  % 33.75 26.63 19.41
T-value cmol/kg 10.89 2.14 2.23
Clay  % 10.2 1.8 2.8
Silt  % 9 1 2
Fine  sand % 72.9 66.72 65.6
Medium sand % 6.64 28.68 27.4
Coarse sand % 1.26 1.8 2.2
Classification Sand loam Sand
K  % 4.58 

Ca  % 52.39 

Mg  % 28.06 

The M.  spicatum field sites were characterised by sand type sed-
ments, having higher medium sand percentage and thus having
ncreased macropores, which provide space for roots and orga-
isms to inhabit the soil, but this results in the sediment having

 lower cation-exchange, buffer capacity and nutrient retention.
imilar fine textured inorganic sediments of intermediate density
ave been shown to favour the growth of M.  spicatum (Barko and
mart, 1983). Sediment from the L. major sites had significantly
ower pH values, and higher soil organic carbon (SOC) and Fe con-
ent than the M.  spicatum sites (Table 1). Myriophyllum spicatum
ites had significantly higher P Bray II and phosphorus levels than
he L. major sites (Table 1).

The loam treatment used in the sediment type experiment was
haracterised by high clay, silt and fine sand percentages and was
f an intermediate texture. The SOC content of the loam treat-
ent was approximately five times higher than the SOC content

f the sand treatment (Table 2). The loam treatment had a higher
atio of exchangeable sodium, potassium, calcium, and magnesium
han the other treatments. A high iron concentration was  found
n the loam treatment (Table 2). Macronutrients including potas-
ium, sodium, calcium, and magnesium were highest in the loam
reatment. The sand sediment was characterised by having a much
igher medium sand percentage (Table 2). Phosphorus, another
ssential nutrient for plants, was highest in the sand treatment.
he building sand used in the nutrient treatment had high medium
and percentages and a low SOC content of 0.21% and a lower
utrient concentration than both the sand and loam treatments.
ll three samples had low pH values usually associated with good
acrophyte growth (Table 2).
The L. major sites and the M.  spicatum sites were statistically sim-

lar based on the physical and chemical analyses of sediment types
Fig. 1). The loam sediment type showed the greatest similarities
o sediments collected from the L. major field sites. The sand and
uilding sand were clustered with M.  spicatum field sites, indicating
heir appropriate use in the experiments (Fig. 1).

.2. Temperature

The mean water temperature recorded within the experimen-

al ponds, during the study was 26.5 ◦C (S.E. 0.5; minimum 17.5 ◦C,

aximum 37. 5 ◦C) while mean sediment temperature was 26.5 ◦C
S.E. 0.5; minimum 18.5 ◦C, maximum 37 ◦C). The mean daily tem-
erature decreased throughout the duration of the experiment as
3; 4.58 2.45 2.825; 2 U = 45*
.34; 52.39 74.78 76.485; 66.37 U = 24*
.325; 28.055 20.73 24.26; 19.31 U = 94*

the experiment was conducted from the end of summer to the
beginning of winter. There was no significant difference between
the surface and the sediment temperatures (t(296) = −1.15, P > 0.05).

3.3. Influence of nutrients on competition
a 2 g/kg of a controlled slow-release fertilizer (Haifa, Multicote 8;
15:7:15 N:P:K + 2MgO + Micro-nutrients formulated for an 8-month release
rate  at 21 ◦C or 5–6 months release at 30 ◦C) was thoroughly mixed into 5 kg of
building sand was  added to building sand for the high nutrient treatment.

https://www.researchgate.net/publication/271759918_Effects_of_Organic_Matter_Addition_to_Sediment_on_the_Growth_of_Aquatic_Plants?el=1_x_8&enrichId=rgreq-06470a1d13a8f855c6fb679d40eeadc2-XXX&enrichSource=Y292ZXJQYWdlOzI1OTUxMzEwNjtBUzoyNjU5MTA0NzY4NjU1MzlAMTQ0MDQwOTQwNjgyNA==
https://www.researchgate.net/publication/271759918_Effects_of_Organic_Matter_Addition_to_Sediment_on_the_Growth_of_Aquatic_Plants?el=1_x_8&enrichId=rgreq-06470a1d13a8f855c6fb679d40eeadc2-XXX&enrichSource=Y292ZXJQYWdlOzI1OTUxMzEwNjtBUzoyNjU5MTA0NzY4NjU1MzlAMTQ0MDQwOTQwNjgyNA==
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ig. 1. Multidimensional scaling (MDS) and cluster analysis of Bray–Curtis similarit
xperiments. The MDS  plot gives a 2D representation of relative similarities. Hence
agarosiphon major sites, M.s  – Myriophyllum spicatum sites, Loam – Loam sedimen

lant competition of L. major showed it to be 2.5 times more com-
etitive than M.  spicatum at high nutrients levels, i.e., competition
rom one L. major plant on itself was equal to competition from 2.5

.  spicatum plants (Table 3). In the high nutrient treatment, the
egression co-efficient all indicating intraspecific competition on
he total yield of L. major was 0.02 higher than the low treatment
.003 (Table 3). Further, in the low nutrient treatment the regres-
ion co-efficient alm indicating interspecific competition from M.
picatum was 0.09, higher than in the high treatment where it was
.008 (Table 3). Under both the high and low nutrient concentra-
ions, the overall competitive ability of M.  spicatum, indicated by
he ratio of coefficients amm/aml, remained at approximately 0.3 for
oth treatments, higher than L. major in the low treatment (Table 3).
he competition coefficients all/alm for aboveground competition

f L. major showed it to be 2.5 times more competitive than M. spi-
atum at high nutrients levels, however it was nearly negligible at
ow nutrient concentrations (Table 3). Belowground competition
f M.  spicatum under low nutrient concentrations was 0.4 times

able 3
ultiple regression analysis of total competition, above ground and below ground competi

utrient and sediment treatments.

Regression coefficients

Intercept Intraspecific
competitiona

Interspecific
competitionb

Whole plant competition
Nutrient treatment
L.  major (high) 0.1074 0.0202 0.0082 

L.  major (low) 1.1520 −0.0037 0.0901 

M.  spicatum (high) 0.1093 0.0057 0.0185 

M.  spicatum (low) 0.5878 0.0214 0.0689 

Above-ground competition
L. major (high) 0.1153 0.0203 0.0081 

L.  major (low) 1.2421 −0.0079 0.0960 

M.  spicatum (high) 0.1331 0.0083 0.0248 

M.  spicatum (low) 0.8249 0.0277 0.1629 

Below-ground competition
L. major (high) 0.6076 1.2825 1.2977 

L.  major (low) 20.358 0.9522 3.0406 

M.  spicatum (high) 0.5671 0.0145 0.0788 

M.  spicatum (low) 1.6879 0.0575 0.1471 

a Intraspecific competition represents the regression coefficients all for L. major and am
b Interspecific competition represents the regression coefficient alm for L. major and am
c The ratio of the competition coefficients measures the effect of intraspecific competitio

y  the other species, all/alm for L. major and amm/aml for M.  spicatum.
xes of field soil samples, and loam, sand, and building sand treatments used in the
les that are close together are more similar to each other (stress value <0.2). L.m –

D – sandy sediment, B-SAND – building sand sediment.

higher than the level of competition found in the belowground
competition in high nutrient levels (Table 3).

The change in competitive relationships between interspecific
and intraspecific competition was graphically analysed (Fig. 2).
These figures present reciprocal yield planes corresponding to the
competition coefficients for total biomass (Table 3). The higher the
values on the figure, the lower the actual yield; and the greater the
slope, the larger the competitive coefficient. By placing the figures
with equivalent dependent values next to each other, comparisons
of differences can easily be made. In the case of the high nutri-
ent treatment, intraspecific competition at high nutrient levels is
the dominant factor reducing total mean yield of L. major and M.
spicatum (Fig. 2a and b), and for M.  spicatum at low nutrient lev-
els (Fig. 2c). At low nutrient levels, interspecific competition of M.

spicatum on L. major is the major contributor reducing the overall
mean yield of L. major (Fig. 2d).

Significantly more shoots were produced by L. major in the
high nutrient treatment, than in the low nutrient treatment

tion between Lagarosiphon major and Myriophyllum spicatum grown under different

Ratio of competition
coefficientsc

R2 F(2–21) P

2.463415 0.3 4.24 0.03
−0.04107 0.08 0.91 0.4
0.308108 0.5 10.3 0.0001
0.310595 0.22 2.9 0.07

2.5062 0.29 4.06 0.032
−0.0823 0.075 0.84 0.44
0.3347 0.46 10.9 0.0006
0.1700 0.14 1.79 0.19

0.988287 0.02 1.24 0.30
0.313162 0.29 4.26 0.03
0.18401 0.38 6.42 0.006
0.390891 0.24 3.39 0.05

m for M. spicatum.
l for M. spicatum.
n by one species on its own weight relative to the effects of interspecific competition
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Fig. 2. Multiple regression planes indicate the combined effect of Lagarosiphon major and Myriophyllum spicatum on the reciprocal of the mean wet weight (1/g) of one L.
major  plant (a – high nutrient treatment; b – low nutrient treatment), and the combined effect of L. major and M.  spicatum on the reciprocal of the mean wet  weight (1/g) of
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ne  M. spicatum plant (c – high nutrients; d – low nutrients) (i.e., higher values repr
oints  represent the residuals. Values on X and Y axes represent L. major and M. spi

F(5,36) = 3.01, P < 0.05) (Fig. 3a). M.  spicatum did not produce sig-
ificantly more stems under high nutrient levels (F(5,36) = 1.4902,

 = 0.21726) (Fig. 3b). Under high nutrients, both species had low
oot: shoot ratio and there was no difference between planting
ensities for either L. major (F(5,36) = 0.36275, P = 0.87057) or M.
picatum (F(5,36) = 0.95287, P = 0.45929) (Fig. 3c and d).

In the high nutrient treatment, the RGRs of L. major and
. spicatum were not significantly different from one another

F(5,36) = 0.9, P = 0.48) but were significantly affected by planting
atios (F(5,36) = 4.56, P = 0.0025) (Fig. 4a). Both species had signifi-
antly higher RGRs when planted in low densities in the absence of
he other species, compared to when planted at high densities in
he absence of the other species (Fig. 4a). Additionally, both species
ad significantly lower RGRs when planted at high densities in the
resence of the other species at high density (i.e., 9:9) than any
ther of the treatments.

At the low nutrient treatment, both L. major and M. spicatum
ad similar RGRs (F(5,36) = 0.78, P = 0.56), and planting density did
ot affect RGR (F(5,36) = 1.5, P = 0.22) (Fig. 4b). This was probably
ue to the duration of the experiment, as well as the low nutrient
vailability for plant growth.

.4. Influence of sediment type on competition
Plant species respond differently to the substrate in which they
re grown, therefore the outcome of competition between L. major
nd M.  spicatum changed according to sediment type. The ratio of
 lower yields). Points indicate observations (n = 18) and vertical lines between data
 planting densities at the start of the experiment.

competition coefficients, for the whole plant, in the form all/alm,
under the loam treatment indicated that L. major had a signifi-
cant competitive advantage over M. spicatum, proving to be 10
times more competitive, whereas the effect of M.  spicatum on
L. major was only 1.3 times (Table 4). Intraspecific competition
shown by the regression coefficient all for L. major and amm for
M. spicatum indicated a reduced belowground yield of both species
in the sand treatment, but in the loam treatment, belowground
biomass of M. spicatum was  influenced by interspecific compe-
tition (Table 4). In the sand treatment, the ratio of competition
coefficients amm/aml indicated that M. spicatum was 2.1 times more
competitive in reducing total yield of L. major, compared to 1.3 in
the loam treatment (Table 4). The ratio of competition coefficients
for aboveground biomass only in the form all/alm, for the loam
treatment indicated that L. major had a significant competitive
advantage over M. spicatum, proving to be 13.6 times more com-
petitive, whereas the effect of M. spicatum amm/aml on L. major was
only 2 times (Table 4).

The change in competitive relationships between interspecific
and intraspecific competition was  once again graphically analysed
(Fig. 5). For the loam treatment, competition of M.  spicatum on L.
major was  negligible, but there was significant interspecific and
intraspecific competition on M. spicatum (Fig. 5a and b). For the

sand treatment, the steep slopes of the regression planes are asso-
ciated with increasing density of both plants, thus interspecific
and intraspecific were substantial contributors of yield reduction
in both species (Fig. 5b and d). L. major produced significantly
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ifferent  letters indicate significant differences between planting densities.

ore branches in the loam than the sand treatment (F(5,36) = 3.62,
 = 0.05) (Fig. 6a). There was no difference in root: shoot ratio
etween loam and sand treatment for either species (L. major:
(5,36) = 1.0918, P = 0.38; and M.  spicatum: F(5,36) = 0.64236, P = 0.67)
Fig. 6c and d).

In the loam sediment treatment, L. major generally had a signifi-
antly higher RGR than M.  spicatum (F(5,36) = 3.58, P = 0.009 (Fig. 7a).
hen grown in monoculture at both a high and low planting den-
ity (i.e., 3:0 and 9:0), L. major had a similar growth rate to M.
picatum, but when grown in any combination, L. major had a faster
GR than M.  spicatum (F(5,36) = 7.27, P = 0.001) (Fig. 7a).
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In the sand sediment treatment, both species had lower RGRs
compared to the loam treatment. There was no significant differ-
ence in RGR between the two  species (F(5,36) = 0.3, P = 0.9) (Fig. 7b),
but when grown in monoculture at low densities, both L. major
and M. spicatum had significantly higher RGRs than when grown in
combination and at high densities (F(5,36) = 3.38, P = 0.01) (Fig. 7b).
4. Discussion

L. major and M.  spicatum have both been shown to actively
outcompete other submerged macrophytes (Titus et al., 1975;
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Table 4
Multiple regression analysis of total competition, above ground and below ground competition between Lagarosiphon major and Myriophyllum spicatum grown under different
nutrient and sediment treatments.

Intercept Intraspecific
competitiona

Interspecific
competitionb

Ratio of competition
coefficientsc

R2 F(2–21) P

Whole plant competition
Sediment treatment
L. major (sand) 0.8926 0.0462 0.0503 0.918489 0.23 3.01 0.02
L.  major (loam) 0.2574 0.0327 0.0032 10.21875 0.37 6.17 0.008
M.  spicatum (sand) 1.0711 0.0618 0.0294 2.102041 0.22 3.06 0.07
M.  spicatum(loam) 0.5958 0.0355 0.0266 1.334586 0.3 4.47 0.02
Above-ground competition
L. major (sand) 1.0948 0.0276 0.0723 0.3817 0.24 3.38 0.05
L.  major (loam) 0.2900 0.0326 0.0024 13.5833 0.27 3.92 0.04
M.  spicatum (sand) 1.7248 0.0761 0.0642 1.1854 0.27 3.88 0.04
M.  spicatum(loam) 0.9345 0.0688 0.0350 1.9657 0.25 3.62 0.05
Below-ground competition
L. major (sand) 6.8901 2.4407 0.4472 5.457737 0.24 3.38 0.05
L.  major (loam) 3.4136 1.0086 0.2377 4.243164 0.21 2.71 0.09
M.  spicatum (sand) 4.4731 0.5263 −0.2542 −2.07042 0.15 1.92 0.17
M.  spicatum(loam) 1.8343 0.0572 0.0808 0.707921 0.1 1.27 0.3

a Intraspecific competition represents the regression coefficients all for L. major and amm for M. spicatum.
nd am

etitio
b

A
1
s
g
i

F
m
p
t

b Interspecific competition represents the regression coefficient alm for L. major a
c The ratio of the competition coefficients measures the effect of intraspecific comp

y  the other species, all/alm for L. major and amm/aml for M.  spicatum.

gami and Waisel, 1985; James et al., 1999; Hofstra et al.,

999; Caffrey and Acevedo, 2007). Competition involving these
pecies shows that nutrient levels and sediment types affect the
rowth and competitive strategy of both plant species differently,
nfluencing the outcome of the competition between the two

ig. 5. Multiple regression planes indicate the combined effect of Lagarosiphon major an
ajor  plant (a – loam treatment, b – sand treatment) and the combined effect of L. major 

lant  (c – loam treatment d – sand treatment) (i.e., higher values represent lower yields). P
he  residuals. Values on X and Y axes represent L. major and M. spicatum planting densitie
l for M. spicatum.
n by one species on its own weight relative to the effects of interspecific competition

species when grown in mixed cultures under different planting

densities.

Sediment nutrient availability has been identified as highly
important for the growth of many submerged macrophyte species
(Denny, 1980; Barko and Smart, 1986; Richter and Gross, 2013)

d Myriophyllum spicatum on the reciprocal of the mean wet weight (1/g) of one L.
and M. spicatum on the reciprocal of the mean wet  weight (1/g) of one M.  spicatum
oints indicate observations (n = 18) and vertical lines between data points represent
s at the start of the experiment.
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s sediment is the primary source for the uptake of N, P, Fe, Mg
nd micronutrients (Smart and Barko, 1985; Barko et al., 1991; Xie
t al., 2007). For example, when L. Major and Myriophyllum triphyl-
um Orchard (Haloragaceae) were grown in different sediments in

ligotrophic lakes in New Zealand, plants grown on eutrophic sed-

ments were approximately twice the size of those grown on the
ligotrophic sediments (Rattray et al., 1991). James et al. (2006)

nvestigated responses of L. major to nutrient loadings between

a Planting densities L.m. : M.s.

R
G

R
 (

g/
da

y)

 L.m.
 M.s.1 3 4 2 5 6

-0.010

-0.008

-0.006

-0.004

-0.002

0.000

0.002

0.004

0.006

0.008

0.010

0.012

0.014

0.016

abc

abc

d

c

bc

ab

d

bc

a

abc

 de

d

3:0 9:03:3 3:9 9:3 9:9

ig. 7. Relative growth rate (RGR) of Lagarosiphon major and Myriophyllum spicatum at s
rror  bars represent S.E., means followed by different letters indicate significant differenc
s (b). Difference in L. major root: shoot ratio (c) and M.  spicatum root: shoot ratio
ns followed by different letters indicate significant differences between planting

30–480 � g L−1 P and 0.21–3.36 mg  L−1 N and found L. major to have
the highest RGR of 0.066 g−1 d−1 at a similar nutrient loading as
the high nutrient treatment used in this study. Alternatively, the
physical properties of sediments, rather than their chemical com-

position, have been suggested as a primary sediment attribute
influencing growth of aquatic macrophytes (Denny, 1980; Smart
and Barko, 1985). Smart and Barko (1985) showed that a variety
of submerged aquatic macrophytes grown in fine-textured lake
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ediments with an organic content of less than 20% dry weight, pro-
uced highest biomass while sediments containing higher levels
f organic matter or a substantial (>75%) sand-sized fraction were
elatively poor substrates for submerged aquatic plants (Smart and
arko, 1985). However, it is a combination of nutrients and physical
roperties that influence macrophyte establishment and growth.
arko and Smart (1986) investigated the relationship between sed-

ment related mechanisms of growth in submerged macrophytes
nd found that limited growth in both sands and organic sedi-
ents appear to involve nutrition. Fertile, finely grained sediments,

uch as the loam treatment in this study, contain high organic
atter content with anaerobic conditions, which is suitable for L.
ajor growth. Infertile sandy sediment, such as the sand treatment
sed here, has low organic matter content with aerobic conditions,
hich increased the competitive ability of M.  spicatum when grown

n combination with L. major.
In Loch Corrib, Ireland, L. major outcompetes other species,

ncluding M.  spicatum, by spreading rapidly from stem fragmen-
ation; the fragments grow rapidly and may  form a dense canopy
Caffrey and Acevedo, 2007). L. major may  however have a compet-
tive advantage in Ireland as it grows during the winter months

hen most indigenous species die back (Caffrey et al., 2010).
orphologically, L. major has a competitive advantage over other

pecies by tolerating a raised pH and dissolved O2 and lowered
ree CO2, often created during photosynthesis in submersed aquatic
lant stands (James et al., 1999). In New Zealand lakes, L. major has
uccessfully outcompeted all native species by being able to pro-
uce roots faster, and growing faster, both in length and biomass,
han the native species (Rattray et al., 1994). L. major was shown
o have a RGR of approximately 3.7 mg  g−1 d−1 in an oligotrophic
ake and 20 mg−1 d−1 in a eutrophic lake whereas M.  triphyllum had
o statistically significant weight gain in either lake over the same
eriod (Rattray et al., 1994). Thus in the absence of herbivory, L.
ajor proves to be a superior competitor to most indigenous sub-
erged macrophyte species as well as some invasive submerged
acrophyte species. This is supported by the results of the present

tudy in high nutrient or finer sediments. When sediment nutri-
nts were limited, both L. major and M.  spicatum allocated more
esources to the growth of roots, which is consistent with alloca-
ion patterns observed in most herbaceous terrestrial plants and
ther aquatic macrophytes (Barko and Smart, 1986; Wang et al.,
008; Richter and Gross, 2013). This in turn resulted in significant
elowground competition between the two species. M.  spicatum
owever had higher root: shoot ratios at low soil nutrients, than
. major. Physiologically, L. major outcompetes other submerged
acrophytes through rapid shoot production and biomass accu-
ulation (at the expense of root growth), allowing M. spicatum to

stablish increased root reserves within the sediments. The results
rom the competition experiments suggest that under low sedi-

ent nutrients M.  spicatum was able to establish and eventually
ompete with L. major.  In a similar study, high sediment fertil-
ty favoured the lesser competitor V. americana over H. verticillata,

hile H. verticillata was a more effective competitor when sediment
utrients were in short supply (McCreary, 1991).

When the two species in this study were grown in combi-
ation under different sediment types, L. major had a significant
ompetitive advantage over M.  spicatum in the loam treatment.
dditionally, L. major had a significantly faster RGR compared to M.
picatum at both low and high densities, suggesting that loam type
ediments provide a competitive advantage to L. major.  In the high
utrient, and sand sediment treatments, L. major and M. spicatum
ad similar RGRs which is in contradiction to the competition anal-

sis which showed L. major to have a slight competitive advantage
ver M.  spicatum. In the more medium textured sediments (high
nd sand treatments), both species had faster RGRs at low densities
n monoculture (3:0) compared to high densities and when grown
ic Botany 114 (2014) 1� 11

in combination (9:9), suggesting the obvious combined effect of
both inter and intra specific competition. The low RGRs exhibited in
the sand and low nutrient treatment probably derive from the dura-
tion of the experiments, and the fact that neither species favours
sandy sediments with low nutrient levels. Similar reductions in
biomass were found by Richter and Gross (2013) where high densi-
ties of Chara globularis Thuill. (Characeae) strongly reduced the RGR
of M. spicatum in low nutrient oligotrophic conditions. Chambers
and Kalff (1985) showed that sediment composition with low nutri-
ent levels influenced the RGR of M.  spicatum. Plants grown in Lake
Memphremagog, Quebec-Vermont at a depth of 1.5 m in buckets
containing 100% fertile marsh sediment (high nutrient treatment),
10% marsh sediment: 90% sand (medium nutrient treatment), or
100% sand (low nutrient treatment) had different RGRs. The highest
RGR of 0.3 g−1 d−1 was found at high nutrient concentrations (100%
fertile mash sediment), but this decreased with nutrient dilution,
so that RGRs at low nutrients (sand sediment) were extremely low,
and similar to the RGRs of M. spicatum found in this study.

It is recognised that sediment composition exerts an impor-
tant influence on macrophyte productivity and species composition
(Barko et al., 1991). M. spicatum grows optimally on fine-textured,
inorganic sediments and relatively poorly on highly organic sedi-
ments (Smith and Barko, 1990). As M. spicatum plants grow upward,
lower leaves are shaded, resulting in a canopy-like cover near the
water surface, allowing for successful competition for both light
and sediment nutrients (Titus et al., 1975). Thus even if L. major
was able to gain an initial competitive advantage, M.  spicatum was
able to slowly accumulate biomass over time to equal that of L.
major.  Leu et al. (2002) also showed that lipophilic extracts of M.
spicatum inhibit photosynthetic electron transport of cyanobacte-
ria and other macrophytes, aiding its competitive advantage over
other species. This was not investigated in this study but may  have
had an inhibitory effect on the competitive ability of L. major.

The general increase in eutrophication in aquatic ecosystems
throughout the world facilitates the growth of plant species that
are better competitors at high nutrient levels (Byers, 2002), such as
H. verticillata which is invasive around the world (Langeland, 1996).
Therefore it is not unlikely that L. major may  gain a competitive
advantage over M.  spicatum and other submerged species under
the right conditions. This study has shown that the competitive
ability of L. major may  be the reason why  so few submerged invasive
species have invaded South African water systems, and why L. major
is becoming such an aggressive invasive species in other parts of
the world. However in South Africa in the Vaal River, M.  spicatum
is replacing indigenous submerged species (Coetzee et al., 2011a).
A similar superior competitive ability of M. spicatum over L. major
may  occur in the indigenous range as L. major’s  suite of natural
enemies will affect its competitive ability. In the light of this, it then
follows that in countries where L. major has become invasive; the
introduction of herbivore pressure could reduce the competitive
advantage of L. major,  giving indigenous species the opportunity to
re-establish and vice versa where M. spicatum is invasive.

While numerous biotic and abiotic drivers affect the establish-
ment and growth of submerged invasive species, these findings
highlight the importance of substrate composition. Here, L. major
was a superior competitor over M.  spicatum when grown in loam
sediments. Loam sediments are usually associated with impound-
ments where L. major has been recorded in South Africa (Fig. 1),
suggesting that in these systems, L. major should remain the
dominant macrophyte. In systems with more medium textured
sediments such as the sediments used in the high, low and sand
treatments, both species have similar growth rates indicating that

either species may  become dominant based on other environmen-
tal drivers. The findings from this study could be used to explain the
invasiveness of L. major elsewhere in the world such as Ireland and
New Zealand, where it has outcompeted indigenous Myriophyllum
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