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a  b  s  t  r  a  c  t

Submerged  macrophytes  can  colonize  shallow  lakes  via  several  reproductive  mechanisms,  and  can  in
turn substantially  alter  these  environments  by  modifying  the thermal  structure  and  dissolved  oxygen
levels  within  these  lakes.  Although  multiple  mechanisms  of submerged  macrophyte  expansion  have
been  described,  the relative  contribution  of  each  of these  in  shallow  lake environments  has  been  largely
overlooked.  In this  study  we  analyzed  the  spatial  spread  and patterning  during  seasonal  growth  of  a
globally  invasive  submerged  macrophyte,  Potamogeton  crispus,  in  a  shallow  urban  lake  (Lake  Monger,
Western  Australia).  We  used  underwater  and aerial  imagery  to  estimate  the  spatial  pattern  of  the  P.
crispus  bed. By  comparing  the  spatial  extent  of  the  bed  at different  times  during  the  growing  season,  we
found  linear  expansion  rates  two  orders  of magnitude  higher  than those  previously  estimated  through
rhizome  elongation.  We  formulated  a deterministic  mathematical  model  that  accounted  for  the ability  of
P. crispus  to  spread  through  rhizomes  and fragments  broken  off  by the  feeding  activities  of aquatic  birds,
to  assess  the  contribution  of  fragment  dispersal  to the  emergent  patterns  of  the  submerged  macrophyte
bed.  In addition  to  accounting  for  dispersal  from  fragments,  the model  also  accounted  for  a  hypothesized
feedback  between  macrophyte-induced  thermal  stratification  and  central  dieback.  Comparison  of our
model  results  against  field  data  indicated  that  the  model  accurately  represented  the  spatial  spread  of  the
macrophyte  bed  when  fragment  dispersal  was  included.  When  fragment  dispersal  was  not  included  in
the  model,  the  spatial  spread  of  the  bed  was  largely  underestimated,  suggesting  that  fragment  dispersal

may  well  account  for the  fast seasonal  spread  of  this  species.  The  model  also  captured  the  formation  of
a ring-shaped  pattern  in spatial  macrophyte  distribution  suggesting  that  both  fragment  dispersal  and
the feedback  between  stratification  and  dieback  are  necessary  to  reproduce  the spatial  structure  of the
macrophyte  bed. Our results  highlight  the  potential  important  role  of  fragment  dispersal  in  facilitating
colonization  and  submerged  macrophyte  invasion  in  shallow  lakes.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Submerged macrophytes are fundamental components of shal-
ow lake environments. They provide a range of ecosystem services
uch as nutrient retention (Boerema et al., 2014), mitigation of
nsecticide effects (Brogan and Relyea, 2015) and promotion of

abitat heterogeneity (Kovalenko et al., 2011). They also compete
ith phytoplankton for nutrients and light constituting key ele-
ents of shallow lake restoration schemes (Søndergaard and Moss,

∗ Corresponding author.
E-mail address: maria.vilas@research.uwa.edu.au (M.P. Vilas).

ttp://dx.doi.org/10.1016/j.ecolmodel.2017.09.001
304-3800/© 2017 Elsevier B.V. All rights reserved.
1998). Introduced invasive macrophyte species, however, tend to
have fast colonization rates (Hussner et al., 2017), which can allow
them to outcompete other macrophytes and establish monotypic
beds. In addition, invasive submerged macrophytes tend to form
dense canopies and thus reduce vertical mixing leading to bottom-
water anoxia (Vilas et al., in review). Invasive macrophytes may
therefore represent a threat to shallow lake ecosystems due to
their potential negative impact on biodiversity and water quality
(Hogsden et al., 2007). Therefore, understanding the mechanisms

of invasive macrophytes expansion is of great importance both for
selecting management strategies and timing their application.

The colonization success of submerged macrophytes relies on
a number of factors including: a unit of dispersal and a dispersal

dx.doi.org/10.1016/j.ecolmodel.2017.09.001
http://www.sciencedirect.com/science/journal/03043800
http://www.elsevier.com/locate/ecolmodel
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecolmodel.2017.09.001&domain=pdf
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ode (Muller-Landau, 2012), a suitable environment for successful
stablishment and initial growth (Riis, 2008), and suitable condi-
ions for long-term persistence and growth (Chambers and Kalff,
985). Submerged macrophytes can propagate into a new loca-
ion through the production of seeds and vegetative propagules
uch as rhizomes, stolons, tubers, turions and stem fragments
Boedeltje et al., 2003; Muller-Landau, 2012). Invasive submerged

acrophytes tend to take advantage of more reproductive strate-
ies (Barrat-Segretain et al., 1998) and possess higher regeneration
ates from fragments (Umetsu et al., 2012) than native species,
nd thus are more likely to be introduced in a new location. Once
resent in a new location, propagule establishment and sprouting
elies on environmental factors such as the presence of propag-
le retention agents, light and water temperature (Riis, 2008).
ong-term persistence of submerged macrophytes relies on the
iophysical environment and feedbacks between the plants and
heir environment (van der Heide et al., 2010). It is well estab-
ished that submerged macrophytes grow in areas where there is
nough underwater light to support their growth (Chambers and
alff, 1985) and where water flow is sufficiently slow to avoid
prooting, but fast enough to ensure gas and nutrient exchange
Madsen et al., 2001). In addition to the environmental conditions,
ubmerged macrophytes interact with their environment in ways
hat could be positive or negative for their further development
nd reproduction (Maxwell et al., 2016). These feedback interac-
ions can also play a role in determining long-term persistence of
ubmerged aquatic vegetation (Adams et al., 2016).

Potamogeton crispus L. (curly pondweed) is an invasive sub-
erged macrophyte that has established monotypic beds in lakes

nd rivers throughout the world (Bolduan et al., 1994). It behaves
ike a winter annual plant since it dies back in summer and regrows
n autumn mainly from specialized shoot apices know as turions
Qian et al., 2015). P. crispus persists throughout winter and rapidly
rows during spring and early summer (Catling and Dobson, 1985),
hen it produces seeds and turions (Chambers, 1982). During its

rowing season, it has the capacity to spread through both clonal
ropagation and stem fragments (Ganie et al., 2008), which makes it

deal for studying the relative contribution of multiple reproductive
trategies to the spatial spread of invasive species. P. crispus is gen-
rally considered a nuisance macrophyte since it clogs waterways
nd alters ecosystem function and structure (Bolduan et al., 1994;
alley and Heiskary, 2012). However, in China, it is commonly used
s a pioneering species when restoring degraded aquatic ecosys-
ems (Wu et al., 2009; Zhou et al., 2016). Therefore, understanding
he mechanisms contributing to P. crispus spatial extent is of par-
icular relevance either to control its spread, or to effectively guide
ts use for restoration in degraded aquatic ecosystems.

In a recent study (Vilas et al., in review), we  documented
he effect of P. crispus on the thermal characteristics and oxygen
ynamics of a shallow urban lake. We hypothesised that a negative

eedback, the stratification feedback, may  lead to central dieback
nd ring-shaped pattern formation in P. crispus beds that are suf-
ciently dense, tall and large to significantly impair vertical and

ateral water transport. By obstructing water transport, the macro-
hytes prevent oxygenation of the bottom waters at the centre of
he plant bed. This bottom-water anoxia may  cause the plants in
his region to experience stress due to sediment-induced anoxia
Pulido and Borum, 2010; Sand-Jensen et al., 2015) and potential
oxin exposure (Borum et al., 2005), thus leading to central dieback.

Theoretical models that account for the ability of feedbacks to
nduce ring-shaped vegetation patterns have been developed for
lonal terrestrial plants and seagrass meadows (Cartenì et al., 2012;

uiz-Reynés et al., 2017; Sheffer et al., 2011). Most models of rings
re based on scale-dependent feedbacks and were formulated to
xplain ring-shaped pattern formation in water-depleted environ-
ents (Sheffer et al., 2011). A model that explains ring formation in
lling 363 (2017) 111–121

environments where water is not a limiting factor was developed
by Cartenì et al. (2012). This model is based on a single negative
feedback, the litter autotoxicity feedback (Mazzoleni et al., 2015,
2007), driving central dieback in clonal terrestrial grasses.

Unlike theoretical models of regular ring formation, we
observed that irregular rings of spatial macrophyte distribution
(Fig. 1) can form in a shallow urban lake (Lake Monger, Western
Australia, Australia) (Vilas et al., in review). Irregular rings can form
when clonal propagation occurs in a preferential direction (Meron
et al., 2007). Submerged macrophytes have been suggested to prop-
agate in a preferential direction in the presence of hydrodynamic
forcing (Ganie et al., 2016; Puijalon et al., 2008); however, there
seems to be little evidence of this mechanism occurring in lake
vegetation (Wolfer and Straile, 2004). Asymmetry in the direction
of seed dispersal may  also have a strong influence on the appear-
ance of vegetation patterns (Thompson and Katul, 2009). While
P. crispus seeds are less important in the process of colonization
(Rogers and Breen, 1980), fragment dispersal and regrowth from
stem fragments may  explain growth in a preferential direction.

Theoretical models of macrophyte expansion can be useful to
assess the relative contribution of multiple dispersion mecha-
nisms in environments where doing so is experimentally difficult.
Although models that account for multiple mechanisms of disper-
sion have been developed for a range of populations from animals
to plant pathogens (Gilligan and van den Bosch, 2008; Okubo and
Levin, 2013), the use of such models to predict the spatial extent
of invasive submerged macrophytes remains largely unexplored.
Understanding the relative contribution of multiple mechanisms of
expansion to the spatial spread of the invasive macrophyte P. cris-
pus would be of value to lake managers. Therefore, we  formulated a
deterministic mathematical model that accounts for multiple dis-
persal mechanisms and a density-dependent negative feedback to
address the following two  questions: what are the relative contri-
butions of fragment dispersal and clonal growth to P. crispus spatial
spread? What are the mechanisms necessary for the formation of
irregular ring-shaped patterns in shallow lake vegetation? To this
end, our study first analyzes a field dataset to support model param-
eterization, and then uses the model to assess the above questions
by comparing the predicted spatial patterns in vegetation with the
field dataset.

2. Study site and field context

Lake Monger is a eutrophic shallow lake located in a heavily
urbanized suburb of Perth, Western Australia (Fig. 2). It has a total
surface area of 68.2 ha, a flat bottom and its mean water depth
ranges from 1.21 m in spring to 0.31 m in autumn. In summer, the
lake’s wind climate is dominated by the sea breeze, comprised of
winds blowing from the southerly, south-westerly and westerly
directions (Masselink et al., 2001). Lake Monger is dominated by
dense stands of the submerged macrophyte P. crispus during spring
and summer (Leoni et al., 2016). P. crispus is a perennial submerged
macrophyte that behaves like a winter annual (Catling and Dobson,
1985). In Lake Monger, it typically initiates growth in the middle
of the lake by the beginning of spring, spreads towards the lake
edges by early summer and decays after the top of the canopy
reaches the water surface in mid  or late summer. Ring-shaped pat-
tern formation has been previously observed in this lake, as shown
in Fig. 1.

Data used in this investigation were collected in two P. crispus
growing seasons, 2014–2015 and 2015–2016 (Table 1). Biomass

and plant height data were collected at a station located near the
lake centre (LDS station, see Fig. 2). Above-ground macrophyte
biomass at the LDS station was  estimated by sampling a quadrat of
0.1–0.2 m2 on the dates shown in Table 1. Plants within the quadrat
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Fig. 1. Aerial image of our study site Lake Monger (Perth, Western Australia, Australia) obtained from http://maps.au.nearmap.com on 6 January 2014 (a) and 4 March 2016
(b)  showing the ring-shaped pattern. The dashed black line shows the outer edge of the macrophyte bed and the dashed white line shows the inner edge of the macrophyte
bed.  Field surveys were not available to verify these images.

Fig. 2. Lake Monger location and bathymetry in m Australian Height Datum (AHD), sho
(continuous lines) and sampling station (LDS). The black line shows the transect used to e

Table 1
Macrophyte biomass sampling dates, harvested area, number of replicates and
location.

Sampling dates Harvested area per
replicate (m2)

Number of
replicates

P. crispus growing season in 2014–2015
19 November 2014 0.2 2
2  December 2014 0.1 2
16  December 2014 0.1 2
20  January 2015 0.1 3
28  January 2015 0.1 2
8  February 2015 0.1 3

P.  crispus growing season in 2015–2016
28 October 2015 0.1 3
4  November 2015 0.1 3
23  November 2015 0.1 3
4  December 2015 0.1 3
12  January 2016 0.2 3
4  February 2016 0.2 3
wing typical transects used to identify the spatial extent of the macrophyte bed
stimate the linear expansion rates of the macrophyte meadow.

were uprooted with a rake. Duplicate or triplicate biomass samples
were collected and transported to the laboratory where they were
washed and dried at 60 ◦C to a constant mass and then weighed.
Canopy height was measured at randomly chosen points 5 m of
the LDS station on the dates shown in Table 1. Wind speed and
direction were continuously recorded in both seasons (1 October
2014–1 March 2015 and 1 October 2015–26 February 2016) by a
sensor located at 2 m above the water surface at the LDS station.
The sensor recorded wind speed (range: 0–75 m s−1 and accuracy:
0.1 m s−1) and wind direction (range: 0–360◦ and accuracy: 4◦) data
every 30 s. Wind speed at 10 m above the water surface (U10) was
estimated from wind speed data following the method of Verburg
and Antenucci (2010).

The spatial behaviour of the macrophyte bed was inferred from

limited aerial photography obtained from http://maps.au.nearmap.
com (Nearmap, Dates: 27 October 2014, 8 February 2015 and 4
March 2016) in conjunction with geo-referenced movies recorded
with a 10-megapixel underwater digital camera (GoPro) along

http://maps.au.nearmap.com
http://maps.au.nearmap.com
http://maps.au.nearmap.com
http://maps.au.nearmap.com
http://maps.au.nearmap.com
http://maps.au.nearmap.com
http://maps.au.nearmap.com
http://maps.au.nearmap.com
http://maps.au.nearmap.com
http://maps.au.nearmap.com
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Fig. 3. Daily mean values of wind speed 10 m above the water surface (U10) and
direction for P. crispus growing season in 2014–2015 (Season 1, cyan circles) and
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Fig. 4. Spatial extent of P. crispus bed on (a) 27 October 2014 (light green – http://
maps.au.nearmap.com), 2 December 2014 (green – GoPro), 16 December 2014 (dark
green – GoPro) and 8 February 2015 (brown – http://maps.au.nearmap.com); and
(b) 4 November 2015 (light green – GoPro) and 4 March 2016 (brown – http://

mechanisms for macrophyte colonization: clonal growth and veg-
015–2016 (Season 2, yellow circles). The mean values for P. crispus growing season
n  2014–2015 (blue circle) and 2015–2016 (orange circle) are also shown.

est-east transects (Dates: 2 December 2014, 16 December 2014
nd 4 November 2015) (Fig. 2). We  have defined the macrophyte
ed as the area in which individual plants overlapped and the sedi-
ents were mostly covered by submerged macrophytes. There was

ne limitation of using Nearmap images to assess the spatial pat-
ern of the macrophyte bed: In the event of an algal bloom, the
resence of plants could only be confirmed if the canopy reached
he water surface. Linear expansion rates of the macrophyte bed
ere estimated as the slope of the linear regression line fitted to

hanges in the extent of the macrophyte bed over time, calculated
s the distance between the bed edge and the initial bed edge on a
ransect perpendicular to the eastern shore of the lake (Fig. 2).

Comparison of the wind data (Fig. 3) with the macrophyte cov-
rage data (Fig. 4) suggested that the P. crispus meadow expanded
referentially in the direction of the sea breeze (Fig. 3). In both
rowing seasons (2014–2015, Fig. 4a; and 2015–2016, Fig. 4b), the
acrophytes initiated growth in the middle section of the lake

nd expanded mainly towards the east, northeast and southeast
irections. Throughout the second growing season (2015–2016),
he initial area occupied by macrophytes was larger than in the
rst growing season (compare Fig. 4a and b). An asymmetric ring-
haped pattern in macrophyte distribution was clearly visible by
he end of the second growing season (Fig. 4b); however, central
ieback also occurred around the LDS station in the first growing
eason (Fig. 4a and Supplementary material, Appendix D, Fig. D1).

Linear expansion rates perpendicular to the eastern shoreline
or the P. crispus growing season in 2014–2015 were approximately
.8 ± 0.1 m d−1 in the north easterly direction and 0.3 ± 0.1 m d−1

n the south westerly direction. Similarly, for the P. crispus grow-
ng season in 2015–2016, linear expansion rates perpendicular to
he eastern shoreline were approximately 0.9 m d−1 in the north
asterly direction and 0.6 m d−1 in the south westerly direction.
hizome elongation rates in lake Potamogeton species have been
stimated to range between 0.0010 and 0.0017 m d−1 (Kunii, 1982;

olfer and Straile, 2004), which are two orders of magnitude lower
han the linear expansion rates estimated in this study. Since rhi-
ome elongation rates tend to decrease in nutrient rich systems
Wolfer and Straile, 2004), the use of such rates in a highly eutrophic
ystem such as Lake Monger is justified. Therefore we  can con-

lude that clonal expansion through rhizome elongation cannot be
he primary mechanism for spatial spreading of P. crispus in Lake

onger.
maps.au.nearmap.com). The pink dashed line in (a) represents the inner edge of the
macrophyte bed on 8 February 2015. The orange dashed line in (b) represents the
inner edge of the macrophyte bed on 4 March 2016.

The above observations were used to inform our model of
macrophyte colonization, described in Section 3.

3. Model of macrophyte colonization

We  present a model of P. crispus growth in Lake Monger, West-
ern Australia, prior to its seasonal dieback. We  did not attempt to
simulate P. crispus sprouting or seasonal decline, only its dynamics
during its growth phase, which covers approximately four months,
form October to February. The model was applied to two  growing
seasons: 2014–2015 and 2015–2016.

3.1. Model description

The growth and colonization of the macrophyte bed was simu-
lated using a two-dimensional advection-diffusion-reaction model.
This modelling strategy has been previously used to simulate pat-
terning in aquatic (Ruiz-Reynés et al., 2017; van der Heide et al.,
2010) and terrestrial ecosystems (Tarnita et al., 2017), including
regular ring formation in clonal terrestrial grasses (Cartenì et al.,
2012) and fungi (Karst et al., 2016). Because the generalized dynam-
ics of a negative feedback model giving rise to ring-shaped patterns
has been investigated thoroughly elsewhere (Cartenì et al., 2012),
here we focus on the application of this model type to our specific
field site and our observations of macrophyte spatial patterning at
this site. Based on the field observations, the model included two
etative dispersion of fragments, the latter of which was  included
because macrophyte spreading through rhizome elongation was
insufficient for the rapid colonization speed identified in the field

http://maps.au.nearmap.com
http://maps.au.nearmap.com
http://maps.au.nearmap.com
http://maps.au.nearmap.com
http://maps.au.nearmap.com
http://maps.au.nearmap.com
http://maps.au.nearmap.com
http://maps.au.nearmap.com
http://maps.au.nearmap.com
http://maps.au.nearmap.com
http://maps.au.nearmap.com
http://maps.au.nearmap.com
http://maps.au.nearmap.com
http://maps.au.nearmap.com
http://maps.au.nearmap.com
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ig. 5. Conceptual diagram of the mechanisms of macrophyte dispersal (a) and the 

1–4).  Positive and negative interactions in (b) are indicated with plus (+) and minu

ata. Since we have observed P. crispus fragments across the lake
nd since P. crispus can regenerate from fragments (Ganie et al.,
008), we hypothesised that fragment dispersal and regrowth from
tem fragments might explain the two orders of magnitude dis-
repancy between the rapid spread of macrophytes observed in our
ystem (>0.2 m–d−1) and the literature estimates of P. crispus clonal
rowth (0.0010–0.0017 m–d−1; Kunii, 1982; Wolfer and Straile,
004). The model also accounts for the hypothesized feedback of
acrophyte-induced stratification on central dieback, which is sug-

ested to occur once macrophytes have occupied a sufficient height
n the water column to induce low oxygen-induced stress (Vilas
t al., in review). In addition, the model accounts for our observation
f stronger stratification occurring at the center of the macrophyte
ed (Vilas et al., in review). The interested reader is referred to Vilas
t al. (in review) for an explanation of the stratification feedback. A
onceptual diagram of the model is shown in Fig. 5.

The model includes three variables: macrophyte biomass B
g DW m−2), macrophyte fragment mass F (g DW m−2), and strat-
fication stress S (d). Plant biomass is transferred between viable

acrophytes and fragments due to breaking off of fragments from
iable macrophytes (conversion of B–F) and subsequent fragment
eposition onto the sediment to establish new viable macrophytes
conversion of F–B). Since Lake Monger hosts hundreds of black
wans (Cygnus atratus) during the spring and summer (Anonymous,
007), fragment production is assumed to occur during the feed-

ng activities of black swans. Strong winds could also enhance
ropagule abscission (Thompson and Katul, 2013); however, the
ontribution of this mechanism to fragments breaking off in a low
nergy environment such as Lake Monger is likely to be mini-
al. The black swan population is assumed to remain constant

uring the growing season of the macrophyte, thus the rate of frag-
ent production is assumed constant in time. Fragments are also

ssumed to be removed from the lake due to grazing by swans
Mitchell et al., 1988). The stratification stress S can be physically
nterpreted as the total time that the macrophytes well within the

eadow have been stressed due to the presence of locally strati-
ed waters, without being specific as to whether this stress is due

o anoxia or sulphide accumulation in the sediment.
Macrophytes, with biomass B (g DW m−2), are assumed to

row logistically, break into fragments, spatially colonize the lake
hrough rhizome elongation and deposition of viable fragments,
nd decline when sufficiently stressed by thermal stratification, so
hat:
∂B
∂t

= DB∇2B + �B
(

1 − B

Bmax

)
+ rF − gB − mBH(S − Sth)H(B), (1)
cation feedback (b). Mechanisms of plant dispersal in (a) are indicated with arrows
signs respectively.

where the constant diffusion coefficient DB = v2

4� (Holmes et al.,
1994) represents macrophyte expansion due to rhizome elongation
in terms of the spreading speed v (m d−1), � is the maximum macro-

phyte growth rate (d−1), ∇2 = ∂2

∂x2 + ∂2

∂y2 is the Laplacian operator,

Bmax is the macrophyte maximum biomass supported by the sys-
tem (carrying capacity, in g DW m−2), r is the rate of fragment
conversion to viable macrophytes (d−1), g is the rate of macro-
phyte conversion to fragments (d−1), mB is the mortality rate due to
stratification stress (g DW m−2 d−1), H(x) are Heaviside step func-
tions, and Sth is the critical value of stratification stress above
which plants decline (d). Stratification stress-induced mortality
only occurs when (1) there is non-zero biomass and (2) the stratifi-
cation stress S exceeds the critical value Sth required for this stress
to induce mortality; these two  requirements were both imple-
mented in the model using Heaviside step functions. Mortality is
assumed to be linear in time (Collier et al., 2016) and can therefore
be approximated by mB = Bmax

tm
, where tm is the time to mortality

due to stratification stress (d).
Viable fragments, with biomass F (g DW m−2), are assumed to

disperse horizontally throughout the lake and advect preferentially
in the direction of the prevailing wind, be produced by breaking off
of viable macrophyte biomass, be deposited in the sediment, and
be lost due to swan herbivory, so that:

∂F
∂t

+ ∇.(fB(B)aF) = ∇.(fB(B)DF∇F) + gB − rF − mFF. (2)

where fB(B) =
(

1 − B
Bmax

)
is the factor reduction in lateral advection

and dispersion of fragments due to viable macrophyte presence (no
units), a is the velocity of stem fragments due to wind-induced
advection when no macrophytes are present (m d−1), DF is the
diffusion coefficient of stem fragments when no macrophytes are
present (m2 d−1), and mF is the mortality rate of fragments due to
herbivory (d−1). The factor fB(B) reduces fragment transport with
increasing macrophyte biomass, to account for fragment capture
and retention by the existing macrophyte biomass (Riis and Sand-
Jensen, 2006). Fragment settling is assumed to be analogous to
the sinking velocity of suspended particles and thus assumed pro-
portional to macrophyte biomass (Cerco and Moore, 2001). The
justification for this assumption is that submerged macrophytes
reduce flow velocities (Leonard and Croft, 2006) and therefore
allow for fragment settling. Although this is a simplified repre-

sentation of fragment settling it is likely to be an appropriate
approximation in dense canopies such as those commonly estab-
lished by P. crispus. Any violation of this assumption would imply
that the fragments do not settle in the presence of macrophyte
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Table 2
Summary of the model equations. The model variables and parameters are defined
in  Table 3.

∂B

∂t
=

v2

4�
∇2B + �B

(
1 − B

Bmax

)
+ rF − gB − Bmax

tm
H(S − Sth)H(B)

(4)

∂F

∂t
+ ∇.

((
1 − B

Bmax

)
ˇ

√
CD�a
�w

U10F

)
=

∇.
((

1 − B

Bmax

)
DF∇F

)
+ gB − rF − mFF (5)
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within the macrophyte meadow for 10 h on 28 January 2015
between 10:00 and 20:00 h, to identify the pattern of water motion
iomass and thus that the model would underestimate the extent
f fragment transport.

Fragments were observed to float at different depths in the field,
nd fragments near the water surface will be advected more by the
ind than fragments near the lake bottom. Therefore, we  assumed

hat the depth-averaged velocity of fragments due to wind advec-
ion is proportional to, and less than, the surface water velocity.

e treated the surface shear velocity u* (m d−1) as a proxy for the
urface water velocity (Amorocho and DeVries, 1980), to obtain

 = ˇu*, where the ratio of fragment velocity to surface shear veloc-
ty  ̌ (no units) must be less than unity to account for the different

ater depths at which fragments float. The surface shear velocity

an be calculated as u∗ =
√

CD�a
�w

U10, where CD is the wind drag

oefficient (no units), �a and �w are the densities of air and water
espectively (kg m−3), and U10 is the wind speed at 10 m height
m d−1).

Based on the results of our previous study we  assumed that
he macrophytes accumulate local stress S after they induce ther-

al  stratification of the water column. In previous experimental
ork (Vilas et al., in review), we identified that (1) stratification is

nduced only once macrophytes exceed a critical height threshold
at least 50% of the water column), and (2) stratification is strongest
t the centre of the bed compared with the bed edges. Following
n from the second observation, we assumed that the stratifica-
ion stress on macrophytes depends on the distance L (m)  to the
earest meadow edge, and this stress is maximal when L exceeds a
hreshold length scale Lst (m)  the value of which was  estimated as
(100 m)  in our previous study. Combining these considerations,
e defined a trapezoidal kernel for stratification stress S, for areas

olonized by macrophytes, as

dS

dt
=

⎧⎨
⎩

min
(
L

Lst
, 1

)
, h ≥ hcrit,

0, h < hcrit,

(3)

here h is the canopy height as a fraction of the local water depth
no units), hcrit is the critical value of h above which thermal strat-
fication develops (at least 50% of the water column, therefore
crit = 0.5), L is the distance to the nearest macrophyte meadow
dge (m), and Lst is the minimum distance from the bed edge
bove which the stress on macrophytes due to thermal stratifi-
ation is maximal (m). We  found that the relationship between
acrophyte biomass B (g DW m−2) and relative canopy height h
as linear (adjusted R2 ≥ 0.9 for both growing seasons, see Supple-
entary material, Appendix A, Fig. A2), and therefore we estimated
he canopy relative height as h = B/�, where � is the ratio of biomass
o canopy relative height (g DW m−2).
lling 363 (2017) 111–121

3.2. Model setup and simulations

The full model equations are shown in Table 2, and model
parameters are shown in Table 3 and justified in Appendix A. Where
possible parameters were obtained from this study, otherwise they
were taken from literature values, or estimated to better repre-
sent the observed patterns of P. crispus growth and expansion. The
model was solved numerically using the explicit Euler method,
with diffusion and advection terms discretised using second order
central difference and first order upwinding schemes, respectively.

We ran three different simulations: (1) the first growing season
(2014–2015) excluding fragment dispersal (r = 0, F = 0), (2) the first
growing season (2014–2015) including fragment dispersal (r > 0),
and (3) the second growing season (2015–2016) including frag-
ment dispersal (r > 0). The two  simulations for the first growing
season were initialised to match a starting date of 27 October 2014,
with macrophyte biomass B occupying the full spatial extent of
the meadow observed on that day (Fig. 4a). The initial macrophyte
biomass within the meadow was assumed to be 12 g DW m−2,
as this biomass value is predicted on 27 October 2014 from fit-
ting a logistic curve to data for macrophyte biomass versus time
measured at the LDS station (Supplementary material, Appendix
A, Fig. A1a). Simulations for the first growing season were run
for 104 days. The simulation for the second growing season was
initialised to match a starting date of 4 November 2015, simi-
larly with an initial macrophyte biomass occupying the full spatial
extent of the meadow observed on that day (Fig. 4b) and equal to
20 g DW m−2 from fitting a logistic curve to data for biomass versus
time at the LDS station (Supplementary material, Appendix A, Fig.
A1b). This simulation was run for 114 days. In simulations where
fragment dispersal was included, the fragments F were assumed
to occupy the same initial spatial extent as the macrophytes B,
with the same initial biomass (i.e., F = 12 g DW m−2 on 27 October
2014, and F = 20 g DW m−2 on 4 November 2015). Zero-flux bound-
ary conditions were assumed at the edges of the lake. The lake
covers a total area of 68.2 ha, and was  discretised onto a two-
dimensional grid consisting of square cells of 2.5 m × 2.5 m size,
and a time step of 0.0025 d. To ensure our numerical discretiza-
tion was  appropriate, we  ran additional simulations with reduced
time step (0.00025 d) and reduced cell size (1 m × 1 m);  our model
results were negligibly affected by these changes in discretization
(data not shown).

3.3. Comparison with hydrodynamic simulations

Our advection-diffusion-reaction model for macrophyte colo-
nization, equations (4)–(6), approximates the fragment transport
throughout the lake via simple advection and diffusion terms
that, while computationally efficient, will not be as accurate
as a hydrodynamic model. However, the coupling of a two- or
three-dimensional, temporally-changing, plant growth model to an
equivalent hydrodynamic model is technically more challenging
and was beyond the scope of this work. To resolve any discrep-
ancies between our model’s approximation of fragment transport,
and the fragment transport predicted by a hydrodynamic model,
we used the 3D Estuary, Lake and Coastal Ocean Model (ELCOM,
Hodges et al., 2000) to identify water transport patterns through a
static submerged macrophyte meadow occupying the same spatial
extent as observed in Lake Monger in late summer of 2015 (Sup-
plementary material, Appendix D, Fig. D1). Specifically, an evenly
distributed conservative numerical tracer was released everywhere
in the lake. This date was chosen because the wind conditions were
dominated by the sea breeze components.
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Table  3
Model parameters, description, values, units and source. S1 stands for P. crispus growing season in 2014–2015 and S2 stands for P. crispus growing season in 2015–2016.

Description Values Units Source

S1 S2

Variable
B Macrophyte biomass g DW m−2

F Fragment biomass g DW m−2

h Macrophyte height relative to water depth –
L  Distance to the nearest meadow edge m
S  Stratification stress d
U10 Wind speed at 10 m height m s−1 Our study

Parameter
Bmax Plant biomass carrying capacity 470 200 g DW m−2 Our study
CD Drag coefficient 0.0013 0.0013 – Amorocho and DeVries (1980)
DF Diffusion coefficient of fragments 100 100 m2 d−1 Murphy et al. (2007)
g Biomass to fragments conversion rate 0.007 0.007 d−1 Estimated
hcrit Critical canopy height for stratification 0.5 0.5 – Our study
Lst Stratification length scale 100 100 m Our study and Bartleson (2004)
mF Fragments mortality rate 0.05 0.05 d−1 Estimated
r  Fragments to biomass conversion rate 0.1 0.1 d−1 Estimated
Sth Time required for stress to induce mortality 50 50 d Our study
tm Time to mortality 5 5 d Sand-Jensen et al. (2015)
v  Rhizome elongation speed 0.0017 0.0017 m d−1 Wolfer and Straile 2004
� Biomass to relative height ratio 470 200 g DW m−2 Our study
ˇ  Ratio of fragment velocity to shear velocity 0.02 0.02 – Estimated
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�  Maximum growth rate 0.07 

�a Air density 1.2 

�w Water density 1000 

. Results

.1. Clonal propagation versus fragment dispersal

The model adequately represented the spatial pattern of P. cris-
us growth and expansion when fragment dispersal was included
Fig. 6e–h). In contrast, when fragment dispersal was excluded from
he model, the spatial spread of the macrophyte bed was  largely
nderpredicted (Fig. 6a–d). On 8 February 2015 the model showed

 slightly greater macrophyte spread compared with the field esti-
ations. It is worth noting that on 8 February 2015, the lake took a

reen colour (Supplementary material, Appendix D, Fig. D1), which
omplicated the mapping of the macrophyte bed edge. This likely
esulted in an underestimation of the spatial extent of the bed, since
he presence of macrophytes could only be confirmed if the plants
eached the water surface. As for the simulated P. crispus frag-

ents, they expanded towards the easterly directions and largely
emained within the macrophyte bed (Fig. 6i–l).

.2. Irregular ring-shaped pattern formation

In the P. crispus growing season in 2015–2016 central dieback
as clearly observed in the field data, and our model’s prediction

f the spatial extent of the inner ring was in good agreement with
he field observations (Fig. 7d, Supplementary material, Video 1).
he simulated fragments largely remained within the macrophyte
ed (Fig. 7e–h) and the area of the macrophyte bed exposed to
tratification increased as the plants expanded outwards (Fig. 7i–l).

Simulations run for P. crispus growing season in 2014–2015
ncluding fragment dispersal, predicted a decline in macrophyte
iomass at the LDS station on 9 February 2015. In the field, cen-
ral loss at the LDS station was evident on 8 February 2015 (Fig. 8
nd Supplementary material, Appendix D, Fig. D1), yielding only a

 day difference between the predicted mortality date by the model
nd the field data. Simulations runs for P. crispus growing season in

015–2016, predicted no biomass at the LDS station on 26 January
016; this agrees with our observations of no biomass at the LDS
tation on 4 February 2016 and water temperature data showing
hat bottom and top waters fully mixed after 25 January 2016 (Fig. 8
0.07 d Our study
1.2 kg m−3

1000 kg m−3

and Supplementary material, Appendix C). It is worth noting that
P. crispus biomass in the second growing season (2015–2016) was
half that of the previous growing season; thus, our chosen value for
the critical canopy height beyond which thermal stratification may
occur (hcrit = 0.5) may  underestimate the real value for the second
growing season. To account for potential differences in the critical
canopy height, we ran additional model simulations with hcrit = 0.6
and hcrit = 0.8, and found only small differences in the spatial extent
of the inner ring (Supplementary material, Appendix B, Fig. B1).

Overall, the model accurately represented the measured
biomass at the LDS station and the spatial pattern of the macro-
phyte bed, suggesting a good fit of our model to the field data. The
model slightly underpredicted the macrophyte spread towards the
southerly directions in the P. crispus growing season in 2015–2016
(Fig. 7a–d).

4.3. Comparison with hydrodynamic simulations

Three-dimensional simulations of tracer concentrations carried
out with the hydrodynamic model ELCOM on a typical summer day
with sea breeze indicated that particle transport was largely influ-
enced by the direction of the wind (Fig. 9). At 12:00 h the tracer
remained within the macrophyte bed. As the day progressed, the
tracer was  transported in the direction of the wind (Fig. 9a–d).
When it reached the eastern boundary of the lake, it was prefer-
entially transported towards the southern area of the lake (Fig. 9d),
suggesting that the use of a hydrodynamic model coupled to our
advection-diffusion-reaction model will likely resolve the discrep-
ancy between our model and field data.

5. Discussion

This study used a spatially explicit model to demonstrate
that (a) macrophyte colonization via fragment dispersal and (b)
plant-induced dieback are likely to be the primary mechanisms

controlling the spatial and temporal dynamics of the seasonal
growth of an invasive macrophyte present in a highly urbanised
lake (P. crispus in Lake Monger, Perth, Australia). Although sub-
stantial research has suggested that fragment dispersal and
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Fig. 6. Simulated macrophyte biomass on 27 October 2014 (initial condition) (a), 2 December 2014 (b), 16 December 2014 (c) and 8 February 2014 (d) without fragment
dispersal. Simulated macrophyte biomass on 27 October 2014 (e), 2 December 2014 (f), 16 December 2014 (g) and 8 February 2014 (h) with fragment dispersal. Simulated
fragment biomass on 27 October 2014 (i), 2 December 2014 (j), 16 December 2014 (k) and 8 February 2014 (l) with fragment dispersal. The white dashed line indicates the
extent  of the macrophyte bed estimated from Nearmap images (27 October 2014 and 8 February 2015) or underwater images (2 December 2014 and 16 December 2014).

Fig. 7. Simulated macrophyte biomass on 4 November 2015 (initial condition) (a), 2 December 2015 (b), 2 February 2016 (c) and 26 February 2016 (d) with fragment dispersal.
S ary 20
( ashed
(

r
t

imulated fragment biomass on 4 November 2015 (e), 2 December 2015 (f), 2 Febru
i),  2 December 2014 (j), 2 February 2016 (k) and 26 February 2016 (l). The white d
4  March 2016) or underwater images (4 November 2015).
egeneration from stem fragments are important contributors
o the survival and spatial spread of aquatic vegetation (Barrat-
16 (g) and 26 February 2016 (h). Simulated stratification time on 4 November 2015
 line indicates the extent of the macrophyte bed estimated from Nearmap images
Segretain et al., 1998; Vári, 2013), these processes are rarely taken
into account when modelling the spatial extent of aquatic vege-
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Fig. 8. (a) P. crispus mean biomass at the LDS station (black circles) and standard deviation (black error bars) for P. crispus growing season in 2014–2015 and simulated
biomass at the LDS station when fragment dispersal is included in the model (black line). (b) P. crispus mean biomass at the LDS station (black circles) and standard deviation
(black  error bars) for P. crispus growing season in 2015–2016 and simulated biomass at the LDS station when fragment dispersal is included in the model (black line).
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ig. 9. Depth-averaged numerical tracer concentration on 28 January 2015 at 12:00
epth of 0.1. The tracer is released from all depths within the macrophyte bed at a 

ation. For instance, previous studies on seagrass dispersal were
ased on hydrodynamic models only of seed dispersal (Grech
t al., 2016; Ruiz-Montoya et al., 2015). A model that accounts for
acrophyte propagule dispersal (including fragments) has been

eveloped for wetland ecosystems (Ursino, 2010); however, this
odel uses a diffusion-based approach that neglects the potential

symmetry in the direction of fragment dispersal that may  emerge
f water flows in a preferential direction. Models developed for arid
lant communities that use advection-diffusion-based approaches
o account for seed dispersal, have suggested that diffusion-based

odels fail to represent the important features of propagule dis-
ersal (Thompson and Katul, 2009). We  provide support to those

uggestions by showing that fragment dispersal and wind-induced
dvection of stem fragments may  have a strong influence on the
patial spread of macrophyte beds.
, 16:00 h (b), 20:00 h (c) 24:00 h (d) for a simulated canopy height relative to water
 1 unit per 30 s for all times between 10:00 h and 20:00 h.

Simulations runs for the P. crispus growing season in 2014–2015
showed that when fragment dispersal was set to zero, the spatial
extent of the macrophyte bed was  largely underestimated (Fig. 6).
Conversely, the incorporation of fragment dispersal and regrowth
from stem fragments into the model resulted in an adequate repre-
sentation of the spatial spread of the macrophyte bed, suggesting
that P. crispus may  rely widely on fragment dispersal to spatially
colonize a habitat. Simulations run for the P. crispus growing season
in 2015–2016 indicate that the model underpredicted the spatial
extent of the macrophyte bed, particularly towards the southern
area of the lake. Tracer simulations using a hydrodynamic model
showed that on a typical day with sea breeze, the flow diverted

preferentially towards the south-eastern boundary of the lake (see
Fig. 8), indicating that the use of a hydrodynamic model is likely
to better resolve the spread towards this region. Embedding this
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odel into a hydrodynamic model was beyond the scope of this
tudy; however, we suggest that this is a necessary step towards
redicting the spatial spread of P. crispus in Lake Monger and other
hallow lake ecosystems.

Our field data also supported our suggestions that P. crispus
ay rely on fragment dispersal to spatially colonize a habitat. Lin-

ar expansion rates of P. crispus were two orders of magnitude
igher than those estimated solely through rhizome elongation
Kunii, 1982; Wolfer and Straile, 2004), suggesting that fragment
ispersal may  account for the rapid spread of this species. This

s supported by previous studies suggesting that multiple repro-
uctive strategies potentially contribute to the invasiveness of P.
rispus (Ganie et al., 2008). Although seed and turion banks could
lso have played a role in explaining the fast spread of P. crispus,  pre-
ious studies indicate that P. crispus seeds rarely geminate (Rogers
nd Breen, 1980), and turions usually undergo summer dormancy
Sastroutomo, 1981). This further supports our hypothesis that
tem fragmentation may  well explain the fast spread of this species.
ragment dispersal may  also account for the rapid colonization
otential of other invasive species (Ganie et al., 2016). For instance,
igh regeneration rates have been estimated for Elodea canadensis
Barrat-Segretain et al., 1998) and Myriophyllum spicatum L. (Riis
t al., 2009). While colonization through fragment dispersal is a
ecurrent trait in invasive macrophyte species (Vári, 2013), some
ubmerged macrophytes rarely propagate through fragment dis-
ersal (Barrat-Segretain et al., 1998; Riis, 2008). Hence, whether

ragment dispersal is an important component of macrophyte inva-
ion is still highly debated. Recent work has suggested that invasive
pecies do not possess higher rates of breakage than native plants
Heidbüchel et al., 2016). The model presented here may  there-
ore be useful to investigate the role of fragment dispersal on the
nvasiveness of aquatic plant species.

Overall, our study suggests that the overlooked dynamics of
ragment dispersal and survival may  have a strong influence on
he spatial patterns of aquatic vegetation. Therefore, detailed field
tudies of fragment dispersal are a clear next research step, in order
o better represent this process in future model parameterizations.
he model results also support our hypothesis that macrophyte-

nduced thermal stratification may  well lead to ring-shaped pattern
ormation (Vilas et al., in review). Simulations runs for P. crispus
rowing season in 2015–2016 showed that the model accurately
redicted the extent of the ring and the time of central dieback
nd may  therefore be useful to simulate central dieback in other
ubmerged macrophytes. Previous models of ring formation were
eveloped to account for regular ring formation (Cartenì et al.,
012; Karst et al., 2016; Ruiz-Reynés et al., 2017). Here we  expand
pon those frameworks to consider irregular rings and by providing

 mortality term, which yields a finite time until macrophyte death.
his mortality term is appropriate for ecosystems where concentric
ings do not occur. We  also provide additional evidence for a spe-
ific mechanism of plant dieback due to demographic imbalance
Ruiz-Reynés et al., 2017). Further research into the biogeochemi-
al processes involved in the stratification feedback is required to
etter represent it in future model parameterizations.

. Conclusions

The results of this investigation suggest that plant fragment dis-
ersal is likely a key mechanism that potentially explains the fast
pread of the submerged macrophyte Potamogeton crispus.  Macro-
hyte fragment dispersal and regeneration from stem fragments

re overlooked mechanisms when restoring degraded ecosystems
r managing invasive species. We  demonstrated how these pro-
esses can be incorporated in the modelling of aquatic vegetation
n shallow lakes. This is a necessary step to predict the spatial spread
lling 363 (2017) 111–121

and patterning of submerged vegetation in this and other aquatic
ecosystems.
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