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Abstract Riparian areas and their plant communities are threatened due to human
exploitation and habitat loss. Conservation of riparian vegetation requires knowledge on
limiting factors in the biology of species preventing its spread along suitable areas. It needs
to be assessed if an endangered species is trapped in an extinction vortex or whether it can
recover from its current bottleneck situation by management measurements. We investi-
gate the recovery potential of an endangered riparian shrub species of European rivers, the
German tamarisk, Myricaria germanica, by combining field and lab experiments on seed
production, germination and wind dispersal with a modelling approach on species distri-
bution. While the seed potential is high, wind-mediated dispersal is average, with a
majority of seeds falling next to the mother shrub. The modelled dispersal kernel shows
highest goodness-of-fit with a polynomic function. Including this kernel in a model on the
future distribution of the species based on identification of suitable habitat, limited spread
to new areas in Switzerland after 20 and 50 dispersal events is predicted. Given the current
limited distribution of the German tamarisk in Switzerland, conservation efforts are
required to allow for the formation of new riparian habitat. Additionally, connectivity
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along river networks has to be enhanced to help the species to escape the extinction vortex
it is trapped in.

Keywords Riparia - Colonization - Floodplain - Myricaria germanica - Dispersal
kernel - Species distribution model (SDM)

Introduction

Riparian areas have a high conservation priority since they consist of a mosaic of habitats
with high species diversity (Sabo et al. 2005). Despite many ecosystem functions of
riparian areas (e.g. buffer functions, see Sweeney and Newbold 2014), they are subject to
human exploitation and degradation. Especially riparian areas of running waters are
threatened, since natural river dynamics were altered for e.g. flood protection reasons,
gravel excavation and for the gain of hydropower (see Lytle and Poff 2004). The resulting
loss of habitat and increasing fragmentation of landscape have a major impact on spe-
cialized riparian species, especially on sessile plants (Jansson et al. 2000).

Many riparian plant species underwent a massive decrease in population distribution
(e.g. see Endress 1975), and are additionally threatened by competition with invasive alien
species (Catford and Jansson 2014; Richardson et al. 2007). To preserve riparian vege-
tation, limiting factors in the demography of species (e.g. seed production, germination and
dispersal) have to be identified to avoid acceleration of population declines and ultimately
species loss (Catford and Jansson 2014; McGeoch and Latombe 2016). Especially
knowledge on dispersal is important as it is a key factor to colonize new habitat, e.g.
created after conservation and managing efforts (Clobert et al. 2012).

While most plants are dispersed over short distances by wind (Willson 1993), riparian
species can show adaptations to water-mediated dispersal (e.g. Chen and Xie 2007),
although upstream dispersal by wind recently got more attention in terms of conservation
efforts (Wubs et al. 2016). Still, the knowledge on dispersal vectors, distances and
directions is limited, although it is crucial for the conservation of rare species (Driscoll
et al. 2014; Swift and Hannon 2010). More riparian species have to be investigated to
ensure habitat connectivity after habitat loss and to adjust conservation goals (Driscoll
et al. 2013; Pullin et al. 2009).

Our study focuses on the German tamarisk, Myricaria germanica, a characteristic
species of a typical riparian plant community along alpine European rivers (Ellenberg
2010). Genetic analyses on the German tamarisk in Switzerland suggest high gene flow
within and between catchments (Werth et al. 2014), indicating historic dispersal up- and
downstream of rivers. The morphology of small, pappus-bearing M. germanica seeds is
adapted to wind-mediated dispersal, as found in previous studies (Bill et al. 1997). Nev-
ertheless, the dispersal potential by wind has to be verified, as not all species of a pappus-
bearing family are equally well dispersed (for the family Asteracea, see Tackenberg 2003).
For another Myricaria species, predominantly wind-, but also water-mediated dispersal has
been found (Myricaria laxiflora, Chen and Xie 2007).

Despite the knowledge on historic gene flow in M. germanica in Switzerland (Werth
et al. 2014), the colonization potential of this rare riparian species in Switzerland remains
unclear. The species abundance and distribution decreased considerably in Switzerland
over the last century (for comparative maps see Swiss data base on plant distribution,
www.infoflora.ch), and is listed as vulnerable (Bornand et al. 2016). The German tamarisk
survived only in few catchments (Werth et al. 2014), and drastic reductions of marginal
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populations in areas of metapopulation dynamics have been reported (Kolly 2007). Only
few studies focusing on the natural factors causing the limited distribution are available
(Kudrnovsky 2013; Lener 2011; Lener et al. 2013; Miiller and Scharm 2001). Therefore
seed production, dispersal parameters, habitat requirements as well as germination prop-
erties should be investigated to ensure long-term preservation of the species.

This study assesses, whether the German tamarisk is able to recover from its current
bottleneck situation or whether it is more likely to be trapped in the extinction vortex
(Gilpin and Soulé 1986). As single factors resulting in species decrease are unlikely (Brook
et al. 2008), we identify several factors influencing the persistence and spread of M.
germanica populations in Switzerland: the amount of seeds produced by the shrub, the
distance it is dispersed by wind and its germination ability. A classical technique to
estimate dispersal in the field (Greene and Calogeropoulos 2002) is linked with a mod-
elling approach on habitat suitability, estimated based on environmental parameters (cli-
mate, topographic and geological predictors). The simulation of dispersal from current
source populations to suitable habitat allows us to answer the question whether our model
species is able to spread within time spans of 20 and 50 years.

Materials and methods
Field work

Field work on seed dispersal was performed in 2009 from June to September, the peak
season for flowering and seed dispersal. We investigated a core population of 22 indi-
viduals of a height of 1 m, spread over an area of 8 x 16 m along the river Sense, canton
of Fribourg, Switzerland. As this population was surrounded by low vegetation, unpopu-
lated gravel banks and water, it was ideal to measure the seed potential and the wind-
mediated dispersal. To obtain information on age dependent seed potential, we added
information on a single mature M. germanica shrub of a height of 2.5 m. This individual
was positioned upstream (in the South) at an independent gravel bank co-existing with tall
willow shrubs (Salix ssp.).

Seed potential

To assess the seed potential of M. germanica, inflorescence phenology, estimates for buds
per inflorescence and estimates of the seeds per capsule were used. The total count of
inflorescence per shrub and the inflorescence phenology was estimated on the mature M.
germanica shrub and 22 individuals in the core population on 5 days from June to
September. The different dates were chosen to represent the total seed release time of M.
germanica and to take into account seasonal variability. Over 50% of the phenological type
had to be present to assign the counted inflorescence to either of the five categories:
budding inflorescence, flowering inflorescence, closed capsule, seed producing capsule
with seeds and empty capsule. To estimate the mean count of buds per inflorescence, we
analyzed ten inflorescences with closed buds on 6 days from June to September. Addi-
tionally, ten closed capsules were analyzed for the number of seeds per capsule at 4 days
during the same time span. To assess the seed potential per year, we multiplied the mean
count of seed producing inflorescence of the date with the peak inflorescence, the mean
count of buds per inflorescence, and the mean count of seeds per capsule.
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To obtain an unbiased estimate of the seed production by correcting counted seeds with
germination rates, we performed a germination experiment in the lab. The seeds of five
capsules of both random individuals from the core population and of the single mature M.
germanica shrub were put on wet tissue paper to initiate germination. After 12 h, seeds
were classified as either non-germinating or germinating (seeds shortly before germination
and seeds with developed germination root).

Wind-mediated dispersal distance

Seed dispersal by wind was investigated by a common trapping experiment in the field
(e.g. see Miiller and Scharm 2001), with subsequent fitting of the dispersal curve to
mechanistic models (Bullock and Clarke 2000; Levey et al. 2002; Nathan 2001). Wind
dispersal distance and direction were estimated by capture of seeds with a network of cone
traps with a diameter of 0.43 m. Eight traps each were set up directly beneath the mature
shrub and within the core population. Additionally, traps were positioned at 10, 25 and
50 m from the core population area only with two traps at each distance and each cardinal
direction (North, South, East and West). This setup could not be repeated for the mature
shrub, as it was surrounded by willows. All traps were monitored during four time periods
with increasing number of days for seed collection (3, 7, 9, 15 days). Direct visual
observations of seed dispersal were recorded and wind speed was measured with a hand-
held anemometer EA-3000 (Conrad Electronic, Ziirich, Switzerland). To compare wind
dispersal abilities of the German tamarisk to other species, information on the terminal
velocity of M. germanica seeds was required. Ten pappus-bearing seeds were used to
assess the terminal velocity in the lab. Each seed was dropped ten times from a height of
2.58 m and falling time was recorded.

Dispersal kernel

A probability density function of the dispersal distances (dispersal kernel) from the core
population was modelled. The data obtained in the field (trapped seed dispersal) were
transformed to seed density per m* by taking into account the area of the trap (0.145 m?,
see in Bullock and Clarke 2000). The polynomic function of the density data was fitted to
phenomenological models frequently observed by wind-mediated dispersal (Bullock et al.
2006): the negative exponential and the inverse power model (see Online Resource,
Table OR1), and checked for goodness-of-fit (%) and standardized residuals.

Species distribution models

To assess the colonization potential of M. germanica, we used the method of species
distribution modelling, where a habitat suitability matrix is calculated based on presence
data and environmental predictor layers (Franklin 2009). Presence data for Switzerland of
the German tamarisk were retrieved from the Swiss National data base Info Flora (www.
infoflora.ch). Only coordinates with a precision of <100 m and collection dates starting
from 1960 were used. Additionally, to avoid spatial autocorrelation, only one coordinate
point per grid cell (25 x 25 m) was kept (Guisan and Zimmermann 2000).
Environmental predictor layers for Switzerland with a resolution of 25 x 25 meters
were chosen according to the species’ ecology and previous findings for plant species (see
Table 1 in; Breiner et al. 2015; Camathias et al. 2013). Climate, topographic and
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geological predictors are used as proxies to define the ecological niche of M. germanica
along rivers in whole Switzerland. Layers were checked, projected and masked in ArcGIS
(ESRI 2015). If predictor layers from an initial set of 20 predictors showed high
collinearity (>0.75, Pearson correlation test in raster package of R, R Core Team 2016), the
more direct predictor was kept, resulting in 14 layers applied (Table 1). To account for the
species’ proximity to waterbodies, we clipped layers with a file created by using data on
waterbodies in Switzerland. We added a buffer of 500 m around waterbodies to allow for
sufficient space for dispersal by wind in flat and plain areas in Central Switzerland. A
maximum entropy model was obtained using the software maxent (Phillips et al. 2006), by
10-fold crossvalidation and by sampling 10,000 background points. The corresponding
habitat suitability map was used as an input for the package MigClim in R (Engler and
Guisan 2009). Dispersal parameters were chosen according to the results from the
extrapolation to 125 m distance of the polynomic model. The resulting dispersal kernel
vector included 5 dispersal distances (corresponding to 25, 50, 75, 100 and 125 m) with 5
probabilities (0.97298, 0.01173, 0.00680, 0.00479, 0.00370). Initial maturity age for the
German tamarisk is not exactly known. A related Myricaria species shows flowering after
one year (M. laxiflora, Chen and Xie 2007), but we set the age to 3, as studies suggested
maturity for M. germanica at 2-3 years (Bill et al. 1997; Lener et al. 2013). For increase in
propagule production (compare to seed production variation between core population and
the mature M. germanica shrub, see results below), we used a vector describing a 30%

Table 1 Environmental predictor layers used for species distribution modelling of the German tamarisk in
Switzerland

Predictors References

Climatic predictors
Mean annual temperature Zimmermann and Kienast (1999)
Mean annual precipitation Zimmermann and Kienast (1999)

Mean annual number of summer precipitation days Zimmermann and Kienast (1999)

Annual global potential shortwave radiation Algorithm following Kumar et al. (1997)
Mean annual number of frost days during the growing Bolliger et al. (2000)
season
Average site water balance Following Tarboton (1997), see Camathias et al.
(2013)
Topographic predictors®
Wetness index Following Tarboton (1997), see Camathias et al.
(2013)
Topographic index Camathias et al. (2013)
Slope Camathias et al. (2013)
Geological predictors
Calcareous content of the bedrock and surface Lehmann et al. (2010)
material
Soil permeability Camathias et al. (2013)
Water-holding capacity Camathias et al. (2013)
Hydrometric properties Camathias et al. (2013)
Stone content Camathias et al. (2013)

# Based on DTM (25 m resolution)
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increase after age of maturity (3 years) to full age of maturity (5 years, see in Ellenberg
2010). Long-distance dispersal by water and rare extreme winds was included in the
modelling, with a low probability (1%) but over distances up to 10 km (see in Werth et al.
2014). We modelled the potential distribution of the species after 20 and 50 dispersal
events (corresponding to 20 and 50 years), and compared occupied and colonized cells to
initial presence points and absent cells of ten independent runs with paired two sample
t-Tests.

Results
Seed potential

The results of the inflorescence phenology (Online Resource, Table OR2), of the estimates
for buds per inflorescence (Online Resource, Table OR3, mature shrub: 41.9, mean core
population: 39.1) and of the seeds per capsule (Online Resource, Table OR4, mature shrub:
103.1, core population: 103.7) were used to calculate the seed potential. The seed pro-
duction of the total population of our study site at river Sense for the field season 2009 was
estimated to be over 16.3 million seeds, with the majority being contributed by the mature
M. germanica shrub (over 7.3 million seeds, Table 2). Seed production also varied

Table 2 Number of inflores-

cence and number of seeds of a #Plant Number of inflorescences”  Mean number of seeds
mature M. germanica S a4 \fature shrub 1696 7,326,533
population Core population
1 87 352,756
2 72 291,936
3 67 271,663
4 89 360,866
5 97 393,303
6 76 308,155
7 145 587,927
8 121 490,615
9 44 178,405
10 68 275,718
11 59 239,226
12 138 559,544
13 36 145,968
14 78 316,264
15 168 681,185
16 233 944,738
17 140 567,654
18 10 40,547
19 46 186,515
20 24 97,312
21 143 579,818
 Inflorescence counts of peak 22 185 750,114

inflorescence day (09-07-2009)
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considerably between individuals of the core population (mean: 391,829 + 228,356, see
Table 2).

The germination experiment with single seeds in the lab showed that 78% of seeds of
the total population germinated (Online Resource, Table OR 5). In the core population,
86.9% of the seeds germinated, while for the seeds obtained from the mature Myricaria
shrub, only 67.7% germinated. These estimates were used to obtain an unbiased seed
potential calculation: total population 12.7 million seeds, core population 7.8 million seeds,
and mature shrub 4.9 million seeds.

Wind-mediated dispersal distance

A high amount of seeds were trapped directly below the mature shrub (95,996) as well as
the individuals of the core population (469, 78.3% of the total seeds trapped around the
core population, see Fig. 1). With increasing distance from the core population, the amount
of seeds trapped decreased considerably (see Fig. 1). We also observed a difference in the
orientation of the seeds trapped: 49.2% were blown upstream (South), 15.4% West, 26.2%
East and 9.2% North (downstream, see Fig. 1). These findings are confirmed by the direct
visual observations of seed dispersal at various wind speed: the majority of seeds was
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distance from source [m]

Fig. 1 Number of seeds trapped at three distances (10, 25, 50 m) from the core population and at all
cardinals (N North, E East, S South, W West). Seeds are mainly trapped close to the core population (10 m),
and in upstream direction (49.2%, South)
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observed to disperse up to 10 m in upstream (South) direction (51.4% for the mature shrub,
73.4% for the core population, see Online Resource, Figure OR1). The terminal velocity
was measured as 0.16 £ 0.01 m/sec (see Online Resource, Table OR6). Direction of seed
dispersal was mainly influenced by wind speed and wind direction, with highest wind
speeds in South direction during early afternoon hours on sunny days, but longest observed
seed dispersal towards Southeast and East (Online Resource, Figure OR1).

Dispersal kernel

The measured dispersal curve of the seeds trapped around the core population was con-
trasted to the predicted estimates of a polynomic function and two phenomenological
models (Fig. 2, Online Resource Table OR7). The measured dispersal curve comprises a
high number of seeds per m” right next to the mother plant, while seed numbers decrease
thereafter resulting in a long tail of the curve. The polynomic model overestimates seed
density at the source and at 25 m distance, but fits well at 50 m distance. The negative
exponential model strongly underestimates seed density at the source, but results in
overestimations at 10 and 25 m, and does not show a long tail for extrapolations to 125 m.
Contrary to that, the inverse power model fits very well to estimates for the source and
10 m distance, but strongly underestimates seed density at increasing distances from the
core population. No more seeds were estimated at 50 m distance from the core population
by the inverse power model, and similarly no more seeds were anticipated at 100 m
distance by the negative exponential model. These rapid decreases in seed density esti-
mates prevent the modelling of long-distance dispersal. Standardized residuals were
checked and within boundaries of —2 to +2 for the polynomic and the negative power
model, but not for the inverse power model. Since the polynomic model shows a long tail
and the best goodness-of-fit (r* = 0.9858, compared to ? = 0.8167 for the negative
exponential), this model was used to calculate the dispersal kernel in the distribution
model.

3000

2000

Seeds trapped
1000 Model
\ inverse power

—— negative exponential

Seed density [per m?]

— polynomic

0 25 50 75 100 125
Distance from mother shrub [m]

Fig. 2 Dispersal kernel of the trapped seed density, the corresponding polynomic function and the

predicted density distribution by two phenomenological models (negative exponential and inverse power).
The polynomic function showed the highest goodness-of-fit to the trapped seed density data
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Species distribution models

To identify suitable habitats and to predict dispersal of M. germanica individuals from
current populations to new habitat, we modelled the distribution of the species in Switzer-
land. We used 298 data points and 14 predictor layers to estimate a model and to obtain a
habitat suitability matrix. AUC values for model verification showed models with a good
prediction accuracy (average AUC: 0.963, compare to Manel et al. 2001). The habitat suit-
ability map revealed few habitats with high suitability (Fig. 3). The potential distribution
after wind dispersal from the current species presence points revealed only few newly
occupied habitats after 20 and 50 years (see Fig. 4), with a majority of cells remaining
unoccupied (over 27 million cells for both 20 and 50 dispersal events, compared to 17,707.2
cells and 49,769.9 cells occupied respectively). Nevertheless, difference between initially
occupied cells and cells colonized at the end of the simulation were significant (20 dispersal
events: t-Test,t = —596.1,p < 0.001; 50 dispersal events: t-Test, t = —272.97,p < 0.001).

Discussion
Seed potential

The counting of inflorescence and seeds of the mature M. germanica shrub and of indi-
viduals of the core population revealed a high seed potential of the species. Given that our

Legend

e  Field site for dispersal experiment

Lakes N

Modelled habitat suitability ﬁL-

[ <05
[ os-07s
B 075

. 0 25 50 100 Kilometers
A [ |

Fig. 3 Habitat suitability map of M. germanica in Switzerland based on 14 environmental predictor layers,
clipped with a 500 m buffer zone around waterbodies. The site of the dispersal experiment is shown as a
black dot. Habitat with a modelled high suitability is shown in dark green, while intermediate and low
suitability is shown in light green and grey. Only few habitat along the river catchments in Southern
Switzerland (Rhone, Rhein, Inn, from /left to right) display regions with high suitability based on modelling
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Fig. 4 Modelled potential distribution of the German tamarisk after wind-mediated dispersal for 20 years.
Coloured cells represent newly colonized (yellow) or suitable, but not yet colonized (green) habitats during
dispersal events. Grey colour indicates non-colonized and non-suitable cells. Source populations are shown
as pink dots, while the site of the dispersal experiment is indicated as a black dot. Modelled potential
distribution in the catchments of river Rhone (black frame), Rhein (red frame) and Inn (blue frame) are
shown in detail. Limited wind-mediated dispersal abilities of the German tamarisk prevent major population
expansions despite modelled habitat suitability

field work on inflorescence phenology included the peak of seed production, we are
confident that our study is a representative sample of the seed potential of the German
tamarisk in Switzerland. Seed production has been previously reported to be
12,000-15,000 diaspores/individual (Kammerer 2003), 10,000-200,000 seeds/individual
(Bill et al. 1997) or averages of 22,000 to 3,306,000 seeds/individual, depending on the age
of the German tamarisk (Lener et al. 2013). Similarly, the seed counts of young individuals
of the core population display a high range of total seeds, while the seed production of the
mature shrub exceeded the values found by previous studies. High seed production is
considered to be an ecological adaptation of plants with low seedling recruitment (Parolin
2001), and has been found in other Myricaria species (Myricaria laxiflora, Chen and Xie
2007). Despite high seed production, previous genetic analyses on the same population
have shown no genetic diversity at multilocus genotypes for the mature German tamarisk
and the core population (Werth et al. 2014). Given the lack of genetic diversity and the
much higher seed production of the single mature shrub, it is likely to be the source of the
population at the sampling site, and to be the main contributor to the survival of the species
in the sampling area at the river Sense. The high seed potential as well as the presence of
young and mature shrubs at the study site indicate that seed production and germination are
not limiting factors for the species persistence.
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Wind-mediated dispersal

Despite the high seed production, only few wind-dispersed seeds were recovered in the
traps. Additionally, the majority of seeds were trapped beneath the mother shrubs both for
the mature shrub and the core population, resulting in a leptokurtic distribution (see Grivet
et al. 2005). These findings are similar to another study on the German tamarisk in Austria
(Lener 2011), to results from another Myricaria species (M. laxiflora, Chen and Xie 2007),
and from another tree species (Pinus halepensis, Nathan et al. 2000). As germination is
usually prevented next to the mother shrub due to the lack of soil humidity and light, these
seeds might not contribute to the species’ survival (Kammerer 2003).

Direct observation and trapping of seeds revealed wind dispersal of seeds up to 50 m
from the mother shrub. While another trapping experiment recorded distances up to 90 m
in one direction from the mother shrub (Lener 2011), flight observations of M. germanica
seeds were reported to be up to 100 m (Bill et al. 1997). Given the outline of the sampling
site, longer distances than 50 m could not be measured for the core population in our study.
Due to the strong decrease of number of seeds trapped at 10 and 25 m already, we would
not expect many seeds over 100 m distance from the core population (see also in Lener
2011). Comparative analyses for various shrub species have shown that wind dispersal
involves much shorter distances than e.g. animal- or water-mediated dispersal (Clark et al.
2005; Nathan 2006; Nathan et al. 2008; Nilsson et al. 2010).

For the conservation of a species in a fragmented landscape, both the distance and the
direction of dispersal are important (Driscoll et al. 2014; Ruxton and Schaefer 2012). Our
measurements of the direction of the wind dispersal clearly revealed a majority of seeds in
the South of the core population, in the opposite direction of the river flow. Similarly, other
studies report the importance of upstream dispersal for riparian species (for a overview see
Wubs et al. 2016). In our study, upstream dispersal is explained by the prevailing katabatic
winds during early afternoon hours, when seed capsules open and release seeds, being the
main factor influencing the direction of dispersal (Bullock et al. 2006). Wind speed was not
a major factor influencing dispersal distance, with longest distances being observed at low
wind speeds. Additionally, the terminal velocity measured in the lab does not correspond to
observed wind dispersal distances and cannot substitute direct observations in the field.
Thus, if main wind directions are similar over several flowering seasons, the knowledge of
the dispersal direction is an important factor for conservation management and habitat
protection of the population on the study site.

The dispersal kernel for the wind dispersal of the core population of our study site is
most similar to a simple polynomic curve. Due to its few parameters and strong decrease,
the polynomic model adequately follows the dispersal curve of intermediate distances from
the mother shrub, and includes a long flat tail. Similarly, models for plants with similar
terminal velocity and height as estimated for our study species, a high wind dispersal
potential has been suggested (Tackenberg 2003). Nevertheless, long-distance seed dis-
persal by wind is more likely a rare, extreme event, in which several factors are involved
(Nathan 2006; Nathan et al. 2000; Tackenberg 2003). Extremes in horizontal or vertical
wind speeds may be important to disperse a small number of seeds over long-distances
(Bullock and Clarke 2000), as our results on observed seed flights confirm. But turbulences
as well as weather conditions have to be taken into account for modelling long-distance
dispersal (Tackenberg 2003). Moreover, mainly mechanistic models and genetic markers
are considered to be ideal to estimate long-distance dispersal (Bullock et al. 2006; Clobert
et al. 2012). Future studies need to address long-distance dispersal and the corresponding
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dispersal kernel for M. germanica, and additionally need to take into account other dis-
persal mechanisms (e.g. hydrochory, Nilsson et al. 2010). Still, wind-mediated short-
distance dispersal might be sufficient for the persistence of a species, but is highly
dependent on habitat fragmentation.

Colonization potential

Our trapping results suggest that Myricaria germanica is an intermediate disperser, with
high seed production and average dispersal distances by wind-mediated dispersal for a
plant species. Nevertheless, the potential distribution of the German tamarisk after 20 and
50 years shows newly colonized habitat along the rivers in Switzerland, which is in
accordance with the pioneer characteristics of the species (Ellenberg 2010). Maximum
entropy modelling of Switzerland has revealed only regions along three main river
catchments (Rhone, Rhein, Inn) displaying habitat with high probability, and dispersal
remained limited along these catchments. This is mainly influenced by low wind dispersal
probabilities to distances over 50 m and rare long-distance dispersal. Similarly, it has been
shown for other species, that the dispersal scenario highly influences the predicted dis-
tribution of the species (Engler et al. 2009).

The model reveals that current low numbers of source populations in Switzerland and
the modelled habitat suitability are not likely to allow for a major spread of the species.
Nevertheless, modelling based on climate predictors for the invasive tamarisk species
(Tamarix chinensis, T. ramosissima), and native poplar and willow species under climate
change scenarios identified tamarisks as the major beneficiary of climate change with most
predicted suitable habitat in North America (Ikeda et al. 2014). Contrary to that, our model
with climate as well as topographic and geological predictors is less optimistic for a spread
throughout Switzerland even after 50 years of dispersal, but future climate scenarios would
need to be included in a future study. Riparian areas show high differences in habitat
composition from adjacent landscapes (Catford and Jansson 2014; Sabo et al. 2005) and
buffer water temperature (Barton et al. 1985), resulting in different microclimatic condi-
tions for riparian habitats. Therefore, we are confident that the addition of non-climate
predictors enhances the suitability of the model (see also Kudrnovsky 2013).

The successful spread of M. germanica is highly dependent on the formation of gravel
banks (Gostner et al. in press), which are not included in the ecological niche definition in
our model, due to lack of data. Future studies need to implement additional habitat key
characteristics (e.g. estimates of sediment deposition and erosion) as well as predictors
describing river dynamics (e.g. channel dynamics, see Richards et al. 2002). Moreover, the
interaction between barriers to dispersal and colonization as well as the influence of
barriers along river on habitat suitability has to be investigated (Sitzia et al. 2016).

Despite reflecting probabilistic modelling on habitat conditions and not taking into
account microhabitat conditions and seed potential per se, the modelled limited spread of
the German tamarisk in Switzerland is in correspondence with processes leading to
reduced colonization potential in the real world. Short-distance dispersal of the majority of
the seeds produced allow seeds to reach habitat with similar environmental conditions as
the habitat of the mother shrub. Still, there is competition for space, light and nutrients with
the mother shrub (see Ronce 2007). Wind dispersed seeds travelling longer distances from
the mother shrub can land outside limited suitable habitat areas like gravel banks. Addi-
tionally, the small seeds of the German tamarisk do not have any storage tissue or nutrient
reservoirs, and are therefore dependent on landing directly on the surface of the substrate,
as they cannot grow through it (Bill et al. 1997). These limitations require that seeds land
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on suitable sites shortly after release (Bill et al. 1997), which is well represented in the
applied modelling approach.

Although the dispersal model applied takes into account limiting factors such as dif-
ferences in propagule production and initial maturity age, it might still overestimate the
spread of the species in the real world: e.g. sediment turnover and flooding as well as
subsequent low water levels might result in additional loss of seedlings or suitable habitat
(Naiman et al. 2005). Low juvenile survival rate (Bill 2000) as well as competition and
biotic interactions between riparian species were not considered in this model (Ellenberg
2010). The mature shrub in the field experiment was surrounded by Salix ssp. shrubs,
which likely prevented dispersal and germination of seeds in proximity to these willows.
Therefore, future studies need to address competition as well as biotic interactions of
riparian plant communities (e.g. see Ovaskainen et al. 2016; Pollock et al. 2014).

Management implications

Modelling of dispersal by wind indicates, that the species is not likely to considerably
expand from the current source populations, as it is not likely to reach all potentially
suitable habitat within time spans of 20 and 50 years. In fragmented landscape, a sessile
plant species which can spread mainly over short distances by wind dispersal is under
threat to go extinct, especially with limited source populations as it is the case for the
German tamarisk (Endress 1975). Therefore, the species currently seems to be trapped in
an extinction vortex of the type D, which results in a patchy population distribution (Gilpin
and Soulé 1986). Still, its regeneration potential after sediment turnover might allow the
species to persist in limited areas (Ellenberg 2010), but seed dispersal is needed for
successful colonization of new habitat and to ensure gene flow (Stocklin et al. 2004).

Long-range seed dispersal of the German tamarisk is mediated by extreme wind or
water (hydrochory, Nilsson et al. 1991), but is subject to limitations due to barriers along
river networks (Werth et al. 2014). Thus lack of connectivity between riparian areas and
fragmented river habitats might additionally inhibit the successful spread of the species
(Leyer 2006; Nilsson et al. 2010). To allow for the conservation of the species in
Switzerland and its escape from the extinction vortex it is currently trapped in, populations
and their natural habitat should be protected to prevent additional decrease of populations
(Kudrnovsky and Stohr 2013). Additional management measures must be taken to allow
for the formation of new suitable riparian habitat in areas with high probability of habitat
suitability. For example, river bed widening allowing for the formation of new gravel
banks with high turnover rate would increase habitat availability (Gostner et al. in press).
Connectivity of contemporary source populations to new habitat must be ensured by taking
into account dispersal distance of the German tamarisk, as measured in our study, to allow
the species to overcome its current bottleneck situation (compare to Werth et al. 2014). If
potentially suitable habitats can no longer be reached by natural source populations,
conservation transplantation has to be considered as a conservation strategy (Fiedler and
Kareiva 1998). Still, sediment composition in transplantation areas has to be monitored, as
it can influence transplant growth (Morz 2013). The results of our study can be used for
conservation planning of designated river catchments by identifying habitats with high
suitability for conservation transplantation or restoration, and by providing knowledge on
dispersal distance. This allows adjusting conservation goals for fragmented landscape and
limited space availability.
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