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A B S T R A C T   

Seed dispersal plays an important role in population dynamics in agricultural ecosystems, but the effects of 
surrounding vegetation height on seed dispersal and population connectivity on the landscape scale have rarely 
been studied. Understanding the effects of surrounding vegetation height on seed dispersal will provide 
important information for land-use management in agricultural landscapes to prevent the spread of undesired 
weeds or enhance functional connectivity. We used two model species, Phragmites australis and Typha latifolia, 
growing in small natural ponds known as kettle holes, in an agricultural landscape to evaluate the effects of 
surrounding vegetation height on wind dispersal and population connectivity between kettle holes. Seed 
dispersal distance and the probability of long-distance dispersal (LDD) were simulated with the mechanistic 
WALD model under three scenarios of “low”, “dynamic” and “high” surrounding vegetation height. Connectivity 
between the origin and target kettle holes was quantified with a connectivity index adapted from Hanski and 
Thomas (1994). Our results show that mean seed dispersal distance decreases with the height of surrounding 
matrix vegetation, but the probability of long-distance dispersal (LDD) increases with vegetation height. This 
indicates an important vegetation-based trade-off between mean dispersal distance and LDD, which has an 
impact on connectivity. Matrix vegetation height has a negative effect on mean seed dispersal distance but a 
positive effect on the probability of LDD. This positive effect and its impact on connectivity provide novel in-
sights into landscape level (meta-)population and community dynamics — a change in matrix vegetation height 
by land-use or climatic changes could strongly affect the spread and connectivity of wind-dispersed plants. The 
opposite effect of vegetation height on mean seed dispersal distance and the probability of LDD should therefore 
be considered in management and analyses of future land-use and climate change effects.   

1. Introduction 

The effective dispersal of seeds and pollen among suitable habitat 
patches determines the plant functional connectivity in fragmented 
landscapes (Auffret et al., 2017). Seed dispersal is typically assumed to 
be the most important process connecting local plant populations in 

such isolated habitat patches (Figuerola and Green, 2002; Soons et al., 
2016), although the importance of pollen transfer has also been high-
lighted in several studies (e.g., Harmon-Threatt et al., 2009; Schermer 
et al., 2019). Dispersal of pollen and seeds in plants is mediated through 
biotic and abiotic vectors such as animals, wind, or water (Aavik et al., 
2014). The dynamics of these vectors are largely impacted by the 
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landscape configuration which thus determines the degree of connec-
tivity of suitable habitat patches (Taylor et al., 1993). 

Local plant communities in distinct habitat patches that are 
embedded in an otherwise hostile matrix provide an excellent starting 
point to study effective dispersal processes depending on a variety of 
dispersal vectors. Theoretically, such settings of several relatively iso-
lated local communities, that are influenced by both local interactions 
and regional (dispersal) processes, are well described by the meta-
community concept (Leibold et al., 2004; Logue et al., 2011; Wilson, 
1992). An ‘archetype’ of metacommunities are small water bodies 
commonly known as “kettle holes” or “potholes” that are frequently 
distributed in the northern hemisphere (Kalettka et al., 2001; Kalettka 
and Rudat, 2006). These kettle holes are remnants of the last glaciation 
period formed by delayed melting of ice blocks after retreating of gla-
ciers (Kalettka et al., 2001). A high density of these kettle holes occur in 
agricultural landscapes in the north of Germany, occupying up to 5% of 
arable land (Brose, 2001; Kalettka and Rudat, 2006; Lischeid et al., 
2018). Kettle holes provide suitable habitats for hygrophilous species 
and are typically surrounded by an unsuitable agricultural matrix 
(Brose, 2001; De Meester et al., 2005). 

Many ecosystem services have been identified to be associated to 
kettle holes worldwide (Vasić et al., 2020). In addition to the increase of 
an overall landscape connectivity through their functioning as stepping 
stones (Vasić et al., 2020), many studies also demonstrated the impor-
tance of kettle holes as hotspots of biodiversity in intensively used 
agricultural landscapes. These kettle holes are suitable habitats to har-
bor plants (e.g., Lozada-Gobilard et al., 2019; Pätzig et al., 2012), 
macroinvertebrates (e.g., Céréghino et al., 2012), and arthropods (e.g., 
Oertli et al., 2002; Platen et al., 2016). Recently, kettle holes have 
further been identified as important habitats for wild bees, potentially 
contributing to pollination services in the surrounding agricultural 
landscapes (Lozada-Gobilard et al., 2021a; Vickruck et al., 2019). 

Intensive land-use management can decrease the ecosystem services 
provided by the kettle holes, causing structural degradation, severe 
pollution, and habitat destruction (Céréghino et al., 2008). Not only can 
changes in the kettle holes themselves have a strong impact on potential 
services, but changes in the surrounding agricultural landscape can also 
impact the overall connectivity and functioning of the metacommunity 
network. For example, one direct consequence of different agricultural 
land-use management is variation of vegetation height in the landscape 
matrix due to yearly rotation of croplands, different mowing frequencies 
of grasslands, and different forest management practices. 

Matrix vegetation height impacts wind speed, which, together with 
seed release height, affects dispersal distance in wind-dispersed species, 
and the entire landscape connectivity (Van Dorp et al., 1996). In 
particular, dynamic changes in vegetation height are typical for agri-
cultural landscapes, and are therefore likely to affect dispersal patterns 
of plant species. Many mechanistic models for seed dispersal by wind 
(Nathan et al., 2011) include vegetation height as one important 
parameter (e.g., Katul et al., 2005). For example, variation in vegetation 
height can affect properties of atmospheric boundary layer, such as 
aerodynamic roughness length and turbulence, which can then deter-
mine seed dispersal and pollen transfer by wind (Campbell et al., 1998). 

Due to the spatial distribution of the kettle holes embedded in an 
agricultural landscape, we expect the dynamically changing height of 
the surrounding vegetation to play an important role in seed dispersal by 
wind. In a recent study in kettle holes from northern Germany, genetic 
patterns of two wind-dispersed species, Phragmites australis and Typha 
latifolia, showed high connectivity (i.e., high gene flow) among distant 
populations likely due to long-distance seed dispersal mediated by wind 
(Lozada-Gobilard et al., 2021b). These results suggest that long-distance 
seed dispersal (LDD) mediated by wind in these two species is the main 
driver connecting otherwise isolated populations. This supports earlier 
studies suggesting that wind can promote long seed dispersal of wetland 
plants connecting isolated wetland communities (Soomers et al., 2013); 
however, so far it remains unclear to which degree surrounding 

vegetation promotes or reduces seed dispersal patterns (but see Davies 
and Sheley, 2007), which is of particular importance in agricultural 
landscapes. 

We used the same two wind-dispersed species (P. australis and 
T. latifolia) as in Lozada-Gobilard et al. (2021a), and then applied the 
WALD mechanistic model by Katul et al. (2005) to estimate seed 
dispersal under three different scenarios of surrounding vegetation 
height: low, high and dynamic. Specifically, we addressed the following 
question: Do different matrix vegetation heights caused by variation in 
land-use have an effect on mean dispersal distances and long-distance 
seed dispersal by wind in P. australis and T. latifolia, and thus impact 
connectivity among kettle holes? We hypothesize that low surrounding 
vegetation would increase mean seed dispersal distance and LDD and 
thus increase connectivity of kettle holes at the landscape level, because 
high vegetation increases aerodynamic roughness, thereby reducing 
seed dispersal by wind. When vegetation changes dynamically, seed 
dispersal and connectivity should fall between the two extremes caused 
by low and high vegetation. 

2. Methods 

2.1. Study species 

Phragmites australis and Typha latifolia were identified in the field 
based on flora of Germany following (Rothmaler, 2011) and previous 
species monitoring in the region. Plant material was collected for 
identification purposes and deposited at University of Potsdam. Seed 
release height was measured directly on the field while seed terminal 
velocity was taken from the literature (see below). 

Phragmites australis (Cav.) Trin. ex Steud. (Common Reed, Poa-
ceae) is a perennial helophyte species distributed worldwide with the 
exception of Antarctica. This species is native to Europe and naturally 
occurs in temperate climates, but some genotypes were introduced to 
North America and became invasive (Packer et al., 2017). Phragmites 
australis can form underground stolons and long rhizomes, and can 
reproduce both vegetatively and by seeds (Packer et al., 2017). Seed 
production can vary depending on the origin of the population (e.g., 
British Islands: 500–2000 seeds/inflorescence per ramet (Packer et al., 
2017); Canada: 350–800 seeds/inflorescence (Maheu-Giroux and De 
Blois, 2007). 

Typha latifolia L. (broadleaf cattail, Typhaceae) is a helophyte 
species native to North and South America, Europe, Eurasia, and Africa. 
It has been reported as an invasive species in various areas such as 
Hawaii and Australia (Champion et al., 2007; Gucker, 2008). It grows in 
fresh and brackish water, shallow roadside ditches, or deep marshes 
(Tsyusko et al., 2005). Typha latifolia is an effective outcrossing species 
(Pieper et al., 2017), which is able to form hybrids with related species 
(Ciotir et al., 2017). It possesses an “initial seedling recruitment” (ISR) 
ecological strategy (Kühn et al., 2004; Tsyusko et al., 2005), but can also 
grow vegetatively through hypogeous rhizomes. Pollen and seeds are 
mainly dispersed by wind and one single spike (inflorescence of ca. 18 
cm) can produce an average of 222,000 seeds (Yeo, 1964). 

2.2. Study area 

Our study area is located within the “AgroScapeLab Quillow” of the 
Quillow catchment in Brandenburg, Germany, which is about 100 km 
northeast of Berlin. This area is approximately 290 km2 and has inten-
sive agriculture (i.e., an estimated 65% of the landscape is under agri-
cultural use with mainly corn, wheat, and rapeseed) and a high density 
of kettle holes of up to 2 per km2 (Fig. 1). 

2.3. Kettle-hole area and distance matrix 

For all kettle holes of the region (i.e., approximately 2000 kettle 
holes) mapped in 2016 by ‘Amt für Statistik Berlin-Brandenburg’ 
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(2017), we measured the area using ArcGIS 10 (ESRI 2011) and calcu-
lated the pairwise distance with respect to all neighboring kettle holes to 
estimate the degree of structural connectivity at a landscape level. From 
a previous study (Lozada-Gobilard et al. 2021a) (Fig. 1, Supplementary 
material Table S1), we selected 13 kettle holes where P. australis and 
T. latifolia were abundant. 

2.4. Wind speed, seed release height, and terminal velocity 

Seed dispersal by wind is determined by both environment and 
dispersal traits. The most important environmental factor is horizontal 
wind speed, and the most important dispersal traits are seed release 
height and terminal velocity (Zhu et al., 2016). Wind speed (m/s) was 
obtained from an anemometer from a local weather station (“Lambrecht 
Wetterstation”, operated by the local research station of the Leibniz 
Centre for Agricultural Landscape Research, ZALF, in Dedelow). Wind 
data had a 10-minute resolution of three consecutive years 2015–2017 
for the period between June and October to account for both pollen 
(between June–July) and seed dispersal (August–October) of P. australis 
and T. latifolia. A Weibull distribution was fitted to the wind speed 
values and used in the seed dispersal simulations (Seguro and Lambert, 
2000). In each of the selected kettle holes, height of 30 individuals per 
species was measured to characterize seed release height. Seed terminal 
velocity was acquired from the LEDA database (Kleyer et al., 2008) and 
D3 database (Hintze et al., 2013), which are now integrated into the TRY 
database (Kattge et al., 2019). These values of seed release height and 
terminal velocity were fitted to log-normal distributions that were used 
in the seed dispersal simulations. 

2.5. Seed dispersal model 

Many mechanistic models for seed dispersal by wind have been 
developed (Nathan et al., 2011). Despite simplicity of its form, the 
WALD model (Katul et al., 2005) involves all key parameters deter-
mining seed dispersal by wind, and has been widely used in the litera-
ture (e.g., Lozada-Gobilard et al., 2020; Wyse et al., 2019). Here, we 
used the WALD mechanistic model to simulate seed dispersal under 
alternative landscape scenarios. The kettle holes were mainly sur-
rounded by crops and grassland, and so we carried out three simulation 
scenarios (“low”, “dynamic”, and “high”) to examine the effects of 
vegetation height on seed dispersal distance, the probability of 
long-distance seed dispersal (LDD), and the connectivity among the 
kettle holes (Table 1). In the “low” scenario, vegetation height was 5 cm 
for crops and 10 cm for grassland during the dispersal season, while in 
the “high” scenario, vegetation height was 90 cm for crops and 80 cm 
for grassland. In the “dynamic” scenario, at any time during the simu-
lation, vegetation height was randomly drawn from a continuous uni-
form distribution bounded by the extreme values in low and high 
scenarios, leading to variations in vegetation height in time. These 
values of vegetation height were selected based on the representative 
aerodynamic roughness length of cropland and grassland (Hansen, 
1993), as well as our field measurements. 

A total of 13 kettle holes, (10 kettle holes with either P. australis or 
T. latifolia plus 3 with occurrence of both species), were selected as 
origin where seed dispersal simulations began (Fig. 1), and these origin 
kettle holes were later used to calculate the connectivity within the 
complete network of 1923 kettle holes distributed in the study area. In 
each scenario, if a species was present in an origin kettle hole, then one 
million seed dispersal events were simulated for that species, and seed 
dispersal distance and the probability of LDD (i.e., the chance of a seed 

Fig. 1. Study area. Map shows the “AgroScapeLabs” study area (approximately 290 km2), located in the Quillow catchment with a high density of kettle holes shown 
in light blue. Dots represent our sampled kettle holes (N = 36). Numbers correspond to the kettle-holes ID (lower panel). For simulation of seed dispersal, a total of 13 
kettle holes were selected where the two species were present. Kettle holes highlighted in green correspond to those where Phragmites australis was present (N = 8), 
while Typha latifolia occur in the pink highlighted ones (N = 8). Note that in three kettle holes both species co-occur. Data taken from Lozada-Gobilard et al. (2021a). 
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dispersing further than a pre-defined threshold distance) (Nathan, 2005) 
were calculated. We estimated the probability of LDD at three threshold 
distances: 500, 1000, and 2000 m. A previous study in the area identi-
fied 500 m as the distance enhancing plant diversity (Lozada-Gobilard 
et al., 2019). The distance of 1000 m corresponds to the maximum seed 
dispersal distance previously observed in P. australis (Soomers et al., 
2013), and the 2000 m distance was included for theoretical comparison 
(Nathan, 2005). In total, 48 million seed dispersal events were simulated 
in the study. 

2.6. Data analysis 

Following the principle of Hanski’s Connectivity Index (Hanski and 
Thomas, 1994), we defined an index to quantify the connectivity be-
tween a target kettle hole and the origin kettle holes in a scenario: 

Connectivity index =

∑N

1

seedsi
max(seedslow, i , seedsdynamic, i , seedshigh, i)

N  

where N indicates the total number of origin kettle holes, seedsi indicates 
the number of seeds that were dispersed to the target kettle from the i-th 
origin kettle hole in the scenario of interest, and seedslow, i, seedsdynamic, i, 
and seedshigh, i indicate the numbers of seeds that were dispersed to the 
target kettle from the i-th origin kettle hole in the “low”, “dynamic” and 
“high” scenarios, respectively. This adapted connectivity index simul-
taneously quantifies the effects of variation in the number of origin 
kettle holes that were connected to the target kettle hole, the numbers of 
seeds that were dispersed from each origin kettle hole to the target kettle 
hole, and the simulation scenario. The connectivity index ranges from 
0 (i.e., when there is no seed from any of the N origin kettle holes) to 1 (i. 
e., when there are seeds from all of the N origin kettle holes and the seed 
number from each origin kettle hole is always the maximum among all 
the simulation scenarios). The larger the value, the stronger the 
connectivity. 

We applied ANOVA and Tukey’s test to compare the connectivity 
index among different simulation scenarios, using TukeyHSD function in 
R. Because most of the connectivity index values between the origin and 
target kettle holes were zero, we only compared positive connectivity 
values. 

3. Results 

3.1. Seed dispersal distance 

As expected, in both species, average seed dispersal distance 
decreased with increasing vegetation height (Fig. 2). In P. australis and 
T. latifolia, median dispersal distance was 5-fold and 6-fold higher when 
vegetation was low as compared to high vegetation, respectively. Mean 
seed dispersal distance was 2-fold higher with low as compared to high 
vegetation in both species (Supplementary material Table S2). 

3.2. Probability of long-distance seed dispersal (LDD) 

In contrast to mean dispersal distance, probability of LDD increased 
with vegetation height for both species (Fig. 3). When the threshold 
distance was 500 m, high vegetation led to 7-fold (P. australis) and 1.5- 

Table 1 
Input and output parameters of the simulation model in the three scenarios tested in this study. Parameters used in the model corresponding to the three 
different land-use scenarios. U: horizontal wind speed, H: vegetation height, Hr: seed release height, Vt: seed terminal velocity, DD: dispersal distance, LDDP: the 
probability of long-distance dispersal.  

Scenario Description Model input Model 
output 

U Hr, Vt DD, LDDP 

Low vegetation 5 cm for cropland, 10 cm for 
grassland 

Weibull distribution of measured 
values 

Lognormal distribution of measured values or from the database 
LEDA and D3 

Per-seed 

High vegetation 90 cm for cropland, 80 cm for 
grassland 

Dynamic 
vegetation 

Vegetation height changes 
dynamically  

Fig. 2. Variation in seed dispersal distance in various scenarios of simulation. 
Low: vegetation height was 5 cm for crops and 10 cm for grassland; dynamic: 
vegetation height varied dynamically during the dispersal season; high: vege-
tation height was 90 cm for crops and 80 cm for grassland. 
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fold (T. latifolia) larger mean probability of LDD than low vegetation. At 
a threshold distance of 1000 m, mean probability of LDD under high 
vegetation scenario was 27-fold higher for P. australis and 3-fold for 
T. latifolia compared to low vegetation. At a threshold distance of 
2000 m, mean probability of LDD under high vegetation scenario was 7- 
fold and 9-fold larger than the low vegetation scenario in P. australis and 
T. latifolia, respectively (Supplementary material Table S3). 

3.3. Connectivity index 

Overall, the connectivity index was zero for 98% of the 1923 kettle 
holes. Both the proportion of kettle holes that were connected to the 
origin kettle holes and the connectivity increased with vegetation 
height. For P. australis, in the “low”, “dynamic”, and “high” scenarios, 
1.5%, 1.7%, and 1.8% of the kettle holes were connected with the origin 
kettle holes, and the connectivity index (Mean ± SD) was 0.06 ± 0.04, 
0.16 ± 0.09 and 0.24 ± 0.12, respectively. For T. latifolia, in the “low”, 
“dynamic” and “high” scenarios, 1.6%, 1.5% and 1.7% of the kettle 
holes were connected with the origin kettle holes, and the connectivity 
index (Mean ± SD) was 0.17 ± 0.08, 0.17 ± 0.1 and 0.30 ± 0.1, 
respectively (Fig. 4). Connectivity index significantly differed in: 
P. australis (F2,5766 = 8.05, p = <0.0001) and T. latifolia (F2,5766 = 4.74, 
p = 0.008) with significantly higher connectivity index in the “high” 
compared to the “low” scenario in both species (Tukey test: P. autralis 
p = 0.02, T. latifolia p < 0.001) (Fig. 4). The “dynamic” scenario 
differed significantly from the “low” scenario in P. australis; while in 
T. latifolia the “dynamic” scenario differed significantly from the “high” 
scenario (Fig. 4). 

4. Discussion 

In the present study, we evaluated the effect of surrounding vege-
tation height on seed dispersal in two wind-dispersed species: Phragmites 
australis and Typha latifolia, both occurring in local populations in kettle 
holes that are embedded in an agricultural landscape. Our results show 
that mean seed dispersal distance decreases with vegetation height, but 
the probability of long-distance seed dispersal (LDD) increases with 
vegetation height. This novel and surprising result suggests a trade-off 
between mean dispersal distance and LDD, and this trade-off, which 
impacts connectivity, is dependent on vegetation height. 

The way in which LDD responds to surrounding vegetation height 
has been seldom studied at the landscape scale. We hypothesized that 
low surrounding vegetation would increase seed dispersal and thus 
connectivity of the kettle holes. Indeed, our finding shows that mean 
seed dispersal distance decreases with increasing vegetation height. This 
finding is supported by empirical evidence (Marushia and Holt, 2006; 
Soons et al., 2004; Zhu et al., 2016) and can be derived from dispersal 
mechanisms (Nathan et al., 2011). High vegetation limits mean 
dispersal distance because aerodynamic roughness length increases with 
vegetation height, which reduces the wind speed that a flying seed ex-
periences. In addition, high vegetation reduces the effective seed release 
height (i.e., difference between seed release height and vegetation 
height) (Bohrer et al., 2008), leading to shorter flying time of seeds in 
the air. 

In contrast with our expectations, the connectivity of the kettle holes 
did not decrease but rather increased with vegetation height. This was 
mainly because the probability of LDD increased with vegetation height, 

Fig. 3. Probability of long-distance seed dispersal with different threshold distances and in various scenarios of simulation. Low: vegetation height was 5 cm for 
crops and 10 cm for grassland; dynamic: vegetation height varied dynamically during the dispersal season; high: vegetation height was 90 cm for crops and 80 cm 
for grassland. 
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which is caused by increased turbulence due to increased vegetation 
height (Katul et al., 2005; Nathan et al., 2002; Soons et al., 2004). In 
summary, vegetation height, together with seed release height, de-
termines the wind speed of a flying seed, the miminal falling time, and 
the turbulence, and hence, the probability of uplifting, which strongly 
affects the probability of LDD (Soons et al., 2004). Therefore, our finding 
highlights the importance of the rare LDD events, rather than many 
short-distance dispersal events, to enhance the degree of connectivity 
between kettle holes. 

4.1. LDD events and seed establishment are both important to promote 
connectivity 

Plant functional connectivity is defined as the effective dispersal of 
propagules among fragmented habitats, which is not only determined by 
the landscape structure but also depends on interactions between plants 
and their environment (i.e., abiotic and biotic factors), including 
dispersal vectors and establishment of individuals in the new patches 
(Auffret et al., 2017). Wind-dispersed species are more resilient to 
habitat fragmentation mainly due to the independence of the agent (i.e. 
wind) to the habitat; while animal-dispersed species highly depend on 
the active movement of their agent (i.e. animals) which is negatively 
affected by habitat loss (Herrmann et al., 2016). These interactions can 
change in time and space, determining dispersal ranges from short to 
extreme long-distances (Treep et al., 2021). In addition, high variation 

of dispersal-related traits at a plant level, can cause different responses 
across different ecological scales (Chen et al., 2020). 

LDD events are essential for colonization of far new suitable habitats, 
playing an important role in connectivity and conservation (Trakhten-
brot et al., 2005). However, post-dispersal processes related to 
density-dependent mortality as a result of predation or competition will 
finally determine whether a seed will successfully establish in a partic-
ular site (Nathan and Muller-Landau, 2000). Indeed, it has been 
observed in kettle holes that a combination of abiotic filters (density of 
the kettle holes, patch area), biotic filters (pollinators, competition), and 
seed longevity and dispersal traits (clonal growth) influences assembly 
and dynamics of plant communities (Lozada-Gobilard et al., 2021b, 
2019; Schöpke et al., 2019). 

Seedling establishment depends on successful seed germination. In 
wetlands, seed germination might occur rarely, because many aquatic 
species, such as P. australis and T. latifolia, expand their populations 
mainly via clonal reproduction, rapidly occupying the entire wetland 
habitat (Barrett et al., 1993; Packer et al., 2017). As a result, seedling 
establishment of P. australis and T. latifolia mainly depend on the 
availability of suitable patches, competition, as well as water level and 
the area of the riparian zonation (Coops and van der Velde, 1995). 
Despite their fast clonal expansion and its potential negative effects in 
recruitment and establishment of the study species, seed germination 
does occur. A combination of LDD events mediated by wind, and passive 
dispersal of seeds by water-birds both, internal (endozoochory) and 
external (ectozoochory) (Figuerola and Green, 2002), might increase the 
chance of germination and seedling establishment in suitable kettle 
holes. Further research on seed germination of the study species in kettle 
holes could provide important insights on seedling establishment of 
wind-dispersed species in agricultural ecosystems. 

4.2. Agricultural management can change landscape connectivity patterns 

Our study showed that the probability of LDD is affected by vege-
tation height. These results indicate that the land-use management can 
potentially change the dispersal patterns of these species and other 
wind-dispersed plant species occurring in isolated habitat patches. Our 
results show the highest probability of LDD and highest connectivity 
under a high vegetation scenario. Therefore, types and sizes of crop-
lands, mowing frequency of grasslands and rotation of crops (i.e., 
varying in height), could affect the potential dispersal and the connec-
tivity among kettle holes at a landscape level. 

Higher probability of LDD under the high vegetation scenario sug-
gests that the management of the agricultural matrix influences the 
degree of connectivity among kettle holes. Our results indicate that to 
keep a dynamic connectivity of wind-dispersed species, LDD events 
should happen and they depend on the vegetation of the surrounding 
cropland, which depends on the management of the agroecosystem. It is 
likely that more homogenous landscapes, larger field sizes, as well as 
unfavorable timing and increased synchronicity of mowing and har-
vesting would decrease LDD events, and therefore reduce the connec-
tivity of the entire landscape. Nevertheless, more studies and models are 
needed to better understand these spatiotemporal dynamics and their 
resilience to agricultural and climate pressures. 

The connectivity change depending on vegetation height presented 
in this study indicates the vulnerability of these wetland ecosystems. 
Farmers benefit from many ecosystem services provided by the kettle 
holes, including water supply, diversity nursery (Vasić et al., 2020), and 
as shelter for pollinators (Lozada-Gobilard et al., 2021a). These advan-
tages are provided without any yield loss associated to these habitat 
patches (Raatz et al., 2019). Due to these services provided by kettle 
holes, it is crucial that farmers have awareness and commitment to their 
conservation and appropriate management (Dale et al., 2005). 

Fig. 4. Variation in connectivity index in various scenarios of simulation. Low: 
vegetation height was 5 cm for crops and 10 cm for grassland; dynamic: 
vegetation height varied dynamically during the dispersal season; high: vege-
tation height was 90 cm for crops and 80 cm for grassland. 
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4.3. Possible negative effects of connectivity? 

High connectivity is usually associated with positive effects, but it 
can also enhance the spread of invasive species (e.g., Thomas and 
Moloney, 2013). Higher connectivity is typically associated with posi-
tive effects of reducing risks of inbreeding, lowering the probability of 
local extinctions and increasing gene flow and diversity among pop-
ulations (Leimu et al., 2006). Both of our study species are native to 
Europe, but P. australis genotypes from Europe became invasive in many 
areas of the USA and Australia, and some degree of invasiveness was also 
reported for T. latifolia (Gucker, 2008). Preliminary observations 
showed a decrease in plant and bee species diversity in those kettle holes 
dominated by P. australis, T. latifolia and other reed species (e.g., Phalaris 
arundinacea, Calmagrostis canescens, C. epigejos, Sparganium erectum) 
(Supplementary material Fig. S1, Table S4, Lozada-Gobilard, 2019); 
however, these results correspond to a reduced number of observations 
in time and space. More research is needed to confirm these negative 
tendencies and to implement a proper management to reduce spread of 
potential invasive wind-dispersed species. For example, one way could 
be to keep certain height of stubble after crop harvesting in areas 
downwind to reduce mean seed dispersal among the kettle holes. 

5. Conclusion 

Our study shows that mean dispersal distance decreases with 
increasing vegetation height in surrounding matrix vegetation. How-
ever, counter-intuitively, the probability of long-distance seed dispersal 
(LDD) increases with vegetation height and connectivity among kettle 
holes is largely determined by the events of LDD. Indeed, vegetation 
cover has important effects on seed dispersal by wind (Bullock and Moy, 
2004; Mcevoy and Cox, 1987), and increased vegetation height has been 
shown to supress dispersal of invasive species (Davies and Sheley, 2007; 
Marushia and Holt, 2006). Therefore, appropriate management of crop 
height in downwind areas could both reduce mean seed dispersal of 
undesired wind-dispersed plants among kettle holes or enhance func-
tional connectivity among them. The observed positive effect of vege-
tation height on the probability of LDD and its impact on connectivity 
provide novel insights into landscape level (meta-) community dynamics 
— a change in matrix vegetation height by land-use or environmental 
changes could strongly affect the spread and connectivity of 
wind-dispersed plants. To reduce the invasion risk of alien species or to 
maintain (meta-) population and (meta-) community connectivity on 
these agricultural ecosystems, one should specifically consider this 
opposite effect of vegetation height on mean seed dispersal distance and 
the probability of LDD. 
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