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SUMMARY

Coastal dunes form valuable ecosystems that provide flood protection, drinking water, and high biodiversity 

worldwide. Although their functioning hinges on habitat zonation along >km-scale sea-to-land gradients, 

infrastructure development progressively squeezes natural dune ecosystems into a narrow strip. Yet it re

mains unknown how much undisturbed coastal width is required to support the diverse suites of habitats 

and species assemblages found in natural dune systems. Here, we investigate plant and habitat diversity 

in 614 plots along 47 sea-to-land transects in the southeastern USA and the Netherlands. We discover a linear 

relation between habitat diversity and species richness, indicating that species-rich dunes require diverse 

habitat assemblages. Moreover, we find that both plant and habitat diversity nonlinearly depend on coastal 

width, with cumulative plant diversity reaching ∼75% of its potential at 800 and 1,800 m widths in the south

eastern USA and the Netherlands, respectively. Alarmingly, dune areas are narrower than these widths along 

79% and 66% of southeastern USA and Dutch coastlines, highlighting that lack of space compromises biodi

versity along the majority of coastlines. Finally, analyses of management measures along the transects reveal 

that strategic interventions can, at least in part, mitigate biodiversity losses from infrastructure encroach

ment. As coastal squeeze—i.e., combined losses from infrastructure and sea level rise—is a global phenom

enon, our results suggest that it threatens biodiversity in dune ecosystems worldwide. We argue that the 

establishment or expansion of nature reserves may be vital for conserving wide dune systems and that 

targeted management measures can help maintain biodiversity where squeeze cannot be alleviated.

INTRODUCTION

About one-third of the world’s shoreline is sandy, and many of 

these sandy coasts support developed dune ecosystems.1,2

These beach-dune landscapes provide many ecosystem ser

vices to humanity, which include flood protection, carbon stor

age, recreation, freshwater storage, and biodiversity.3–6 As the 

global coastal population continues to expand,7,8 humans 

increasingly depend on these services. However, anthropogenic 

pressures—including infrastructure development, eutrophica

tion, and pollution—are increasingly degrading beach-dune 

ecosystems worldwide.6,9–13

To generate ecosystem services, dunes require space to 

establish and biogenically build complex topography. A prime 

example is the requirement for a sufficiently wide beach to sup

port the development of embryo dunes, as highlighted by the 

300-meter benchmark identified for European beaches.14–16

On these wide beaches, embryo dunes form the onset of more 

developed dune formations, which further widen the dune land

scape.15,17 In a wide dune system, sand erosion and deposition 

generally decrease in a landward direction, supporting the 

establishment of less disturbance-tolerant species.18–20 Super

imposed upon these large-scale morphological gradients, 

dune formation gives rise to variations in solar radiation, soil 
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water content, and organic matter across dune slopes and val

leys.17,18,21 Overall, the combination of large- and small-scale 

gradients results in a habitat-rich dune landscape. In the rela

tively humid temperate oceanic climate, this landscape typically 

consists of a sea-to-land sequence of embryo dunes, foredunes, 

dune grasslands, dune slacks, shrublands, and forests 

(Figure 1A). To support this habitat-rich landscape, intact sea- 

to-land gradients are essential, and these gradients in turn 

require sufficient space to develop.

Human activities often confine the space required for the self- 

organized formation of coastal dunes. In particular, hard struc

tures (e.g., roads and buildings in the coastal zone) truncate 

the continuity of large-scale gradients and thus the eco-geomor

phology of the dune landscape. Such manmade structures lead 

to direct habitat loss and habitat fragmentation and hinder the 

ability of the landscape to adapt to sea level rise. The combina

tion of encroaching infrastructure and a rising sea is a phenom

enon known as ‘‘coastal squeeze.’’6,22–24 Moreover, infrastruc

ture development may hamper dispersal and recolonization 

and induce adverse edge effects, thereby driving biodiversity 

losses.25–27 As infrastructure development was recently found 

to truncate sandy coasts worldwide to a median width of just 

392 m globally, this narrowing of sandy coasts stands out as 

one of the most pervasive threats to the functioning coastal 

dune landscapes (Figure 1).28 Yet thus far it remains unknown 

how squeeze by human infrastructure affects habitat and spe

cies diversity in coastal dune landscapes.

Here, we study how the undisturbed coastal width affects 

dune habitat diversity and plant species richness and quantify 

the minimal unimpacted space required to support a biodiverse 

dune ecosystem. We define the undisturbed coastal width as the 

distance between the highwater line and the nearest human 

infrastructure (paved road and/or building). We thus consider 

dune areas with a narrower undisturbed coastal width (i.e., infra

structure closer to shore) more ‘‘squeezed,’’ as they are confined 

between human infrastructure on one side and a rising sea on the 

other. As many coasts worldwide are already heavily squeezed 

by human infrastructure, we next evaluate the potential of man

agement strategies to enhance species richness through sur

veys of coastal managers. We hypothesize that (1) coastal width 

is an important determinant for both habitat diversity and species 

richness and (2) species richness saturates at a certain coastal 

width. The latter hypothesis is in line with Barbier et al.29 and 

Koch et al.,30 who found that the ecological functioning of 

coastal habitats increases nonlinearly with ecosystem size. 

Furthermore, we expect targeted management measures to be 

able to increase species richness in narrower dune systems, 

thereby (partly) mitigating adverse effects of coastal squeeze.

To test our hypotheses, we examined the relationship be

tween coastal width and plant species richness in two distinct 

coastal dune landscapes on both sides of the Atlantic Ocean: 

the temperate oceanic coast of the Netherlands and the humid 

subtropical coastline of Florida and Georgia (hereafter: south

eastern USA). We performed 506 vegetation recordings at 

100-m intervals along 35 cross-shore transects in the 

Netherlands and 108 recordings within 12 transects in the south

eastern USA (Figure 2). Next, we analyzed the relation between 

coastal width and plant species richness and habitat diversity, 

respectively, by fitting species accumulation curves for both 

the southeastern USA and the Netherlands. Indeed, previous 

work demonstrated that the local species richness in a specific 

habitat depends on the local (patch) size of that specific habitat 

type. This dependency has been shown in several habitats, e.g., 

dune slacks, embryo dunes, and mobile dunes.31–33 Here, we 

use species-area relationships in a novel way to explore how 

coastal squeeze reduces plant biodiversity at the landscape 

scale by shrinking and eliminating entire habitats in both 

temperate and subtropical dune systems. To explore whether 

management measures can increase species richness and miti

gate narrowing of the natural coast, we conducted surveys 

among nature managers to determine the number of measures 

taken along each transect. Finally, we fitted the total species 

richness per transect to the number of measures per km transect 

and the overall transect length using stepwise linear regression.

RESULTS

Species richness versus coastal width

Regression analyses of the cumulative plant species richness 

across the sea-to-land transects reveal that the number of plant 

species accumulates nonlinearly with increasing distance to sea 

in both the southeastern USA and the Netherlands (Figure 3). 

Examining individual transects shows that 10 out of 12 transects 

in the USA and 31 out of 35 transects in the Netherlands follow 

this asymptotic, saturating pattern, with only the shortest tran

sects (200–400 m) being better described by a linear regression 

model (Figure S1). In the southeastern USA, transects were 

generally shorter than in the Netherlands, as buildings and paved 

roads are closer to the shoreline in this region.28 Whereas the 

combined USA regression curve (Figure 3A) describes the spe

cies accumulation up to 1,500 m, the regression curve from 

the Netherlands (Figure 3B) describes the species accumulation 

up to 4,300 m from the sea. Nevertheless, in both study areas, 

cumulative species richness across the combined transects is 

better described by an asymptotic regression than by a linear 

regression (ΔAIC: 15 and 213 in USA and NL, respectively).

The asymptotic regressions (Figures 3A and 3B) on the com

bined transect data explain 82% of the observed variance in spe

cies richness in the southeastern USA and 74% in the 

Netherlands. The asymptotic value of the regression curve (i.e., 

the potential maximum number of species) is estimated at 45 

plant species (95% confidence interval [CI]: 39–51 species) in 

the USA. This value is approached (i.e., 99% is reached) at 

approximately 2,600 m from the sea, while 50% and 75% of 

this maximum are reached after 400 and 800 m, respectively 

(Figure 3A). In the Netherlands, the combined regression curve 

maxes out at 106 plant species (95% CI: 100–112 species), 

which is approached (i.e., 99% is reached) at approximately 

5,900 m from the sea, with 50% reached after 900 m and 75% 

after 1,800 m (Figure 3B). Finally, the initial relative increase of 

species richness (proportional to the maximum) is greater in 

the USA than in the Netherlands (USA, 1.8e− 03, 95% CI 

1.3e− 03–2.2e− 03; NL, 7.8e− 04, 95% CI 6.9e− 04–8.8e− 04). 

In summary, the species accumulation curve from the USA ap

proaches its maximum at a two-times shorter distance to sea, 

and this maximum equals about half the Dutch maximum.

To explore the extent to which sampling effort affected our re

sults, we performed sensitivity analyses in which we increased 
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Figure 1. Conceptual overview 

An intact dune ecosystem with a self-organized, habitat-rich landscape (A), a partly degraded dune system—encroached by human infrastructure—where 

management interventions increase habitat diversity and species richness (B), and a heavily degraded system where management interventions are not effective 

anymore (C).
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Figure 2. The coastal dune sites 

(A and B) We sampled along sea-to-land transects in the southeast of the USA (A) and the Netherlands (B). The inserted maps show the 100 m-spaced sampling 

stations of a transect (coordinates in Table S1). 

(C–H) Examples of such sampling stations are in the southeast of the USA (C, E, and G) and the Netherlands (D, F, and H). At each sampling station, we identified 

herb and moss species in a 2 × 2 m plot. If present, shrub and tree species were identified in 5 × 5 and 10 × 10 m plots, respectively. 

Table S1
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the sampling interval from 100 to 200 m by removing observa

tions from the dataset (Figure S3). As expected, these analyses 

show that doubling the sampling interval reduces the asymptote 

of the species richness curves by 33% in the southeastern USA 

and by 21% in the Netherlands. However, the required width to 

reach 75% of the species changed much less, with a 17% 

decrease in the USA and a 12% increase in the Netherlands 

(Figures S3A and S3B). Similarly, the required width to reach 

50% of the species maximum shifts with the same proportion 

(i.e., USA − 17%; NL +12%). Apart from the species accumula

tion curve, the habitat accumulation curve also changed margin

ally when doubling the sampling interval (Figures S3C and S3D). 

Specifically, the required width to reach both 75% and 50% of 

the habitat maximum in both study areas decreases by 6% in 

the USA and 15% in the Netherlands.

To investigate the potential driving role of habitat diversity, we 

computed the distance between the sea and the first appear

ance of each habitat (with respect to the sea). In line with the 

steeper accumulation of species, habitats along the south

eastern USA coastline generally first appear closer to the sea 

(Figure 3C), with the accumulation curves following a nonlinear 

response with increasing distance from the sea (Figure S2A). 

The Dutch dune habitats have a larger variance in their first 

A B

C D

E F

Figure 3. Field observations of species 

richness and habitat diversity 

Plant species accumulation as a function of dis

tance to sea with the fitted asymptotic regression 

(black line) and its CI between the 10th and 90th 

percentile (gray area) (A and B), the distance to sea 

at which habitats occur (C and D), and cumulative 

plant species along the transects as a function of 

the accumulated number of habitats with the fitted 

asymptotic regression (black line) and its CI be

tween the 10th and 90th percentile (gray area) 

(E and F) for the southeastern USA and the 

Netherlands, respectively. 

See also Figures S1–S3.

occurrence but also follow a nonlinear in

crease with distance (Figures 3D and 

S2B), highlighting their greater spread 

over the sea-to-land gradient. Further an

alyses reveal that habitat and species 

richness follow a strong linear correlation 

in both studied areas (USA R2 0.72, NL R2 

0.61; Figures 3E and 3F). These findings 

suggest that species richness heavily de

pends on the number of habitats present 

along the transect.

Mapping species richness potential

We applied the above-described species 

richness versus coastal width models 

(Figures 3A and 3B) to assess the species 

richness along the Dutch and south

eastern USA coastlines. Specifically, we 

used the infrastructure-free coastal width 

as a measure for unimpacted space28

and calculated the percentage of the 

species richness that can potentially be reached within the avail

able unimpacted coastal width, using the developed nonlinear 

functions. Results highlight that 21% of the USA sandy coastline 

is sufficiently wide (800 m) to accommodate more than 75% of 

the species richness potential, while 26% is sufficiently wide 

(400 m) to reach at least 50% of the potential. In the Netherlands, 

34% of the sandy coast is wide enough (1,800 m) to accommo

date over 75% of the species richness potential, and 55% is suf

ficiently wide (900 m) to host at least 50% of this potential 

(Figure 4). Whereas a large part of the Dutch sandy coastline 

(87%) is protected by nature reserves, only 35% of the south

eastern USA’s sandy shoreline has a protected status. More

over, we find that typically the wider unimpacted sandy coasts 

are located in protected areas.28 Specifically, 77% and 92% of 

the wide (wide enough to harbor 75% of the maximum species 

richness potential) sandy coasts in the southeastern USA and 

the Netherlands, respectively, are located in protected areas.

Management interventions

We carried out surveys among nature managers of the areas that 

encompassed all 35 Dutch and 12 southeastern USA transects 

of our study (Tables 1 and S3). In the Netherlands, seven types 

of interventions were applied over the course of the last 20 years, 
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while in the USA, four intervention types have been applied over 

this period. Next, we created a simple stepwise linear regression 

model, which removed terms based on the AIC, to explain 

average species richness per transect with transect length and 

number of management interventions per km of transect as co

variates. Results show that in the Netherlands, 40% of the vari

ance in species richness can be explained by the combined ef

fects of transect length and the number of management 

interventions per km of transect. The standardized model pa

rameters highlight that transect length (0.62) is slightly more 

important in explaining the species richness variance than the 

number of management interventions per transect kilometer 

(0.60) (Table S4). Moreover, the interaction effect of transect 

length and number of interventions also explains a significant 

part of the variation in species richness (0.48). In the stepwise 

linear regression model of the USA, both explanatory vari

ables—transect length and management interventions per km 

transect—were removed.

DISCUSSION

Our results show that coastal width is a vital determinant of plant 

species richness along the sandy coasts of both the south

eastern USA and the Netherlands. Specifically, cumulative spe

cies richness increases in a nonlinear, saturating manner as the 

dune ecosystem broadens and correlates linearly with the num

ber of habitats along the sea-to-land gradient. Moreover, our 

work reveals that the calculated 800 and 1,800 m of infrastruc

ture-free space required to accommodate 75% of the species 

richness in the southeastern USA and the Netherlands, respec

tively, are not met in most areas along each coastline. While 

lack of space is eroding biodiversity of dune systems, results 

from the manager survey show that targeted management inter

ventions can work synergistically with dune conservation via 

protected areas to mitigate the negative impacts of coastal 

squeeze in the Netherlands. However, along the even more 

intensively developed shoreline of the southeastern USA, our 

results indicate that protection of sufficiently wide dune areas 

is the most impactful tool to maintain biodiverse dune systems.

How coastal width controls species richness

Following our hypotheses, the plant species richness nonlinearly 

increased with increasing coastal width, saturating after about 

1–2 km. This steep initial accumulation of species richness typi

cally occurs as new habitats emerge, which mainly occurs along 

the first 500 m along the transects (Figure S2). In line with previ

ous work, we find that species richness linearly correlates with 

the number of habitats.34,35 Our results therefore suggest that 

habitat diversity is the primary driver of plant diversity. In turn, 

habitat diversity depends on the presence of intact sea-to-land 

gradients, which require a sufficiently wide coastal zone.19,21

This underlines the driving role of coastal width for both habitat 

and plant species diversity. Moreover, as species richness at 

higher trophic levels is typically closely linked to plant species 

richness,36,37 the spatial dependence of species and habitat di

versity is likely mirrored by higher trophic levels. Therefore, our 

findings likely reflect not only the importance of coastal width 

for the plant community but also for overall biodiversity and 

ecosystem functioning of coastal dunes.38–40

By computing species accumulation curves, species richness 

can be assessed and compared between areas.41,42 A drawback 

of such an approach, however, is that the number of species 

found in an area depends on the size of each sample and/or 

the sampling effort,43–45 which is also the case for our study. 

Indeed, our sensitivity analyses (Figure S3) show that doubling 

the sampling interval decreases the richness maximum by 

33% in the USA and 21% in the Netherlands, highlighting that 

reducing the sampling effort lowers the estimated maximum of 

species richness. Apart from the direct effect of finding a lower 

number of species due to a lower number of samples, the 

decreased maximum is also related to the skipping of habitats. 

Indeed, doubling the sampling interval decreased the average 

number of habitats found within the transects from 4.3 to 3.4 in 

the USA and from 4.3 to 3.7 in the Netherlands. Moreover, the 

points at which 75% of species richness was reached changed 

only by 12%–17% for both regions, suggesting that these esti

mates are rather robust. So although absolute values in our out

comes are sensitive to the sampling interval as expected, this 

does not affect our overall conclusion that coastal width controls 

habitat and plant diversity in a nonlinear fashion.

This work offers the first quantitative estimates of the minimum 

undisturbed coastal width required to sustain (a certain level of) 

biodiversity. By relating coastal width to basic yet robust biodi

versity metrics—plant species richness and habitat diversity— 

we provide a framework to assess how coastal squeeze 

threatens biodiversity along sandy coasts. Although we found 

strong relationships between coastal width and our biodiversity 

metrics, not all variability can be explained by these metrics. 

This is likely due to additional factors that vary between tran

sects, such as differences in regional species pools and local 

topography.46 Future work could expand on our analyses by 

including such factors and by including longshore spatial pat

terns rather than merely focusing on cross-shore patterns. In 

addition, there are also other biodiversity metrics that could be 

considered, including metrics that indicate potential diversity 

gaps (e.g., local:dark diversity ratio27,47) or that take into account 

Table 1. Management interventions

Interventions in 

the USA Occurrence

Interventions in 

the Netherlands Occurrence

Controlled burning 2 sod cutting 8

Invasive plant 

species removal

11 mowing 17

Invasive animal 

species removal

8 flailing 6

Grazing 2 grazing 18

– – shrub removal 22

– – creation of 

notches

8

– – creation of 

blowouts

8

Measures were taken at the transect sites in the southeastern USA (n = 

12) and in the Netherlands (n = 35). We included interventions targeted 

at resetting vegetation succession and increasing sediment dynamics. 

The numbers indicate the number of transects at which interventions 

were performed. See also Tables S3 and S4.
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species evenness (e.g., Shannon and Simpson index48). Yet 

despite these limitations, our analyses clearly show that coastal 

squeeze predictably reduces plant diversity by shrinking and 

eliminating entire habitats across the landscape scale.

Shortage of coastal width

Recent work found that infrastructure development close to 

shore is a widespread global phenomenon.28 Human-made 

structures were found to occur at a median distance of less 

than 400 m along the world’s sandy shores, with one-third having 

less than 100 m of infrastructure-free space. Here, we find in an 

empirical transatlantic study that the required minimum width to 

sustain 75% of the plant diversity in a coastal dune area is at 

least 800 m in the USA and 1,800 m in the Netherlands. These 

results suggest that nearshore human infrastructure may 

severely impact biodiversity in coastal areas worldwide. Indeed, 

we find that in our study areas, many dune areas are constricted 

by human infrastructure and too narrow to develop their species 

richness potential. Specifically, only 21% of the sandy coast 

along the southeastern USA currently has a wide enough infra

structure-free zone (over 800 m) to accommodate at least 75% 

of the species richness potential. In the Netherlands, 34% of 

the unimpacted sandy coast is sufficiently wide (over 1,800 m) 

to sustain over 75% of the species richness potential 

(Figure 4). In both study areas, these wide systems are generally 

located within protected areas. This indicates that while nature 

reserves alone cannot increase coastal space, they can be 

important in preventing further infrastructure encroachment.28

Therefore, since maintaining wide dune systems is the most 

straightforward way to protect biodiversity, we argue that estab

lishment or expansion of nature reserves encompassing the 

entire required coastal width may be vital to conserve dunes 

and their ecosystem services.

How to counter biodiversity losses

Whereas our results highlight that the widest coastal dune sys

tems typically harbor the highest biodiversity, this does not 

mean that narrower systems truncated by infrastructure do not 

hold ecological value. Indeed, we found that cumulative species 

richness steeply increases within the first 1–2 km. This, in turn, 

means that high conservation gains can be achieved by protecting 

the areas closest to the sea from infrastructure encroachment. 

Notably, these findings closely align with earlier work from Barbier 

et al.,29 who demonstrated that ecosystem functions, such as 

wave attenuation, also nonlinearly depend on coastal width. At 

present, however, coastal populations continue to grow world

wide,7 with infrastructure development combined with sea level 

rise and coastal erosion consequently squeezing dune ecosys

tems into an increasingly narrow coastal strip.28,49 One option to 

counter this trend of decreasing coastal space is to move the 

shoreline seaward through mega-nourishments. Although this is 

expensive and requires high sediment availability,50,51 this solu

tion can be preferred in hyperdeveloped coastal zones. Another, 

more drastic option would be to remove human infrastructure 

that has been built too close to shore, alleviating pressure on 

squeezed ecosystems by allowing landward retreat.52

Nature management implications

Although our approach and analyses were relatively crude, our 

survey results from the Netherlands nevertheless suggest that 

management measures, such as sod cutting, grazing, mowing, 

and shrub removal, can enhance plant species richness along 

narrow and wide coasts. A potential reason for this positive ef

fect that we observed along both narrow and wide coasts could 

be that management not only (partly) counters biodiversity los

ses as a result of coastal squeeze but also counters the impact 

of other processes that threaten species richness. Examples of 

75–100% sp. richness

>800m width

50–75% sp. richness

400m – 800m

25–50% sp. richness

200m – 400m

0–25% sp. richness

<200m width

75–100% sp. richness

>1800m width

50–75% sp. richness

900m – 1800m

25–50% sp. richness

400m – 900m

0–25% sp. richness

<400m width
25 km
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Figure 4. Predicted species richness 

The maps show the computed percentage of maximum species richness reached, given the local infrastructure-free width of the sandy coast, for the south

eastern USA (A) and the Netherlands (B). In total, 225 km of sandy coastline was assessed in the southeast of the USA, and 425 km in the Netherlands.
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such processes are the spread of invasive species53,54 and the 

‘‘greening’’ (i.e., increase in vegetation cover) of coastal 

dunes,55–57 which homogenize the landscape, disrupt natural 

morphodynamics,58 and lead to local extinction of species. In 

addition to an overall positive effect of management on species 

richness along the Dutch sandy coast, we found that manage

ment measures become increasingly effective as the undis

turbed coastal width widens. A potential explanation for this is 

that large-scale measures, such as remobilization of the coastal 

dunes,59 can only be taken in sufficiently wide dune systems, 

and these large-scale measures may be extra effective in 

enhancing species richness at the landscape scale. In the south

eastern USA, however, we were not able to identify such positive 

effects of management. Perhaps management is indeed less 

effective in this region. Alternatively, our inability to detect effects 

here may also have been caused by (1) the smaller number of 

transects, (2) the short transect lengths that limit the analysis’ 

sensitivity due to the low number of species richness samples 

per transect, and/or (3) the fact that fewer intervention types 

were employed along the US coasts (4 in the USA versus 7 in 

the NL), while variation in management types along different 

transects was also limited—potentially due to their short lengths. 

Overall, in line with previous experimental studies,41–43 we 

conclude that targeted management measures can be a vital 

tool to counteract biodiversity losses in coastal ecosystems. 

Nevertheless, we also stress that maintaining sufficient coastal 

width, for instance through the establishment or expansion of 

nature reserves, should be the first line of defense against 

coastal ecosystem degradation.

Conclusion

In this study, we show that both plant and habitat diversity non

linearly depend on coastal width. Therefore, a reduction of 

coastal width as a result of coastal squeeze by human infra

structure directly reduces plant and habitat diversity. Further

more, we find a strong positive linear relation between habitat 

diversity and species richness, which indicates that a diverse 

habitat assemblage is a prerequisite for species-rich dunes. 

However, we also find that there is a severe lack of unimpacted 

coastal space in both the southeastern USA and the 

Netherlands to accommodate all species-rich habitat assem

blages that naturally occur along sandy sea-to-land gradients. 

This is alarming, as the functioning of ecosystems and their re

silience to the increasing threats of climate change and anthro

pogenic impact generally depend on their biodiversity.38–40 We 

therefore conclude that preserving sufficient unimpacted 

coastal space, for instance through the establishment or 

expansion of nature reserves, should be a priority for maintain

ing resilient, biodiverse dune systems. Moreover, as we find 

that management measures can, at least in part, mitigate biodi

versity losses from coastal squeeze, we suggest that strategic 

interventions can help maintain biodiversity where coastal 

squeeze cannot be alleviated.
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47. Pärtel, M., Szava-Kovats, R., and Zobel, M. (2011). Dark diversity: 

Shedding light on absent species. Trends Ecol. Evol. 26, 124–128. 

https://doi.org/10.1016/j.tree.2010.12.004.

48. Keylock, C.J. (2005). Simpson diversity and the Shannon-Wiener index as 

special cases of a generalized entropy. Oikos 109, 203–207. https://doi. 

org/10.1111/j.0030-1299.2005.13735.x.

49. Vousdoukas, M.I., Ranasinghe, R., Mentaschi, L., Plomaritis, T.A., 

Athanasiou, P., Luijendijk, A., and Feyen, L. (2020). Sandy coastlines under 

threat of erosion. Nat. Clim. Chang. 10, 260–263. https://doi.org/10.1038/ 

s41558-020-0697-0.

50. de Schipper, M.A.D., Ludka, B.C., Raubenheimer, B., Luijendijk, A.P., and 

Schlacher, T.A. (2021). Beach nourishment has complex implications for 

the future of sandy shores. Nat. Rev. Earth Environ. 2, 70–84. https:// 

doi.org/10.1038/s43017-020-00109-9.

51. Powell, E.J., Tyrrell, M.C., Milliken, A., Tirpak, J.M., and Staudinger, M.D. 

(2019). A review of coastal management approaches to support the 

integration of ecological and human community planning for climate 

change. J. Coast. Conserv. 23, 1–18. https://doi.org/10.1007/s11852- 

018-0632-y.

52. Neal, W.J., Bush, D.M., and Pilkey, O.H. (2017). Managed retreat. In 

Encyclopedia of Coastal Science, C. Finkl, and C. Makowski, eds. 

(Springer), pp. 1–7. https://doi.org/10.1007/978-3-319-48657-4_201-2.

53. Ehrenburg, A., Hagen van der, H., and Terlouw, L. (2008). Amerikaanse vo

gelkers als invasieve soort in de kustduinen. Levende Nat. 109, 240–245.

54. Isermann, M. (2008). Expansion of Rosa rugosa and Hippophaë rham
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STAR★METHODS

KEY RESOURCES TABLE

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Sites description

We conducted the fieldwork in two study areas: the southeastern USA and the Netherlands (Figure 2). A major difference between 

both study areas is the climate, as the southeastern USA is typified by a humid subtropical climate, whereas the Netherlands has a 

temperate oceanic climate.63 While tropical hurricanes play an essential role in re-distributing the sediment of the coastal dunes in the 

southeastern USA, these do not occur in the Netherlands.64,65 Both sites are densely populated; 136 people per km2 in Florida and 

508 people per km2 in the Netherlands.66

METHOD DETAILS

Transect selection

To explore the relation between the unimpacted (i.e. free of hard infrastructure such as paved car roads or buildings) coastal 

width and species richness, we selected coastal dune sites with varying unimpacted coastal widths along the sea-to-land 

gradient. At each site, we constructed a transect perpendicular to the shoreline, from the beach to the nearest paved road 

or building with a maximum theoretical length of 25 km.28 In reality, however, the undisturbed coastal width along the transects 

was always shorter in our study due to intersecting human infrastructure. A couple of transects that crossed barrier islands did 

not end due to human infrastructure, but rather because of intersecting the shoreline on the other side. As our transects always 

ran straight through dune areas, which were managed by nature organizations, they generally crossed typical dune habitats, but 

occasionally also included less typical habitats, such as salt marsh vegetation in nearshore dune valleys and needleleaf forests 

in back dunes. For consistency, we did not exclude any habitat type and sampled the full undisturbed length of each transect 

(see sampling procedure). In the southeastern USA, sites were generally more truncated by infrastructure than in the 

Netherlands. Therefore, transects ranged from 100 to 1500 m in the USA, whereas the Dutch transects ranged from 200 to 

4300 m (Table S1). 12 transects were located along the South Atlantic Bight in the USA and 35 along the North Sea coast 

of the Netherlands (Figure 2).

Sampling procedure

At each transect, we followed the natural chronosequence of habitats by sampling along the sea-to-land gradient. To capture all 

habitats along the transects (i.e. not skip a habitat), we started by sampling the embryo dune zone, followed by the foredunes. 

Next, behind the foredunes, sampling stations were spaced 100 meters apart. At each sampling station, we sampled the vege

tation composition. Specifically, we identified the plant species and visually estimated their cover in percentages. At each station, 

herb and moss species were identified in a 2*2m plot, shrubs in a 5*5m plot, and trees in a 10*10m plot. In total, we performed 

vegetation recordings at 108 stations along 12 transects in the USA and at 506 stations along 35 transects in the Netherlands. We 

conducted the fieldwork between 12-09-2022 and 22-09-2022 in the USA and between 18-05-2021 and 03-09-2021 in the 

Netherlands.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis

Based on the vegetation recordings, we assigned a habitat type to each sampling station. We applied criteria based on the presence 

of distinctive/characteristic species, and the moss, herb, shrub and tree cover (Table S2). Next, to investigate whether species 

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Data and script analyses presented in this study This paper Zenodo: https://doi.org/10.5281/zenodo.15704200

Software and algorithms

MATLAB (version: R2024b) MathWorks60 RRID:SCR_001622; https://nl.mathworks.com/products/matlab.html

MATLAB’s Curve Fitting Toolbox MathWorks61 https://nl.mathworks.com/products/curvefitting.html

MATLAB’s Mapping Toolbox MathWorks62 https://nl.mathworks.com/products/mapping.html
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richness accumulates in a nonlinear fashion with increasing distance from the coastline as hypothesized, we fitted an asymptotic Von 

Bertalanffy growth function defined as (Bertalanffy, 1957):

Y(X) = p
(
1 − e− kX

)
(Equation 1) 

where Y is the number of species at distance to sea X (m), p is the asymptotic value of the number of species, and k is the relative rate 

of species accumulation over distance to sea (proportion of the asymptotic value per m). We fitted the function to describe the 

average species accumulation per site (Figures 3A and 3B), the average habitat accumulation per site (Figure S2), and the species 

accumulation per transect (Figure S1). Next, to test whether the relations were indeed nonlinear, we compared the quality of the fit 

with a linear regression model without intercept using the Akaike’s Information Criterion. To identify the extent to which sampling 

effort affected our results,43 we performed a sensitivity analysis. Specifically, we doubled the intervals between the sampling stations 

and refitted the species and habitat accumulation curves. Differences between the original and these newly obtained curves indicate 

the sensitivity of our outcomes to sampling effort. All regression analyses were performed using MATLAB’s Curve Fitting Toolbox.61

Species richness mapping

We estimated the current species richness status for both study areas based on the calculated coastal width-species richness re

lationships. To achieve this, we used the infrastructure-free coastal space – the distance between the shoreline (OpenStreetMap, 

2023) and the nearest human infrastructure – as a measure for the unimpacted coastal width of the dune area (see Lansu et al.28

for further methodological details). First, along every kilometer of sandy shore in the Netherlands and in the southeastern USA, 

we computed the cross-shore distance between the sandy shoreline and the nearest building or paved car road. Secondly, we calcu

lated what species richness can potentially be reached, within the local infrastructure-free coastal width. For our calculations, we 

used the averaged distance to sea – species richness relationships (Equation 1) per region. Finally, we analyzed what parts of the 

sandy coastline have a protected status (World Database on Protected Areas). For simplicity and as a conservative approach, we 

considered a sandy coast protected when a protected area (local, state, federal, or NGO protection) encompassed the first 

200 m of habitat from the sea. The maps were created with MATLAB’s Mapping Toolbox.62

Management survey

To assess the relative influence of dune management and transect length on species richness, we conducted a survey among nature 

managers per transect (Table S3) and included the outcomes together with transect length in multiple linear regression analyses. We 

defined management intensity as the number of different interventions performed within the vicinity (250 m) of the transect over the 

last 20 years. In the Netherlands, we included 5 interventions commonly applied to reset vegetation succession: sod cutting, mowing 

(vegetation is cut and removed), grazing, flailing (vegetation is not cut, but beaten off and left behind), and removal of shrubs. We also 

included 2 interventions commonly implemented to increase sediment dynamics (i.e. remobilization): creation of notches in the fore

dunes and the creation of blowouts. The score of management intensity ranged between 0 (no interventions) and 7 (all specified in

terventions performed). In the USA, we included 3 interventions commonly applied to reset vegetation succession: invasive plant 

species removal (including shrubs), invasive animal species removal, and grazing. We also included one applied intervention to in

crease sediment dynamics: controlled burning. The score of management intensity ranged between 0 (no interventions) and 4 (all 

specified interventions performed).

Prior to performing the multiple regression analyses, we standardized sampling effort for species richness across transects, using 

a bootstrapping approach.67,68 Specifically, we randomly subsampled 2 plots per transect in the USA and 3 plots per transect in the 

Netherlands, which was the minimum number of plots obtained for a transect in each region. We repeated this subsampling 

approach 10,000 times per transect and calculated the average total number of species present in each subsample. Next, we fitted 

a stepwise linear regression model to the obtained species richness data, removing terms based on the Akaike’s information crite

rion. We included the following independent variables to explain the average number of species per transect (calculated with our 

bootstrapping approach): transect length (km), number of management interventions per kilometer, and the interaction between 

transect length and number of management interventions per kilometer.
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