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Abstract
Ecosystem engineers physically alter the environment, but their effects vary with abiotic context. Such context-dependent 
alteration can influence other species, including establishing recruits. In Florida, mangroves are expanding northward with 
warming climate and replacing salt marshes. We examined how structural traits of marsh and mangrove vegetation engineer 
mangrove establishment under different tidal conditions. First, we surveyed mangrove seedlings next to adult mangroves in 
mangrove-dominated fringe habitat characterized by dense, low-stature pneumatophores and in marsh-dominated interior 
habitats with sparser, taller marsh vegetation. In the interior, we also counted seedlings next to mangrove shrubs and seed-
lings to examine how stage-specific structure and propagule production influenced seedlings. Seedlings were most abundant 
beneath adult mangroves, especially in interior habitats, likely due to proximate propagule supply and heightened retention 
by marsh structure. Second, we quantified propagule retention by different structural microhabitats (pneumatophores beneath 
adult mangrove, pneumatophore mimic, saltmarsh vegetation, bare sediment) in fringe and interior habitats during neap 
and spring tide sequences, which have different hydrodynamics that could interact with structure to alter retention. During 
the low magnitude neap tide, retention was high in interior habitats and invariant across structural treatments in fringe and 
interior habitats. However, during the deeper spring tide, almost all propagules were lost from fringe habitats regardless of 
structural treatment, but in the interior, marsh vegetation retained 2–4 times more propagules than other structures; prop-
agule retention was positively correlated with saltmarsh vegetation density and height. Resident engineers best facilitated 
propagules during spring tides, but these effects were moot during neap tides; thus, facilitation by a competitor’s autogenic 
structure varies with abiotic conditions.

Keywords Climate change · Dispersal · Ecosystem engineers · Foundation species · Inhibition · Invasion · Mangroves · 
Propagule pressure · Range expansion · Salt marsh

Introduction

Ecosystem engineers are species that physically alter their 
surroundings by creating new structures (i.e., allogenic 
engineering) or through the virtue of their own structural 
traits (i.e., autogenic engineering) (Jones et al. 1994, 2010). 
These physical effects cause cascading abiotic changes 
that control resource availability for other species and alter 

the context of species interactions. Because their struc-
tural changes can be transformative, engineering species 
can have out-sized effects on species’ invasions and range 
expansions by maintaining resident ecosystems or altering 
existing ecosystems when they expand into new areas. For 
example, resident engineers can facilitate incoming species 
by ameliorating abiotic stress (Badano et al. 2007) or they 
can inhibit expanding species, for instance, if native plant 
canopies block access to light for other species (Von Holle 
2005). Range-expanding engineers could also positively or 
negatively influence their own expansion into new environ-
ments (Mack et al. 2000; Cuddington and Hastings 2004). 
For example, the marsh cordgrass, Spartina alterniflora, 
facilitates other marsh species by slowing water flow and 
stabilizing sediment, and it likely also promotes conspecific 
seedling establishment via the same mechanisms (Bruno 
2000). However, it is unclear in which contexts resident and 
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range-expanding engineers facilitate or inhibit expansion 
success.

The structural traits of engineering species may deter-
mine in which context engineers facilitate or inhibit 
expansion. For example, native oak trees with deep-
rooted morphologies facilitated invasive understory 
grasses, but oaks with shallow-rooted morphologies 
excluded the exotics and promoted native understory 
grasses (Aschehoug and Callaway 2014). At species 
range limits and ecotonal boundaries, it is particularly 
important to examine how engineers influence dispersal 
and establishment of range-expanding species because 
the structural traits of existing species can interact with 
incoming propagule supply to influence expansion suc-
cess. For example, increasing the height of neighboring 
vegetation can limit the wind dispersal of incoming plant 
seeds (Davies and Sheley 2007) and woody structures 
in bald cypress swamps trap floating seeds in predict-
able locations (Schneider and Sharitz 1988). At ecotonal 
boundaries, incoming propagules interact with both the 
resident community and previously established con-
specifics that provide different types of structure. Yet, 
the relative effects of intra- and inter-specific structure 
on range expansion are rarely compared. Furthermore, 
the role of engineers in expansion will likely vary with 
background abiotic conditions. The beneficial effects 
of engineering species are predicted to increase with 
abiotic stress and engineers can expand across environ-
mental gradients by ameliorating stressors (Crain and 
Bertness 2006). However, differences in how inter- and 
intra-specific structural traits interact with abiotic fac-
tors could influence expansion success.

Mangrove expansion into salt marshes is an ideal 
system to examine the relative importance of intra- and 
inter-specific structural traits in expansion dynamics. On 
Florida’s Atlantic coast, declines in the number of annual 
freezes enable mangroves to expand northward into salt 
marshes (Cavanaugh et al. 2014; Chen et al. 2020). At 
the leading edge of the expansion, adult mangroves and 
saltmarsh plants form a mosaic of ecotone habitat (Walker 
et al. 2019). Saltmarsh plants and mangroves are both 
ecosystem engineers that physically alter the abiotic and 
biotic context of their environment, yet they have distinct 
structural traits. The primary mangrove species in the 
ecotone, black mangrove Avicennia germinans, has tall, 
woody trunks and branches (1–5 m tall at our sites), leafy 
canopies, and dense pneumatophores (pencil-sized aerial 
roots) that contrast with the herbaceous succulent and 
grassy species that dominate native salt marshes (0.3–1 m 
tall; Batis maritima, Spartina alterniflora, and Salicor-
nia ambigua) (Williams et al. 2014; Simpson et al. 2017; 
Walker et al. 2019). These structural differences between 
marsh and mangroves create different abiotic and biotic 

conditions. For example, mangrove canopies provide more 
shade than saltmarsh canopies (Simpson et al. 2017) and 
mangrove’s substantial aboveground biomass can provide 
greater resistance to hydrodynamic forces and can trap 
more sediment relative to saltmarsh vegetation (Friess 
et al. 2012).

The different structural traits of mangroves and salt 
marsh could also influence dispersal and establishment of 
the range-expanding mangrove. Mangrove propagules dis-
perse via water (Rabinowitz 1978) and the physical structure 
provided by saltmarsh plants can promote mangrove prop-
agule retention and establishment by trapping propagules, 
providing physical support, and attenuating hydrodynamic 
energy (McKee et al. 2007; Donnelly and Walters 2014). 
Furthermore, saltmarsh species that vary in their structural 
traits differentially retain propagules; for example, the greater 
structure provided by the grassy marsh species, Sporobolus 
virginicus, retains more mangrove propagules relative to the 
succulent species, Batis maritima (Peterson and Bell 2012). 
The vegetation structure at the ground level provided by 
denser, shorter adult mangrove pneumatophores could also 
facilitate propagule retention and establishment. Indeed, 
mangrove seedlings can be more abundant next to adult man-
groves than in adjacent saltmarsh areas (Yando et al. 2018), 
although it is unclear whether this pattern is due to increased 
propagule supply near adult mangroves or greater retention. 
Mangrove pneumatophores can effectively trap other buoyant 
objects, such as woody debris or macroalgae (Krauss et al. 
2005), and structural traits such as root height and density 
can increase retention capacity (Bishop et al. 2012, 2013; Van 
der Stocken et al. 2015). However, the effect of intra-specific 
mangrove structure on mangrove propagule retention has 
not been directly compared to retention by the inter-specific 
structure of co-existing saltmarsh species.

Structural traits of saltmarsh and mangrove vegetation 
likely also interact with abiotic conditions to affect prop-
agule retention. In particular, hydrodynamic conditions such 
as water velocity, depth, direction, and wave energy directly 
affect mangrove propagule dispersal and retention (Rabinowitz 
1978; Sousa et al. 2007), and retention varies with tidal eleva-
tion and inundation regime (Van der Stocken et al. 2015). For 
example, during spring tide sequences (greatest tidal range; 
the highest high tides per month), water depth, current veloc-
ity, wave energy, and inundation duration are greater than 
during neap tide sequences (smallest tidal range; lowest high 
tides per month) (Voulgaris and Meyers 2004; Pacheco et al. 
2010). Vegetation structural traits can mediate the interaction 
between hydrodynamic conditions and seed retention (Chang 
et al. 2008), and saltmarsh plants with variable structural 
traits create different associated hydrodynamic conditions 
(Bouma et al. 2013). We expect that differences in saltmarsh 
and mangrove stem density and height relative to tidal inunda-
tion will cause differential mangrove propagule retention. For 
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example, propagules may be more prone to removal during 
spring tide sequences that have higher water depths and wave 
energy, so vegetation may have more potential to influence 
propagule retention during these tidal sequences relative to 
the lower depths and wave energy characteristic of neap tides. 
Furthermore, the distribution of saltmarsh and mangrove veg-
etation can vary predictably across a tidal gradient. At our sites, 
adult mangroves dominate the more deeply inundated fringe 
habitats, whereas salt marsh dominates less-inundated interior 
habitats. Such zonation of dominant vegetation type relative to 
the tidal regime could also influence propagule retention, for 
example, if greater inundation in fringe habitats is more likely 
to dislodge propagules.

We examined how mangrove and saltmarsh structural 
traits influence mangrove establishment in fringe and inte-
rior habitat settings during different tidal regimes. First, 
we conducted a field survey to examine how mangrove 
seedling density and vegetation structural traits varied next 
to (1) adult mangroves in mangrove-dominated fringe habi-
tat at the water’s edge and (2) three mangrove life stages 
representing decreasing plant structure and propagule pro-
duction in marsh-dominated interior habitat. We expected 
that mangrove seedlings would be more abundant next to 
adult mangroves in mangrove-dominated fringe habitats 
compared to salt marsh dominated interior habitats due 
to increased propagule supply and the presence of dense 
mangrove pneumatophores that increase propagule reten-
tion. Similarly, we expected that mangrove seedlings would 
be more abundant next to adult mangrove trees relative to 
mangrove shrubs and seedlings, which produce fewer prop-
agules and have fewer pneumatophores present to retain 
propagules.

Second, to experimentally quantify how differences in 
vegetation structure between salt marsh and mangroves 
influence mangrove propagule retention, we added the 
same number of propagules to structural microhabitat treat-
ments in fringe and interior habitats and measured retention 
after 24 h during both spring and neap tidal sequences. We 
hypothesized that adult mangrove microhabitats would pro-
mote mangrove retention during neap tides (lower water lev-
els) by trapping more propagules in dense pneumatophores 
relative to less dense salt marsh. However, we expected that 
more propagules would be retained in saltmarsh microhabi-
tats during spring tides, due to greater vegetation height 
relative to higher water levels. Furthermore, we expected 
that these relationships would vary with habitat setting, 
with more propagules retained in interior habitats relative 
to fringe habitats due to lower hydrodynamic energy and 
less inundation in the interior. Together, this work exam-
ines how intra- and interspecific structure of resident and 
range-expanding ecosystem engineers influences expansion 
success relative to abiotic conditions.

Methods

Site Description

To examine expansion processes at the leading edge of 
the mangrove range, we selected field sites in an ecotone 
of mixed saltmarsh and mangrove habitat in the Matanzas 
River estuary near Crescent Beach, Florida (Appendix 1: 
Fig. S1). In this region, extreme freeze events have caused 
multiple regime shifts between salt marsh and mangroves 
over the past 250 years (Cavanaugh et al. 2019). The estu-
ary includes some of the northernmost mangroves on the 
Atlantic coast of Florida (Williams et al. 2014) and rep-
resents a gradient of mangrove expansion from south to 
north. Although mangroves currently dominate the south-
ern reaches of the estuary, the section surrounding Cres-
cent Beach is a heterogeneous landscape of both salt marsh 
and mangroves; salt marsh dominates the habitats north of 
Crescent Beach. The region is polyhaline and experiences 
semi-diurnal tides (tidal range =  − 0.24 to 1.8 m MLLW). 
Depending on the season, spring high tides in this region 
range from 1.45 to 1.8 m, and neap high tides range from 
1.15 to 1.50 m, suggesting an estimated 30–40 cm differ-
ence in water depth between spring and neap tides (NOAA 
2021).

Field Survey

To examine how black mangrove Avicennia germinans 
seedling density and ecotone vegetation structural traits 
(saltmarsh and mangrove stem density, height) vary with 
adjacency to mangrove life stages (adult, shrub, seedling) 
and habitat setting (fringe, interior), we performed field 
surveys in June 2015 at three mid-estuary sites located 
in a marsh-mangrove mixed area within a 10-km stretch 
of the river surrounding Crescent Beach (Appendix 1; 
Fig. S1; 29.676925°N, 81.223886°W). We divided each 
site into two habitat settings to account for differences in 
inundation regime and species composition: (1) mangrove-
dominated fringe habitat (98 ± 20.6 adult mangroves per 
75  m2 area, mean ± SD) that bordered the water’s edge at 
low tide (within 2 m) and (2) salt marsh-dominated inte-
rior habitat sparsely populated with mangroves (4 ± 4.4 
adult mangroves per 75  m2 area, mean ± SD). Adult man-
groves in interior habitats were interspersed in a matrix 
of high marsh vegetation dominated by Batis maritima, 
with some Salicornia ambigua and Spartina alterniflora 
present. Interior habitats were located at least 20 m away 
from fringe habitats to increase independence between 
habitat settings. In interior habitats, we selected focal 
mangrove plants at three life stages that represented natu-
ral variability in mangrove propagule supply and stature 
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— adults, shrubs, and seedlings (n = 5 plants each). We 
defined adults as plants taller than 100 cm with more 
than 10 flowers (191.5 ± 68.7 cm; mean ± SD), shrubs as 
plants that were 50–100 cm tall and/or had 1–10 flow-
ers (69.3 ± 17.2 cm; mean ± SD), and seedlings as plants 
less than 50 cm tall without flowers (31.8 ± 9.9 cm tall; 
mean ± SD). Each focal plant was located at least 4 m away 
from other focal plants to increase independence among 
plants. Furthermore, to capture the singular influence of 
each focal plant’s life stage, each focal shrub was located 
at least 4 m away from the center stem of any adult plant 
and each focal seedling was located at least 4 m away from 
the center stem of any shrub or adult. In fringe sections, 
we surveyed only adult focal plants (n = 5) because it was 
not possible to find isolated focal shrubs or seedlings that 
were at least 4 m apart from one another and stay within 
the fringe habitat.

To characterize vegetation attributes around focal plants, 
we surveyed the vegetation surrounding each focal plant 
within a circle of 0.5-m radius. We counted all mangrove 
seedlings present within the circle and then counted all salt-
marsh stems, mangrove seedling stems, and pneumatophores 
within a 0.0625  m2 quadrat haphazardly placed within the 
circle. Also within the circle, we measured the heights for 
up to five haphazardly chosen individuals of each structure-
providing vegetation type (i.e., Spartina alterniflora, Batis 
maritima, Salicornia ambigua, Avicennia germinans stems, 
and Avicennia germinans pneumatophores).

Data Analysis

To examine how mangrove seedling density and vegetation 
structural traits varied with focal plant identity in different 
habitat settings, we fit separate generalized linear mixed 
models (GLMMs) with the “lme4” package to examine 
mangrove seedling density, vegetation stem density (salt 
marsh, pneumatophore), and vegetation height (salt marsh, 
pneumatophore) as a function of focal plant identity in each 
habitat setting (fringe adult, interior adult, interior shrub, 
interior seedling), including site as a random intercept 
(Bates et al. 2015). For seedling density and stem density, 
we initially fit models with a Poisson distribution and a log 
link, and re-fit overdispersed data with negative binomial 
distributions and log links. For vegetation height, we fit lin-
ear mixed models (LMMs) with the same model structure 
as above. To account for different species-specific heights 
within the saltmarsh community composition, we weighted 
the averaged salt marsh height by each species’ stem den-
sity to account for the relative contributions of each veg-
etation type to the average salt marsh height of each plot. 
We used the “DHARMa” package to ensure that all models 
met assumptions of homogeneity of variance, zero-inflation, 
and normality of residuals (Hartig 2017). We then used post 

hoc pairwise comparisons to assess differences among treat-
ments with the “emmeans” package (Lenth 2018).

Propagule Retention Experiment

Differences in seedling density based on focal plant identity 
and habitat setting suggested that mangrove establishment 
could have been promoted by the existing propagule supply 
or by the interaction between the structural traits of exist-
ing vegetation and the tidal regime. To disentangle these 
mechanisms, we conducted a field experiment to examine 
mangrove propagule retention in different structural micro-
habitats, given a standardized propagule supply. We estab-
lished experimental plots in the fringe and interior habitat 
settings at one of the field survey sites (Appendix 1: Fig. S1; 
29.6778° N, 81.224° W). In each habitat setting, we cre-
ated ten blocks in a randomized block design. Within each 
block, we spaced four 1  m2 experimental plots 1 m apart. We 
separated the blocks by at least 3 m to increase independ-
ence among blocks. Each block included four plots with the 
following structural microhabitat treatments: (1) pneumato-
phores beneath adult mangrove, (2) pneumatophore mimic, 
(3) saltmarsh vegetation, and (4) bare sediment (Appendix 
1: Fig. S2). The pneumatophores beneath adult mangrove 
and saltmarsh vegetation treatments were undisturbed natu-
ral vegetation. No adult or shrub mangroves were present in 
saltmarsh treatments. To characterize vegetation structure in 
the salt marsh and adult mangrove plots, we counted vegeta-
tion stems and pneumatophores in a 0.0625  m2 quadrat hap-
hazardly placed in each plot and we measured the heights of 
up to five randomly chosen individuals of each present veg-
etation type. To create the bare sediment treatment, we cut 
existing aboveground vegetation to the ground. We estab-
lished a mimic treatment to isolate the structural effects of 
mangrove pneumatophores, which are the dominant natural 
understory structure underneath adult mangroves. To create 
this treatment, we cut existing aboveground vegetation to 
the ground and used bamboo chopsticks (200 mm × 6 mm) 
to approximate the height and width of natural pneumato-
phores (Appendix 1: Fig. S2) (Bishop et al. 2013). To ensure 
a natural spatial arrangement of the mimics, we mapped 
the locations of natural pneumatophores in four 0.0625  m2 
quadrats onto window screening and cut out holes that cor-
responded to pneumatophore locations. We then randomly 
placed the four mimic template quadrats in a 0.25  m2 area at 
the center of each 1  m2 plot and inserted the chopsticks into 
the mapped holes to guide their placement.

To examine the effects of tidal regime and vegetation 
structural traits on propagule retention, we measured prop-
agule retention in the structural microhabitat treatments of 
interior and fringe habitat settings during neap and spring 
tidal sequences. We collected propagules from adult Avi-
cennia trees in Crescent Beach, Florida (29.76425° N, 
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81.27485° W) and floated them in seawater in the lab for 
24 h to remove the propagules’ pericarps, which naturally 
occurs prior to propagule stranding. We chose propagules 
from a size range of 25–35 mm and excluded those with 
signs of herbivory or disease. We then divided the prop-
agules into four groups and marked the propagules in each 
group with a distinct color of spray paint (one for each treat-
ment; n = 800 per treatment); spray paint does not affect 
propagule buoyancy and is commonly used in propagule 
retention experiments (Sousa et  al. 2007; Peterson and 
Bell 2015; Yando et al. 2021). We removed all naturally 
recruited propagules from the experimental plots prior to 
the experiment. During a neap tidal sequence on Novem-
ber 15, 2015 (1.4 m above MLLW; lowest high tides of the 
month), we haphazardly placed 40 propagules onto the soil 
surface of each plot to simulate natural propagule deposi-
tion. We counted the number of marked propagules retained 
in each experimental plot after 12, 24, 36, and 60 h. We  
then repeated the experiment on November 24, 2015, dur-
ing a spring tidal sequence (1.7 m above MLLW; highest 
high tides of the month), but counted propagule retention 
only after 24 h (2 tidal cycles) because propagule retention 
did not vary across structural microhabitat treatments over 
time in the neap trial and asymptoted after 24 h (Appendix  
2: Fig. S1). For each experiment, we measured maximum water  
depth after 24 h in interior and fringe habitat settings with an  
inundation gauge constructed from open-topped microcen-
trifuge tubes placed at 5-cm vertical intervals on a 2 m tall 
wooden dowel.

Data Analysis

We used a GLMM to examine propagule retention as a func-
tion of tidal regime (neap, spring), habitat setting (fringe, 
interior), structural microhabitat treatment (pneumatophores 
beneath adult mangrove, pneumatophore mimic, saltmarsh 
vegetation, bare sediment), and their interaction, with block 
as a random intercept. We fit the model with a negative 
binomial distribution and a log link. We used post hoc pair-
wise comparisons to examine differences in the number of 
propagules retained based on the interaction of tidal regime, 
habitat setting, and structural microhabitat treatment. This 
analysis only included neap tide measurements made at the 
24 h mark because we had data for both spring and neap tide 
sequences for that time period.

To illuminate the role of inter- and intra-specific structural  
traits in driving differences in propagule retention, we targeted  
spring tide, interior habitats where we observed significant 
differences among structural microhabitat treatments. We fur- 
ther focused on the natural vegetation microhabitat treatments  
(pneumatophores beneath adult mangrove, saltmarsh vegeta-
tion) to examine relationships between structural traits (stem 

density, height) and propagule retention. We fit four separate 
GLMMs to examine the number of propagules retained as  
a function of pneumatophore density, pneumatophore  
height, saltmarsh vegetation  stem density, and weighted salt-
marsh vegetation height, with block included as a ran- 
dom intercept. We fit models with Poisson distribu- 
tions and log links. As in the survey, to account for  
saltmarsh community composition, we weighted saltmarsh 
heights by species stem densities to account for the relative 
contributions of each vegetation type to the average salt-
marsh height of each plot. We used the “DHARMa” package 
to ensure that models met assumptions of homogeneity of 
variance, zero-inflation, and normality of residuals (Hartig 
2017). Analyses for the other combinations of tidal regime 
(neap, spring) and habitat setting (fringe, interior) are in the 
supplement (Appendix 2: Figs. S2, S3, S4), and these analy-
ses did not reveal significant relationships between vegeta-
tion structure and mangrove propagule retention.

Results

Field Survey

More seedlings were present in a 0.5-m radius of adult 
mangroves and shrubs in fringe and interior habitat settings 
compared to mangrove seedlings in interior habitats (Fig. 1; 
χ2 = 11.2, df = 3, P = 0.01; n = 15 plants per focal plant life 
stage × habitat setting combination). Vegetation structural 
traits also varied with habitat setting and focal plant type. 
Pneumatophores were at least 7.5 times more abundant 
next to adult mangroves in fringe habitats relative to inte-
rior habitats (27.5 ± 13.0 in fringe; 3.7 ± 2.1 in interior; 
mean ± SD; Fig. 2A). In interior habitats, pneumatophores 
were 7 times more abundant near adult mangroves relative 
to mangrove shrubs or seedlings (interior adults: 3.7 ± 2.1; 
interior shrubs: 0.4 ± 0.6; interior seedlings: 0.5 ± 1.2; 
mean ± SD; Fig. 2A, χ2 = 245.6, df = 3, P < 0.0001). Pneu-
matophore height was relatively constant across focal plant 
types and habitat setting, although the model indicated a 
significant effect across focal plant life stage and habitat  
setting (Fig. 2B, χ2 = 28.2, df = 3, P < 0.001). Pneumato-
phores next to interior mangrove shrubs were on average 5  
to 7 cm shorter relative to the other treatments. In contrast,  
saltmarsh vegetation stem density was at least 6.5 times greater  
in interior habitats across all focal mangrove stages (interior 
adult: 9.5 ± 7.0; interior shrub: 10.2 ± 4.8; interior seedling: 
11.1 ± 4.2; mean ± SD) relative to focal adult mangroves in 
fringe habitat (fringe adult: 1.4 ± 2.2; mean ± SD; Fig. 2C; 
χ2 = 56.2, df = 3, P < 0.0001). The mean weighted height of 
saltmarsh vegetation was at least 1.3 times greater (14 cm 
taller) around focal plants in interior habitat relative to fringe 
habitat (Fig. 2D; χ2 = 46.1, df = 3, P < 0.0001).
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Propagule Retention Experiments

We observed a significant interaction among tidal regime, 
habitat setting, and structural microhabitat treatment on the 
number of propagules retained after 24 h (χ2 = 25.08, df = 3, 
P < 0.0001; n = 10 blocks per tidal regime × habitat set-
ting × microhabitat treatment combination). For both interior 
and fringe habitat settings, more propagules were retained 
during the neap tide than the spring tide (neap: 16.2 ± 8.9; 
spring: 6.0 ± 6.5; mean ± SD; averaged across habitat set-
tings and microhabitat treatments). During both tides, 
more propagules were retained in the interior compared 
to the fringe (Fig. 3; interior: 16.3 ± 8.7; fringe: 5.9 ± 6.8; 
mean ± SD; averaged across tidal regime and microhabitat 
treatments).

Propagule abundance did not vary with structural micro-
habitat treatment in the neap tide for either interior or fringe 
habitat settings (Fig. 3). During the spring tide, there was 
no difference in the number of propagules retained among 
structural microhabitat treatments in fringe habitats, where 
nearly all propagules were lost from all treatments (1.8 ± 2.0 
propagules retained; mean ± SD, averaged across all micro-
habitat treatments; Fig. 3B). However, in the interior, salt-
marsh vegetation retained 2 to 3.5 times more propagules 
compared to the other structural microhabitat treatments. 
In interior habitats during spring tides, the number of 

propagules retained was highly correlated with the struc-
tural traits of the natural vegetation microhabitat treatments 
(pneumatophores beneath adult mangroves, saltmarsh veg-
etation treatments). Propagule retention decreased with 
increasing pneumatophore density (Fig. 4; χ2 = 18.7, df = 1, 
P < 0.0001) and pneumatophore height (Fig. 4; χ2 = 11.7, 
df = 1, P = 0.0006), but increased with increasing saltmarsh 
vegetation stem density (Fig. 4; χ2 = 24.2, df = 1, P < 0.0001), 
and weighted saltmarsh vegetation height (Fig. 4; χ2 = 22.2, 
df = 1, P < 0.0001). There were no significant relationships 
between salt marsh or pneumatophore structural traits and 
propagule retention in the other combinations of tidal regime 
(neap, spring) and habitat setting (fringe, interior; Appendix 
2: Figs. S2, S3, S4).

During the two propagule retention experiments, water 
depths in fringe habitats exceeded those in the interior  
during both spring (fringe: 40 cm, interior: 20 cm) and 
neap (fringe: 10 cm, interior: < 5 cm) tides. On average, 
salt marsh vegetation heights in the experimental plots 
were greater (42.7 ± 17.3 cm in the fringe; 61.6 ± 16.9 cm 
in the interior; mean ± SD, averaged across “salt-
marsh vegetation” and “pneumatophores beneath adult 
mangrove” treatments) than pneumatophore heights  
(12.1 ± 3.2  cm in the fringe; 22.2 ± 6.8  cm in the  
interior; mean ± SD,  averaged across “saltmarsh  
vegetation” and “pneumatophores beneath adult 

Fig. 1  The mean number of 
mangrove seedlings present 
within a 0.5-m radius of a 
focal plant was greatest next 
to interior adult mangroves 
and decreased with the size 
of the focal plant in interior 
habitats from adults to shrubs 
to seedlings (n = 15 focal plants 
per habitat setting). Error bars 
indicate standard error. Letters 
represent significant pairwise 
comparisons among the four life 
stages and habitat settings of 
focal mangroves (α < 0.05)
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mangrove” treatments). Water depths during interior, and  
especially fringe, spring tides generally exceeded pneumato- 
phore heights, but salt marsh vegetation was on average taller  
than water levels during spring tides in the interior (Fig. 4D).  
Saltmarsh and pneumatophore heights exceeded water levels  
during neap tides in interior and fringe habitat settings.

Discussion

Intra- and inter-specific structural traits of resident saltmarsh 
plants and range-expanding mangroves interacted with tidal 
conditions to influence mangrove propagule retention in 
fringe and interior habitat settings. Surveys of vegetation 

 

C.

A.

D.

B.

Fig. 2  A The mean  pneumatophore  density per 0.0625  m2 quadrat 
was highest within 0.5  m of adult mangroves in fringe habitat and 
decreased with focal plant type across interior habitats from adults to 
shrubs and seedlings (n = 15 focal plants per habitat setting). B The 
mean height of pneumatophores (cm) was relatively constant in fringe 
and interior habitats for all focal plant stages. C The mean saltmarsh 
vegetation stem density  per 0.0625  m2 quadrat was greater in interior 

habitats relative to fringe habitats. D The mean weighted height of 
saltmarsh vegetation was greater in interior habitat relative to fringe 
habitats. For all panels, error bars indicate standard error. Some error 
bars in panels A and B are smaller than the size of the circle symbols. 
Within each panel, letters represent significant pairwise comparisons 
based on focal plant identity (α < 0.05)
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structure indicated that dense, low-stature mangrove pneu-
matophores dominated fringe habitats whereas taller, 
sparser saltmarsh vegetation dominated interior habitats. 
Mangrove seedlings were most abundant next to adult man-
groves compared to mangrove shrubs and seedlings in both 
fringe and interior habitat settings. We had expected that 
the dense pneumatophores associated with adult mangroves 
would retain more mangrove propagules relative to other 
structural microhabitats. However, experiments designed 
to isolate the role of vegetation structural traits on prop-
agule retention revealed that propagule retention varied with 
structural microhabitat, the tidal regime, and habitat setting, 
with saltmarsh vegetation retaining the most propagules in 
interior habitats during spring tides. In interior habitats dur-
ing spring tides, propagule retention was positively corre-
lated with salt marsh density and height, which suggests 
that structural traits of resident salt marsh engineers better 
facilitate mangrove propagule retention relative to the struc-
ture of mangrove pneumatophores. There is likely a water 
depth threshold relative to vegetation height, as propagule 
retention was greater when saltmarsh vegetation heights 
exceeded water levels, but a minimum saltmarsh stem den-
sity likely also prevents propagules from escaping around 
the sides of scarce vegetation structure. The greater abun-
dance of mangrove seedlings underneath adult mangroves 
is therefore likely due to increased local propagule supply, 
although propagule retention is accentuated when the adult 
mangrove is surrounded by adjacent salt marsh matrix in 
interior habitats that experience dampened hydrodynamics 
and less inundation.

Tidal regime, habitat setting, and vegetation structural 
traits interacted to influence mangrove propagule retention. 
We found that mangrove propagule retention varied with 
vegetation structural traits, but only in interior habitats dur-
ing spring tides. During the neap tide, water levels were 
lower than vegetation heights in both fringe and interior 
habitats; more propagules were retained in interior habitats 
(< 5 cm inundation) compared to the fringe (10 cm inunda-
tion), and there were no differences in propagule retention 
based on structural microhabitat treatment or the associated 
differences in vegetation height or density (Appendix 2: 
Figs. S2, S4). However, during the spring tide, water lev-
els exceeded most vegetation heights in the fringe (40 cm 
inundation), and most propagules were lost from all struc-
tural microhabitats (Appendix 2; Fig S3). In contrast, in 
the interior habitat setting (20 cm inundation), water lev- 
els remained below saltmarsh vegetation heights and more 
propagules were retained in saltmarsh vegetation compared 
to the other structural microhabitat treatments.  Although 
we did not quantify hydrodynamic variables directly, greater 
propagule retention during the neap tide sequence could 
be due to lower water depths, slower current velocities, 
lower wave energy, or less inundation duration relative to 
the spring tide (Voulgaris and Meyers 2004; Pacheco et al. 
2010). Greater propagule fluxes between fringe and interior 
habitats could occur during periodic events of increased 
water levels, such as during king spring tides or storm 
surges (Peterson and Bell 2015). Microhabitats beneath 
adult mangroves trapped slightly more propagules than the 
bare sediment or pneumatophore mimic treatments, which 

A. B.

Fig. 3  A In the neap tide sequence, the mean number of propagules 
retained per 1  m2 plot (out of 40 propagules) did not vary with 
structural microhabitat treatment (bare sediment = bare, pneumato-
phores beneath adult mangrove = adult mangrove, pneumatophore 
mimic = mimic, saltmarsh vegetation = salt marsh), and more prop-
agules retained in interior habitats relative to fringe habitat (n = 10 
blocks per microhabitat treatment × tide sequence × habitat set-
ting combination). B In the spring tide sequence, the mean number 

of propagules retained per 1  m2 plot (out of 40 propagules) did not 
vary with structural microhabitat in the fringe habitat, and most prop-
agules were lost across all treatments, whereas in interior habitats, 
more propagules retained in saltmarsh and mangrove microhabitats 
relative to bare and pneumatophore mimic microhabitats. Error bars 
indicate standard error, and letters represent significant post hoc pair-
wise comparisons based on structural microhabitat treatment, tidal 
sequence, and habitat setting across both panels
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could be due to the presence of some saltmarsh vegetation 
underneath mangrove canopies. Our results support previ-
ous findings that saltmarsh vegetation facilitates mangrove 
propagule retention (Milbrandt and Tinsley 2006; McKee 
et al. 2007), and that saltmarsh vegetation can interact with 
tidal conditions to influence propagule retention (Peterson 

and Bell 2012, 2018; Yando et al. 2021). We build on this 
work to find that inter-specific structure of resident saltmarsh 
vegetation better facilitated propagule retention relative to 
intra-specific mangrove structure in ecotone habitats at the 
leading edge of the mangrove expansion.

Fig. 4  Across the “pneumatophores beneath adult mangrove” (MAN) 
and “saltmarsh vegetation” (SM) structural microhabitat treatments, 
the number of propagules retained per 1  m2 plot (out of 40 prop-
agules) during the spring tide in the interior habitat setting decreased 
with A pneumatophore density per 0.0625  m2 and B pneumatophore 
height (cm), but increased with C saltmarsh vegetation stem density 
per 0.0625  m2 and D weighted saltmarsh vegetation height (cm). 

Dashed lines show high tide water depth above the sediment surface 
in interior habitat during spring tide sequences. Points that fall to the 
left of these lines represent plots where the weighted height of the 
vegetation was shorter than the maximum water depth. Lines repre-
sent the estimated marginal mean trends (P < 0.001) and shading indi-
cates 95% confidence intervals for the model fixed effects
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In mangrove systems, propagule retention capacity is 
predicted to decrease when water depths exceed the height 
of pneumatophores, and if water levels reach the base of 
mangrove canopies, mangrove crowns are predicted to 
also retain propagules (Van der Stocken et al. 2015). In 
our study, both saltmarsh vegetation height and density 
contributed to increased propagule retention in interior 
habitats during the spring tide, and there is likely a water 
depth threshold relative to vegetation height that influences 
propagule retention. Specifically, we found that propagule 
retention increased as saltmarsh vegetation density and 
height increased, but decreased as pneumatophore density 
and height increased (Fig. 4). Because saltmarsh vegetation 
density and pneumatophore density negatively co-varied, 
the relationships seen in Figs. 3 and 4 are most likely due 
to the positive influence of salt marsh vegetation structure 
on retention and are likely not a direct negative effect of 
pneumatophores. In interior habitats, salt marsh heights 
always exceeded water levels, so it is likely that salt marsh 
height was the primary structural driver of propagule reten-
tion in these conditions. However, some propagule losses 
still occurred when water levels did not exceed vegetation 
heights, which highlights that vegetation density and height 
likely interact to influence propagule retention. That is, even 
with vegetation that is sufficiently tall, if vegetation stems 
are too scarce, propagules may not be retained if they can 
easily float around the sides of the sparse existing structure.

Our finding that inter-specific saltmarsh vegetation 
structure increased mangrove propagule retention rela-
tive to intra-specific mangrove pneumatophore structure 
contrasts with the fact that we observed more seedlings 
underneath adult mangroves relative to shrubs or seedlings 
in the field survey. A similar mismatch between locations 
where propagules retain best and where most seedlings 
develop has also been observed in Gulf coast marsh- 
mangrove habitats (Yando et al. 2021). To account for this 
difference in where propagules retain and where seedlings 
develop, we suggest that overwhelming propagule sup-
ply from adult mangroves could compensate for lower 
propagule retention in mangrove microhabitats. Although 
long-distance mangrove propagule dispersal can occur 
(Stieglitz and Ridd 2001; Van der Stocken et al. 2018), 
most propagules likely stay within a few meters of their 
parent tree (Clarke 1993; McGuinness 1996; Sousa et al. 
2007). We did not measure propagule supply directly, but 
mature adult mangrove trees produce hundreds of prop-
agules during each annual production cycle (Alleman and 
Hester 2011), and propagule supply drives high seedling 
densities beneath canopies in mature mangrove forests 
(Clarke and Allaway 1993). In our system, mangrove prop-
agules that root in suitable locations generally survive and 

develop into mangrove seedlings (Smith et al. 2021), and 
propagule retention is a strong bottleneck in ecotone habi-
tats (Friess et al. 2012). Other factors, such as differences 
in predation pressure or below-ground competition with 
fast-growing salt marsh species could also account for dif-
ferences between salt marsh and mangrove microhabitats 
(Simpson et al. 2013; Smith et al. 2021). However, the fact 
that we observed the greatest seedling densities under-
neath adult mangroves in salt marsh dominated interior 
habitats suggests that these environments had the best of 
both recruitment conditions — a strong local propagule 
supply surrounded by highly retentive inter-specific salt-
marsh structure.

In summary, intra- and inter-specific structural traits 
of resident and range-expanding ecosystem engineers can 
interact with abiotic conditions to influence the estab-
lishment success of expanding species. In particular, 
we found that inter-specific traits of resident saltmarsh 
species promoted mangrove propagule retention more 
than intra-specific mangrove structure. However, these 
patterns depended on the abiotic conditions of the tidal 
regime, and we only observed differences in propagule 
retention between structural traits during spring tides in 
salt marsh-dominated interior habitat settings. Parsing 
structural traits by density and height suggest that a water 
depth threshold relative to vegetation height could influ-
ence mangrove propagule retention, as propagule reten-
tion increased with salt marsh height and stem density 
when vegetation heights exceeded water levels. Vegetation 
height and density likely interact to influence propagule 
retention; vegetation heights that exceed water levels can 
reduce propagule escape above plant canopies, whereas 
denser vegetation can prevent propagules from floating 
away around plant stems. Our findings indicate that the 
inter-specific structure of resident engineers can facilitate 
incoming recruits more than the intra-specific structure 
of the expanding species at its range edge, but this effect 
can vary with abiotic conditions. Thus, our study provides 
an example of abiotic control of ecosystem engineering 
effects based on plant-specific traits. We demonstrate that  
species traits and abiotic conditions interact with  
landscape-scale processes such as dispersal to alter the 
spatial patterning of vegetation.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s12237- 021- 01016-y.
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