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ABSTRACT OF THESIS

Forest Sustainability in an Altered Landscape Requires Human Intervention

Recruitment success determines the abundance and composition of plant communities.
Successful recruitment can be summarized as a simple dichotomy of establishment versus seed
limitations. Establishment limitation occurs when plant populations are inhibited by habitat
availability and quality, whereas seed limitation occurs when seeds fail to arrive in necessary
densities. Recruitment failure undermines overstory sustainability if the existing trees cannot
replace themselves. Preliminary analysis indicated tree recruitment failure at an urban nature
preserve with too few tree seedlings to replace mature canopy trees. These data suggested that
the urban forest was not sustainable. The overarching goal of the study was to test whether
establishment or seed limitation explained the recruitment failure. Given that 90% of seeds are
killed by unsuitable habitat conditions it was hypothesized that establishment limitation would

best explain the limited recruitment. This hypothesis was tested using field experiments with

introduced native tree seeds. However, environmental limitations are of little consequence if the

seeds fail to arrive. This alternative hypothesis was tested using seed traps to capture dispersed
seeds. Seedling recruitment varied by tree species, and it increased significantly with
herbivore/granivore exclusion in experimental plots. Seed rain correlated significantly with
immediately proximate parent plants, but seeds from species beyond 50 m of the experimental
plots were not present in seed traps. These results suggested that habitat quality, particularly
granivory and competition, limited recruitment at local scales in the urban forest whereas long-

distance dispersal limited seed availability beyond local species.
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(plot burned with propane torch) and Herbivore exclusion (plot surrounded by PVC frame
covered in nylon bird netting) treatments. Tree seeds were experimentally planted: Populus
deltoides (Pd), Acer saccharum (As),Pinus strobus (Ps). Placement of treatments and seed

species were randomized. Study site was Tifft Nature Preserve in Buffalo, NY.

Figure 2. Canopy size class distribution of all canopy species (0.25 ha) for (a) Tifft Nature
Preserve (Buffalo, NY) and (b) a theoretical, self-sustaining temperate, deciduous forest
(Shimano (2000). (Note: y-axes differ.) Sustainable forests should have diameter at breast height
(DBH) class distribution curves with a right-skewed, inverse-J pattern (Figure 2b) [Kimmens

1987; Shimano 2000], indicating future canopy replacement by seedlings and saplings.

Figure 3. Interaction plot of the effect on mean (x SE) proportional germination of Acer
saccharum, Pinus strobus, and Populus deltoides by habitat at Tifft Nature Preserve (Buffalo,
NY). Habitat influenced germination for P. strobus but did not have an effect on the other two

species.

Figure 4. Interaction plot of the effect on mean (x SE) proportional germination of Acer
saccharum, Pinus strobus, and Populus deltoides by treatment at Tifft Nature Preserve (Buffalo,
NY). Acer saccharum and P. strobus increased germination only under exclusion treatment.

Populus deltoides increased germination under burn treatment and burn + exclusion treatment.



Figure 5. Interaction plot of the effect on mean (+ SE) proportional germination of treatments
by habitat at Tifft Nature Preserve (Buffalo, NY). Germination under exclusion and burn

treatments, and control was higher in the woodlands than in the grasslands.

Figure 6. Scatterplot of proportional germination by plot vegetation biomass (g) at Tifft Nature
Preserve (Buffalo, NY). Proportional germination is negatively correlated with biomass (coeff. =

-0.006, SE = 0.002, t-value = -3.364, p-value < 0.001).

Figure 7. Mean (+SE) proportional seedling survival by species at Tifft Nature Preserve
(Buffalo, NY). Acer saccharum had a higher survival rate than P. deltoides, though there was no
significant difference between the P. strobus and A. saccharum or P. strobus and P. deltoides.

Responses that are not significantly different share the same letter.

Figure 8. Mean (£SE) proportional seedling survival by treatment at Tifft Nature Preserve
(Buffalo, NY). The burn + exclusion treatment and exclusion treatment yielded higher survival
rates than burn treatment, but control was not significantly different from any other treatment.

Responses that are not significantly different share the same letter.

Figure 9. Effect of woody basal area (cm*/ha) on number of seeds per seed trap at Tifft Nature
Preserve (Buffalo, NY). Number of seeds per trap increased significantly with woody basal area

up to 4.3 cm*/ha and decreased significantly after 4.3 cm*/ha.



Introduction

Urban forests are planned, designed, and managed on municipal lands to maximize
environmental, social, and economic benefits for humans (Johnson et al. 1990). Whereas rural
forests often cover large tracts of land, typically located far from urban centers, urban forests are
smaller and occur within highly altered landscapes closer to urban populations (DEC 2014). We
can think of urban forests as green islands in an archipelago of other green landscapes
surrounded by an ocean of developed areas. Given their isolation in an altered landscape, the
viability of urban forest canopy regeneration is doubtful, but unknown (Oldfield et al. 2013). Are
they sustainable forests or long-lived gardens (requiring constant management)? Urban forest
canopy sustainability may be defined by the regenerative capacity of the existing canopy trees
(Wiersum 1995), but there is a paucity of scientific studies investigating the growth, survival,
and regeneration of native urban forest trees — particularly those investigating seed recruitment
dynamics (Oldfield et al. 2013).

Most plant mortality (90%) occurs during the earliest life stages (Harper 1977; Fenner &
Kitajima 1999). As such, recruitment (seedling establishment and survival) is the critical life
history stage in determining species distributions and community trajectories (Grubb 1977,
Eriksson & Ehrlén 1992; Crawley 2000; Turnbull et al. 2000; Warren & Bradford 2011).
Successful recruitment can be summarized in a simple dichotomy of establishment (suitable
habitat) versus seed (dispersal) limitations. Establishment limitation is present when plant
populations are inhibited by habitat availability and quality (Clark et al. 1998; Nathan & Muller-
Landau 2000), whereas seed limitation occurs when seeds fail to arrive in necessary densities for
recruitment (Eriksson & Ehrlén 1992; Nathan & Muller-Landau 2000; Turnbull et al. 2000;
Svenning & Wright 2005). Recruitment limitation can undermine overstory sustainability if

existing trees fail to replace themselves due to unsuitable habitat or poor seed availability.



Establishment limitation occurs when plant populations are impeded by unsuitable
recruitment habitat (Clark et al. 1998; Nathan & Muller-Landau 2000). This can be the result of
over-browsing by herbivores (Pastor et al. 1993; Webster et al. 2005; Tyler et al. 2008; White
2012; Nuttle et al. 2013). Herbivores may alter plant communities by preferentially feeding on
select species (Pastor et al. 1993; White 2012) leading to a restructuring of plant community
composition and shifts in canopy dominance (Salk et al. 2011; White 2012). In fact, the pressure
exerted on plant communities by Odocoileus virginianus (white-tailed deer) browsing can lead to
total recruitment failure for many plant species (Pastor et al. 1993; Webster et al. 2005; White
2012; Nuttle et al. 2013). White (2012) found that unprotected planted species preferred by O.
virginianus suffered near complete recruitment failure, whereas conspecifics that were protected
in enclosures showed significant recruitment success. This effect also occurs with rodents. For
example, Tyler et al. (2008) found that seedling survival approximately doubled in the first year
of establishment when rodents were excluded from experimental plots, and almost all established
seedlings that were protected survived an additional 18 months.

Habitat limitation may also occur through interspecific competition. Competition for
space (Yodzis 1978; Roughgarden & Iwasa 1985; Hughes et al. 1991) and resources such as light
and nitrogen can impact recruitment (Tilman 1987; Zeiter et al. 2006; MacDougall & Wilson
2007). Shrub thickets in forests reduce canopy tree recruitment (Frappier et al. 2003; Fagan &
Peart 2004) through shading, altering soil moisture, pH, carbon, and nitrogen dynamics
(Heneghan et al. 2006). Grasslands are dominated by species of grasses that have traits that
inhibit canopy species, such as dense, fibrous root networks that outcompete woody species for
nutrients (Pl rtel & Wilson 2002). Grasses typically outcompete trees in the seedling and sapling

stage when trees and grasses share the same belowground rooting space (Bond 2008).



Disturbance, such as fire, can disrupt competitive advantages by removing or reducing
established grass cover and freeing up the resources required for tree recruitment (Keeley 1977;
Picket & White 1985; Bond & Midgley 2001; Jutila & Grace 2002).

Suitable habitat is useless, however, to species that cannot access it. Seed limited
recruitment failure occurs when seeds fail to arrive in otherwise suitable habitat (Eriksson &
Ehrlén 1992, Nathan & Muller-Landau 2000, Turnbull et al. 2000, Clark et al. 2007). Two forms
of seed limitation occur: (1) source limitation, in which not enough seeds are produced for
successful recruitment (Clark et al. 2007), and (2) dispersal limitation, in which seeds do not
reach suitable habitat in spite of plentiful production (Clark et al. 2007). Given that introducing
seeds to experimental plots generally increases plant populations (Eriksson & Ehrlén 1992;
Primack & Miao 1992; van der Meijden et al. 1992; Crawley & Brown 1995; Ackerman et al.
1996; Clark et al. 1998; Coulson et al. 2002; Clark et al. 2007; Piqueray et al. 2013) it is likely
that unoccupied suitable habitat is common (Pulliam 2000).

If seed source is an important factor in limiting recruitment, understanding the influence
spatial scales have on seed availability becomes critical. We need to know how different species’
seed sources at local and broad scales determine success in recruitment. For example, at local
levels, in the same habitat, woody species incapable of saturating the forest floor with seeds,
such as Carya (hickories), Cornus (dogwoods), Nyssa (tupelos), and Oxydendrum (sorrels), may
occupy the same stands as species capable of completely covering the forest floor with seeds,
such as Acer (maples), Betula (alders), and Liriodendron (tuliptrees [Clark et al. 1998]). At
regional scales, however, high fecundity in wind-dispersed species reduces the importance of

immediate proximity to suitable microsites compared to short distance dispersers that lack



sufficient long distance dispersal (Clark et al.1998; Cain et al. 2000; Nathan & Muller-Landau
2000).

Given that preliminary analysis indicated tree recruitment failure at Tifft Nature Preserve
in Buffalo, NY (USA), an urban nature preserve dominated by a mature cottonwood forest
canopy, I investigated the mechanisms that might explain forest sustainability. These data
suggested that the urban forest was not sustainable with too few seedlings to replace mature
canopy trees. Although cottonwoods do not recruit well in mature canopies due to germination
requirements for bare soil and full sunlight (Engstrom 1948; Bradley & Smith 1986), shade
tolerant seedlings of middle to late successional tree species should be present (Bonser & Aarsen
1994; Abrams & Orwig 1996). The overarching goal of this study was to test whether
establishment or seed limitation explained recruitment failure at Tifft Nature Preserve. Given
that 90% of seeds are killed by unsuitable habitat conditions, it was hypothesized that
establishment limitation would best explain the limited recruitment. This hypothesis was tested
using manipulative (herbivory exclusion and burning) field experiments with experimentally
planted tree seeds (three species). Given that habitat limitations are of little consequence if the
seeds fail to arrive, I also tested whether the urban forest’s canopy was seed limited using seed

traps.

Methods
Study site
Tifft Nature Preserve (hereafter, "Tifft") is a 107 ha urban nature preserve administered by the

Buffalo Museum of Science. The preserve is a former brownfield (used for industrial activities as

well as refuse dumping until the early 1970s). Tifft (42°50'38.67" N, 78°51'17.27" W) lies close



(~160 m) to the western shore of Lake Erie at an elevation of 183 m and it is surrounded by
former industrial sites, railyards, and other intensely developed areas. The site receives strong
winds all year-round due to its proximity to the western shore of Lake Erie. Tifft contains two
major habitats — deciduous forest (‘“woodlands”) and grassland (“grasslands”) — used in this
study. The dominant canopy species in the woodlands is Populus deltoides (eastern cottonwood),
but other genera are present, including Pinus (pines), Acer, Salix (willows), Ailanthus (tree of
heaven), and Rhamnus cathartica (common buckthorn), a woody invasive that dominates the
shrub-layer. The grasslands consist of rolling hills covering a sealed landfill (Spiering 2009). It is
dominated by grasses, but a few tree and shrub species are present, such as P. deltoides and R.
cathartica. Past industrial dredging and dumping has resulted in a soil base composed of natural
and artificial materials, resulting in variable soil composition throughout the preserve that can
change radically over short distances, horizontally and vertically (Spiering 2009). The soil is
shallow with an underlying mixture of industrial waste, generally alkaline (pH: 7.6-7.8), and it
contains high levels of potassium, magnesium, calcium, and varying levels of phosphorus (Klips

et al. 1993).

Survey data

Tree size class distributions can be linked with demographic patterns in tree stands to infer
population trajectories (Shimano 2000). For example, sustainable overstories require far more
seedlings than the mature canopy trees they may one day replace. Tree abundance, species
richness, and basal area were measured in the woodlands and grasslands habitats in August 2013
to determine overstory composition and structure. Three random transects were established in

each of the woodlands and grasslands areas (n = 6 total transects) with 1 m? plots spaced at 50-m



intervals along each transect. Areas with active management (e.g., invasive species eradication)
and tree plantings were systematically avoided by moving plots 50 m further along the transects.
To avoid edge effects, no plot was located within 50 m of habitat borders, man-made trails, or
preserve boundaries. Each plot was sampled for seedling abundance and cover for all woody
species within the 1 m? plots. Overstory (DBH > 10 cm) and understory (DBH < 10 cm)
abundances were sampled using point-centered quarter method (Dix 1960) up to 50 m from 1 m?

plots.

Seed introduction and habitat manipulation

Twelve randomly stratified experimental grids (n = 6 in woodlands and n = 6 in grasslands) were
established in May 2014 to measure recruitment success in canopy species. Each grid included
four, 0.25 m? treatment plots separated by 0.5 m (Fig. 1). Each treatment plot included three
subplots planted with one of three study trees: Populus deltoides, Pinus strobus (eastern white
pine), and Acer saccharum (sugar maple) in random arrangements. Populous deltoides was
included in the study because it represents the dominant canopy species at Tifft Nature Preserve.
Acer saccharum was chosen for this study as it is a shade tolerant late-successional species
(Bonser & Aarsen 1994). Pinus strobus represents a canopy species that is successful in both
early and middle successional habitats (Abrams & Orwig 1996) and it has a high germination
rate. The seeds were pre-mixed with, and dampened in, approximately 20 g of commercial
potting soil. A 15.2 cm circular PVC cylinder was used to create a 15.2 cm diameter x 2.5 cm
deep depression in each subplot where the seeds were packed with potting soil (Fig. 1). Each plot
was then covered with a wood fiber seed blanket held down with landscape pins to hold the

seeds in place until germination. Twenty seeds of each species were planted in each treatment (n



= 960 total species™). Inspections of the grids for emerging seedlings were conducted every two
weeks May 2014 to October 2014. All plant material in the plots was removed in October, dried
at 65° C for 48 hours, and weighed to determine above ground plant biomass and assess the
competitive environment.

Field manipulations were conducted to test habitat limitations on the recruitment of each
study species in a classic factorial design (Fig. 1). The treatments were: burning (entire 0.25 m?2
treatment plot was burned with a propane torch [VT 3-30 C propane torch, Flame Engineering
Inc., Lacrosse, KS, USA]) in May 2014, herbivore exclusion (PVC frame secured to the ground
with rebar and covered by netting), and burning + herbivore exclusion. Each grid also included a

control plot with no treatments. The spatial arrangement of treatments was randomized.

Seed rain

Tree seed rain was measured to assess seed availability. Twenty-four, 0.25 m? x 1 m high seed
traps (2 per grid, n = 24 total) were placed 2 m from the experimental plots (May 2014). The
design of these traps was based on the seed trap model provided by the Smithsonian Tropical
Research Institute (http://www.ctfs.si.edu/floss/page/methods/). Collection of seeds occurred
every two weeks May 2014 to October 2014 to capture variation in seed dispersal phenology. In
addition, point-centered quarter method (Dix 1960) was used to survey trees 50 m around seed
traps in order to compare seed rain species composition with standing overstory and understory

woody composition.

Habitat conditions



Available diffuse light was measured by calculating the difference between understory
photosynthetically active radiation (PAR; wavelength: 400-700 nm) at each plot and a fully
exposed PAR reference site. Plot-level PAR was measured in August 2014 using a 0.5 m
handheld AccuPAR ceptometer (Decagon Devices, Inc., Pullman, WA, USA), and reference
PAR was measured using a LI-200 spherical PAR sensor (LiCor, Inc., Lincoln, NE, USA) placed
in an open field. Volumetric soil moisture percentage was measured in every plot using a
handheld Hydrosense Soil Water Content Measurement System (Campbell Scientific, Inc.,
Logan, UT, USA) six times from July to September 2014. Temperature probes (Taylor Precision
Products, Oak Brook, IL, USA) were placed at each plot in both habitats in conjunction with the

measurements for volumetric soil moisture percentage to measure soil temperature.

Data Analysis

A canopy size-class distribution for Tifft was built using tree DBH data with seedlings as the
smallest class. Recruitment success was considered in two parts: Germination success
(successful germination/20 seeds planted) and seedling survival success (survived
seedlings/germinated seeds). Student’s t-tests were used to determine the difference between
canopy stems and basal area per habitat. Germination and survival success as a function of
habitat and experimental treatments were analyzed as binomial proportions using generalized
linear models (GLM) assuming a binomial error distribution using the R statistical software (R
Development Core Team 2015). Given that both models were overdispersed (¢ > 2.5),
quasibinomial error distributions were used. The germination and survival models included
habitat (woodlands, grasslands), treatments (burn, exclusion, control, burn + exclusion), species

(A. saccharum, P. deltoides, P. strobus), and interactions terms (habitat X treatment, habitat x



species, and treatment x species.) The “car” package (Fox & Weisberg 2011) was used to test for
collinearity (variance inflation) in the models. The coefficients for fitted GLM models were
analyzed using analysis of deviance (ANODEV) with Chi-square tests. GLM ANODEYV models
were also used to evaluate germination and survival as a function of plot vegetation biomass
assuming quasibinomial error distributions (¢ > 2.5). The composition and quantity of seed rain
was evaluated as a function of woody basal area (canopy and understory) using a linear

regression.

Results

Survey Data

Mid-sized trees dominated the size class distribution. There were far fewer seedlings and
saplings than mid-sized trees (Fig. 2a). Populus deltoides (62%) was by far the most common
canopy species, followed by P. strobus (18%), Fraxinus pennsylvanica (green ash, 5%), Rhus
typhina (sumac, 4%), and then ten other species (~11%). Significantly greater stems per plot (¢-
value = 5.743, df = 50.682, p-value < 0.001) were found in the woodland habitat (mean +SE, 3.3
+ (0.2 stems) than in the grassland habitat (1.5 = 0.2 stems). Standing canopy vegetation
comprised significantly higher amounts of basal area per plot (¢-value = 4.623, df = 29.697, p-

value < 0.001) in the woodlands (10.3 m? + 1.6) than in the grasslands (2.6 m? + 0.5).

Seed introduction and habitat manipulation
A significant habitat x species interaction term (df = 2, deviance = 75.787, residual df = 135, p-
value < 0.001) indicated that germination success was higher in the woodlands than grasslands

habitat for P. strobus, but not for either P. deltoides or A. saccharum (Fig 3). A significant
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treatment X species interaction term (df = 6, deviance = 107.343, residual df = 129, p-value <
0.001) also indicated species specific treatment responses. Acer saccharum germination was
lower than the other two species, but differed little between treatments (Fig. 4). Pinus strobus
germination was higher than A. rubrum, and it did much better with herbivore exclusion than the
other treatments. Populus deltoides germination was much greater in the burn treatments (burn
and burn + exclusion) where it also exhibited far greater germination success than the other tree
species. The habitat x treatment interaction also was significant for germination (df = 3, deviance
= 19.405, residual df = 126, p-value < 0.05). Germination under all treatments except burn +
exclusion was higher in the woodlands than grasslands (Fig. 5). Germination success
significantly correlated negatively (coeff. = -0.006367, SE = 0.001892, t-value = -3.364, p-value
< 0.001) with increased competitor biomass (Fig. 6). This effect, however, did not convey a
significant impact on seedling survival (coeff. = -0.002723, SE = 0.003185, t-value = -0.855, p-
value = 0.396).

Seedling survival was species specific (df = 2, deviance = 16.615, residual df = 52, p-
value < 0.05), with A. saccharum surviving at higher rates than P. deltoides but no difference
between P. strobus and the other two species (Fig. 7). Survival was significantly higher for all
species in the exclusion treatments than burn treatment or control (df = 3, deviance = 47.072,
residual df = 54, p-value < 0.001; Fig. 8). Survival did not change with habitat (df = 1, deviance

=2.007, residual df = 57, p-value = 0.346).

Seed rain
Seed rain abundance was significantly dependent on woody basal area (coeff. = 33.35, SE =

10.63, t-value = 3.137, p-value < 0.05) with higher amounts of seeds found in plots with more
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large trees and shrubs (Fig. 9). Only four species of woody plants (Table 1) were found in the

seed traps (R. cathartica, P. deltoides, R. typhina, Cornus spp.), and all of them occur at Tifft.

Discussion

Tree canopy recruitment at Tifft is limited by habitat quality at local scales and seed limitation at
larger scales. Herbivore exclusion and fire disturbance helped establish experimentally planted
regionally common tree species in both woodland and grassland habitats where they are
otherwise uncommon. Hence, Tifft only receives local seed rain that lands in habitat made
unsuitable by high levels of granivory and competition. These results suggest that urban forest
habitat is not sustainable without anthropogenic management.

Seedling recruitment starts with germination, and I found tree germination highly
dependent on burning for two of the three introduced species (Fig. 4). The need for habitat
disturbance for tree germination is well documented (Henry & Swan 1974; Runkle 1982;
Armesto & Pickett 1985; Canham & Marks 1985; Rankin & Pickett 1989; Peroni 1994; Elliot et
al. 1997; Hubbell et al. 1999; Warren et al. 2004). Pinus strobus germination increased by 25%
when sown in a forested habitat as compared to the grassland (Fig. 3), and P. deltoides increased
germination 15-17% when fire disturbance removed vegetation (Fig. 4). Both species are epigeal
and generally germinate successfully under full sun exposure (Engstrom 1948; Balmer &
Williston 1983) and thus grass cover appeared to create unfavorable conditions for germination.

Seeds are an important component of many mammal diets (Jameson 1952; Drozdz 1966;
Abbott & Quink 1970; Everett et al. 1978; Merritt & Merritt 1978; Price & Jenkins 1986; Kelt et
al. 1996; Sivy et al. 2011; Connolly et al. 2014; Lobo 2014). As such, seed predator behavior

influences post dispersal plant recruitment (Abbott 1961; Radvanyi 1970; Reichman 1979;
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Inouye et al. 1980; Sullivan & Sullivan 1982; Schupp & Fuentes 1995; Coté et al. 2003; Peters et
al. 2004). Whereas granivorous mammals typically act as generalists due to the widely strewn
and irregular quality and quantity of available seeds (Hulme & Benkman 2002), seed mass
generally serves as a proxy for nutritional content that drives small mammals to prefer larger
seeds (Vander Wall 2010; Hulme 1998; Wang & Chen 2009). In this study, germination rates for
the relatively larger A. saccharum and P. strobus seeds were higher when protected inside
enclosures, but protecting the much smaller P. deltoides seeds did little for germination, even in
optimal conditions of bare soil and direct sunlight (Table 2).

Herbivores pose large impacts on plants that make it to the seeding stage (Pastor et al.
1993; Webster et al. 2005; Tyler et al. 2008; Salk et al. 2011; White 2012; Nuttle et al. 2013).
Seedlings of the introduced tree species generally survived at higher rates (18-23%) when
protected from browsers (Fig. 8) indicating that survival is linked with reduced herbivory. A
large O. virginianus population dominates the study site (Spiering 2009, pers. obs.). Herbivory
by O. virginianus, as displayed in previous studies (Pastor et al. 1993; Stromayer & Wilson
1997; Rooney et al. 2002; MacDougal & Wilson 2007; Gill & Morgan 2010; White 2012) may
account for differences in survival rates among protected and unprotected plots. Survival also
differed between species indicating preferential browsing may be present (Fig. 7). Although
seedling size differences and detectability could account for the species-specific survival rates, in
this case using size as a proxy for preference was unlikely. A. saccharum and P. strobus
seedlings were much larger and more apparent within the plots than P. deltoides seedlings (Table
2), though the latter species had the lowest survival rate.

Whereas habitat quality limited recruitment, Tifft also lacked availability of seed

emigration by successional tree species. Populus deltoides constituted 100% of seeds by



13

abundance in grasslands seed traps and 99% of seeds by abundance in woodlands seed traps,
indicating this species was a better disperser than any other tree at Tifft (Table 1). These results
demonstrate that influx of this species may represent a consistent source of seeds. However,
neither a persistent nor a transient seed reserve of middle to late successional species was able to
accumulate, indicating a poor outlook for sustaining the canopy (Baskin & Baskin; Thompson &
Grime 1979). These characteristics do not necessarily apply to species, like P. deltoides, that are
characterized by long-distance dispersal (> 500 m, Cain et al. 2000; maximum 1000 m, Feekes
1936), high fecundity (~400 seeds cm? basal area, Cain et al. 2000), and rapid growth, in open
canopies and disturbed habitat. Urban green spaces rely heavily on existing localized individuals
for seed source, as availability of nearby sources of short range seed dispersers are virtually non-
existent due to the isolated, “island-like” nature of these forests (Sullivan et al. 2009).
Furthermore, Clark et al. (1998) correlated fecundity (seed production per cm? basal area)
positively to mean dispersal distance for 14 canopy species indicating, as this study verifies, that
seedling recruitment of many species in a particular location is restricted by proximity to
reproducing adults.

Establishing whether recruitment in plant populations is seed or habitat limited is crucial
to understanding population trajectories. If a landscape receives sufficient seed input, then
failures in recruitment may be due to limitations in habitat via interspecific competition or by
seed predators and herbivores (Crawley & Ross 1990). If it does not receive seeds, then the
quality of habitat is irrelevant (Eriksson & Ehrlén 1992, Nathan & Muller-Landau 2000,
Turnbull et al. 2000, Clark et al. 2007). The results presented here suggest that urban forest
recruitment was limited by a combination of both seed and establishment limitation, as is

recruitment in many non-urban systems (Eriksson and Ehrlén 1992, Clark et al. 2007, Poulsen et
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al. 2007, Warren et al. 2012). However, due to the diverse mechanisms at work limiting seedling
recruitment here and the relatively short duration of this study (~1 year), it may be worth
exploring each mechanism in deeper detail over longer periods of time in future research to help
discern differences in the intensities of limiting factors at similar urban landscapes.

Whereas the regeneration of the existing canopy is required for sustainability, other
successional trajectories could be considered without management intervention. Simple models
of succession indicate that short-lived overstory species with rapid growth rates, such as P.
deltoides, should initially dominate forest canopies, but later successions should be characterized
by slower growing trees (Crawley 1997). With this type of succession later successional tree
species have lower mortality than the non-native and pioneer species so that they eventually
become the dominant overstory species (Crawley 1997). The initial colonization of the Tifft
forest occurred immediately after landfill capping in conditions of bare soil and very little
competition for newly established seedlings (Spiering 2009). At the current trajectory, without
management intervention, Tifft’s succession is headed toward a grass and shrub dominated
landscape with few trees to close a canopy.

The continued growth of cities (UN 2014) will place increased needs and strains on
urban forests (Wania et al. 2006; McKinney 2008; Shen et al. 2008). Urban forests typically have
lower abundance and lower emigration of native tree species than their rural counterparts
(Burton et al. 2005; Pennington et al 2010; Michalak 2011; Trammell & Carreiro 2011;
Overdyck & Clarkson 2012). Tree recruitment failure suggests that urban forest canopy species
have limited sustainability. Long-distance dispersal recruitment failure indicates that ‘natural’

recruitment rescue is unlikely. These results demonstrate that urban forest recruitment is limited
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on several fronts, from local to regional scales, so that sustaining man-made forests require man-

made interventions.
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Table 1. Weight differences between seeds and seedlings of study species. Values in

parentheses denote standard errors.
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Table 1
Species Grasslands Woodlands
Populus deltoides 87 (55.16) 623 (65.17)
Rhus typhing 0 1
Rhamnus cathartica 0 2 (1.37)
Cornus spp. 0 0.5 (0.5)




Table 2. Species and abundance of seed composition in seed traps per plot for each habitat.

Values in parentheses denote standard errors.
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Table 2

Species

Seed mass (g)

Seedling mass (g)

Populus deltoides
Acer saccharum
Pinus strobus

0.007 (0.001)
0.071 (0.005)
0.017 (0.004)

0.076 (0.013)
0.203 (0.044)
0.563 (0.029)
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Table 3. Abiotic and biomass differences between habitats. Values in parentheses denote

standard errors.
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Table 3

32

Grasslands Woodlands
Photosynthetically active radiation (%) 97.03 (0.58) 46.04 (0.53)
Soil moisture (%) 18.21 (0.31) 46.75 (0.91)
Soil temperature (°C) 17.53(0.18) 17.08 (0.20)
Herbaceous layer biomass (g/m?) 807.20 (19.88) 78.52 (7.60)
Overstory woody basal area (m?/ha) 2.22 (1.76) 21.52 (2.80)
Understory woody basal area (m?/ha) 0.16 (D.08) 0.68 (0.08)




Figure 1. Habitat suitability experiment grids for overstory species recruitment with Burning
(plot burned with propane torch) and Herbivore exclusion (plot surrounded by PVC frame
covered in nylon bird netting) treatments. Tree seeds were experimentally planted: Populus
deltoides (Pd), Acer saccharum (As),Pinus strobus (Ps). Placement of treatments and seed

species were randomized. Study site was Tifft Nature Preserve in Buffalo, NY.
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Figure 2. Canopy size class distribution of all canopy species (.25 ha) for (a) Tifft Nature
Preserve (Buffalo, NY) and (b) a theoretical, self-sustaining temperate, deciduous forest
(Shimano (2000). (Note: y-axes differ.) Sustainable forests should have diameter at breast
height (DBH) class distribution curves with a right-skewed, inverse-J pattern (Figure 2b)
[Kimmens 1987; Shimano 2000], indicating future canopy replacement by seedlings and

saplings.
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Figure 3. Interaction plot of the effect on mean (x SE) proportional germination of Acer
saccharum, Pinus strobus, and Populus deltoides by habitat at Tifft Nature Preserve (Buffalo,
NY). Habitat influenced germination for P. strobus but did not have an effect on the other two

species.
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Figure 4. Interaction plot of the effect on mean (x SE) proportional germination of Acer
saccharum, Pinus strobus, and Populus deltoides by treatment at Tifft Nature Preserve (Buffalo,
NY). Acer saccharum and P. strobus increased germination only under exclusion treatment.

Populus deltoides increased germination under burn treatment and burn + exclusion treatment.
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Figure 5. Interaction plot of the effect on mean (+ SE) proportional germination of treatments
by habitat at Tifft Nature Preserve (Buffalo, NY). Germination under exclusion and burn

treatments, and control was higher in the woodlands than in the grasslands.
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Figure 6. Scatterplot of proportional germination by plot vegetation biomass (g) at Tifft Nature
Preserve (Buffalo, NY). Proportional germination is negatively correlated with biomass (coeff. =

-0.006, SE = 0.002, t-value = -3.364, p-value < 0.001).
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Figure 7. Mean (+SE) proportional seedling survival by species at Tifft Nature Preserve
(Buffalo, NY). Acer saccharum had a higher survival rate than P. deltoides, though there was no
significant difference between the P. strobus and A. saccharum or P. strobus and P. deltoides.

Responses that are not significantly different share the same letter.
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Figure 8. Mean (+SE) proportional seedling survival by treatment at Tifft Nature Preserve
(Buffalo, NY). The burn + exclusion treatment and exclusion treatment yielded higher survival
rates than burn treatment, but control was not significantly different from any other treatment.

Responses that are not significantly different share the same letter.
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Figure 9. Effect of woody basal area (cm*/ha) on number of seeds per seed trap at Tifft Nature
Preserve (Buffalo, NY). Number of seeds per trap increased significantly with woody basal area

up to 4.3 cm*/ha and decreased significantly after 4.3 cm*/ha.
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