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Handling Editor: Cristina Garcia tree plantations as strategies to restore tropical forest. We have collected data on
planted tree survival and growth, woody vegetation recruitment and structure,
seed rain, litterfall, epiphytes, birds, bats and leaf litter arthropods.

3. Our results indicate that applied nucleation and plantation restoration strategies are
similarly effective in enhancing the recovery of most floral and faunal groups, veg-
etation structure and ecosystem functions, as compared to natural regeneration.

4. Seed dispersal and woody recruitment are higher in applied nucleation and planta-
tion than natural regeneration treatments; canopy cover has increased substantially
in both natural regeneration and applied nucleation treatments; and mortality of
planted N-fixing tree species has increased in recent years. These trends have led to
rapid changes in vegetation composition and structure and nutrient cycling.

5. The applied nucleation strategy is cheaper than mixed-species tree plantations,
but there may be social obstacles to implementing this technique in agricultural
landscapes, such as perceptions that the land is not being used productively.

6. Applied nucleation is likely to be most effective in cases where: planted vegeta-
tion nuclei enhance seed dispersal and seedling establishment of other species;
the spread of nuclei is not strongly inhibited by abiotic or biotic factors; and the
approach is compatible with restoration goals and landowner preferences.

7. Synthesis and applications. Results from our 15-year, multi-site study show that
applied nucleation can be a cost-effective strategy for facilitating tropical forest
regeneration that holds promise for helping to meet large-scale international for-

est restoration commitments.
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1 | INTRODUCTION

An ambitious restoration agenda has been set at the global scale
(Chazdon et al., 2017), including the Aichi targets, which propose to
restore 15% of the land area world-wide, and the Bonn Challenge,
which aims to restore tree cover on 350 million hectares by 2030.
These efforts are motivated by varied goals, including conserving
biodiversity, improving water quality and supply, sequestering car-
bon and improving human livelihoods (Chazdon et al., 2017). To
meet these large-scale targets we need restoration strategies that
are ecologically sound and economically feasible, especially given
the limited resources available (Stanturf, Palik, & Dumroese, 2014).

One approachis to plant or seed clusters of plants within alarger
area, a strategy that has been variously referred to as applied nucle-
ation (Corbin & Holl, 2012), woodland islets (Rey Benayas, Bullock,
& Newton, 2008), tree islands (Zahawi & Augspurger, 2006) or clus-
ter planting (Saha, Kuehne, & Bauhus, 2016). This approach mim-
ics the natural nucleation process (Yarranton & Morrison, 1974) in
which primary colonists establish in patches and spread outward
clonally and/or facilitate the colonization of other species. Not only
does this methodology better approximate the small-scale hetero-
geneity of the natural ecosystem recovery (Corbin & Holl, 2012;
Holl, Stout, Reid, & Zahawi, 2013), it also requires less resources
for planting and maintaining seedlings than do standard tree
plantations.

Applied nucleation has been tested or proposed for restoration
in a range of ecosystem types including tropical forest (Piiroinen,
Nyeko, & Roininen, 2015; Ramirez-Soto et al., 2018; Zahawi &
Augspurger, 2006), temperate forests and woodlands (Aradottir &
Halldorsson, 2018; Rey Benayas et al., 2008; Robinson & Handel,
2000; Saha et al., 2016), saltmarshes (Silliman et al., 2015), arid
shrublands (Hulvey et al., 2017) and grasslands (Grygiel, Norland,
& Biondini, 2018). These studies suggest that in mesic systems
where seed dispersal is limiting, tree nuclei enhance dispersal of an-
imal-dispersed seeds and shade out competitive ruderal vegetation
(Piiroinen et al., 2015; Reid, Holl, & Zahawi, 2015). In systems with

harsh microclimatic conditions, plant nuclei can ameliorate stressful

abiotic conditions to facilitate seedling establishment (Aradottir &
Halldorsson, 2018; Hulvey et al., 2017; Silliman et al., 2015). There
are a growing number of applied nucleation studies, but most have
not compared the strategy to other restoration approaches and have
been conducted at only one or a few sites.

Here we review the lessons learned from a well-replicated,
15-year study comparing applied nucleation to both natural regen-
eration and mixed-species tree plantations as strategies to restore
tropical forest. We summarize the substantial changes over the first
decade and evaluate whether tree nuclei facilitate establishment of
other species and increase in size, which is key to the success of this
restoration approach. We ask the broad questions of: (a) whether
applied nucleation is an effective restoration strategy to facilitate
the recovery of abundance, richness and composition of various flo-
ral and faunal groups, as well as ecosystem processes (e.g. litterfall,
biomass accumulation), and (b) under what conditions is it a feasible
approach to implement at larger scales? We frame this paper around
the ecological and management lessons that can be drawn from the
more than 50 publications and additional datasets resulting from this
study. We refer to other applied nucleation studies throughout to
compare where results concur or differ. We conclude by suggesting
the conditions under which applied nucleation holds the most prom-
ise as a restoration strategy, as well as recommendations for future

research directions.

2 | STUDY DESIGN
2.1 | Study sites

This study was conducted at 15, ~1-ha sites spread across an
~100 km? area in southern Costa Rica (Figure 1) allowing us to over-
come the issue of idiosyncratic results of individual sites and gen-
eralize across a broader landscape. The forests in this region are at
the boundary between Tropical Premontane Wet and Rain Forest
zones (Holdridge, Grenke, Hatheway, Liang, & Tosi, 1971), range in
elevation from 1,100 to 1,430 m and receive mean annual rainfall of
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15 study sites from which data were
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Forest cover data are from Mendenhall,
Sekercioglu, Brenes, Ehrlich, and Daily
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3,500-4,000 mm with a dry season from December to March. Mean
annual temperature is ~21°C. All sites are separated by a minimum
of 700 m, and the surrounding landscape is a fragmented mosaic
of agricultural fields and pasture interspersed with remnant forest
patches (Zahawi, Duran, & Kormann, 2015). Forest cover surround-
ing the plots ranged from 0% to 85% and 11% to 89% at 100- and
500-m buffers respectively at the beginning of the study (Table 1).

All sites were used for 218 years for a mixture of cattle grazing
and coffee farming (Table 1). At the start of the study, sites were
either dominated by one or a combination of the forage grasses
Axonopus scoparius, Pennisetum purpureum and Urochloa brizantha, or
hosted a mixture of grasses, forbs and the fern Pteridium arachnoi-
deum. Most sites are steeply sloped (15-35°). Soils are volcanic in
origin, mildly acidic, low in P and high in organic matter (see Table S1,
Holl & Zahawi, 2014).

2.2 | Experimental design

Because of the scale of this study, the original 15 sites were set up

over a 3-year period: seven sites in 2004, five in 2005 and three in

TABLE 1 Site characteristics

Year Year site Elevation Forest cover
Site planted lost (m) within 500 m (%)
AC 2005 1,430 48-50
BB 2004 1,290 36-38
BR 2004 2012 1,060 13-17
CD 2004 2009 1,160 32-40
EC 2006 1,180 40-48
GN 2005 2015 1,170 43-44
HB 2005 1,120 23-25
JG 2005 1,180 65-71
LL 2004 1,160 50-54
MM 2004 1,100 71-89
OM 2005 1,120 24-25
RS 2004 1,190 36-40
SC 2006 1,110 43-44
SG 2004 1,110 11-16
SP 2006 1,330 57-63

dIndicates whether there is a reference forest plot near the site.

2006. We currently have 12 active sites remaining; the other three
were converted to other land uses within 5-10 years after plant-
ing (Reid et al., 2017). At each site we established three 0.25-ha
(50 x 50 m) plots, each separated by a >5-m buffer. Each plot
received one of three treatments: natural regeneration, applied
nucleation or plantation (Figure 2). Plantations were uniformly
planted with tree seedlings, whereas the applied nucleation treat-
ment was planted with six tree nuclei of three sizes: two each of
4 x 4,8 x 8 and 12 x 12 m. We planted two later-successional
tree species that are widely available in nurseries and planted
throughout Central America, Terminalia amazonia (Combretaceae)
and Vochysia guatemalensis (Vochysiaceae), and two fast grow-
ing N-fixing species, Erythrina poeppigiana and Inga edulis (both
Fabaceae) that are used in agricultural intercropping systems to
provide rapid shade cover and increase soil nutrients. Tree spacing
was kept constant (~2.8 m); 313 trees were planted in plantation,
86 in applied nucleation and none in natural regeneration plots.
Naturally establishing vegetation in all plots (including natural
regeneration) was cleared to ground level with machetes imme-
diately prior to planting and at ~3-month intervals for the first

2.5 years to allow planted tree seedlings to grow above existing

Ref.

forest® Past land uses

No Corn and beans (4 years), fallow (12-14 years),
pasture (13 years)

No Pasture (10 years), coffee (32 years)

No Coffee (35 years), pasture (20 years)

No Coffee (16 years), pasture and orange trees
(2 years)

No Coffee (16 years), beans (15 years), fallow
(17 years)

No Pasture (47 years)

No Coffee (25 years), pasture (8 years), fallow
(4 years)

Yes Mixed simultaneous uses: mostly beans (35 years)
and fallow (5 years), partly coffee (30 years) and
pasture (10 years)

Yes Pasture (17 years), vegetables (5 years), coffee
(7 years), beans (5 years), fallow (15 years)

Yes Pasture (>40 years), fallow (4 years)

Yes Beans and corn (10 years), pasture (5 years),
coffee (5 years), fallow (5 years)

Yes Mixed simultaneous uses: mostly pasture
(10 years), coffee (20 years), corn and beans
(2 years), intermittently grazed pasture
(20 years)

No Pasture (30 years), beans (3 years), fallow (4 years)

No Coffee (25 years), fallow (3 years), pasture
(4 years)

Yes Pasture (33 years)
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FIGURE 2 Top panels detail the original planting design and bottom panels illustrate the plots after 15 years showing both planted and
naturally recruited vegetation. In top panels gray areas were planted with Erythrina poeppigiana (E), Inga edulis (1), Terminalia amazonia (T) and
Vochysia guatemalensis (V). Sm = small; Med = medium. Artist credit: Michelle Pastor

vegetation; most data collection started after that time. Zahawi,
Holl, Cole, and Reid (2013) and Holl and Zahawi (2014) provide
more details about the experimental design. We also collected
data on many variables (see Appendix S1) in plots within reference
forests (2 to >300 ha) adjacent to the six restoration sites that
have sufficient area of remnant forest nearby; these forests are
the most representative habitat available in the region.

By 2019 (13-15 years after plot set up), most natural regen-
eration plots had patchy canopy cover, primarily in the 2- to 5-m
strata, with dense grass cover in between (Figure 2; Table 2), but
a couple had more extensive cover of trees and shrubs (Holl, Reid,
Oviedo-Brenes, Kulikowski, & Zahawi, 2018). In most applied nu-
cleation plots, canopy cover expanded substantially beyond the
initial planted area so that by 2019 most of the plots had canopy
cover either in the 2-5 or >5 m strata (Figure 2; Table 2). Most
plantation plots had a relatively homogenous tall canopy cover
and less mid-storey shrub and tree cover than the other treat-
ments (Table 2), likely due to extensive shading, a trend observed
in other restoration plantations (de Oliveira, de Oliveira, Suganuma,
& Durigan, 2019).

TABLE 2 Per cent woody canopy in the 2-5, >5 m, and overall
canopy strata in three restoration treatments in 2019. Vegetation
point-intercepts were recorded at 96 points along systematic
transects at n = 12 sites per treatment. Values are M = 1 SE. Means
with the same letter do not differ significantly using Tukey's
multiple-comparison test

Overall
Treatment 2-5m >5m canopy
Natural regeneration 63.4+5.3° 11.0+£2.4° 739 +4.7°
Applied nucleation 63.2+£3.5" 351:60° 934x21°
Plantation 43.249° 55.7 +5.5¢ 98.7 +0.8°¢

2.3 | Data collection and analysis

We have collected extensive data on vegetation recovery includ-
ing planted tree survival and growth; woody vegetation recruitment,
survival, growth and structure; and epiphyte species richness. We
have monitored abundance, richness and composition of birds and

bats, which are important seed dispersers in this system (Cole, Holl,
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& Zahawi, 2010) and leaf litter arthropods, which play a key role in lit-
ter decomposition (Cole, Holl, Zahawi, Wickey, & Townsend, 2016). We
have also measured the effect of restoration treatments on seed dis-
persal, a common limiting factor in tropical forest recovery (Holl, 2007)
and litterfall biomass and nutrients, as an indication of the recovery of
nutrient cycling processes. Some data were collected at all sites (e.g.
planted tree growth, seedling recruitment), whereas other datasets
that require more intensive sampling were collected at a subset of
sites (e.g. leaf litter arthropods, nutrient inputs, seed rain). Accordingly,
sample size for the studies reviewed here ranges from 4 to 15 sites.
The study is set up as a randomized block design with treatment
(natural regeneration, applied nucleation, plantation, reference for-
est) as a fixed effect and site as the random block effect. We have
generally used two-way analysis of variance and general linear mixed
models (including surrounding forest cover as an additional contin-
uous explanatory variable) to analyse response variables and used
post-hoc multiple-comparison procedures to compare different
treatments. Data about nuclei spread were analysed using a one-way
analysis of variance (ANOVA) with location within applied nucleation
plots (within small, medium or large nuclei; 2, 4, 6 or 12 m from nuclei
edge) as the explanatory variable. If response variables did not meet
assumptions of normality and homoscedasticity, they were either
transformed or a different error distribution (e.g. binomial) was used.
Because of high variability in tree growth rates, mean tree height and
cover development overlapped substantially among planting years
(Holl & Zahawi, 2014; Holl, Zahawi, Cole, Ostertag, & Cordell, 2011),

so planting year was not included in most analyses. M + 1 SE are re-
ported throughout.

A detailed presentation of all data collection and analysis pro-
cedures for the numerous variables summarized here is beyond
the scope of this review. In Appendix S1, we provide an overview
of methods for the previously published data reviewed here, along
with references to the original publications where all methods are
described in detail. Appendix S1 also includes detailed collection and

analysis methods for the few new data presented here.

3 | LESSONS LEARNED
3.1 | Efficacy of applied nucleation in facilitating
forest recovery

3.1.1 | Lesson 1: Applied nucleation and plantation
restoration strategies are similarly effective in
enhancing the recovery of several floral and faunal
groups, vegetation structure and ecosystem functions

Most floral and faunal groups we measured had similar abundance
and/or rarefied species richness in applied nucleation and planta-
tion treatments by the end of the first decade of recovery, and in
some cases even sooner (Figure 3). For example, applied nuclea-
tion and plantation treatments attracted similar abundances of

60 (A) Frugivorous birds 10 4 (B) Frugivorous bats b
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£ 40 g
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o 30 a 2
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% 3 FIGURE 3 Responses of ecological
0 0 variables to forest restoration treatments.
i (A) Frugivorous bird abundance in 2016
S0 (C) Animal-dispersed seeds >5 mm __$ 16 (D) Recruits with animal-dispersed ¢ . -
P 14 | seeds o5 mm P (n = 11 sites, J. L. Reid, K. D. Holl, & R.
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seed-dispersing birds and bats (Figure 3A,B), resulting in comparable
abundance and species richness of animal-dispersed seed deposition
and seedling recruitment (Figure 3C,D; Holl, Reid, Chaves-Fallas,
Oviedo-Brenes, & Zahawi, 2017; Reid, Holl, et al., 2015; Reid,
Mendenhall, Rosales, Zahawi, & Holl, 2014; Reid, Mendenhall,
Zahawi, & Holl, 2015). Likewise, applied nucleation and plantation
treatments resulted in equivalent vascular epiphyte richness, litter-
fall production and litterfall nutrient inputs (Figures 3E and 4A-D;
Lanuza et al., 2018; Reid, Chaves-Fallas, Holl, & Zahawi, 2016).
A few variables, however, showed different patterns. For example,
leaf litter arthropods showed a trend toward higher abundance and
richness in applied nucleation than in plantations (Figure 3F; Cole
et al., 2016). Not surprisingly, above-ground biomass accumula-
tion of planted trees in plantations was twice that in applied nu-
cleation plots by the end of the first decade (AN: 2.35 + 0.50; PL:
498+0.73 Mg ha™t year'l; Holl & Zahawi, 2014); in contrast, biomass
of naturally recruiting trees was much lower and did not differ sig-
nificantly across the three restoration treatments (NR: 0.84 + 0.26;
AN:0.83 +0.17; PL: 0.72 + 0.37 Mg ha™* year™).

Moreover, applied nucleation and plantations have both ac-
celerated recovery relative to natural regeneration thus far. Most
bird (Figure 3A; Reid et al., 2014) and leaf litter arthropod variables
(Figure 3F; Cole et al., 2016), tree recruitment (Figure 3D; Holl
et al., 2017), epiphyte richness (Figure 3E; Reid et al., 2016) and
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litterfall inputs (Figure 4; Lanuza et al., 2018) showed a much higher
degree of recovery in applied nucleation and plantation treatments
than in natural regeneration plots. For example, leaf litter arthropod
abundance and richness in applied nucleation plots were double the
values in natural regeneration (Cole et al., 2016).

Species composition of birds (Reid et al., 2014, unpubl. data),
seed rain (Reid, Holl, et al., 2015), tree recruits (Holl et al., 2017)
and leaf litter arthropods (Cole et al., 2016) differed substantially
from reference forests in all restoration treatments after 8-14 years,
with forest-dependent species underrepresented in all restoration
treatments (Holl et al., 2017; Reid et al., 2014; Reid, Mendenhall,
et al,, 2015). For example, both seed rain and tree recruitment
studies noted a paucity of later-successional, large-seeded species
in all restoration treatments, particularly in natural regeneration
(Figure 3C,D). These differences are not surprising given that tropi-
cal forests take many decades to hundreds of years to recover prior
levels of biodiversity (Dent & Wright, 2009).

A few past studies show that planting tree clusters facilitates
plant recruitment as compared to natural regeneration (Aradottir &
Halldorsson, 2018; Piiroinen et al., 2015; Robinson & Handel, 2000;
Zahawi & Augspurger, 2006), but that the facilitative effect of
plantings can decline over time (Corbin, Robinson, Hafkemeyer, &
Handel, 2016). However, most of these studies have not compared

the outcomes of applied nucleation to other restoration strategies
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FIGURE 4 Litterfall biomass and nutrient inputs in restoration treatments after 5 years (n = 6, Celentano et al., 2011) and 10-12 years
(n = 5 for restoration treatments, n = 3 for reference forest, Lanuza et al., 2018). Data were only collected in reference forests after
10-12 years. Values are M + 1 SE. Means with the same letter do not differ significantly using Tukey's multiple-comparison test among
treatments; small letters compare 5-year measurements and capital letters compare 10- to 12-year measurements
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nor have they compared them to reference ecosystems, making it
difficult to ascertain the effects of applied nucleation on succes-

sional trajectories in other ecosystems.

3.1.2 | Lesson 2: A minimum nucleus size is needed
to enhance seed dispersal and seedling recruitment

Results of our study (Cole et al., 2010; Fink, Lindell, Morrison, Zahawi, &
Holl, 2009; Zahawi et al., 2013) and of Zahawi and Augspurger (2006),
who studied applied nucleation in tropical forests in Honduras, show
that larger tree nuclei (64 and 144 m? planted area) have much higher
visitation rates by birds, dispersal of animal-dispersed seeds and seed-
ling recruitment than smaller nuclei (4 and 16 m?). In the first few years
of our study, seed rain and seedling recruitment values in the large and
medium nuclei were two to three times those for small nuclei, which
were similar to those outside the planted area (Figure 5A,B). This result
was likely due to greater per cent canopy cover in large and medium
nuclei (Figure 5C), which both attracts seed dispersers (Fink et al., 2009)
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and shades out light demanding and highly competitive pasture grasses
(Figure 5D). Since tree nuclei cover increased rapidly and differentially in
the first few years (next section), many merged and it was not possible
to compare the effect of individual planted nuclei size on recruitment

beyond the first few years.

3.1.3 | Lesson 3: Tree nuclei are spreading over time
The original nucleation model of succession (Yarranton &
Morrison, 1974) was based on the idea that existing tree nuclei
would increase in size over time through both planted tree growth
and new tree recruitment, and we have observed this pattern in
our sites. We planted only ~20% of the area in applied nucleation
plots, and analyses from drone overflights after 7-9 years showed
that canopy cover >2 m had increased substantially to 45.5 + 9.0%
in these plots, as compared to 14.2 + 6.1% in natural regenera-
tion plots and 78.2 + 9.1% in plantation plots (Zahawi, Dandois,
et al., 2015). Ground-measured data after 13-15 years showed a
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FIGURE 5 Number of (A) animal-dispersed seeds, (B) tree recruits, (C) canopy cover and (D) grass cover at different locations within
applied nucleation plots. Large nuclei = 12 x 12 m planted, medium = 8 x 8 m, small = 4 x 4 m. Values are M + 1 SE for n = 11 plots for seed
deposition in 2006-2008 (Cole et al., 2010), n = 8 plots for recruit data and vegetation structure in 2010 (Zahawi et al., 2013, unpubl. data).
Means with the same letter do not differ significantly using Tukey's multiple-comparison test across locations
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dramatic increase in canopy cover in both the natural regeneration
and applied nucleation plots, particularly in the 2- to 5-m layer
(Table 1).

Most past studies of applied nucleation have been of short dura-
tion so they have not monitored nuclei spread over time. The other
two long-term nucleation studies show that recruitment within and
outside tree nuclei is highly variable across ecosystem types. Corbin
et al. (2016) reported a considerable increase in canopy cover and
higher recruitment of animal-dispersed species within the area of
the original planted tree nuclei after 19 years in a temperate forest
study in the United States, but they did not find greater numbers
of woody recruits near the edge of the planted area compared to
further away. In contrast, Rey Benayas, Martinez-Baroja, Pérez-
Camacho, Villar-Salvador, and Holl (2015) found minimal woody re-
cruitment within or outside planted oak Quercus ilex nuclei in Spain
after 21 years largely due to high seed predation and seedling her-
bivory, particularly at nuclei edges, as well as stressful microclimate

conditions and competition from trees in established nuclei.

3.2 | Changing patterns of recovery

3.2.1 | Lesson 4: Treatment effects change rapidly
during the first decade of recovery

Recovery patterns changed dramatically over the first decade. For
example, the number of animal-dispersed seeds arriving in natural
regeneration plots more than doubled between 2-4 years (Cole
et al., 2010) and 6-9 years following the start of the study (Reid,
et al., 2015). At the first sampling period, seed rain of small (<5 mm),
animal-dispersed seeds was 2.4 times greater in applied nucleation
and three times greater in plantation as compared to natural regen-
eration plots (Cole et al., 2010), whereas by the second sampling
period the number of small, animal-dispersed seeds did not differ
significantly across restoration treatments (Reid, Holl, et al., 2015).
Likewise, the number of recruited trees increased by a factor of 2.5
between 4-6 years and 9-11 years following the end of site manage-
ment (Holl et al., 2017; Zahawi et al., 2013), and approximately 20%
of recruited seedlings died during that same 5-year interval (K. D.
Holl & R. A. Zahawi, unpubl. data).

The composition of overstorey species also changed substan-
tially. Whereas all planted tree species had >80% survival in both
applied nucleation and plantation treatments after 3 years (Holl
et al., 2011), the survival of the two N-fixing species dropped to
approximately half after 12-14 years (E. poeppigiana 50.5 + 7.6%,;
I. edulis 52.7 + 7.9%); this temporarily increased light availability,
thereby increasing growth of the two remaining planted species and
establishment and growth of naturally recruiting species. Such rapid
changes are not surprising, as it is well known that forests are highly
dynamic early in the successional process (Finegan, 1984; Letcher
& Chazdon, 2009; van Breugel, Bongers, & Martinez-Ramos, 2007),
and highlight the importance of longer-term studies to compare res-

toration strategies.

3.2.2 | Lesson 5: Planted trees had weak effects on
nutrient inputs and self-recruitment after a decade

One concern about planting trees to accelerate forest recovery is
that the species selected may affect the trajectories of nutrient
cycling and vegetation composition (Boley, Drew, & Andrus, 2009;
Cusack & Montagnini, 2004; Sansevero, Prieto, de Moraes, &
Rodrigues, 2011). Because less area is planted in the applied nuclea-
tion approach, we anticipated that these effects would be reduced
compared to the plantation treatment. Indeed, at ~5 years into re-
covery we saw a strong effect of planted trees on litterfall biomass
and nutrient inputs (Figure 4; Celentano et al., 2011); litterfall bio-
mass and all macronutrient (N, P, Ca, Mg, K) inputs were highest in
plantations, intermediate in applied nucleation, and lowest in natural
regeneration plots. After 10-12 years, however, litterfall biomass
and inputs of N, P and C in applied nucleation and plantation treat-
ments were comparable (Figure 4; Lanuza et al., 2018), as a result of
the mortality of planted N-fixing trees (discussed above) and the in-
crease in litterfall from naturally recruiting species; values remained
significantly lower in natural regeneration plots.

Thus far, planted species have minimally affected species com-
position of recruiting trees, as evidenced by the similar recruit spe-
cies composition in applied nucleation and plantation plots (Holl
et al., 2017). Moreover, recruits of planted species have comprised
<2% of all recruits across the three restoration treatments (Holl
et al., 2017). Nearly all are Inga edulis or Erythrina poeppigiana, both
of which are ubiquitous in the agricultural landscape so they recruit
into all restoration treatments, including natural regeneration. The
vast majority (>90%) of recruits of these species die within a year,
likely due to shade intolerance and herbivory (A. J. Kulikowski,
unpub. data). Hence, our results suggest that the ‘legacy’ effects
of the planted trees, at least in terms of nutrient cycling and self-
recruitment, are short lived.

3.3 | Practicality of implementing applied
nucleation at larger scales

While our and other studies suggest that applied nucleation is an
ecologically sound and effective approach to facilitating ecosystem
recovery, we are aware of only a few cases to date in which resto-
ration practitioners are using this approach at a large scale (e.g. Osa
Conservation in Costa Rica, Green Again Madagascar). As with all res-
toration strategies it is critical to consider socioeconomic incentives

and barriers to adoption, so we review a few key lessons on this topic.

3.3.1 | Lesson 6: Applied nucleation is less costly to
implement than tree plantations

Cost-effective restoration approaches are needed to restore for-
ests at the scales proposed by international agreements (Brancalion

et al., 2019; Stanturf et al., 2014). In our study, the nursery, planting
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and maintenance costs of applied nucleation were approximately a
third the cost of plantations (Zahawi & Holl, 2009), although the rela-
tive cost depends on the proportion of the area planted in the ap-
plied nucleation strategy. Of course, certain forest restoration costs,
such as land acquisition and fencing to exclude domestic livestock,
are the same regardless of restoration approach, and natural regen-
eration is the cheapest approach if the ecosystem recovers at a pace
that is acceptable for both social and ecological restoration objec-
tives (Chazdon & Guariguata, 2016).

3.3.2 | Lesson 7: Logistical and social challenges can
limit the success of applied nucleation

Restoration companies and practitioners that undertake restora-
tion are more accustomed to the widely used approach of planting
trees in rows which are more orderly than tree clusters. Hence, addi-
tional training may be needed at the outset so that restoration teams
clearly understand the rationale and layout of the applied nucleation
approach (Ramirez-Soto et al., 2018). For example, a less system-
atic planting design means that people who clear vegetation around
the planted seedlings during the first year must be well informed
about spacing so they do not inadvertently damage seedlings (Holl
et al., 2011). These issues can be surmounted, particularly if applied
nucleation is implemented at a large scale and practitioners become
familiar with the technique.

A more challenging issue is landowner perception. When an
area is planted entirely with trees, it is apparent to both the land-
owner and neighbours that the land is being used for what people
commonly consider a productive land use, namely growing trees.
In contrast, we have found that people often perceive natural re-
generation and applied nucleation sites as unused land and con-
sider them ‘messy’ (Zahawi, Reid, & Holl, 2014), which has clear
implications for the longevity of plantings. At the outset of our
study, we had to explain to some landowners repeatedly why we
did not plant trees throughout the entire plot and did not clear nat-
urally establishing vegetation around the planted trees after the
first couple of years. We also had to be vigilant about preventing
livestock entry, particularly in natural regeneration and applied nu-
cleation plots, where the more abundant grass was perceived by
farmers as unused. In recent years we have had to talk with neigh-
bours about not cutting large trees in the plantations for wood,
which can be an important social objective of restoration, but is
not part of our study.

3.4 | Conditions where applied nucleation is likely
to accelerate recovery

Studies to date indicate that applied nucleation is a successful resto-
ration strategy in some but not all situations. We draw on the results
of our and other studies to suggest conditions under which applied

nucleation is more likely to succeed in meeting restoration goals.

3.4.1 | Condition 1: Woody vegetation nuclei
are lacking

As noted earlier, succession in most habitat types occurs naturally
through the establishment of patches of native vegetation that grow
and coalesce over time. In sites with a long history of human dis-
turbance, where natural regeneration is slow, actively establishing
vegetation nuclei can accelerate recovery by serving as sources of
seeds and facilitating dispersal and establishment of other species
(Rey Benayas et al., 2020). Alternatively, some ecosystems and sites,
particularly where there are nearby seed sources and the land has
been used less intensively and for a shorter period of time (e.g. shift-
ing agriculture), nuclei of native vegetation often establish quickly on
their own, making it unnecessary to actively seed or plant (Chazdon
et al., 2020). In such cases, a more cost-effective strategy may be
to allow early-successional species to establish and provide canopy
cover, and then seed or plant large-seeded, later-successional species,
epiphytes or other plant groups that are more establishment limited
(Bonilla-Moheno & Holl, 2010; Duarte & Gandolfi, 2017; Fernandez
Barrancos, Reid, & Aronson, 2017). That said, we have found high var-
iability in the rate of natural establishment and spread of tree nuclei
in natural regeneration plots even within our small region in southern
Costa Rica, and that the number of tree recruits and canopy cover
that establish in the first 1.5 years are good predictors of the rate of
forest recovery over the next several years (Holl et al., 2018). Hence,
a good strategy is to leave a site for a year or two in order to docu-
ment natural recovery before deciding whether to actively introduce

vegetation nuclei.

3.4.2 | Condition 2: Nuclei enhance dispersal of
animal-dispersed seeds

For planted woody vegetation nuclei to enhance dispersal re-
quires the presence of dispersers and connectivity between seeds
sources and regenerating sites. As such, applied nucleation is un-
likely to work in locations where many of the native dispersers
have been extirpated (e.g. Guam, Hawaii, Kaiser-Bunbury, Traveset,
& Hansen, 2010) or overhunting (Brodie, Helmy, Brockelman, &
Maron, 2009; Caughlin et al., 2015); where the system is dominated
by wind-dispersed species (Corbin et al., 2016); or where vast, inhos-
pitable landscapes make seed dispersal improbable. In cases where
animal-mediated seed dispersal is unlikely, restoration efforts will
need to actively reintroduce most desired species.

3.4.3 | Condition 3: Nuclei facilitate rather than
inhibit native species recruitment

The nucleation model is a promising approach when vegetation nu-
clei provide more favourable conditions for seedling recruitment. In
our system, tree nuclei shade out pasture grasses, thereby reducing

competition for newly recruited tree seedlings (Zahawi et al., 2013).
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In locations with more extreme microclimatic conditions, tree and
shrub nuclei may ameliorate temperature and moisture conditions,
reduce wind and trap organic matter and nutrients, thereby facili-
tating the establishment of naturally recruiting species (Aradottir &
Halldorsson, 2018; Gomez-Aparicio, 2009), but they also may com-
pete for resources (Rey Benayas et al., 2015). The species selected
for planting should be chosen carefully, as in some cases, naturally
establishing vegetation nuclei of highly competitive species can
inhibit the establishment of a diverse suite of native species (e.g.
Zahawi & Augspurger, 1999).

3.4.4 | Condition 4: Spread of nuclei is not inhibited
by herbivory, invasive species competition or fire

The spread of vegetation nuclei either via new recruitment or clonal
spread of planted species is key to ecosystem recovery. Woody
cover will increase slowly, if at all, in areas where nuclei spread is
inhibited by herbivory (Rey Benayas et al., 2015), fire (Hill, 2018)
or competition with invasive or other ruderal species (Corbin &
Holl, 2012). For example, trees planted on the edges of nuclei in
eastern Madagascar suffered greater mortality during a wildfire due
to the greater abundance of fine fuels (ruderal ferns) in the spaces
between nuclei (Hill, 2018). Planting tree nuclei for forest restora-
tion may slowly shade out highly competitive grass, fern and other
herbaceous species at the edge of nuclei, permitting spread, whereas
in open canopy systems, such as savannas and grasslands, invasive
grasses inhibit the recruitment of native species at nuclei edges
(K. D. Holl & J. C. Lesage, unpubl. data), so more widespread planting
or seeding is needed.

3.4.5 | Condition 5: Applied nucleation is
compatible with landowner preferences and
restoration goals

It is widely recognized that the selection of restoration approaches
needs to include stakeholders from the outset and consideration
of both biophysical and socioeconomic outcomes (e.g., Holl, 2020;
Mansourian & Vallauri, 2014). Applied nucleation will only be appro-
priate if it is compatible with the goals of specific restoration projects
and landowner needs and preferences. In areas of high human popu-
lation density, where landowners depend on land for income and re-
sources, forest and landscape restoration efforts will likely need to
focus on native species that provide resources to landowners (e.g.
fruit, firewood, timber; Mansourian & Vallauri, 2014). Hence, applied
nucleation is more appropriate for degraded land that was recently
added to a reserve or national park, where funding to restore a large
area is limited, and where the ultimate goal of restoration is conserva-
tion or watershed protection. In highly degraded areas, such as post-
mining, it is typically necessary to use more intensive restoration
strategies, such as restoring topography, planting the entire area, and

using erosion control measures to maintain water quality (Holl, 2020).

4 | RESEARCH DIRECTIONS TO SCALE UP
APPLIED NUCLEATION

While research on applied nucleation and its utility in facilitating
forest regeneration is growing, there are still numerous unanswered

questions. We highlight a few key research areas.

4.1 | Optimal species composition for
applied nucleation

One avenue for future research is to evaluate which combina-
tions of species make the most effective nuclei. Some authors
have suggested planting tree species that produce preferred fruits
for a range of animals to encourage more abundant and diverse
seed dispersal (Howe, 2017; Zahawi & Reid, 2018). Some past
studies have shown that overstorey composition in native tree
plantations can influence the mix of recruiting species (Cusack &
Montagnini, 2004; Sansevero et al., 2011), whereas Li, Cadotte,
Martinez-Garza, Pefia-Domene, and Du (2018) found minimal dif-
ferences in tree recruitment in plots planted entirely with animal-
dispersed or wind-dispersed tree species in Mexico. We advocate
using planting mixes that represent diverse species, genetics and
functional traits. But, we are not aware of studies that have com-
pared vegetation nuclei with different plant species and/or plant
functional traits, such as dispersal mode, growth rate, evergreen
versus deciduous and N fixation, which might affect their efficacy

in facilitating succession.

4.2 | Alternative planting configurations

Our research project and Zahawi and Augspurger (2006) compared
different nuclei sizes, but we know of no studies that have compared
different distances separating nuclei. Whereas the rate of nuclei
spread was variable in our sites, woody cover reached over 90% in
most applied nucleation plots after 15 years (Table 1). The ideal dis-
tance of nuclei spacing will depend on several factors, including the
extent of site disturbance, dispersal distances of planted species, the
rate of nuclei spread and the resources available for tree planting. It
is likely that planting a larger percentage of a restoration site with
nuclei will result in faster recovery but optimal spacing of tree nuclei
needs to be tested, and these considerations clearly impact project
costs.

Other potential planting designs besides applied nucleation that
could achieve the goals of facilitating establishment of other spe-
cies, creating more heterogeneous habitat and reducing restoration
costs also warrant further testing. For example, planting strips or
rows of vegetation with intervening open areas that are allowed to
recover naturally has been used in grassland restoration (Rayburn &
Laca, 2013), and this approach may be more feasible to implement
since farmers and restoration practitioners are more accustomed to

planting in rows.
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4.3 | Comparisons to other restoration methods at
larger scales

In a meta-analysis of tropical forest restoration, Shoo and Catterall
(2013) found few studies that compared different active tropical
forest restoration strategies to each other and to natural regenera-
tion. The same is true for most past studies of applied nucleation.
To conclude more broadly about the efficacy of applied nucleation
will require more studies that directly test whether it enhances
the rate of recovery of both species composition and ecosystem
processes as compared to natural regeneration, and whether it is
similarly effective to more intensive restoration strategies. These
comparisons ideally should be done in the context of actual resto-
ration projects to evaluate ecological and socioeconomic outcomes
at a sufficiently large scale to inform restoration practice. A po-
tential major advantage of applied nucleation is the lower planting
and seedling maintenance costs, which should enable larger areas
to be restored. However, documentation of costs from these com-
parative restoration projects, rather than just scientific studies, are
needed. As the calls from the scientific community, business lead-
ers and politicians to plant billions to trillions of trees increase (Holl
& Brancalion, 2020), large-scale studies are needed to evaluate
whether and how to most strategically plant those trees to facilitate

forest recovery.
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