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Study sites

Study sites are located between the Las Cruces Biological Station (LCBS; 8° 47" 7" N,
82° 57" 32" W) and the town of Agua Buena (8° 44’ 52°°N, 82° 56’ 39°’W) in southern Costa
Rica (Figure S1). The region, once predominantly covered by pre-montane tropical forest, has
undergone significant land-use changes since the 1950’s, primarily due to coffee production and
subsequent conversion to pasture and crops. This has resulted in a highly fragmented landscape,
with forest elements such as remnant patches and riparian forests now comprising approximately
35% of the study area (Zahawi et al. 2015). Most remaining forest is in small patches, and larger
more-intact forested areas are protected, so regional conservation efforts are focused largely on
ecosystem restoration.

We established a well-replicated study between 2004 and 2006 to test hypotheses about
long-term tropical forest recovery under different restoration interventions; here we report on
data from seven, ~1-ha experimental sites. Sites range from 1100—1200 m in elevation, receive
an annual rainfall of 3—4 m, and are mostly steeply sloped (15-30%). Vegetation at the onset of
the experiment was dominated by non-native grasses primarily, and ruderal herbs and ferns (Holl
etal. 2011). At each site, we established three 50 x 50 m treatments: (1) No planting/natural
regeneration; (2) Applied nucleation planting — planting with six tree nuclei of three sizes (4x4,
8x8, and 12x12 m); and (3) Plantation — planting the entire plot. In both applied nucleation and
plantation treatments, four tree species (one animal-dispersed: /nga edulis [11.0 mm]; and three
wind-dispersed: Erythrina poeppigiana [6.4 mm], Terminalia amazonia [6.3 mm], and Vochysia
guatemalensis [38.5 mm]) were planted in a grid and separated by ~2.8 m; 313 trees were
planted in plantation, 86 in applied nucleation and none in natural regeneration plots (for

additional experimental design details see Holl et al., 2020). Additionally, we selected four
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relatively well-preserved and nearby remnant forest sites (ranging from 2 to 320 ha) to serve as
references. Sites were separated by >700 m with treatment plots separated by >5 m within sites.
Forest cover within 500-m buffers at our sites ranged from 11-88%.

After nearly two decades, natural regeneration plots exhibit high variability in recovery,
ranging from sites still dominated by tall non-native grasses to others with substantial woody
recruitment, primarily of early-successional species (Holl et al. 2020, Schubert et al. 2025).
These plots generally show patchy canopy development concentrated in the 2—5 m stratum, with
canopy cover exceeding 60% but interspersed with dense grass cover, although some plots
support more continuous tree and shrub cover (Holl et al. 2020, Kulikowski et al. 2023). In
applied nucleation plots, tree clusters have coalesced into a heterogeneous canopy that extends
well beyond the original planted nuclei, with canopy cover exceeding 90% and a broad vertical
structure spanning 2-25 m (Zahawi et al., unpublished data). In contrast, plantation plots are
closed-canopy environments with consistently high cover (>90%), a relatively homogeneous tall
canopy (20-25 m) currently dominated by Vochysia guatemalensis following the mortality of
most Erythrina poeppigiana and Inga edulis individuals (Kulikowski et al. 2023, Zahawi et al.,
unpublished data). Plantation understories are fairly open with the greatest relative abundance of

late-successional large-seeded recruits compared to the other restoration treatments (Figure S2).

Seed sampling
We placed 16 square seed traps (0.5 m?, mesh size 1 mm) in each of the three restoration
treatment plots at seven sites and in each of the four reference forest plots (Figure S1). Traps

were distributed around four seedling monitoring areas previously established within each plot
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(see Zahawi et al., 2013) with a median (£SD) seed trap distance of 23.4 £ 10.9 m (range 5-51
m). We obtained precise coordinates of each trap using the average waypoint tool with a Garmin
GPS. We collected all seeds >1 mm twice monthly for two years (Mar 2021-Feb 2023). All seeds
were dried and identified to the lowest possible taxonomic level using a reference seed collection
established by this project and housed at the Las Cruces Biological Station. We identified 97% of
collected seeds to at least the family level and distinguished at least 228 taxonomic entities (164
to species, 20 to genus, 4 to family, and 40 remained as morphospecies).

We classified all identified species into successional categories (early, mid, or late),
based on expert opinion, herbarium specimens at Las Cruces, and literature resources (e.g.,
Souza and Valio 2001; San-José et al. 2021) using the following criteria. Early-successional
species are found mainly in open areas, gaps, secondary forests and edges; they are generally soft
wooded, fast growing, shade intolerant, and short-lived species. Late-successional species are
those that typically establish once a canopy is well developed and are mainly found in the
interior of old-growth forests; they are generally hard wooded, slow growing, shade tolerant, and
long-lived species. Mid-successional species are those occurring both in early- and late-
successional forest habitat and are fast-growing, long-lived species. We separated and counted
only seeds of mid- and late-successional species (combined as ‘later-successional’ for some
analyses, referred to as ‘both’ in Werden et al., 2021). We focused on quantifying the arrival of
seeds of later-successional species only, given that the dispersal dynamics of early-successional
species (65 species in this study) have been thoroughly assessed in previous studies in our field
sites (Cole et al. 2010, Reid et al. 2015, Werden et al. 2021). Moreover, our results, as well as
extensive past research at other sites (e.g., Norden et al. 2011, de la Pefia-Domene et al. 2013),

indicate that these species colonize most disturbed habitats early in succession and do not limit
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