
J Appl Ecol. 2025;00:e70218.	 ﻿	   | 1 of 12
https://doi.org/10.1111/1365-2664.70218

wileyonlinelibrary.com/journal/jpe

Received: 22 May 2025  | Accepted: 6 October 2025
DOI: 10.1111/1365-2664.70218  

R E S E A R C H  A R T I C L E

Effectiveness of spatially patterned methods to restore 
semideciduous tropical forest

Karen D. Holl1  |   Juliano van Melis2 |   Matheus Pinheiro Ferreira2,3 |    
Danilo R. Almeida2,4,5  |   Flávia G. Florido2,6 |   Gabriel Parreiras2 |   Rildo M. Moreira2 |    
Pedro H. S. Brancalion2,3,7

1Department of Environmental Studies, University of California, Santa Cruz, California, USA; 2Department of Forest Sciences, “Luiz de Queiroz” College of 
Agriculture, University of São Paulo, Piracicaba, São Paulo, Brazil; 3Center for Carbon Research in Agriculture, University of São Paulo, Piracicaba, São Paulo, 
Brazil; 4Bioflore, Belo Horizonte, São Paulo, Brazil; 5Universidade do Carbono, Piracicaba, São Paulo, Brazil; 6Reforest'Action, Rueil-Malmaison, France and 
7re.green, Rio de Janeiro, Rio de Janeiro, Brazil

© 2025 The Author(s). Journal of Applied Ecology © 2025 British Ecological Society.

Correspondence
Karen D. Holl
Email: kholl@ucsc.edu

Funding information
SOS Mata Atlântica; São Paulo state 
Secretary of Environment, Infrastructure 
and Logistics; University of California, 
MacArthur Foundation Chair

Handling Editor: Alexandro B. Leverkus

Abstract
1.	 Spatially patterned restoration methods, such as applied nucleation and plant-

ing in strips, are promising approaches for scaling up projects to meet ambitious 
restoration commitments in an ecologically and economically sound manner. 
However, to date, these planting approaches have mostly been compared in small 
experimental plots, and the comparative costs have not been quantified.

2.	 We compared five restoration treatments—nuclei and strip planting each cover-
ing 25% and 50% of the plot area and full planting—in replicated 1-ha plots in 
seasonal semideciduous forest in southeastern Brazil. We report on field meas-
urements of planted tree survival, tree recruitment, woody above-ground bio-
mass and grass cover 7 years after planting, as well as LiDAR-derived measures of 
canopy height, canopy cover and leaf area index after 5 and 7 years. Finally, we 
report detailed cost estimates and effectiveness for each treatment.

3.	 After 7 years, above-ground biomass, canopy height, canopy cover and leaf area 
index were greatest in the full planting treatment, intermediate in both 50% nu-
clei and strips treatments and lowest in the two 25% planting treatments. Grass 
cover was greater in planted areas of nuclei than strips. Woody recruitment was 
dominated by ruderal species and did not show strong treatment trends.

4.	 Planting a quarter or half of the area cost ~50%–60% and ~70%–80%, respec-
tively, of the price of planting the entire area. For the most part, planting 100% 
was similarly cost-effective per unit of biomass accumulation and canopy cover as 
spatially patterned restoration methods after 7 years.

5.	 Synthesis and applications: Our study shows that choosing the most effective res-
toration strategy at scale depends equally if not more on economic and logisti-
cal than ecological constraints. If rapid carbon sequestration is a primary project 
goal, then full planting for forest restoration is the most cost-effective strategy 

https://doi.org/10.1111/1365-2664.70218
www.wileyonlinelibrary.com/journal/jpe
mailto:
https://orcid.org/0000-0003-2893-6161
https://orcid.org/0000-0002-8747-0085
mailto:kholl@ucsc.edu
http://crossmark.crossref.org/dialog/?doi=10.1111%2F1365-2664.70218&domain=pdf&date_stamp=2025-11-20


2 of 12  |     HOLL et al.

1  |  INTRODUC TION

Given the many ambitious international commitments to restore 
forests and other ecosystems globally (e.g. Bonn Challenge, UN 
Decade on Ecosystem Restoration), there is a critical need for 
restoration methods that are ecologically sound, cost-effective 
and scalable to hundreds or thousands of hectares (Brancalion 
& Holl, 2025; Langhammer et  al.,  2024). One potential strategy is 
spatially patterned restoration methods, namely seeding or planting 
a portion of a restoration site, often in clusters or strips (Corbin & 
Holl, 2012; Shaw et  al.,  2020); ideally tree cover spreads into the 
unplanted area over time by planted species growing vegetatively, 
attracting faunal dispersers of unplanted species, improving local site 
conditions to enhance the establishment of newly colonizing species 
and serving as seed sources once plants become reproductive. 
This approach depends on sufficient sources of seeds and seed-
dispersing fauna in the surrounding landscape. These methods have 
the advantage of creating heterogeneous habitat conditions (Holl 
et al., 2013) and mimicking natural regeneration processes which are 
typically patchy (Corbin & Holl, 2012; Yarranton & Morrison, 1974). 
Moreover, spatially patterned planting methods require fewer 
seeds and seedlings than full planting, which is a major advantage 
given limited funding and the highly constrained seed and seedling 
supply chain for restoration globally (Fargione et al., 2021; National 
Academy of Sciences,  2023; Valette et  al.,  2020). In principle, 
spatially patterned methods also have lower implementation costs, 
but this premise has yet to be rigorously tested.

Although some studies show that planting in clusters can be an 
effective strategy for catalysing forest recovery over the first decade 
or two (Corbin et al., 2016; Holl et al., 2020; Procknow et al., 2023), 
most prior studies have limited value to inform large-scale resto-
ration efforts (Holl et al., 2024). The vast majority of these studies 
have been conducted in small plots (e.g. <10 m2), have only moni-
tored results for the first years post-planting and have not surveyed 
the spread of planted areas over time (e.g. La Mantia et al., 2019; 
Pilon et  al., 2018; Rojas-Botero et  al., 2020). Moreover, few stud-
ies have compared multiple spatially patterned methods directly to 
the more common forest restoration approach of planting trees in 
rows throughout the site (Holl et al., 2024). Past studies have also 
generally focused on ecological outcomes without considering the 
social feasibility, logistical challenges and costs of implementation 
and maintenance of these approaches. Zahawi et al. (2014) highlight 

a key potential social challenge of spatially patterned restoration, 
namely that landholders often prefer systematic tree planting, as 
they see it as a more productive use of the land with a less ‘messy’ 
appearance. Moreover, Ramírez-Soto et al.  (2018) note that imple-
menting spatially patterned methods requires additional training of 
restoration crews who are more accustomed to standard tree plant-
ing designs.

We conducted a large-scale experiment in seasonal semidecidu-
ous forest in southeastern Brazil to compare two spatially patterned 
planting designs and investigate what proportion of a restoration 
site needs to be actively planted to accelerate forest recovery. 
We tested the methods in 1-ha replicate plots and used standard 
site preparation, planting and maintenance methods for restoring 
Brazilian Atlantic forest (Rodrigues et al., 2009) to increase the appli-
cability of our methods to the large-scale restoration projects being 
undertaken in the region. We hypothesized that spatially patterned 
methods would be less effective in reducing grass cover and increas-
ing canopy cover and above-ground biomass (AGB) than full planting 
as a consequence of the reduced number of trees planted per plot. 
However, the greater individual growth of trees resulting from the 
reduced shading by nuclei and strip plantings, combined with the 
lower implementation costs, could make strip and nuclei planting 
more affordable than standard planting.

We compared planting relatively high proportions (25% and 50%) 
of the entire restoration site as we anticipated a relatively large per-
centage of the area would need to be planted given that (1) competition 
with invasive grasses is high, (2) tree growth rates would be moderate 
given the low-nutrient soils and extended dry season and (3) natural 
regeneration would be low due to reduced native forest cover in the 
region (César et al., 2018). Determining the necessary proportion of 
area to plant is particularly salient in this study system because of the 
high costs for the standard full planting approach are prohibitively 
expensive for most rural producers (around US$5500 ha−1). Reducing 
restoration costs is critical for compliance with the Native Vegetation 
Protection Law (Law 12651/2012), which requires landowners to re-
store Areas of Permanent Protection (e.g. around water springs, along 
riparian buffers, on steep slopes) and Legal Reserves (20%–80% of 
the farm area, depending of the region) in previously deforested areas 
(Brancalion et al., 2016). As this law allows landowners up to 20 years 
to restore the areas needed for compliance, a slower but cheaper res-
toration approach is permissible. Moreover, less costly restoration 
methods for carbon accumulation are critical for unlocking additional 

over the first few years unless natural regeneration is fast in the system. In re-
gions with flat land, where mechanical restoration methods are feasible, planting 
strips is logistically easier to implement than nuclei.

K E Y W O R D S
applied nucleation, biomass, cost-effectiveness, forest restoration, secondary forest, seedling 
recruitment, strip planting
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investments in the voluntary carbon market, which is growing quickly 
and is now regulated in Brazil (Law 15042/2024).

We also compared the efficacy of planting a mix of native trees 
in clusters (i.e. applied nucleation, Corbin & Holl, 2012) versus strips. 
We anticipated that planting in strips would be more effective than 
square clusters in this semideciduous forest ecosystem because 
strips would: (1) be less impacted by competition with invasive 
grasses and (2) be less costly to implement given the mechanization 
of restoration operations typically used in the region.

2  |  MATERIAL S AND METHODS

2.1  |  Site description

This study was established in 2017 at the Itatinga Experimental 
Station of Forest Sciences of the University of São Paulo, located 
in the municipality of Itatinga, São Paulo state, Brazil (23°02′56′′ S, 
48°38′59′′ W). The study area is located at a mean elevation of 850 m 
with an average annual temperature of 19.7°C, ranging from 9.1°C in 

July to 28.0°C in January. It is classified as a Cwa humid subtropical 
region according to Köppen climate classification with a mean annual 
rainfall of 1388 mm per year with most precipitation occurring from 
October to March (Xavier et al., 2022). The soil is sandy (86% sand, 
2% silt, 12% clay content), acidic (pH 4.8) and nutrient-poor (sum of 
bases = 0.23 cmol(+) kg−1). The site was a monoculture eucalyptus 
plantation devoid of native vegetation for nearly a century. A 
few months prior to the start of the experiment, eucalypts were 
harvested, and coarse woody residues were removed from the 
area. The site is adjacent to a 70-year-old abandoned eucalyptus 
plantation with abundant native species, including mature trees that 
are potential sources of seeds dispersing to the experimental site. 
The closest substantial remnant forest (50 ha) is ~3 km away.

2.2  |  Experiment setup

We tested five restoration treatments (Figure  1): nuclei planting 
covering 25% and 50% of the 1-ha plots (hereafter nuclei 25% and 
nuclei 50%), strip planting covering 25% and 50% of the plot area 

F I G U R E  1 Experimental design. For the left panels, the green areas indicate where seedlings were planted, and the white areas were 
unplanted. For the right panels, colour variation indicates the canopy height 7 years after planting in example plots, based on remotely 
sensed LiDAR.
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(strips 25% and strips 50%) and planting throughout the entire plot 
area (planting 100%). Each treatment was replicated once in each 
of five blocks located along a terrain and proximity-to-forest gradi-
ent; blocks ranged from locations at the bottom of the catchment 
with greater soil moisture and closer to an abandoned eucalyptus 
plantation with abundant natural regeneration and seed sources 
to those at the top of the catchment with contrasting conditions. 
Tree nuclei (12 × 12 m) were planted in April–May 2017 with 24 
nursery-grown, ~20 cm height seedlings at 3 × 2 m spacing; the 25% 
and 50% nuclei treatments had 16 and 32 nuclei, respectively. Tree 
strips were 12 × 96 m and had 129 seedlings; 25% strips and 50% 
strips planting plots had two and four strips, respectively (Figure 1). 
We planted a total of 42 native tree species: 17 animal-dispersed 
and 24 abiotic-dispersed. Consistent with the methodology of 
Rodrigues et al. (2009), which aims to balance fast-growing trees to 
shade out grasses with a greater diversity of species for conserva-
tion and attraction of seed dispersers, the trees were grouped into 
two planting groups: ‘filling’ species (fast-growing and wide-canopy 
species) and ‘diversity’ species (Table  S1). We established nuclei 
with three distinct species compositions, which included the 41 
species; the species Inga vera was planted in higher density at the 
nuclei edges (Figure 1; Figure S1), due to its rapid lateral canopy ex-
pansion and concomitant shade. The strips and planting 100% were 
established by aligning the same three nuclei in a row, so the spe-
cies composition and distribution were similar across treatments. 
We employed a randomized block design, with five replicates and 
1-ha plots, totalling 25 ha of experimental area.

Prior to planting, lime was distributed across the entire experi-
mental area (2 t ha−1) to increase pH and Ca availability following the 
standard approach for both restoration and commercial forestry 
in the region. Soil was prepared to a 70-cm depth with a subsoiler. 
Seedlings, grown in 56-cm3 plastic tubes with organic substrate, were 
planted with a pottiputki planter, fertilized with 120 g N:P:K 6:30:6 
per seedling (base fertilization) and irrigated once after planting 
(5 L per seedling); 150 days after planting, seedlings received 150 g 
of N:P:K 18:06:24 as top-dressing fertilization. In the planted areas, 
non-native grasses, mostly Urochloa decumbens, were controlled with 
glyphosate spraying (4 L ha−1) twice yearly until the fifth year; no 
weed control was performed in the unplanted areas. Leaf cutter ants 
(mostly Atta spp., but also Acromyrmex spp.) were controlled with in-
secticide baits (sulfluramid) across all of the plots for the entire study, 
yet some ant nests and moderate levels of herbivory remained.

We did not need a scientific permit for this study, as it was con-
ducted on land of a research station that was part of a voluntary 
restoration project financed by the Environmental Secretary of the 
State of São Paulo; moreover, all sampling was non-destructive.

2.3  |  Cost estimates

We hired a restoration company to implement and maintain the ex-
periment. After the completion of each intervention, we quantified 

the inputs and costs for each treatment for the following activities: 
controlling leaf cutter ants, spraying herbicide, preparing soil (sub-
soiling and base fertilization), distributing lime, planting and replant-
ing seedlings, and fertilizing post-planting. We recorded the quantity 
of inputs (e.g. seedlings, top-dressing fertilizer, lime and insecticide 
baits) used per treatment. Subsoiling costs were proportionally higher 
in nucleation as compared to strips and full planting treatments, as it 
was operationally unfeasible to remove and insert the subsoiler into 
the soil when the tractor was passing through the unplanted areas 
of nucleation treatments; hence, the soil was prepared in the entire 
plot area in nuclei 50% and in half of the area in nuclei 25%. The cost 
of using herbicide to reduce grass competition was much greater in 
nuclei and strips treatments since grass cover was not reduced by 
tree canopy shade in the unplanted areas. Moreover, maintenance 
was more challenging given the irregular planting design in the nu-
cleation treatment, so field staff needed more time to find the nuclei 
and then the seedlings hidden by grass. Since soil preparation and 
spraying herbicide did not scale to the number of seedlings planted, 
we quantified the cost of the 100% planting treatment and multiplied 
it by the proportion of time spent on each of the spatially patterned 
planting methods (e.g. for the nuclei 25%, staff spent 65% of the time 
required to prepare the soil in relation to the planting 100%).

2.4  |  Field sampling

In each nuclei and strips plot, we randomly located four sampling 
subplots of 12 × 12 m in planted areas and four in unplanted areas, 
totalling eight sampling subplots per plot. We sampled a total of four 
subplots in the planting 100% plots, which did not have unplanted 
areas.

In years 5 (2022) and 7 (2024), we measured the height and 
diameter of all planted trees and of larger recruits (individuals with 
≥5-cm diameter) in all subplots. We also counted smaller recruits 
(<5-cm diameter and ≥50-cm height) in the subplots. A few large 
shrub species were included as ‘recruiting trees’. Tree height 
was measured using an electronic hypsometer (Haglöf Sweden 
brand, Vertex 5) and tree diameter at 30 cm above ground; we 
measured the diameter at this height (rather than the standard 
1.3 m) to allow the use of species-specific allometric equations for 
biomass estimation based on this method, which was developed 
from a 6-year-old restoration planting in the same region (Ferez 
et  al.,  2015). We further classified recruits as ‘pioneer’ or ‘non-
pioneer’, with pioneer species defined as trees that typically colo-
nize pastures and open areas (Table S1).

We compared AGB between treatments for the planted and 
unplanted areas separately. We estimated the plot-level AGB per 
hectare for each experimental design by scaling the values to the 
percentage of planted and unplanted areas. To measure cover of 
non-native grasses, which often inhibit tree recruitment, we ran 
two diagonal 17-m line transects across each 12 × 12 m subplot and 
quantified the percentage of the line that intercepted grass cover.
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2.5  |  LiDAR

LiDAR data were collected in two UAV flights conducted in 
March 2022 (year 5) and 2024 (year 7). We collected LiDAR data 
using the VLP-16 sensor (Velodyne Lidar, Inc.), which emits and 
receives 600,000 laser pulses per second at a 905-nm wavelength. 
The sensor's range is up to 100 m and the vertical field of view is 
30° ± 15°. The sensor is attached to a data acquisition unit, which is 
combined with an Applanix APX-15 inertial measurement unit and 
mounted on a DJI M600 Pro drone using a DJI Ronin 3-axis gimbal 
for stabilization.

We post-processed the data to improve positional accuracy 
of the LiDAR points using the methodology described in detail in 
Ferreira et al. (2024). The final planimetric and altimetric accuracy of 
the LiDAR points was ±3 cm and ±5 cm, respectively. We used the 
lidR R package (Roussel et al., 2020) to combine the .las files from 
each flight into a single file, which resulted in a final LiDAR point 
cloud with an average density of 1000 points per m2.

We calculated the canopy height model (CHM), canopy cover 
and leaf area index (LAI) from LiDAR to quantify the vertical and 
horizontal vegetation structure of the treatments. To minimize edge 
effects, a 3-m buffer was removed at the edge of each plot, corre-
sponding to one planting line and removing approximately 12% of 
the plot area.

We computed the CHM by first normalizing the point cloud's 
height using cloth simulation filtering (Zhang et al., 2016), which sep-
arates ground from non-ground points to ensure that the normalized 
point cloud accurately reflects the height of each point relative to 
the ground surface. We then generated the CHM through a rasteri-
zation process using a 1 × 1-m square grid. The CHM was computed 
by assigning the maximum LiDAR return value to each grid cell to 
capture the top canopy height.

We computed the percentage of the plot with canopy cover >5 m 
using the ForestGAP R package (Silva et al., 2019). The ForestGAP 
package quantifies the canopy cover by calculating the proportion 
of LiDAR points above a certain height threshold (>5 m in our case) 
compared to the total points within each plot.

We estimated the LAI, defined as the area of leaves per unit 
ground surface area (m2/m2). LAI retrieval from LiDAR data is 
based on calculating the penetration or transmittance ratio of 
laser pulses, followed by applying the Beer–Lambert Law to con-
vert transmittance into LAI (Nilson, 1971). We estimated LAI from 
the LiDAR point cloud using the leafR R package and the approach 
proposed by Almeida et  al.  (2019). The point cloud was divided 
into 1-m3 canopy volume units (voxels), and the leaf area density 
(LAD) was estimated using the first returns within each voxel. LAI 
was then calculated by summing the vertical profiles (voxel col-
umns) of LAD. The result was a raster in which each 1 × 1 m cell 
contained the corresponding LAI value. For statistical analyses, 
we used means of the 1 × 1 m cell values of the CHM and LAI ras-
ters for each plot.

2.6  |  Statistical analysis

All analyses were performed using R version 4.4 (R Core Team, 2024). 
We used a generalized linear mixed model approach to fit the varia-
ble of interest with treatment as a fixed factor and block as a random 
factor. For models that only compared treatment and year effects 
we considered plot as the replicate. For those that also compared 
planted versus unplanted areas, we used subplots as replicates to 
compare the different regions within the plots. For each variable of 
interest, we analysed the best fit family of distributions also suited 
to zero-inflated and overdispersed data (Table S2), and we analysed 
model assumptions by their residuals with the R package DHARMa 
(Hartig,  2024). Then, we performed pairwise comparisons using 
Tukey contrasts to infer statistical differences between treatments 
(p-level = 0.05) using the emmeans R package (Lenth, 2025).

For variables for which we present data from years 5 and 7, we 
initially included year as a fixed factor and tested its interaction with 
treatment. Given that the year × treatment interaction was significant 
in nearly all cases, we ran separate models for each year. We also com-
pared the change in values per year between years 5 and 7. We then 
used the emmeans package to estimate marginal means and perform 
Tukey's pairwise comparisons between each treatment group.

We also compared abundance and species richness of smaller 
recruits excluding two hyper-abundant (80.2% of smaller recruits), 
ruderal Asteraceae species (Baccharis dracunculifolia and Vernonia 
polyanthes). We compared species richness across treatments using 
rarefaction and extrapolation curves (Hill q = 0) with the iNEXT 
package (Hsieh et al., 2016). For each treatment in planted and un-
planted areas, we calculated individual-based species accumulation 
curves up to 450 individuals, which allows standardized comparisons 
of observed and estimated species richness while accounting for dif-
ferences in sample sizes (Hsieh et al., 2016).

Finally, we calculated the cost-effectiveness of each treatment 
relative to biomass accumulation and canopy cover. We divided 
the treatment-level total cost (i.e. implementation and mainte-
nance) per hectare by the plot-level AGB and canopy cover for 
years 5 and 7. We used the same approaches for model fitting and 
selection and post hoc comparisons as for previously described 
response variables.

3  |  RESULTS

3.1  |  Field data

Per cent survival of planted trees after 7 years was lowest in nuclei 
25% planting (39.2%), intermediate in strips 25% (46.9%) and highest 
in the other three treatments (nuclei 50% = 48.2%, strips 50% = 50%, 
planting 100% = 52.3%, Table S2). The odds of survival in the nuclei 
25% treatment were 42% lower than the planting 100% treatment 
(estimate ± SE = 0.54 ± 0.13, p < 0.001, Table S3).
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As expected, grass cover was significantly greater in unplanted than 
in planted regions in year 7 and was similarly high across treatments in 
unplanted areas (Figure 2; Tables S2 and S3). In the planted areas, the 
planting 100% and strips 50% treatments had the lowest levels of grass 
cover; grass cover was intermediate in the unplanted areas of strips 25% 
and highest in the nuclei 25% and 50% treatments.

Smaller woody recruits (0.5 m ≤ height ≤ 2 m, 92.3% pioneers) 
were more abundant in planted than unplanted areas and were most 
abundant in the planted areas of nuclei and strips 50% (Figure 3a; 
Tables S2 and S3). However, these differences were driven by two 
widespread, wind-dispersed pioneer species—Baccharis dracun-
culifolia and Vernonanthura polyanthes—that comprised 48.9% and 
31.3% of small recruits, respectively, and smaller recruit abundance 
did not differ by treatment or planted versus unplanted areas when 
those species were removed from the analysis (Tables  S2 and S3). 
The 95% confidence intervals for species richness of smaller recruits 
overlapped for all the treatments (Figure S2). Larger woody recruits 
(height >2 m) were comprised of 42.1% pioneers and 57.9% non-
pioneers that mostly had resprouted from stems established before 
the start of the experiment, and abundance did not differ significantly 
across treatments in planted or unplanted areas (Figure 3b; Table S2); 
Leptolobium elegans, Senna rugosa and Baccharis dracunculifolia were 
common larger recruits. Only 8% and 11% of the total number of re-
generating individuals (22% and 18% of species) inside and outside of 
planted areas, respectively, were of planted tree species.

Total AGB (planted and unplanted trees) did not differ signifi-
cantly across the nuclei and strips treatments in year 5 but was 
greater in nuclei 50% than 25% planting treatments by year 7 
(Figure 4). AGB was much greater in the 100% planting treatment 
in both years, given that >95% of the woody AGB was comprised of 
planted trees. AGB in the unplanted areas did not differ across treat-
ments (Figure 4; Tables S2 and S3). The difference in AGB between 

F I G U R E  2 Per cent grass cover (mean ± SE) across treatments 
in planted and unplanted areas in year 7. Treatments with the 
same capital letter (planted) and lowercase letter (unplanted) do 
not differ significantly (p > 0.05) using a Tukey's mean comparison 
procedure.

F I G U R E  3 Density (mean ± SE individuals ha−1) of smaller 
(a) and larger (b) tree recruits in planted and unplanted areas in 
year 7. Treatments with the same capital (planted) or lowercase 
letter (unplanted) do not differ significantly (p > 0.05) in total 
recruit abundance in that year using a Tukey's mean comparison 
procedure. Crosshatched areas indicate the number of smaller 
recruit individuals comprised by Baccharis dracunculifolia and 
Vernonia polyanthes.

F I G U R E  4 Woody above-ground biomass (mean ± SE) in planted 
and unplanted areas, across treatments and years. Treatments 
sharing the same uppercase letters (5 years) or lowercase letters 
(7 years) do not differ significantly (Tukey's HSD, p > 0.05). Numbers 
above the bars indicate the percentage of the planting 100% value 
achieved by that treatment in the same year.
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100% planting and the other treatments diminished over time, but 
by year 7 planting 100% treatment still had approximately twice 
the biomass as the nuclei and strips 50% treatments and about 3–4 
times more biomass than the 25% treatments.

3.2  |  LiDAR

The canopy height model, canopy cover and leaf area index (LAI) 
were significantly greater in the planting 100% treatment compared 
to the other treatments in both years 5 and 7 (p < 0.001, Figure 5; 
Tables S2 and S3). Canopy height was significantly greater in 50% 
than 25% plantings by year 7, and patterns were similar for canopy 
cover and LAI, though those differences were not all significant 
given the high within-treatment variance. The annual increase in 
CHM, canopy cover and LAI between the two sampling periods did 
not differ significantly (Tables S2 and S3).

3.3  |  Cost

Implementation and maintenance costs were highest in the full 
planting treatment, as expected, but total costs did not scale lin-
early with the area planted; planting a quarter or half of the area 
cost ~50%–60% and ~70%–80%, respectively, of the cost of plant-
ing 100% (Table 1). The cost of strip planting was slightly less than 
nuclei planting.

Contrary to our hypothesis, planting 100% was similarly cost-
effective per unit of AGB and canopy cover as all spatially patterned 
treatments, except for nuclei 25% planting, which was less cost-
effective than full planting for AGB (both years, Figure 6a) and can-
opy cover (year 5 only, Figure 6b).

4  |  DISCUSSION

Despite the recent interest in spatially patterned restoration strat-
egies (Cole et al., 2024; Holl et al., 2024; Shaw et al., 2020), these 
approaches have rarely been tested at a scale relevant for restora-
tion implementation. We tested five different planting strategies in 
replicated 1-ha plots, so we were able to use the standard mecha-
nized methods employed in projects of hundreds of hectares in 
the region and compare associated costs of multiple approaches. 
This is the first well-replicated test of spatially patterned restora-
tion in tropical semideciduous forest which experiences seasonal 
drought stress, so many tree species lose their leaves during the 
dry season, tree mortality is greater, and trees grow more slowly. 
Hence, more time is required to develop a canopy that shades out 
light-demanding pasture grasses than in wet tropical forest where 
most prior spatially patterned restoration research has been done. 
Finally, we planted a larger number (42) of tree species than in 
most prior studies (e.g. Holl et al., 2020; Ramírez-Soto et al., 2018; 
Zahawi & Augspurger, 2006).

Our study shows that full planting results in greater AGB, can-
opy height, canopy cover and LAI 7 years following restoration, sim-
ilar to a prior applied nucleation study in tropical wet forest (Holl & 

F I G U R E  5 Canopy height model (a), canopy cover (b) and leaf 
area index (LAI) (c) across the treatments. Error bars indicate ±1 
SE. Treatments sharing the same uppercase letters (5 years) or 
lowercase letters (7 years) do not differ significantly (Tukey's HSD, 
p > 0.05). Numbers above the bars indicate the percentage of the 
planting 100% value achieved by that treatment in the same year.
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Zahawi, 2014). In year 7, values for AGB mostly scaled with the area 
planted, whereas canopy cover and LAI in the spatially patterned 
treatments were greater than the area planted (e.g. canopy cover 
was 59% and LAI was 37% of full planting in the 25% nuclei treat-
ment), showing that nuclei and strips are spreading over time.

Despite this likely future AGB convergence, a major and grow-
ing source of funding for reforestation projects is the voluntary car-
bon market (Brancalion et al., 2024; Busch et al., 2024) and these 
funders want to sequester carbon as quickly as possible. From this 
perspective, planting 100% was slightly more cost-effective by year 
5, though the difference with all the spatially planted treatments ex-
cept 25% nuclei was small and had diminished by year 7. This sug-
gests that spatially patterned methods can be cost-effective and 
may be a favoured strategy in the case of an insufficient seedling 
supply, which commonly limits large-scale restoration projects in 
Brazil (Brancalion et al., 2018) and elsewhere (Fargione et al., 2021; 
Valette et al., 2020). Spatially patterned methods can also be cost-
effective in areas where implementation costs are higher, like in 
steep lands where mechanization of planting is not feasible.

Past studies comparing costs of spatially patterned versus full 
planting restoration methods have reported contrasting results. 
Holl et al. (2020) asserted that restoration costs scaled to the area 
planted, whereas Ramírez-Soto et  al.  (2018) reported that applied 
nucleation was more expensive than full planting due to the more 
complex planting design. We did a detailed cost analysis of site 
preparation, planting and maintenance and found that spatially pat-
terned methods were cheaper than full planting. However, the dif-
ference in costs was proportionally less than the difference in area 
planted, because some restoration interventions are implemented 

TA B L E  1 Overall implementation and maintenance costs per hectare associated with each of the planting treatments.

Activities Nuclei 25% Strips 25% Nuclei 50% Strips 50% Planting 100%

Leaf cutter ant control $296 $296 $296 $296 $296

Herbicide spraying $581 $430 $620 $536 $559

Subsoiling and base fertilization $77 $39 $154 $77 $154

Tree planting $27 $27 $55 $55 $109

Tree replanting $10 $10 $19 $19 $39

Irrigation $39 $26 $78 $52 $103

Top-dressing fertilization $28 $13 $38 $25 $50

Lime distribution $45 $45 $45 $45 $45

Labor and machinery subtotal $1103 $885 $1304 $1105 $1355

Tree seedlings $166 $166 $331 $331 $662

Fertilizer $75 $75 $149 $149 $299

Lime $79 $79 $79 $79 $79

Insecticide baits $121 $121 $121 $121 $121

Herbicide $13 $13 $26 $26 $52

Inputs subtotal $453 $453 $706 $706 $1213

Total cost per hectare $1556 $1338 $2010 $1811 $2568

Note: Values are rounded to the nearest US$.

F I G U R E  6 Cost-effectiveness (CE, mean ± SE) of restoration 
treatments 5 and 7 years after implementation, expressed as US 
dollars per unit of (a) canopy cover (%−1) and (b) above-ground 
biomass (AGB; Mg−1). Treatments sharing the same uppercase 
letters (5 years) or lowercase letters (7 years) do not differ 
significantly (Tukey's HSD, p > 0.05).
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at the site level, and maintenance is more complicated with a spa-
tially patterned design. Interestingly, in our study system, planting in 
strips was slightly less costly than nuclei, due to the mechanized site 
preparation and planting. That result would likely differ in more rug-
ged terrain where planting is done manually. Our and other studies 
(Holl et al., 2020; Ramírez-Soto et al., 2018) concur that implement-
ing the applied nucleation approach is somewhat more logistically 
challenging than the more standard method of planting rows of trees 
throughout part or all of the site.

The ecological outcomes of planting in nuclei versus strips 
were mostly similar. One difference was that grass cover within 
the strips was slightly, albeit not significantly, lower in the planted 
areas of strips than nuclei. This likely reflects the greater amount 
of canopy edge in the nuclei plantings, which favours light-
demanding forage grasses. Likewise, planted trees survived less in 
the 25% nuclei than the other treatments, which probably resulted 
from the greater grass cover (Florido et al., 2022) and possibly due 
to more stressful microclimatic conditions at nuclei edges (Ewers 
& Banks-Leite, 2013). Interestingly, the slight differences in grass 
cover did not affect the density of the recruits, which was simi-
lar in the two planting designs, suggesting that both approaches 
show similar promise for facilitating vegetation recovery, at least 
for early successional species.

Abundance and species richness of recruits showed minimal 
differences across treatments and planted versus unplanted areas 
when the two hyper-abundant, wind-dispersed ruderal species were 
removed from the analyses. This result contrasts with other stud-
ies showing that greater planted tree canopy increases the abun-
dance and richness of recruits (Li et al., 2018; Mendes et al., 2021; 
Schubert et al., 2025). The species recruiting were primarily pioneer 
species, many of which are considered pasture weeds in the region, 
that grow quickly in open areas. Prior research in the region has 
shown that few species recruit in the understory of restoration plan-
tations in the first few years after planting, but once forest struc-
ture develops and conditions are appropriate for the regeneration 
of mid- to late-successional species, recruitment increases rapidly 
(Brancalion et al., 2019). So, we anticipate that species richness and 
abundance of non-pioneer recruits will increase substantially in 
the planted areas in coming years but that will depend on the pres-
ence of seed-dispersing fauna, the arrival of seeds from neighbour-
ing areas, and the suppression of invasive grasses by shading. The 
high abundance of Baccharis dracunculifolia and Vernonia polyanthes 
(both Asteraceae) in planted areas of nuclei and strips treatments 
reflects the fact that (1) fruiting individuals were widespread in the 
landscape; (2) they were able to establish in the understory of the 
planted areas of nuclei and strips where competition was reduced 
due to grass control for multiple years; and (3) they are shade intol-
erant, so did not establish so well in the planting 100% treatment 
where light levels were low throughout the understory.

An important management question is what proportion of the 
land area needs to be planted to accelerate forest recovery. A study 
in wet forest Holl et al. (2017) found that planting ~25% of the area 
in tree nuclei resulted in similar levels and composition of woody 

recruitment as planting the entire area, though biomass and canopy 
cover were lower in the first decade of recovery in the applied nucle-
ation compared to the full planting treatment (Holl & Zahawi, 2014). 
Indeed, most desired conditions in the current study (e.g. higher bio-
mass, lower grass cover) recovered more quickly in 50% compared 
to 25% planting, particularly for the nuclei planting pattern. An 
earlier study in moist forest in Costa Rica (Fink et al., 2009; Zahawi 
et al., 2013) showed that a minimum nuclei size of ~100 m2 is nec-
essary to attract seed-dispersing birds and shade out dense forage 
grasses to effectively catalyse recovery.

5  |  CONCLUSIONS

Whereas most restoration studies focus on the rate of recovery 
of plant, animals or other ecological variables, which restoration 
strategy is most effective at scale depends equally if not more so 
on economic and logistical constraints (Busch et al., 2024; Ramírez-
Soto et al., 2018; Toro et al., 2024). In regions with flat land, where 
using mechanical methods of restoration is feasible, strip planting 
is much easier to implement logistically than nuclei. Importantly, 
strip planting also offers the opportunity to plant a valuable timber 
tree in the unplanted areas which can help to offset planting costs 
and reduce herbicide costs (Brancalion et al., 2020). If rapid carbon 
sequestration is a primary project goal, then full planting for forest 
restoration is the most cost-effective strategy unless conditions for 
natural regeneration and tree growth are favourable in the system. 
However, spatially patterned planting has other advantages such as 
requiring less planting stock and enhancing habitat heterogeneity 
(Holl et  al., 2013). Finally, this and many other studies (e.g. Banin 
et al., 2023; Giles et al., 2024; Holl et al., 2020) have found highly 
variable recovery even within replicate plots, so if possible, it is 
wise to allow the system to regenerate for a couple of years, then 
determine how much planting is needed in a given area and focus 
planting in areas that regenerate more slowly.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
Table S1. List of planted and naturally recruiting tree species.
Table  S2. Summary of restoration metrics across treatments and 
areas at different times after planting.
Table  S3. GLMMs results for multiple response variables showing 
model specifications, fit statistics, and parameter estimates (±SE), 
Z-values, and p-values.
Figure S1. Planting designs.

Figure S2. Sample based species rarefaction curve of smaller 
recruits (excluding Baccharis dracunculifolia and Vernonia polyanthes) 
by treatment and in planted and unplanted areas of nuclei and strip 
plantings.
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