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Assaying techniques to improve dry season plantings
in eastern Madagascar

Chris M. Logan'>3 @, D. Matthew Hill'-, Jean F. Solofoniaina Fidy*, Jean C. Robertho?,
J. Leighton Reid'?

Rampant deforestation in eastern Madagascar highlights the urgency of protecting and restoring its unique rainforests. This
experiment addresses a restoration bottleneck: the precipitous drop in seedling survival during dry season plantings. We
assayed nine soil, water, and shade treatments that were codeveloped with local farmers to improve survival and growth of
17 native tree species planted on a denuded hillside during one dry season. Most treatments had no effect; however, rustic shade
structures decreased transplant shock mortality (i.e. mortality within the first 2 months after planting) by 75 %. This improve-
ment is broadly accessible; it can be accomplished with materials freely and easily accessed in most farmlands in eastern
Madagascar. Also, survival varied among species and seedling size, suggesting that carefully selecting species that are resistant
to the harsh dry periods, improving shade availability, and planting larger seedlings of each species could lead to further gains
in native tree performance in dry season plantings. Short-lived dry season resistant species (e.g. Uapaca sp., Trema orientalis,
Psiadia sp., Macaranga sp., and Pittosporum ochrosiifolium) could also provide shade as nurse trees for less resistant canopy
trees, which have the potential to be established through enrichment plantings in years following the initial planting.
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fragmented and more vulnerable to further degradation via edge
effects, invasive species, and wildfires (Manjaribe et al. 2013;
* Shading and careful species selection are more likely than Hill 2018). If current deforestation rates continue, models project

soil amendments or one-time watering to improve seed- there will be no remaining forest in eastern Madagascar outside of

ling survival in dry season plantings in central eastern protected areas by 2080 (Morelli et al. 2020).
Madagascar.

e Planting larger seedlings directly into the ground with no
additives could decrease short-term seedling mortality.

e Planting hardy, drought-tolerant species (e.g. Uapaca sp.,
Trema orientalis, Psiadia sp., Macaranga sp., and Pittos-
porum ochrosiifolium) as nurse trees for other less-
resistant trees is a potential avenue for future restoration.

® Codeveloping restoration knowledge with rural farmers
may constrain technical success compared to expensive
interventions but ensures that recommendations are
actionable for regional practitioners.

Implications for Practice

Conserving remaining intact habitats is paramount for pre-
venting further extinctions, but ecological restoration is also
needed to expand habitat cover and reconnect degraded frag-
ments (Brancalion et al. 2019; Strassburg et al. 2020). To this
end, Madagascar has committed to restore 4 million hectares
by 2030 for the Bonn Challenge, an area representing approxi-
mately 6.9% of Madagascar’s national territory (IUCN 2020).
Meeting this ambitious target will be challenging with limited
resources (Fagan et al. 2020). The most successful strategies
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Techniques for tree planting in Madagascar

are likely to be those that minimize costs and are codeveloped
with local communities (Holl 2017; Hua et al. 2022).

As in much of the seasonal tropics, minimizing seedling mor-
tality is among the most important technical challenges for Mal-
agasy forest restoration (Miandrimanana et al. 2019). Along the
central east coast, the best season for planting native trees is dur-
ing the mild rainy season (May—July). Outside of this brief win-
dow, seedling mortality nearly triples due to either too much or
too little moisture in the dry season (Fig. 1). Dry season mortal-
ity is a problem in Madagascar as in other parts of the Tropics
(e.g. McLaren & McDonald 2003; Bader et al. 2006; Thaxton
et al. 2012). For Madagascar in particular, the dry season creates
a bottleneck for native tree producers who cannot stock more
tree seedlings than can be planted in a given year. It also limits
the work of restoration organizations, which face diminishing
returns on plantings after the start of the dry season. Extending
the planting season, even at the margins, would allow more for-
est to be restored for a lower cost.

This experiment’s purpose was to assay a set of restoration
strategies codeveloped with rural Malagasy farmers to improve
native tree seedling survival and growth during early dry season
plantings in eastern Madagascar. We expected that weathered
soils and poor access to limiting nutrients hinder seedling per-
formance throughout the year, but we hypothesized that insola-
tion and drought limit seedling survival the most during dry
season plantings. As such, we predicted that moisture-holding
soil amendments, watering, and shade would additively aug-
ment seedling survival and growth for native trees.

Methods

This experiment was conducted at Parc Ivoloina (18.0593°S,
49.3579°E), a forestry station and zoological park near Toama-
sina, Madagascar (Fig. 2). This area has a tropical rainforest cli-
mate (Af in the Koppen classification), with average
temperatures ranging from 21°C in August to 27°C in January.
Annual rainfall in Toamasina ranges from 3,000 to 3,500 mm/

>
<
@
—~40% 1 r400 o3
= Q
~ @
= Py
= )
]
5 20%+ F200
= ~
3
E

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

0% 9

L
o

Figure 1. Native tree seedling mortality by planting month, based on a
sample of 2,614 trees of 32 unique species planted in 2018-2019 (Hill
unpublished data). Seedling mortality is shown with a one-month time lag to
highlight the effect of rainfall on tree survival after planting. The best months
for planting trees are May, June, and July (highlighted in bold); outside of
those months seedling mortality rises significantly in response to rainfall
patterns. Rainfall data obtained from: https://en.climate-data.org/africa/
madagascar/toamasina/toamasina-4029/#climate-table.

year, with a dry season in August-December and a cyclone sea-
son from January to March (Fig. 1). Soils are well-drained,
highly weathered orange laterites. Our site was a recently burned
0.25-ha tract of regenerating forest on a south-facing hillside
25-77 m above sea level.

During the dry season in October 2014—Jan 2015, we planted
369 seedlings representing 17 native tree species in 41 monospe-
cific replicates (Table 1), where each replicate was composed of
9 trees of the same species. We used a circular planting design
with a central tree seedling surrounded by a ring of eight seed-
lings, each separated by 2 m. Most seedlings were between
10 and 20 cm in height at the time of planting, so a distance of
2 m between each seedling was presumed as independent. Each
tree was planted in an 8,000 cm® planting hole and assigned one
of eight treatment combinations (Fig. 2). Controls were planted
in the center position with no soil amendments, no watering, and
no shade. All other seedlings were shaded with four fronds of a
ruderal fern (Dicranopteris linearis) placed over the seedling in
a cone shape to allow temporary shade without inhibiting
growth, a practice used by Malagasy farmers (Fig. 3). We there-
fore expected apriori that shading was the most effective strat-
egy for seedling performance and focused our design on
watering strategies and soil amendments. Half of shaded seed-
lings were soaked in buckets of creek water prior to planting,
and the other half were planted with only the moisture from their
last watering at the nursery prior to being hand carried to the
field site. Four of the eight shaded seedlings had their planting
hole filled 33% with nutrient-rich compost, and four had their
planting hole filled with one of three locally available absorbent
materials (moss, coconut husk, or chopped petioles of traveler’s
palm [Ravenala madagascariensis]) to retain moisture.

We measured seedling survival and height at planting, and after
1-8 weeks, 1 year, and 6 years post-planting. For each set of nine
seedlings, we recorded elevation using a Garmin GPS unit and
hillslope position (bottom, side, or top). Height measurements
were converted to relative growth prior to analysis using the for-
mula: height,/height,;. We estimated the effects of shade, water,
compost, and absorbent materials on seedling survival and growth
using generalized linear models, implemented in R version 4.0.4
(R Core Team 2020). Separate models were used to estimate the
effects of alternate mechanisms including elevation, relative initial
height (formula: initial height of each species/average initial height
of each species), and hill-slope position; of these alternative
models, only relative initial height was influential; and hence, it
is the only one presented in the results. We then created a separate
model to test if there was any interaction between shade or absor-
bent materials and species identity, of which there was no evidence
of an interaction and is not presented in the results.

Results

Survival

The vast majority (98.7%) of seedlings survived initial trans-
plant in the field, falling to 83.2% after 1 year and 40.9% after
6 years (Table 1). There was no evidence that soil amendments
(compost and absorbent materials) or watering decreased tree
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Figure 2. Experimental planting design. Controls received no shade, supplemental watering, compost, or absorbent material. The study area at Parc Ivoloina on

the central east coast of Madagascar is shown in the inset map.

Table 1. Native tree seedling survival and growth, measured 1 and 6 years after a dry season planting on a burned hillside at Parc Ivoloina, Madagascar. * Indi-

cates no data for growth due to 100% mortality after 6 years.

Species 1-Year Survival (%) 6-Year Survival (%) 1-Year Growth (%) 6-Year Growth (%)
Uapaca sp. 100.0 92.6 100.8 + 70.1 1,429.7 + 962.9
Syzygium jambos 100.0 100.0 61.7+ 474 314.6 £ 270.2
Dichaetanthera crassinodis 97.8 60.0 288.5 £95.7 2019 £ 1759
Trema orientalis 94.4 0.0 432.1 +254.8 *
Psiadia sp. 91.7 8.33 276.5 + 144.6 1,197.0 & 340.1
Calantica sp. 88.9 88.9 196.5 + 129.9 420.1 + 349.6
Harungana madagascariensis 88.9 25.9 797 £71.4 582.1 £ 552.1
Macaranga sp. 88.9 36.1 153.2 + 88.0 975.5 + 366.2
Pittosporum ochrosiifolium 88.9 36.1 261.8 £ 85.2 952.0 £ 465.7
Hymenaea verrucosa 88.9 88.9 37.7£20.8 183.5 + 1204
Intsia bijuga 83.3 44.4 15.0 £ 31.6 90.7 £+ 136.6
Anisophyllea sp. 66.7 11.1 33.2+ 425 189.5 £+ 249.2
Ficus sp. 66.7 0.0 145.6 + 83.3 *

Dypsis lutescens 55.6 389 —39.8 £ 12.6 —19.6 £ 36.6
Molinaea sp. 55.6 333 152 £373 —4.0+17.0
Tambourissa sp. 51.9 333 80.2 £57.2 3759 £ 185.1
Delonix regia 44.4 0.0 377 £ 744 *

mortality in the first few months, but absorbent materials were
associated with a slight decrease in seedling survival after 1 year
(Fig. 4, p = 0.043). Relative initial height was associated with
greater seedling survival after both 2 months (Table S1,
p = 0.026) and 1 year (Table S1, p = 0.062). This trend did

not exist past 6 years (Table S1, p = 0.945). There was also
moderate evidence that shade structures reduced initial trans-
plant mortality by 75% (Fig. 3, p = 0.026); however, there
was no evidence that this effect persisted 1 year after planting
(Fig. 3, p = 0.273).
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Figure 3. Native tree seedling mortality with and without shade structures created with Dicranopteris fern leaves. Error bars represent 1 SE.
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Figure 4. Native tree seedling mortality when treated with and without absorbent materials (coconut husks, Ravenala petioles, moss). The bucket in this photo
consists of chopped petioles of traveler’s palm (Ravenala madagascariensis), which were planted with seedlings to retain moisture. Error bars represent 1 SE.

The greatest variation in seedling survival occurred among
species (Table 1). After 1 year, survival ranged from a maximum
of 100% in Uapaca sp. to a minimum of 44.4% in Delonix regia.
After 5 years, survival rates became more erratic as successful,
short-lived pioneers died. For example, Trema orientalis experi-
enced 0% survival after 6 years despite having 95% survival in
the first year. Other initially high-surviving species displaying
delayed mortality include Dichaetanthera crassinodis, Harun-
gana madagascariensis, Pittosporum ochrosiifolium, Intsia
bijuga, Anisophyllea sp., and Ficus sp. (Table 1). In contrast,
longer-lived species like Uapaca sp. and Syzygium jambos had
>90% 6-year survival.

Growth

There was moderate evidence that shade structures increased
seedling growth (+25%) in the first few weeks after planting
(p = 0.045). There was no evidence that other treatments
impacted seedling growth at any time (all p > 0.331,
Table S2). We found strong evidence that larger seedlings had
slower growth rates through the first year (Table S2,
p <0.001). Many of the high-surviving species had higher
growth rates, with some seedlings having 6-year growth rates

Table 2. Preliminary recommendations on tree species selection for dry
season plantings based on a dry season planting on a burned hillside at Parc
Ivoloina, Madagascar.

Species Capable of High Survival
and Rapid Growth in Dry Season
Plantings

Species Better Suited to Wet Season
Plantings or Experimental Planting
Beneath Nurse Trees

Syzygium jambos
Dichaetanthera crassinodis
Calantica sp.

Harungana madagascariensis
Hymenaea verrucosa
Intsia bijuga

Anisophyllea sp.

Ficus sp.

Dypsis lutescens

Molinaea sp.

Tambourissa sp.

Delonix regia

Trema orientalis

Psiadia sp.

Uapaca sp.

Macaranga sp.
Pittosporum ochrosiifolium

over 1,000% (e.g. Uapaca and Psiadia sp.; Fig. S1). For Trema
orientalis, Psiadia sp., Delonix regia, and Ficus sp., no living
individuals were relocated after 6 years, so no growth calcula-
tions were possible for this time interval (Table 1). Based on sur-
vival and growth, we offer preliminary recommendations on
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species selection for dry season plantings in central, eastern
Madagascar (Table 2).

Discussion

We assayed a suite of experimental strategies co-designed with
Malagasy farmers to improve native tree species establishment
during dry season plantings in eastern Madagascar. Out of nine
treatment combinations, the most efficacious was a rustic shade
structure constructed from ruderal fern leaves. Shade structures
reduced transplant shock by 75%, suggesting that intense solar
radiation is a primary limitation on initial establishment in dry
season plantings. Miandrimanana et al. (2019) likewise
observed greater native tree seedling survival beneath shade
structures in the Malagasy highlands (but see Pareliussen
et al. 2006). In contrast to our fern leaves, Miandrimanana
et al. (2019) used more permanent wooden structures, which
continued to impact tree establishment through the first year.

The increase in tree survival that we observed with rustic
shade structures was relatively modest compared to more inten-
sive interventions used elsewhere, but we view this outcome as a
significant advancement on prior tree plantings without shade
structures. Costlier interventions in more developed countries
such as irrigation systems or hydrogel would produce better
technical outcomes for plantings (Chirino et al. 2011) but are
impractical in the Malagasy context. Methods and solutions that
are not ubiquitously available locally end up being prohibitively
expensive for farming families that often earn <$2 per day. In
contrast, the shade structures described here can be freely and
easily made from materials readily at hand at almost any restora-
tion site in eastern Madagascar. Also, since these structures and
the species they were planted with were co-developed with Mal-
agasy farmers, they are more likely to be used (Fremout
et al. 2021).

Tree selection is another low-cost technique to improve tree
survival in dry season plantings. Of 17 native tree species tested,
10 survived their first year at rates 283%, and four maintained
>83% survival through the entire 6-year experiment. Moreover,
four species doubled or tripled in height within a year, indicating
that these species are well-suited for dry season plantings. High-
performing species like Trema orientalis and Uapaca sp. are
early-successional plants; selecting hardy species for dry season
plantings is a common way of overcoming drought pressure in
restoration. Planting larger seedlings of these drought resilient
species out of the nursery is also an effective way to mitigate
seedling mortality in the dry season. Prior studies have likewise
found high variance in seedling tolerance of harsh, dry condi-
tions (e.g. Werden et al. 2018).

Malagasy practitioners are in the early stages of developing
technical strategies for native tree planting, but efforts must
ramp up quickly to successfully meet international commit-
ments (Birkinshaw et al. 2013). Natural regeneration is one
potential avenue for restoration, though regeneration is limited
in eastern Madagascar due to invasive species like Grevillea
robusta and Leucaena leucocephala as well as a lack of reliable
seed dispersal by animals such as lemurs (Albert-Daviaud

et al. 2020). Direct seeding is another option that could be fur-
ther explored. However, by assaying dry season planting tech-
niques, our work highlights that limiting solar radiation in
restoration plantings may be a more productive avenue for fur-
ther development than increasing access to water or soil nutri-
ents. One promising application could be to select high-
performing pioneer trees as nurse plants (Castro et al. 2002).
Short-lived species could be planted in the dry season to provide
persistent shade that would be expected to facilitate survival of
more vulnerable hardwood seedlings when underplanted the fol-
lowing year. We therefore recommend using short-lived, high
growth species during the dry season; in our assay, the species
Uapaca sp., Trema orientalis, Psiadia sp., Macaranga sp.,
and Pittosporum ochrosiifolium were the most promising spe-
cies for dry season plantings. They also offer potential services
as nurse plants for less hardy species. Direct seeding of canopy
species in young restoration plantations has found success in
rainforests of Brazil (Bertacchi et al. 2016), though that concept
remains unexplored in the Malagasy context. Such a system
requires testing but could ameliorate an important seasonal bot-
tleneck for native tree planting in eastern Madagascar and pro-
vide a practical solution to meet annual tree planting targets.
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