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Abstract

Direct seeding (sowing seeds directly into ground) is potentially a cost-effective method
of forest restoration that could replace or complement conventional tree planting, under
certain conditions. However, the effects of timing on both the success and practicability
of direct seeding has received little attention. Therefore, this study determined the effect
of seed sowing time on direct seeding efficiency in terms of yield (number of established
seedlings per 10 seeds sown) and seedling growth. We tested the hypothesis that seeds,
stored and sown at the start of the rainy season, have higher and more rapid germination
and that the resultant seedlings perform better, compared with those sown immediately
after seed collection. Seeds of 17 native tree species, typical of seasonally-dry, upland,
evergreen forest, were collected. Triplicates (50 seeds per replicate) were sown directly into
degraded land, shortly after collection and compared with the same for stored seeds, sown
at the start of the rainy season. Control seed batches were also germinated in a nursery for
comparison. Seed germination was recorded weekly and growth and survival of resultant
seedlings were recorded periodically. Our results did not support the above hypothesis. Dif-
ferences in mean yield (number of seedlings established per 100 seeds sown) and growth
between the two sowing times were not significant. Germination percentage and median
length of dormancy (MLD) did not differ significantly between the sowing times, except
for Artocarpus lacucha and Horsfieldia amygdalina, whose seeds germinated better imme-
diately after seed collection than after storage (p < 0.01). Storage shortened median length
of dormancy of Hovenia dulcis, Melia azedarach, Phyllanthus emblica, Prunus cerasoides
and Spondias pinnata seeds (p< 0.01). Seedling growth of a few species rivalled reported
values of planted saplings (P. cerasoides, M. azedarach and B. variegata), regardless of
sowing time. Timing of the direct seeding did not appear to be critical. This provides forest
restoration project managers with flexibility in their use of this technique as a restoration
tool. The advantages and disadvantages of direct seeding, immediately after seed collec-
tion or at the start of the rainy were compared with those of conventional tree planting. We
conclude that species selection matters more than timing, when direct-seeding in forest res-
toration projects (except for recalcitrant species, which can only be direct seeded soon after
seed collection). From this study, Adenanthera microsperma, Bauhinia variegata, Melia
azedarach, Phyllanthus emblica and Prunus cerasoides are recommended, for direct seed-
ing, to restore seasonally dry upland evergreen forest ecosystems in northern Thailand and
at other sites within their natural species ranges.

Extended author information available on the last page of the article

@ Springer


http://orcid.org/0000-0001-9728-0050
http://crossmark.crossref.org/dialog/?doi=10.1007/s11056-019-09720-1&domain=pdf

82 New Forests (2020) 51:81-99

Keywords Direct seeding - Seedling establishment - Framework tree species - Seed
germination - Dormancy - Seedling growth

Introduction

The concept of tropical forest ecosystem restoration has undergone a dramatic transition
over recent decades, from being the dream of a handful of ecologists 30 years ago (Goosem
and Tucker 1995), to the global commitment that it has become today (UN Climate Sum-
mit 2014). Forest restoration practices vary greatly, depending on the initial degree of
degradation, the target forest type, climatic conditions and surrounding landscape factors.
However, restoration is possible, even under the harshest of conditions, such as those on
mine sites (e.g. Fields-Johnson et al. 2012). Restoration techniques vary across a spectrum
from reliance on natural regeneration (Chazdon 2014) and/or assisted (or accelerated)
natural regeneration (ANR; Shono et al. 2007) to intensive land preparation, followed by
densely planting large numbers of tree species (Miyawaki 1993). The framework species
method lies midway along the restoration spectrum. It involves planting seedlings of a few
(20-30) tree species, which are characteristic of the target forest ecosystem and can foster
natural regeneration. Indigenous tree species are selected, based on high field performance,
ability to shade out weeds and the provision of resources that attract seed-dispersing ani-
mals (Elliott et al. 2013) at a young age. Such trees thus promote rapid diversification of
the understory.

Where natural regeneration in not dense enough to achieve restoration goals, forest res-
toration involves planting tree seedlings. Production of planting stock in nurseries is costly,
in terms of labour, time, equipment, etc. Hence, re-establishing forests from seeds may
reduce costs and allow sites that are not near a tree nursery to be restored (Schmidt 2008).

Although, direct seeding could potentially improve the cost-effectiveness of forest res-
toration, it does not work for all desired species. Seed size often affects seedling establish-
ment in open degraded areas, with larger seeds tending to have higher establishment rates
than smaller seeds (Doust et al. 2006; Tunjai and Elliott 2012). Genetics and seed source
also play critical roles in determining seed germination and dormancy and ultimately resto-
ration success (Evert et al. 2014).

In the seasonally dry tropics, the optimum seeding time is assumed to be the start of the
rainy season, since this allows maximum time for root system development before onset of
the dry season. However, only a small percentage of tree species produce seeds at that time
(around 13% for northern Thailand (CMU-B Herbarium Database). Consequently, species
that fruit outside the optimum direct seeding period have not been widely tested. Direct
seeding could have wider applications if seeds produced at other times of the year could
be stored until the optimum direct seeding time, or if the method could be implemented at
other times of the year with good results. Few studies have investigated the effects of dif-
ferent seed sowing times on seedling establishment (but see Doust et al. 2008) and no study
has been performed in seasonally dry forests of northern Thailand, where seasonal vari-
ation in weed growth is considerable. Therefore, the objective of the research, described
here, was to determine the effects of seed sowing time on direct seeding efficiency in
terms of yield (number of established seedlings per 10 seeds sown) and seedling growth.
We tested the hypothesis that seeds, stored and sown at the start of the rainy season, have
higher and more rapid germination and that the resultant seedlings perform better, com-
pared with seeds sown immediately after seed collection.
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Materials and methods
Study site

Direct seeding was carried out on a degraded upland site at Mon Cham, Mae Rim District,
Chiang Mai (N 18°56’, E 98°49', elevation 1343 masl). Mean annual rainfall from 2014
to 2016 was 1324 mm. The rainy season usually starts in early May and continues into
October. The highest rainfall occurs in August. Average temperature was 21.5 °C. January
was the coldest month 17.3 °C. The study site was previously used for strawberry cul-
tivation, but was subsequently allocated for forest restoration. The part of the site, used
for direct seeding experiments, was dominated by herbaceous weeds, such as Pteridium
aquilinum, Paspalum atratum and Imperata cylindrica. Nursery experiments were carried
out at the research nursery of Chiang Mai University’s Forest Restoration Research Unit
(FORRU-CMU).

Study species and seed collection

Large batches of mature seeds, pooled from at least 5 trees of each species, were collected
in nearby primary forest. The seed collection schedule was planned using FORRU-CMU’s
extensive database (FORRU 2016). Species included in the study are listed in Table 1.
All are native forest trees of evergreen forest in northern Thailand. The species were of
proven high performance as framework tree species for restoring forest of this region (Elli-
ott et al. 2003). Fruits were collected from tree crowns (using a pole) in remnant forest or
from the ground as available and the seeds extracted following well-established protocols
(FORRU 2006; Schmidt 2007). The first species was collected in October 2014 and last
species was collected in July 2015. Sub-batches of seeds were then sown in the nursery and
in the field, both shortly after collection and at the optimum sowing time, following stor-
age. In addition, the seeds of Adenanthera microsperma and Acrocarpus fraxinifolius were
scarified prior to germination trials using a nail clipper, a standard procedure adopted by
FORRU nursery staff to shorten seed dormancy, due to the tough seed coat of these species
(FORRU 2016).

In this paper, the word “seed” is used to include pyrenes that comprise one or more
seeds contained with the inner fruit wall (endocarp). Five of the species studied were dis-
persed as pyrenes. Prunus cerasoides produces single-seeded pyrenes (“‘cherry stones”),
Gmelina arborea produces 1-4 seeded pyrenes, Alangium kurzii produces two-seeded pyr-
enes whilst Choerospondias axillaris and Spondias pinnata produce pyrenes, containing
up to a maximum of five seeds (Table 1).

Nursery trials

Sub-batches of seeds were sown in the nursery immediately after collection (hereafter
referred to as the IN treatment (immediate + nursery)) and after storage until the beginning
of rainy season [12th June 2015, hereafter referred to as the SN treatment (stored + nurs-
ery)]. Three replicates of 50 seeds each were sown using FORRU’s standard nursery pro-
tocol (FORRU 2016), buried about one centimetre in 100% forest soil in plastic modu-
lar trays, diameter 4 cm and depth 4.5 cm and watered daily. The number of germinated
seeds was recorded weekly. Germination was defined as emergence of a plumule or radical
through the testa. The test was ended when no seeds had germinated for at least 30 days

@ Springer



New Forests (2020) 51:81-99

84

WRUAIA ‘pue[rey], ‘soe]
‘uedef ‘e1puj ‘erpoquie))
BUIYD "W 000C-00€
WRUIA ‘puB|rey],
‘rewrueAJA ‘soe] ‘e1poq
-wed eurgy w oS 1-0001
WRUIIA
‘PUBIIRYL ‘WIPIS
‘fedoN ‘rewrueAA ‘soe|
‘ersauopuy ‘erpuy ‘eury)
‘w (0081 —) 00E1-001
WRURIA ‘pUB|rey],
‘sourddiqyq ‘rewrueky
‘BISKR[RIA ‘SOBT ‘BISQU
-Opu ‘BuIy) W 0091-009
WRUIIIA
‘pueprey ], ‘rewrueAJA ‘BIs
-Ke[e]ql ‘soe] ‘eIsouopuy
‘erpoquie) ‘eulyd) ‘w0001
epue3() ‘eruezue],
0) padnpoaul ‘puefrey],
‘eyue Ug ‘TedoN
‘rewrueAA ‘BISARTRIN
‘SOeTT ‘eIsauopu[ ‘BIpuf
‘ueinyg ‘ysopeSueg
‘Buly D) "W 00TI-0001

(82)
101103 1I9Y ‘OIN %S

(11) 10y

RACHRIEN B} AL

(T1n)
10)BIS 1Y ‘DN %S

(@9
101103 1IIY ‘OIN %S

XOpoylI0

XOpoylIQ

JUBIIO[ROSY

XOpoylIQ

XOpoylIQ

XOpoylIQ

QUAIAg

PuaIkg

eP39§

SI/L0/CT

S1/S0/S1

S1/90/10

SI/L0/01

S1/20/0C

SI/YO/TT

IH MV
pue ning g ('qxoy)
SLUD]IXD SDIPUOAS0120Y)

] DIPSILIDA DIUIYNDG

‘wreH- ‘yong
pyonov] snd.piojry

qrer) nziny wnmsunyy

‘uurg
pue ‘wslio], vutiad
-SO1U DAIYIUDUIPY

ury
snjofiurxv.f sndivaody

pSOLIUNOD
pue 93ueI UONLAJ[D
—uonnqInsip saroedg

(sAep) uonyenp
pue poyjow 23eI0}§

JInoraeyeq oSe10)g

Apms
SIY) UL asn

on3edoid 9ep UONOI[OD PISS

QBIOBIPIEOBUY A%
Jesourungo| Ad
QBIOBIOIN v
QBOOBUIO)) SV
Jesouringo| NV
Jesourungo| AV
Joded

SIY) Ul pasn

Arwe — UONEBIAAIQQY

soroadg

saroads Apnis Jo IS | 3jqel

pringer

A s



85

New Forests (2020) 51:81-99

WeURIA ‘puerey], (9€2) qreid
‘euly) S W O061-00€T I0YeIOS LY ‘DN %S XopoyQ eP39§ ¥1/01/61  da0RIOUSEIA DN nya1v3 vyISUP I
pue[rey], ‘eaioy ‘uedef (zrn
‘euly) W OO 1-00T 10Ye10SLYSY DN %S Xopoyro qP39S S1/20/0C  QradruUWEYY dH ‘qQUOYL, 171 DIUAOH
WeUuRIA
‘pueyrey [, ‘TewrueKN
‘SOBTT ‘eIpU] ‘ysope[Sueg ¥o) 101 ‘qrepm (A
‘U w0z 1-001 -BIOFLIOY ‘DN [enTu] JuenIoeIy eP39§ S1/S0/61  9eaorINSLIAN VH  vuljppSlun vipjayfsiop
WeuarA
‘pue[IRyL ‘ByURT LS
‘soutddiryq ‘redoN
‘rewrueA A ‘eISARIRIN
‘soeT ‘ersauopuy ‘eIpuy
‘ueinyg ‘ysope[Sueq (o)
‘|uIy) "W )OS Mo[eg 1011319y ‘DN %S XOpoylIQ LPUAIAg S1/S0/1T Qeooenue | VD  QXOy D210qiD DuljauLD
(602) 20w
101BI31Y ‘DN %S QJRIPIWLIANU] Poas YI/11/S1 9BOOBUAqH g psopnpun]s soifdsoiq
WEUIRIA ‘pue[Iey],
‘eque Lg ‘sourddryiyg
‘BauIND) MON ‘TeWURAA
‘BISARRIA ‘SOBT ‘BISOU
-OpuJ ‘BIpu] ‘BIpOqUIED) ((499) no
BUIYD "W 00ET-00S 10119319y ‘DN %S JUBIIOROSY Pa9g $1/01/10  oeodepurdeg 1a up3uoj sndipaou
pSOLIUN0d Apmis 1oded
pue 93ueI UONLAJ[Q (skep) uoneinp SIY) Ul asn SIY) Ut pasn
—uonngrusip soradg puE poylowr 95eI0}S ,INOIABYIQ AFeI0IS om3edord 9)ep UONII[[0D PIAS A(we  uoneIAdIqQy soroadg

(ponunuoo) | sjqey

pringer

As



New Forests (2020) 51:81-99

86

(8007) SI0113, “(L10T) BAUOOQIEAL, JUSIUOD AIMSIOW PAdS DA *(9661) ‘T8 19 Uoyoredoy], “(000T) ‘T¢ 19 1UpIeD),

pue[rey
“TewrueA N W GZGT-008
WERURIA ‘puerey],
‘a10de3urg ‘sourddijiyq
‘TedoN ‘rewrueAA ‘(Ief
-nsutuad) eisAe[e]N
‘Soe ‘eIsauopuy ‘erpuy
‘erpoquie) ‘ueinyg
BUIYD § "W O0TI-00€
WRUJRIA
N ‘wppyrs ‘redoN ‘rewr
-UeKA ‘soe N ‘Iruysey]
‘eIpu] N ‘ueinyg ‘eury)
‘PUBIRYL "N "W 00LE-00L
(pareAnNd) BOLIDWY
Inog ‘puerey], ‘eyue]
ug ‘sourddifiyd ‘redoN
‘rewrueA A ‘BISARTRIN
‘soeT ‘ersauopuj ‘eIpuyp
‘erpoquie) ‘ueinyg
‘euIy) "W O0ET-00¢
pue[st ogroeq
‘errensny [eordon fweu
-9IA ‘pUB[IRY] ‘BYURT
g ‘sourddiqiyg ‘eoumn
moN ended ‘[edoN ‘soe]
‘ersouopu] ‘eIpuj ‘ueinyg
‘eumyd "W Q012008

(o1) 10y
-exo8Lyoy ‘O [enu

(6L) 101
-e103 LY ‘OIN [enIu]

(@9
1011031119 ‘OIN %S

(991)
101e1231139Y ‘DIN %S

(6S1)
101e103L9Y DIN %S

JUBIIOTROSY

XOpoylI0

XOpoylI0

XOpoylIQ

XOpoylIQ

eP39§

LPUAIAg

LQUIA]

BIEEN

BEEN

S1/90/20

S1/€0/5T

SIYO/TT

Y1/C1/8¢C

ST/10/70

QBAIRNIAIN

QeIORIpIBOBUY

QBAIBSOY

Jeaoeyue[Ayg

QBIORI[IN

VS

ds

od

dd

VIN

Ineo ‘)Y pue Inp
-eyed (zIny] Xa aryng)
wmnaoliqqp w3 248

ziny|
('3 " 1) vuurd svipuods

uo( “(I X "WeH-yong
SOPIOSDIID SNUNLJ

1 D21qud SHyIU Y

1 YoDADpPazD VI

pSOLIUNOD
pue o3ueI UOIBAJ[D
—uonnqusip soroadg

(sKep) uoneinp
pue poyjouwr a3e10}§

JInoraeyaq a5e101g

Apms
SIY) Ul Osn

on3edoig 91ep UONOI[OD PAdS

Arue

Joded
SIY) Ut pasn
UOTJRIAIQQY

soroadg

(ponunuoo) | sjqey

pringer

A s



New Forests (2020) 51:81-99 87

after the germination peak. Mean germination percentage and median length of dormancy
(MLD) were then calculated. MLD was defined as the time from sowing to germination of
half the number of seeds that finally germinated (Elliott et al. 2013).

Direct seeding

After collection seeds were divided into two batches. The first was sown directly into the
field site one day after seed collection (hereafter referred to as the IF treatment (immedi-
ate + field), whilst the second batch was stored until the beginning of the rainy season (12th
June 2015, hereafter referred to as the SF treatment (stored + field)). In the field trial, seeds
were positioned 50 cm apart and buried—three replicates of 50 seeds each, with replicates
spaced at least 20 m apart. The seeds were buried about 5 cm deep or until soil fully cov-
ered the seeds. A PVC pipe was placed around every seed sown, to prevent movement and
to make the seeds easier to find for subsequent measurements. Stored seeds were sown
beside immediately-sown seeds at the beginning of the rainy season (12th June 2015).
Seeds of A. kurzii (29th July 2015) and C. axillaris (15th July 2015) were sown later,
because they fruited during the rainy season. Seed germination was monitored weekly until
no seeds had germinated for a period of at least 30 days following the germination peak.
Height and root collar diameter (RCD) of surviving seedlings were measured at the begin-
ning of the first rainy season (July 2015), after the first rainy season (December 2015) and
at the beginning of the second rainy season (July 2016). Weeds around the germination
sites were slashed at the beginning of the rainy season (summer) and at the end of the rainy
season (cool season). Fertilizer was applied to seedlings following the recommendations of
FORRU (2006).

Seedling relative growth rate (RGR, %/year) was calculated using the following
equation:

(In FS —In IS) x 365 days
No. days between measurements

RGR = 100

where In FS is the natural logarithm of final sapling size and In IS is the natural logarithm
of the initial seedling size (Elliott et al. 2013). RGR based on height (RGR-H) and root col-
lar diameter (RGR—RCD) are presented in this paper.

Statistical analyses

Data were analysed using the standard statistical procedures for nursery and field trials,
established for forest restoration experiments in manual by Elliott et al. (2008). Binomial
data, such as percent germination and survival, were arcsine-transformed before analysis
(Elliott et al. 2013). ¢ tests were performed separately for each species for pair-wise com-
parison: (1) mean percent seed germination and MLD (days) between the field and nursery
(3 replicates) and (2) mean seedling/sapling survival, yield and relative growth parameters
between the two sowing times. Species were ranked according to mean percent germina-
tion for the most effective (immediate or stored) treatment for each species in the field.
Subsequently, the presence of significant differences in both mean germination and relative
growth rate among species was determined by analyses of variance (ANOVA). Since there
were no significant differences in relative growth rates between the two sowing times, val-
ues from both treatments were pooled (N =6) and an ANOVA was performed with species
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as the main effect and growth parameters (height and RCD) as the dependent variables.
Post hoc analyses for pair-wise comparisons of means were undertaken using Tukey test
(»p=0.05). All statistical analyses were performed by PAST version 3.22 (Hammer et al.
2001).

Results
Seed germination

For all but three species, seed storage had no significant effect on germination in the field
(Fig. 1). The exceptions were H. amygdalina, whose seeds germinated only when sown
immediately after collection and A. lacucha, whose immediately-sown seeds germinated
significantly more than its stored seeds did ( test, p <0.01), whilst A. fraxinifolius was the
only species whose stored seeds germinated better than did those sown at collection time (¢
test, p <0.01).

Germination environment (IN vs. IF) also had no significant effect on germination of
all but 3 species at seed-collection time. The exceptions were A. fraxinifolius, A. lacucha
and C. axillaris, which all germinated significantly better in the nursery (IN>IF, by 42%,
32% and 25%, respectively, ¢ test, p<0.05, Fig. 2a). A similarly insignificant result was
obtained for seed that had been stored (SN vs. SF). After seed storage, the exceptions were
M. azedarach, M. garrettii and P. emblica which, in contrast to the earlier results, germi-
nated significantly better in the field than in the nursery (SF> SN by 36%, 16% and 25%,
respectively, ¢ test, p <0.05, Fig. 2b).

The species were ranked according to highest mean percentage emergence, regardless
of sowing time (immediately sown vs. stored), (Fig. 3). B. variegata exhibited the high-
est percent germination (88.7 +1.3%), from immediate sowing at collection time (IF), fol-
lowed by stored seeds of A. microsperma and P. cerasoides sown at the start of the rainy
season (71.3.0+6.8% and 64.0+4.7%, respectively). In contrast, D. glandulosa (SF)
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Fig. 1 Mean (+SE) percent seed germination of 13 tree species, sown in the field at collection time (IF)
and at the beginning of rainy season after storage (SF). Three replicates of 50 seeds. A. microsperma and A.
[fraxinifolius seeds were scarified for the SF treatment. Asterisks indicate significant differences between the
two bars within each species (¢ test, p <0.05). For species abbreviations please see Table 1
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Fig.2 Mean (+SE) percent seed germination of 17 tree species between nursery and field conditions for
a 17 species of seeds sown at collection time (IF vs. IN) and b 13 species after storage (SN vs. SF). Three
replicates of 50 seeds. Asterisks indicate significant difference between the two bars within each species (¢
test, p <0.05). For species abbreviations please see Table 1

P

AM ——]—— ab

10 20 30 40 50 60 70 80 90 100
Germination (%)

Fig.3 Species ranked in declining order of highest mean germination (& SE) under the most effective treat-
ment in the field. Gray bars indicate seed sown at collection times, whilst white bars indicate those sown
at the beginning of rainy season after storage (N=3). Bars not sharing the same superscripts indicate sig-
nificant differences among species. (mean differentiation, using Tukey, «=0.05). For species abbreviations
please see Table 1

germinated the least (only 4.0+2.0%,). A similar result was obtained with D. longan (IF)
(only 8.1 +3.5%, Fig. 3).

Dormancy

Storage generally shortened MLD of most species. In the field, seeds of most species
sown at collection time (IF) had significantly longer MLD than those stored and sown
at beginning of the rainy season (SF): A. microsperma (IF > SF by 46 days, seeds stored
112 days, ¢ test, p<0.01), H. amygdalina (IF> SF by 62 days, seeds stored 24 days, ¢
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test, p<0.01), H. dulcis (IF>SF by 78 days, seeds stored 112 days, ¢ test, p=0.01),
M. azedarach (IF>SF by 97 days, seeds stored 159 days, ¢ test, p<0.01), P. emblica
(IF> SF by 93 days, seeds stored 166 days, t test, p <0.01) P. cerasoides (IF > SF by
57 days, seeds stored 62 days, f test, p <0.01) and S. pinnata (IF > SF by 76 days, seeds
stored 79 days, ¢ test, p <0.01, Fig. 4). B. variegata seeds were the only ones with longer
dormancy when stored and sown at the start of the rainy season (SF, 28 days’ storage),
compared with IF. The difference was only 4 days, although it was statistically signifi-
cant (t test, p<0.01, Fig. 4).

For seeds sown in the field at collection time (IF), most germinated just before the
start of the rainy season (median date of germination). The exceptions were D. longan,
D. glandulosa and M. garrettii whose median germination dates fell in October, Decem-
ber and March respectively. For seeds sown after storage (sowing date 12/06/16), all
species had median germination dates within the rainy season (June to August 2015).

When mean dormancy was compared between seeds sown in the nursery and field
at seed collection time (IN and IF), six species took significantly longer to germi-
nate in the field than in the nursery: A. lacucha (IF >IN 22 days, ¢ test, p=0.01), A.
microsperma (IF>1IN 50 days, t test, p<0.01), H. amygdalina (IF >IN 26 days, ¢ test,
p=0.02), M. azedarach (IF>1IN 38 days, t test, p <0.01), S. pinnata (IF>1IN 79 days,
t test, p<0.01) and S. albiflorum (IF>IN 10 days, ¢ test, p=0.01), whilst three took
significantly longer to germinate in the nursery than in the field: A. fraxinifolius (IF <IN
90 days, t test, p=0.04), B. variegata (IF<IN 5 days, t test, p<0.01) and C. axillaris
(IF <IN 157 days, t test, p<0.01, Fig. 5). Comparing MLD after seed storage, between
the nursery experiments and the field trials, five species had longer mean MLD in the
field than in the nursery; A. microsperma (SF>SN 10 days, t test, p<0.01), B. varie-
gata (SF> SN 3 days, ¢ test, p=0.01), M. azedarach (SF> SN 20 days, ¢ test, p<0.01),
P. cerasoides (SF> SN 3 days, ¢ test, p=0.01) and S. pinnata (SF>SN 10 days, ¢ test,
p<0.01, Fig. 5b).
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Fig.4 Mean (+SE) median length of dormancy (MLD) of 13 tree species compared between two sowing
times in the field: at collection time (IF) and at the beginning of the rainy season after storage (SF), (N=3).
Asterisks indicate significant differences between the two bars within each species (¢ test, p <0.05). For spe-
cies abbreviations please see Table 1
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a collection time and b after storage. Asterisks indicate significant differences between the two bars within
each species (7 test, p <0.05). For species abbreviations please see Table 1

Seedling survival and seedling yield

In general, seed storage had no significant effect on seedling survival in the field (defined
as the number of surviving seedlings, expressed as a percentage of the seeds that germi-
nated after 12 months). B. variegata achieved the highest percent survival (69.7 +9.1%),
followed by P. emblica (51.1£10.2%). A. fraxinifolius, G. arborea and H. dulcis had low
survival percentages in the field (1.1+1.1%, 3.3+2.2% and 3.3 +3.3%, respectively). No
seedlings survived of A. fraxinifolius from immediate sowing and of G. arborea from
stored seeds (Fig. 6a).

Seedling yield (the number of seedlings that survived to reach 1-year-old, expressed
as a percent of the number of seeds sown) was also not significantly affected by seed
storage for all species except for A. lacucha—the only species for which percent yield
of immediately sown seeds was significantly higher (22%) than that of stored seeds (¢
test, p=0.04, Fig. 6b). B. variegata achieved the highest yield in the field (60.7 + 8.7%),
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Fig.6 Mean (+SE) a seedling survival and b seedling yield, in the field over one year of direct-seeded
seedlings from two sowing periods, Gray bars IF=sown at collection time. White bars SF=seeds stored
and sown at the beginning of rainy season (N=3). Asterisk indicates significant difference between IF and
SF (p <0.05). For species abbreviations please see Table 1
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whereas most other species had yields of less than 20 percent. All seedlings of A. frax-
inifolius from immediate sowing died in the field. A. fraxinifolius and H. dulcis had the
lowest yields: only 0.3 +0.3%.

Seedling growth

All growth measures of 1-year-old seedlings were not significantly affected by seed
sowing time, both within each species and for data pooled across species (t test, RGR-H,
p=0.83, and RGR-RCD, p=0.92) (Fig. 7).

Differences in growth rates between the species tested were significant (ANOVA,
p<0.01). P. cerasoides seedlings grew the fastest (RGR-H (171.7 +37.9%/year), fol-
lowed by M. azedarach (127.3 +27.9%/year). Conversely, G. arborea, S. pinnata and
H. dulcis grew the slowest, with RGR-H values of just 15.6+15.6, 17.6 +12.1 and
17.7 £ 17.7%l/year, respectively, Fig. 8a). P. cerasoides also achieved highest RGR-RCD
(ANOVA, p<0.01, 121.1 £28.1%/year), followed by M. azedarach and P. emblica
(119.0+ 14.2%/year and 109.2 +20.6%/year, respectively). In contrast, RGR-RCD
of S. pinnata, H. amygdalina and C. axillaris seedlings was low (21.7+11.7%/year,
22.2+12.3%/year and 24.2 + 61.8%/year, respectively, Fig. 8b).
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Fig.7 Mean (+SE) relative growth rates (RGR) for a height and b root collar diameter over 1 year of
direct-seeded seedlings in the field, by species, between two sowing periods, IF=sown at collection time,
SF=Stored and sown at the beginning of rainy season (N=3). No significant differences between treat-
ments for every species (p <0.05) Species abbreviations see Table 1
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Discussion

With the current surge in forest restoration programs globally, particularly for climate
change mitigation (Dave et al. 2017), interest in developing direct seeding, as a more cost
effective alternative to conventional tree planting, has never been greater. Its advantages for
tropical regions, such as no requirement for a tree nursery, ease of transport and the ability
to restore remote sites, have been well reviewed (Schmidt 2008), but mortality of seeds,
and the tiny seedlings that emerge from them, is usually much higher than for convention-
ally planted tree saplings, due to their higher vulnerability to weed competition, pests and
diseases and sudden changes in environmental conditions. So, the efficiency of direct seed-
ing must be increased, if it is to become a viable alternative to conventional tree planting
on a broad scale.

The most effective timing of direct seeding is debatable, both in terms of its likely
effects on the outcome of restoration and for practical reasons. We reasoned that the opti-
mal direct seeding time would be the beginning of the rainy season, since tree seed ger-
mination (in terms of species numbers) naturally peaks then. In the seasonally dry tropi-
cal forests of northern Thailand, the median seed germination dates of more than three
quarters of tree species are in the late dry or early rainy seasons (75.8% of 262 species
studied (FORRU 2006, p. 44). This allows maximum time for roots to grow deep enough to
access sufficient soil moisture to survive the dry season; desiccation being a major cause of
tree seedling mortality in exposed deforested sites during the first dry season (Elliott et al.
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2003). Consequently, we hypothesized that, compared with seeds sown immediately after
seed collection, those stored and sown at the start of the rainy season would have higher
yield (number of seedlings established from 100 seeds sown) and growth.

However, the results, presented above, did not support this hypothesis, there being no
significant differences between the two sowing times in both yield (Fig. 6b) and growth
rates (Fig. 7) of all species tested, except for yield of A. lacucha. This implies that the tim-
ing of the direct seeding is not as critical as we first thought it to be. This provides forest
restoration project managers with flexibility in their use of the technique as a restoration
tool. For practical purposes, it still makes sense to sow the seeds of as many species as
possible in a single operation at the start of the rainy season. This strategy would require
a small local seed bank to be established, with staff to maintain it, and it would exclude
tree species whose seeds rapidly become non-viable during storage (recalcitrant species)
and which also fruit more than a few weeks before the planned mass-sowing event. In this
study, seeds of only two species (H. amygdalina and A. lacucha) were sensitive to desicca-
tion and totally or substantially lost viability, when stored even for very short periods. They
were, therefore, classed as recalcitrant (Waiboonya 2017). However, recalcitrant species,
in general, tend to disperse their seeds in the rainy season (Daws et al. 2005). In this study,
only one of three recalcitrant species fruited outside the start of the rainy season (Dimocar-
pus longan, November). So, seeds of many recalcitrant species are likely to be available
for multi-species, mass, direct-seeding operations at the start of the rainy season, without
storage being necessary.

Yields, in terms of the number of trees established per 100 seeds sown, were gener-
ally lower than could be expected from conventional tree planting (except for B. variegata)
(Elliott et al. 2003), but that is to be expected, since in nature, only a miniscule proportion
of the seeds dispersed into deforested sites germinate to become trees. Of the 17 species
tested, eight had first-year yields of less than 10%, four of 10-20%, 4 of 20-30% and one of
> 60%; certainly higher than for naturally dispersed seeds in a similar environment (Hard-
wick et al. 1997). In contrast, Elliott et al. (2003) reported that in restoration trials that
tested conventional tree-planting in a nearby site, more than half (51%) of species tested
(n=37) achieved survival rates of >70% over 2 rainy seasons. The lower yields of direct
seeding, compared with conventional tree planting, could be compensated for by collecting
and sowing larger numbers of seeds. This in turn raises the issue of the need to develop and
scale up efficient regional tree seed collection and distribution programs, to achieve econo-
mies of scale, if direct seeding is to be practiced on a wide scale.

Seedling growth was similar to that reported for the same species in other nearby stud-
ies and some species exceeded growth rates reported for nursery-grown planting stock.
For example, P. cerasoides seedlings grew the tallest (87.4 cm) of all the species tested,
one year after germination and attained the highest RCD, followed by M. azedarach
(46.9 cm tall) and B. variegata (30.4 cm). These heights exceeded the recommended height
(30-50 cm; FORRU 2006) for planting out of nursery-grown saplings. Tunjai (2005)
reported similar results for direct-sown seedlings of P. cerasoides (80 cm tall) and M. aze-
darach (120 cm tall). In a head-to-head paired comparison with nursery-raised saplings,
she reported that, within a year, direct seeded M. toosendan, P. cerasoides and C. axillaris
saplings grew significantly taller than did the nursery-raised saplings that they were paired
with (p <0.05). The differences became even greater during the second year of the experi-
ment, by which time direct seeded G. arborea saplings had also grown significantly taller
than nursery-raised ones. She attributed this to better root system development of direct
seeded trees, since containerized, nursery-grown saplings often develop root abnormali-
ties (spiraling) in the nursery and suffer transplantation shock when planted out (see also
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Schmidt 2008). The high growth rates of M. toosendan, P. cerasoides C. axillaris and G.
arborea, the fact that they flower and fruit at a young age (2-3 years) and their attractive-
ness to seed-dispersing animals makes them ideal framework species (FORRU 2006). If
low yields are compensated for by high sowing densities, direct seeding may be a more
efficient way to include these species in forest restoration projects than conventional tree
planting. However, tree planting may remain the most efficient technique for slower grow-
ing species. For example, in our study, A. fraxinifolius seedlings grew the least—averaging
only 4.3 cm tall in a year. In contrast, FORRU (2006) reported excellent results of this
species with conventional tree planting (68 cm tall, RGR-H=180 one year after planting
30-cm-tall saplings). Consequently, although direct seeding may become a more common
component of forest restoration projects, it unlikely to replace tree planting entirely. The
pros and cons of conventional tree planting versus direct seeding (both multi- and single
events) are summarized in Table 2.

Our study implies that species selection matters more than timing when designing for-
est restoration projects with a direct-seeding component (except for the recalcitrant species
mentioned above, which can only be direct seeded soon after seed collection). This is in
broad agreement with the only other major study known to the authors that focussed spe-
cifically on the timing of direct seeding: that by Doust et al. (2008), who investigated the
effects of sowing seeds early or late in the rainy season (with minimal seed storage). That
study also reported that the effects of timing were small, except for a few small-seeded
species at one site only, which did appear to benefit from sowing late in the rainy season.
However, the authors attributed this to weeding the site prior to late seeding, which reduced
competition. Consequently, for most tree species in the seasonal dry tropics, the timing of
direct seeding is unlikely to be critical to the overall success of forest restoration projects,
provided species with relatively high rates of establishment and growth are selected. From
this study, those species with yields >20% and RGR-H > 50% are recommended for direct
seeding to restore seasonally dry upland evergreen forest ecosystems in northern Thailand
and at other sites within their species ranges, namely: Adenanthera microsperma, Bauhinia
variegata, Melia azedarach, Phyllanthus emblica and Prunus cerasoides.
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