PUBLISHING

SPECIAL ISSUE | RESEARCH PAPER
https://doi.org/10.1071/BT22126

Australian Journal of Botany
I~ 0\ W

Sunlight and red to far-red ratio impact germination of tropical
montane cloud forest species

Gemma L. Hoyle”* (9, Amelia V. Stevens” (9, Lydia K. Guja”® (9, Karen D. Sommerville© (2,

Stuart WorboysP

For full list of author affiliations and
declarations see end of paper

*Correspondence to:

Gemma L. Hoyle

National Seed Bank, Australian National
Botanic Gardens, Parks Australia, Clunies
Ross Street, Acton, ACT, Australia
Email: gemma.hoyle@dcceew.gov.au

Handling Editor:
Catherine Offord

Received: 3 November 2022
Accepted: 8 March 2023
Published: 20 April 2023

Cite this:
Hoyle GL et al. (2023)

Australian Journal of Botany, 71(7), 326-339.

doi:10.1071/BT22126

© 2023 The Author(s) (or their
employer(s)). Published by

CSIRO Publishing.

This is an open access article distributed
under the Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0
International License (CC BY-NC-ND).

OPEN ACCESS

and Darren M. CraynP

ABSTRACT

Context. Australia’s tropical montane cloud forests (TMCF) exhibit exceptional species richness
and endemism. Determinants of regeneration via seed of these species are next to unknown, limiting
our ability to quantify and project their vulnerability to climate change. The ratio of red to far-red
light (R:FR) has been shown to influence seed germination of many tropical species. Aims. We
investigated germination of six previously unstudied TMCF species in relation to the presence or
absence of light (light/dark) and light quality (R:FR). We hypothesised that increased R:FR would
lead to increased germination and that small-seeded species would be more likely to have a light
requirement and be less sensitive to R:FR compared to larger-seeded species. Methods. Sunlight
and polyester filters were used to create a gradient of R:FR ranging from 0.1 to |.14. Seeds were also
sown in constant darkness. Key results. Across species we saw varying germination responses.
Three of the four smallest-seeded species exhibited an absolute light requirement for germination
and did not discriminate between different R:FR. Germination of the small-seeded TMCF endemic
Dracophyllum increased exponentially with increasing R:FR. Germination of the largest-seeded
species was inhibited by both low and high R:FR, and germination was higher in constant
darkness than diurnal light/dark. All six species were able to germinate at remarkably low R:FR
values. Conclusions. Light affects seed germination of Australia’s TMCF plant species in a
variety of ways. Implications. The findings of this study provide insights into plant recruitment
in situ, and the acclimation potential of these species under reduced R:FR predicted for the future.

Keywords: climate change, cloud forest, light, R:FR, red to far-red ratio, seed ecology, seed
germination, seed mass.

Introduction

In tropical montane systems worldwide, mid to upper elevations often harbour evergreen
forests that experience persistent, frequent, or seasonal cloud at vegetation level (Bruijnzeel
et al. 2011; Ray 2013). These ‘tropical montane cloud forests’ (TMCF) typically exhibit
exceptional species richness and endemism (Martin and Bellingham 2016). Globally,
tropical montane ecosystems are recognised as highly threatened by climate change
(McJannet et al. 2008; Helmer et al. 2019; Karger et al. 2021). In TMCF, we can expect
rises in temperature, reductions in cloudiness and increased drought periods leading to
species extinction, altitudinal shifts in species’ ranges and TMCF community reshuffling
(Costion et al. 2015; Elsen et al. 2022). Yet these extraordinary ecosystems remain under-
documented, and their persistence under climate change insufficiently quantified, due to
their complex terrain and isolation (Martin and Bellingham 2016). Plant regeneration
from seed is critical for species persistence in the landscape under future climate scenarios
(Walck et al. 2011). This is particularly the case in montane environments where an upward
shift in distribution of plant species to cooler, wetter refuges may be the only option for
survival (Pauli et al. 2012; Auld et al. 2022). The ability of seed-bearing TMCF plants to
shift their distribution in response to climate change will depend on the ability of their
seed to germinate under new environmental conditions in their current location and/or
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at higher altitudes. However, our understanding of the regen-
eration and distribution of tropical montane plant species
(Baskin and Baskin 2014; Baskin et al. 2021), and particularly
TMCF species (Martin and Bellingham 2016), is limited.

Australia’s TMCF occurs within the Wet Tropics Bioregion
of northeast Queensland. We estimate that these complex,
diverse TMCF systems contain ~930 seed-bearing plant
species including ~70-80 endemics, all with a distributional
range encompassing tropical montane rain forest at elevations
of >900 m above sea level. Costion et al. (2015) modelled
changes in the distribution and extent of suitable habitat
for 19 endemic species and predicted a decline in area of
suitable habitat of 81% by 2040, and 95% by 2080 (mean
for all species). Roeble (2018) expanded on this work,
modelling 37 species based on improved occurrence data
from additional field surveys, and a mean habitat
loss of 63% was predicted for all species by 2085. These
projections are alarming. However, they must assume that
the current niche occupied by each species is essential for
its survival because very little is known about environ-
mental factors determining the distribution of TMCF species,
or their capacity to regenerate. Better understanding
of each species’ current germination niche would improve our
ability to quantify and project the vulnerability of TMCF
flora to climate change, to inform modelling, conservation,
management and future restoration (Christmann and Menor
2021).

The main factors controlling germination are temperature,
moisture and light (Baskin and Baskin 2014). In TMCF, where
rainfall is high throughout the year and there is little seasonal
variation in temperature, light may be the main driver of
germination. Light-sensitive species utilise light to indicate
conditions suitable for germination (Pearson et al. 2003),
with light controlling the induction, maintenance and release
of seed dormancy via hormone metabolism and signalling
(Yan and Chen 2020; Yang et al. 2020). In tropical montane
regions, an absolute light requirement for germination or a
preference for high light quantity has been reported for
species in wet forest (Everham et al. 1996) and rain forest
(Zang et al. 2008). ‘Smaller’ seeds (with seed mass <2 mg)
of herbaceous and woody species from tropical habitats are
more likely to require light for germination than ‘larger’
seeded species (Milberg et al. 2000; Pearson et al. 2002;
Jankowska-Blaszczuk and Daws 2007; Aud and Ferraz
2012; Tiansawat and Dalling 2013). Restoration efforts in
Costa Rican tropical montane forest reported low germination
of small-seeded tree species due to the canopy reducing light
(Sady et al. 2010).

Light/dark studies provide some information on the
germination requirements of species, but vegetation does not
consist of a binary patchwork of open sun and full shade
(Lieberman et al. 1989). The spectral composition of light
depends on the degree of filtering due to soil, canopy and
cloud cover, geographical factors such as latitude and
altitude, and time of day (Anderson 1964). At midday,

unfiltered sunlight contains red light (600-700 nm; R) and
far-red light (700-800 nm; FR) in a ratio of ~1.2. As light
passes through a leaf canopy, more red light is absorbed
relative to FR light and the R:FR decreases. As light passes
through a secondary or under canopy, the R:FR is even
lower, ~0.3 (Lee 1987). The R:FR can be as low as 0.1 beneath
leaf litter layers on the ground (Vazquez-Yanes et al. 1990).
Thus, R:FR varies continuously from deep shade to open
sky conditions, providing a sensitive indicator of canopy
vegetation and leaf litter conditions of the ground surface.
In a typical phytochrome-mediated response, the increase
in proportion of FR light below the canopy inhibits seed
germination, while germination is promoted by light with a
high R:FR in more open areas and below gaps in the canopy
(Cone and Kendrick 1986). For example, Valio and Scarpa
(2001) found that low R:FR inhibited germination of seven
Brazilian tropical pioneer species. However, other studies
report species-specific R:FR for maximum germination. For
example, in tropical montane grassland of South America,
some Vellozia species presented maximum germination
at the greatest R:FR tested (0.77) while others reached
maximum germination at the lowest R:FR tested (0.02 and
0.08) (Vieira et al. 2018). In Mexico, tropical rain forest
species required high R:FR for germination while high
altitude lava field species germinated at both low and high
R:FR (Vazquez-Yanes and Orozco-Segovia 1990). Seed size
has also been linked to R:FR sensitivity. For 22/29 tropical
taxa (mostly trees), there was a significant positive correlation
between seed mass and R:FR5( (the R:FR at 50% of maximum
germination; Tiansawat and Dalling 2013). In other words,
smaller seeds (<2 mg) were able to germinate at low R:FR
as well as high R:FR. Similarly, eight small-seeded species
from tropical rain forest in Singapore germinated under a
spectral composition similar to canopy shade (Metcalfe
1996), and small-seeded tropical species from Central America
germinated under a wider range of R:FR values than larger-
seeded species (Pearson et al. 2003). In contrast, small-
seeded, light-dependent temperate taxa (herbaceous species)
are likely to be more sensitive to R:FR, not less sensitive
(Jankowska-Blaszczuk and Daws 2007; Tiansawat and
Dalling 2013).

The ratio of R to FR light is particularly interesting in TMCF
since far-red light is affected by water vapour in the
atmosphere such that the R:FR increases as atmospheric water
content increases (Gérski 1976). In a temperate mountain
cloud forest, Reinhardt et al. (2010) recorded 25-30% higher
R:FR below the canopy on low cloud and cloud immersed
days relative to sunny days. Cloud immersion may somewhat
counteract the effect that canopy cover has on the R:FR. The
Australian TMCF canopy is dense and closed. In the future,
predicted reduction in atmospheric moisture and cloud
immersion in TMCF (Helmer et al. 2019), may lead to a
reduction in R:FR below the canopy. Despite this, we know
of no previous studies examining the effect of light quality
on germination of TMCF seed.
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Here, we investigated the germination niche of six g <
previously unstudied TMCF species in relation to absolute - ﬁ I I g §_L1§
light requirement (light/dark) and light quality (R:FR). o T g 2 g £ g g
Previous studies on species from a range of habitats have SE |28s5 B g 2 25
investigated germination responses to R:FR using coloured E s | B s % 2 p. 2 £2
bulbs or light filters (Steinbauer and Grigsby 1957; Toledo 5% = o & cg £ %%
et al. 1990; Drake 1993; Valio and Scarpa 2001; Daws 2002; 855 85 2 R RS RS S
Steadman 2004; Jankowska-Blaszczuk and Daws 2007; Lund
et al. 2007; Vieira et al. 2018). However, these studies may ¥ £ ¢
have limited application to the interpretation of responses § g %
of plants in the field since they used artificial light sources. g £ E - . . -

We used sunlight to create a gradient of seven different 2f5lg ® g 3 R g
R:FR reminiscent of that which seeds would experience = § 2 : 3 - §
in situ. We asked, do seeds of TMCF species require light for - “ = M “ -
germination and do they differentiate between different g
R:FR? We hypothesised that increased R:FR would lead to *E & . . . £E Eo
increased germination and that small-seeded species would e |3 2 5§34 3 Sz
B : . 58 2 2 2 §g < 2 s o9&
be more likely to have a light requirement and be less @ " 3 3 2 £§%§ ¢ ELe
sensitive to R:FR compared to larger-seeded species. The ‘25 § ‘25 ggg 'Zé' g5}
ecological relevance of findings for the current germination .
niche and acclimation potential of each species under g 5 5%
future light conditions are discussed. g8 s E%
gt g 3 § E®
. < = o o] o R QL £Eay.2
Materials and methods 5138 £ £ 2 2 8% ¢
~_ 318 3 g8 8 S ®
Seed collecting and processing < E £ % S S < S S
Mature fruits/seeds of Dracophyllum sayeri F.Muell. g § s 2la 5 § § E?; e
(Ericaceae), Melastoma malabathricum L. subsp. malabathricum @ e © R ° h
(Melastomataceae), Abrophyllum ornans (F.Muell.) Hook.f. ex '% § T - E ?é, g ?Eg E - -
Benth. (Rousseaceae), Lenbrassia australiana (C.T.White) % 35 g gz 'FQ g .3 g .3 gfi gf‘
G.W.Gillett var. australiana (Gesneriaceae), Dianella caerulea ; % i" o é 2 § £ g3 _§ > é _g c g é
Sims var. caerulea (Hemerocallidaceae) and Gahnia sieberiana § o 2 £ i I 55 85 282 23
Kunth (Cyperaceae) were collected between April 2019 and g . e
December 2020 on Mt Lewis (16°30’S, 145°16E) and S TE' S 3 ?g X
Mt Bellenden Ker (17°15’S, 145°52'E) in the Wet Tropics =t 8 c . %.9’ i = é g
Bioregion of northeast Queensland, Australia (Table 1; Fig. 1). S § E 2 é 3 €e € @ X
The Wet Tropics Bioregion is extremely wet for much of the § a § 3 2 o 5§ i 3 §
year: the weather station on Mt Bellenden Ker (1593 m) = gé § £ 5y 2 & T
records mean annual rainfall of 7150 mm (Xu et al. 2014a). g § g g E jé fg% fsl ?:, g 2
Most of the rain falls during the ‘wet’ season (typically © 2<% 50U 52 5% 28 3
November-April), however, vegetation strips the clouds of 'g- . z
moisture during the ‘dry’ season (May-September) which ; . % o . k.
evens out seasonality (McJannet et al. 2008). Mean maximum/ a E ‘é g g o = g
minimum air temperatures over the period 1983-2012 were 3‘5_ L 2 § g g e §
22/16°C for summer (December, January, February) and g ;5 g s = E 5
15/11°C for winter (June, July, August; Xu et al. 2014b, S
2014c). The climate and vegetation of the Wet Tropics PRI o N, ~ ~
. . . . . . 'C;' Z 52| o 2 g % n g
Bioregion are described in greater detail elsewhere (Jarvis £ (< 8E|R Q N9 = N
and Mulligan 2010; Eller et al. 2020). g V2ElR o & & o S

The study species will be referred to as Dracophyllum,

Melastoma, Abrophyllum, Lenbrassia, Dianella and Gahnia :; _::f g = é E § o E o
from here on. These taxa were sampled due to the presence 3|3 E |28 22 9283928 %5 28
of multiple plants producing sufficient mature seed at the b [Zc |V U= U=2U= U U=
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Variation within seed collections (left), individual whole seed (middle) and longitudinal

section (right) of species used to study the impact of light on germination: Melastoma
malabathricum subsp. malabathricum (a—c), Lenbrassia australiana var. australiana (d—f),
Abrophyllum ornans (g—i), Dracophyllum sayeri (), Dianella caerulea (m—o) and Gahnia sieberiana
(p—r). Species are ordered from smallest to largest seed mass. Scale bar = | mm.

point of natural dispersal at the time of collection, and
represent a range of growth forms including herbs, shrubs
and trees (Zich et al. 2020; Table 1). Dracophyllum and
Lenbrassia are endemic to TMCF in the Wet Tropics
Bioregion and the other species are more widespread to the
south/southeast.

For all but one species (Dianella), vouchers were lodged
at the Australian Tropical Herbarium, Cairns (CNS) and
duplicates provided to the Australian National Herbarium,

Canberra (CANB). The Dianella collection voucher was only
lodged at the Australian National Herbarium, Canberra (CANB;
Table 1).

Fleshy fruited species (Abrophyllum, Melastoma, Lenbrassia
and Dianella) were collected into polythene zip lock bags and
stored for up to seven days in chilled, insulated boxes before
being posted to the Australian PlantBank (Australian Botanic
Gardens, Mount Annan, NSW) or the National Seed Bank
(Australian National Botanic Gardens, Canberra, ACT). Dry
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fruited species (Dracophyllum and Gahnia) were stored
and transported in paper bags. Abrophyllum, Melastoma,
Dracophyllum and Gahnia were processed at the Australian
PlantBank before being sent to the National Seed Bank.
Lenbrassia and Dianella were processed at the National
Seed Bank. Where necessary, dehiscent fruits were held at
ambient laboratory conditions for up to two weeks to
facilitate the release of seeds. Upon receipt at the National
Seed Bank, seed collections were provided with CANB
accession numbers linked to the herbarium vouchers (Table 1).
Seeds of all species were confirmed to be orthodox and stored
in a drying facility at approximately 15 + 2°C and 15-20%
relative humidity (RH) until the experiment began in
February 2021.

Seed weight

Dry seed weight was determined for each species by drying
seeds to 15% equilibrium RH, weighing three replicates of
50 seeds per species and calculating an average seed weight.

Experimental light gradient

In a temperature-controlled glasshouse in Canberra we
created a gradient of seven R:FR ratios using sunlight (Gérski
and Goérska 1979; Tiansawat and Dalling 2013) and coated
polyester filters (Lee Filters, Media Vision, Sydney, Australia):
0.11 (filter #242), 0.2 (filter #121), 0.38 (filter #088), 0.54
(filter #244) 0.74 (filter #245), 0.91 (filter #246) and 1.14
(no filter). Using a hand-held spectrometer to measure
light wavelengths (SpectraPen, Photon Systems Instruments,
www.psi.cz) the R:FR ratio was calculated using the mean red
wavelengths (657-664 nm) and the mean far-red wavelengths
(726-734 nm). Total irradiance was also calculated. We also
took light readings in various TMCF locations in the Wet
Tropics Bioregion to help validate our experimental light
gradient (Supplementary material, Table S1). The R:FR was
highest at the edge of the canopy in direct sunlight (1.0),
and lowest below the canopy and leaf litter (0.3). The R:FR
was higher below the canopy on an overcast day (0.7)
when compared to below the canopy on a sunny day (0.4).
This was in line with the known effect of atmospheric
moisture on the R:FR of sunlight (Gérski 1976; Reinhardt
et al. 2010). Total irradiance decreased as R:FR decreased,
both in situ and in experimental conditions (Supplementary
material, Table S1 and Fig. S1). The R:FR and total irradiance
inside the glasshouse, across the entire gradient, were com-
parable to those measured directly outside the glasshouse,
if a little lower (Fig. S1). Light readings were also taken
hourly between 06:00 and 18:00 hours during a pilot study
in September 2020 and were consistent over the day,
except for some expected decrease at dusk (Fig. S2). To
determine whether R:FR changed over the duration of the
experiment, filtered and unfiltered light readings were
taken in the glasshouse, hourly, between 09:00 and 15:00
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hours in Week 1, Week 6 and Week 13 of the experiment.
The R:FR of unfiltered and filtered light changed very little
over the duration of the experiment (e.g. mean R:FR of
unfiltered light at 12:00 hours in Weeks 1, 6 and 13 was
1.17, 1.29 and 1.23 respectively; Fig. S3). Supplementary
material is available on request.

Effect of light on germination

Three replicates of 25 seeds per species per treatment (three
replicates of 10 seeds of Gahnia) were sown into 5 or 9 cm
diameter plastic Petri dishes containing 0.8-1.0% plain
water-agar (Sigma lot # SLBHO0519V) that had been
autoclaved at 121°C for 30 min and brought to room tempera-
ture prior to use. There are numerous challenges associated
with collecting seed in TMCF, therefore, the quantity of
seeds used was determined by availability and minimised
to balance seed use with ex situ conservation in seed banks.
Gahnia required a scarification pre-treatment to assist
with radicle emergence, prior to being sown onto agar
containing 200 mg/L gibberellic Acid (GAs, Sigma-Aldrich,
Sydney, Australia) to overcome what is likely to be
physiological dormancy (G. Liyanage, pers. comm.). GAs is
a plant hormone known to promote germination of physiolog-
ically dormant seeds. The seed coat of Gahnia was chipped
with a scalpel away from the embryonic axis. Scarified
Gahnia seeds were also sown onto plain agar due to
uncertainty about the interactive effect of GAs; and light
(Bachelard 1967). Dianella seeds were also scarified to
alleviate a potential physiological dormancy (Vening et al.
2017). Petri dishes of seeds were sealed using Parafilm
(Thermoline Scientific, Sydney, NSW, Australia), to avoid
agar desiccation, before being placed directly into an open-
topped aluminium foil tray (325 mm x 270 mm X 95 mm)
that was covered with a coated polyester filter and sealed
with Sellotape. Dark treatment replicates were double
wrapped with aluminium foil and control replicates had no
filter Sellotaped over the tray. Three trays were created per
light treatment and contained one replicate of each species.
Treatments were arranged at random on a 265 cm X 80 cm
steel bench in the glasshouse. i-Button data loggers
(Thermochron DS1921G, Temperature Technology, Adelaide)
were placed in trays along the length of the glasshouse
bench to monitor temperature throughout the experiment.
Temperatures in the trays in the glasshouse ranged from
22 to 35°C in the day (at 07:00-18:30 hours, mean
30.87 + 2.6°C) to 14-19°C at night (at 18:31-06:59 hours,
mean 16 + 0.6°C). Final germination was scored at
10 weeks to prevent the transient exposure of seeds to light
which might impact on germination. For all species,
germination was defined as radicle emergence by >1 mm.
At 10 weeks, all ungerminated seeds in the constant dark
treatment were exposed to unfiltered sunlight for a further
4 weeks and final germination then scored. Average
daylength was 12.12 + 0.1 h during the first 10 weeks, and
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10.34 + 0.03 h during the final 4 weeks. Following termina-
tion of the experiment, all remaining intact seeds were
dissected with a scalpel under a microscope. Seeds with a
firm, intact endosperm and embryo were deemed viable and
seeds empty of an embryo were deducted from the total when
calculating mean final percent germination.

Data analysis

All statistical analyses were performed using R statistical
software (ver. 4.0.2; R Core Team 2021). Final germination
percentages + light and + dark imbibition were compared
using a Pearson’s chi-squared test. To examine the effect
that R:FR had on final germination we applied the Brain—
Cousens model (Brain and Cousens 1989) using the ‘seedreg’
package in R. The Brain—Cousens model is a type of regression
analysis that extends the log-logistic model to take into
account inverse u-shaped response effects. The model is
more commonly applied to seed temperature gradient studies,
but we believe it can also be applied to light gradient analysis
due to the similarities between the effect of temperature and
light on germination.

Results

Seed mass

Species are listed from smallest to largest by seed mass in
Table 1. Melastoma, Lenbrassia, Abrophyllum and Dracophyllum
seed were all <0.07 mg. Dianella seeds were an order of
magnitude larger at 0.58 mg and Gahnia seeds were the
largest at 1.46 mg (Table 1; Fig. 1).

Light requirement for germination

Light was critical for germination of three of the four smallest-
seeded species. Melastoma, Lenbrassia and Abrophyllum
exhibited an absolute light requirement for germination
i.e. zero germination in constant darkness compared to high
germination in unfiltered light/dark (55, 89 and 94%
respectively; P < 0.0001; Fig. 2a, b, c). Of the remaining three
species, some germination occurred in dark. Germination of
small-seeded Dracophyllum was significantly greater in
unfiltered light/dark (91%) when compared to germination
in constant darkness (19%; P < 0.0001; Fig. 2d). Germination
of medium-seeded Dianella was greater in light/dark (43%)
compared to constant darkness (17%), although not signifi-
cantly (P = 0.058; Fig. 2e). Conversely, germination of the
largest-seeded species, Gahnia, was significantly greater in
the dark (60%) compared to light/dark (24.4%; P < 0.05;
Fig. 2f). The reduced germination of Gahnia in the light
was overcome by application of GA3 (Fig. 2f inset).

Effect of R:FR on germination

All six species exhibited at least 20% germination under all
the red to far-red ratios investigated, however, we found
variation in the sensitivity of species to light quality. Despite
an absolute light requirement for germination, Melastoma,
Lenbrassia and Abrophyllum exhibited little to no sensitivity
to light quality (Fig. 3a, b, c). Similarly, R:FR had no effect
on germination of Dianella (Fig. 3e). Germination of
Dracophyllum increased exponentially with increasing R:FR
(Fig. 3d), indicating a preference for high R:FR. Interestingly,
germination of Gahnia was inhibited at both high and
low R:FR (Fig. 3f), and this was overcome by GA;
(Fig. 3f inset).

Effect of dark imbibition on germination

The effect of dark imbibition on germination in the light was
investigated. Following 10 weeks in the constant dark treat-
ment, ungerminated seeds were exposed to diurnal natural
light for a further 4 weeks. Germination of Melastoma was
significantly greater in diurnal sunlight following dark
imbibition when compared to control seeds (P < 0.05;
Fig. 4a). Results suggest that 10 weeks in darkness alleviated
dormancy of these seeds. In contrast, germination of
Lenbrassia and Dracophyllum seeds was significantly lower
following dark imbibition when compared to germination
in constant light/dark (P < 0.0001; Fig. 4b, d). Dark
imbibition had no effect on germination of Abrophyllum or
Dianella (Fig. 4c, e). No further germination of the dark
treatment Gahnia seeds occurred following exposure to light
(Fig. 4f).

Discussion

This study aimed to investigate germination of six previously
unstudied tropical montane cloud forest (TMCF) species in
relation to the presence of light (light/dark) and light
quality (R:FR). The climate niche of these species has been
estimated (Costion et al. 2015), but the determinants of
their distribution and regeneration are next to unknown.
This limits our ability to quantify and project their vulner-
ability to climate change. Light is a main driver of seed
germination in tropical rain forests and predicted changes
in atmospheric moisture and cloud immersion in TMCF
(Helmer et al. 2019) may lead to reductions in R:FR beneath
the canopy (G6rski 1976; Reinhardt et al. 2010). Across six
species we saw varying responses to light/dark and R:FR
suggesting divergent germination strategies. Three of the
four smallest-seeded species (Melastoma, Lenbrassia and
Abrophyllum), exhibited an absolute light requirement for
germination and did not discriminate between different
R:FR. This is in accordance with previous studies that concluded
that small-seeded tropical species are more likely to require
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Final germination (%, mean =+ s.e.) of six tropical montane cloud forest species following 10 weeks in the glasshouse. Seeds were

exposed to diurnal sunlight (pale blue) or wrapped in Alfoil to exclude light (dark blue): (a) Melastoma malabathricum subsp. malabathricum,
(b) Lenbrassia australiana var. australiana, (c) Abrophyllum ornans, (d) Dracophyllum sayeri, (e) Dianella caerulea, and (f) Gahnia sieberiana. Inset
shows results for Gahnia sieberiana when germinated on media containing gibberellic acid (GA3).

light for germination and germinate under a wider range of
R:FR values, when compared to larger-seeded species (Milberg
et al. 2000; Pearson et al. 2002, 2003; Jankowska-Blaszczuk
and Daws 2007; Aud and Ferraz 2012; Tiansawat and Dalling
2013). A light response and seed mass may have coevolved to
ensure that small-seeded species germinate when close to the
soil surface to avoid seedlings being unable to reach the
surface and initiate photosynthesis before energetic compounds
stored in the seeds are exhausted (Milberg et al. 2000; Batlla
and Benech-Arnold 2014). A light requirement for germina-
tion may also contribute to the persistence of seeds in the
soil seed bank (Grime et al. 1981; Benvenuti 1995; Milberg
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et al. 2000). In situ, Melastoma, Lenbrassia and Abrophyllum
may be adapted to germinate in response to disturbance
events that expose buried seeds to light, rather than changes
in R:FR brought about by canopy gaps. However, germination
of small-seeded Dracophyllum increased exponentially with
increasing R:FR, a response more typical of small-seeded
temperate taxa (Jankowska-Blaszczuk and Daws 2007; Tiansawat
and Dalling 2013). Results suggest that Dracophyllum is a gap-
colonising species. This is consistent with unpublished data
(due to A. Stevens, B. Lautgier, G. Hoyle, L. Guja, S. Worboys,
D. Crayn, and K. Sommerville). These workers observed
increased germination in response to increases in daily soil
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temperature, temperature amplitude and light, indicating
that D. sayeri seeds likely take advantage of canopy gaps.
Seeds held in dry storage for several months may lose some
of their light requirement for germination (Baskin and Baskin
2014), which may explain why some Dracophyllum and
Dianella germination was seen in the dark. As hypothesised,
germination of the largest-seeded species, Gahnia, was

inhibited by low R:FR (Vélio and Scarpa 2001; Pearson
et al. 2003; Tiansawat and Dalling 2013). Interestingly,
germination of Gahnia was also inhibited by high R:FR. To
our knowledge, an inverse u-shaped response to increasing
R:FR, as seen for Gahnia, is unusual. We suggest that this
species has the potential for fine scale differentiation of
transient safe sites for germination. Evidence of changes in
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seed germinability in the light following 10 weeks of dark
imbibition (Melastoma, Lenbrassia and Dracophyllum) suggests
that some species may cycle in and out of dormancy when
adequate germination conditions are not met. Varying germi-
nation responses to light/dark and R:FR may contribute to
species coexistence by reducing interspecific competition. All
six species were able to germinate at remarkably low R:FR
values, suggesting acclimation potential to reductions in
light quality under climate change.
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Dracophyllum and Lenbrassia are endemic to Australian
TMCF. Dracophyllum is a rare species that grows on exposed,
rocky ridges in stunted rain forest (Zich et al. 2020).
Consistent with adult plant occurrence, Dracophyllum showed
an adaptation to germinate more in high R:FR and less under
diffuse light in dense forest. Results suggest that Dracophyllum
may have efficient phytochrome activation mechanisms that
may act as an indicator of the degree of canopy opening, as
described in (Vazquez-Yanes and Orozco-Segovia 1990).
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Germination in open, vegetatively sparse areas may lead
to increased risk of lethal seedling desiccation. However,
Dracophyllum plants have tough, hard leaves that possess
lots of sclerenchyma — an unusual plant trait in rain forest
ecosystems and one that may support growth in sun-exposed
sites. In the future, regeneration via seed of Dracophyllum
may be inhibited by reduced R:FR linked to reduced cloud
cover. On the other hand, germination of Dracophyllum is
not restricted to microsites of high R:FR, suggesting acclima-
tion potential to change.

Lenbrassia is an endemic understory plant found in well-
developed rain forest (Zich et al. 2020). Consistent with
this, results suggest Lenbrassia seeds germinate regardless
of R:FR. Future changes in light quality are unlikely to impact
on regeneration of this species, however, light quality may be
an important factor in the establishment of these seedlings.
Like Lenbrassia, Streptocarpus rexii (also Gesneriaceae),
required light for germination and seedlings under red light
did not develop normally (Nishii et al. 2012). Investigation
into the effect of R:FR on Dracophyllum and Lenbrassia
seedling establishment would help us to understand how
climate change will affect regeneration of these endemic
species more fully.

We saw reduced germination of Dracophyllum and
Lenbrassia in diurnal light/dark following 10 weeks of dark
imbibition. This change in germinability may be explained
by dormancy imposed by prolonged imbibition in the dark,
otherwise known as skoto-dormancy (Thanos and Georghiou
1988; Koutsovoulou and Thanos 2010). Post dispersal, seeds
continually adjust their dormancy status in response to a
range of environmental signals (Finch-Savage and Footitt
2017), and an alleviation and re-induction of dormancy
constitutes an important ecological process known as dormancy
cycling (Footitt et al. 2013). If Dracophyllum and Lenbrassia
seeds do not receive light for germination (along with other
requirements such as adequate moisture and temperatures),
they may postpone germination by becoming even more
dormant. Dormancy cycling is thought to bet-hedge against
events that trigger germination but are insufficient for plant
maturation (Walck et al. 2011) and may explain changes in
Dracophyllum and Lenbrassia seed germinability in the
dark. Current bet-hedging mechanisms may be compro-
mised in the future by increased seed germinability (Ooi
etal. 2009). Continuous FR light reversed the skoto-dormancy
of Lactuca sativa seeds (Thanos and Georghiou 1988) and
could help to confirm dark-induced dormancy of Dracophyllum
and Lenbrassia. Alternatively, reduced germination following
dark imbibition may be a result of seed deterioration over
time and/or inadequate time to reach final germination.

While occurring in TMCF, Melastoma, Abrophyllum,
Dianella and Gahnia also have wider southern and/or eastern
distributions (Zich et al. 2020) and may exhibit germination
strategies that are not specific to TMCF. Abrophyllum grows
as an understory tree in well-developed rain forest but
more frequently as a regrowth species in disturbed areas

(Zich et al. 2020). Melastoma plants also grow in disturbed
areas including roadsides (Zich et al. 2020). Adult plant
occurrence in developed rain forest and disturbed areas
corresponds with our seed germination data, which demon-
strate a light requirement and ability to germinate at low
R:FR values. M. malabathricum seeds collected from tropical rain
forest in Singapore germinated only in unfiltered sunlight and
not beneath ‘a green polyester filter that filtered out red and
blue wavelengths’ (Metcalfe 1996). These results contrast
with our data and suggest variation between popula-
tions of the same species. One theory is that low survival of
small-seeded species due to fungal pathogens (Pearson et al.
2002) may have imposed selection for a less discriminating
germination physiology (Pearson et al. 2003). Alternatively,
the soil surface in partially shaded microsites of low R:FR
retains more moisture than soil below canopy gaps, creating
lower risk of lethal desiccation for seedlings, particularly of
small-seeded species (Jankowska-Blaszczuk and Daws 2007).
Regardless of the ecological significance, a lack of sensitivity
to R:FR may benefit species distribution and regeneration in
the future by spreading germination across a wide range of
microsites.

Seed dormancy is a means of spreading germination over
time. We saw almost 20% more germination of Melastoma
seeds in diurnal light/dark following 10 weeks of dark imbibi-
tion when compared to control seeds. This was despite only
4 weeks of sunlight and no prior germination. Results suggest
that a fraction of the Melastoma seeds possessed dormancy
that was alleviated by dark imbibition. In situ, some Melastoma
seeds may postpone germination regardless of light conditions,
until a time when other environmental factors have proven
consistent for seedling growth and survival. Dianella seeds
were scarified to alleviate a potential physiological dormancy
as per Vening et al. (2017). However, germination remained
<50% suggesting some remaining dormancy. Future studies
might explore increasing evidence that warm stratification
treatments promote germination of Dianella species (Wolkis
et al. 2018; Hodges et al. 2019).

In contrast to the other species, germination of Gahnia
seeds was inhibited by both high and low R:FR, and germina-
tion was greater in constant darkness than diurnal light/dark.
Relatively few species are known to germinate to higher
percentages in darkness than in light (Baskin and Baskin
2014). Gahnia is a tall, tufted, broad-leaved sedge that
typically occurs in disturbed areas of well-developed rain
forest, on a variety of sites (Zich et al. 2020). Although the
plant can be found in sunny sites, results indicate that germi-
nation is more likely to occur in the dark or moderate shade.
Gahnia seed that is dispersed short distances and remains
beneath adult plants would have very little light. Germination
in the shade of adult plants may be a seedling survival
advantage that enables Gahnia seedlings to establish in
protected sites with reduced risk of desiccation. Light-inhibited
germination of Gahnia was overcome by GAj, providing
further evidence that Gahnia has a germination strategy that
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involves physiological dormancy. Dormancy benefits seed
persistence in the soil since dormant seeds typically take
longer to germinate than non-dormant seeds (Long et al. 2015).
Since light inhibited germination of Gahnia, and germination
shows sensitivity to R:FR, this species may use the spectral
composition of light to sense optimal depth for germination
in the soil profile (Woolley and Stoller 1978; Benvenuti
1995; Batlla and Benech-Arnold 2014), i.e. not too deep, not
too shallow. Persistence in the soil seed bank of larger-
seeded TMCF species such as Gahnia warrant investigation
because it may help explain the greater discrimination of
R:FR that stimulates germination in larger-seeded tropical taxa
(Tiansawat and Dalling 2013). For Gahnia, there may be no
match between adult plant occurrence and the germination
niche in terms of their tolerance to abiotic factors. Quantifying
environmental niches in different phases of the life cycle of
TMCF plants may provide important insights into community
assembly processes (Del Vecchio et al. 2020).

In using sunlight to create a R:FR gradient we were able to
avoid complications associated with artificial light sources
including reduced/limited spectral content of light-emitting
diode (LED) bulbs and cool white fluorescent tubes (Toole
1963; Lund et al. 2007; Vieira et al. 2018), and additional
heat created by tungsten and incandescent bulbs (Steinbauer
and Grigsby 1957; Toledo et al. 1990; Valio and Scarpa 2001;
Vieira et al. 2018). Our experimental light gradient was
comparable to that which we collected in situ where seed
collections were made, and our data suggests that light quality
is unlikely to change significantly during a typical 10-14 week
study. There is an annual cycle in R:FR of sunlight and, in
central Europe, the ratio is at its maximum in spring and
minimum in late summer and autumn (Gorski 1980). It is
possible that these seasonality effects are less pronounced
closer to the equator. However, for the study of species that
exhibit a distinct spring or autumn germination, we would
suggest running experiments that use sunlight to coincide
with the season when germination is expected to occur in situ.
Simultaneously recording cloud cover would aid interpre-
tation of light readings. The R:FR of sunlight drops at twilight
(Holmes and Smith 1977), and this is important for plant
growth (Lund et al. 2007) and possibly also seed germina-
tion. Comparative studies of the effect of R:FR on seed
germination using both sunlight and artificial light sources
are warranted.

With this study we have begun to address the deficit of seed
ecology knowledge for Australian TMCF plant species. All six
species showed acclimation potential to changes in light
quality under climate change. One potential explanation is
that TMCF flora pre-date previous changes in climate in the
geological timescale. In Hawaiian TMCF, species composition
has been relatively stable over the past seven millennia and
shows resilience to climate-driven disturbances (Crausbay
et al. 2014). However, germination response to light is
expected to be correlated with other environmental factors
(Pons 2000; Pearson et al. 2002; Aud and Ferraz 2012).
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Next steps are to investigate interactive effects of light,
temperature and soil moisture on germination, in current
scenarios and in the context of climate change. Species such
as Gahnia and Dianella, that also occur at sea level and as
far south as Tasmania, provide the opportunity to investigate
whether light requirements and sensitivity to R:FR vary along
latitudinal and elevational gradients. Such studies are needed
to support conclusions regarding acclimation potential (e.g.
Hoyle et al. 2014; Cochrane et al. 2015). This study raises
questions regarding seed persistence in the soil. Tropical
rain forest species are renowned for having short-lived soil
seed banks (Vazquez-Yanes and Orozco-Segovia 1993;
Sautu et al. 2006), but this is on the assumption that most
rain forest species produce desiccation sensitive seeds
(Tweddle et al. 2003). Unpublished data (G. Hoyle, K.
Sommerville, G. Liyanage, S. Worboys, L. Guja, A. Stevens,
and D. Crayn) suggests that many of the shrub and herb
species in Australian TMCF, as well as at least half of the
tree species, will be desiccation tolerant. Soil seed banks
have been reported in tropical montane forest in Mexico
(Williams-Linera 1993; Alvarez-Aquino et al. 2005) and
China (Zang et al. 2008), but whether they were transient
or persistent was not addressed. Soil seed bank persistence
in Australian TMCF species warrants further investigation.
Following on from germination, investigation into the impact
of light quality on TMCF seedling establishment and growth is
warranted. It is likely that light quality impacts different
developmental stages of some TMCF species. For example,
tropical ‘pioneer’ species are understood to persist as small
seedlings for a long time before taking advantage of canopy
gaps and growing rapidly (Swaine and Whitmore 1988),
which may be in response to changes in R:FR. In addition,
cloud cover has been shown to impact photosynthesis and
plant growth in understory species (Johnson and Smith
2006), which may also be linked to R:FR. The use of sunlight
and coated polyester filters to create a gradient of R:FR is an
effective, ecologically valid and economical approach to
investigating these questions. Increased knowledge of the
determinants of species regeneration via seed would facil-
itate more accurate predictive modelling of species distribu-
tion under climate change, inform target species for conservation
and assist those involved in TMCF management and restoration
of these highly diverse environments.

Supplementary material

Supplementary material is available online.
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