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Abstract

Drought may be more frequent in foreseen decades that will threat non-wood forest products (NWEFP)
in temperate forests. Plants cope with drought by increasing root foraging ability, which may be also impacted
by exposure to light spectra (components of wavelengths in three colours of monochronic lights). In this study,
three hybrid light spectra were provided by light-emitting diode (LED) in red (wavelength: 13.6% blue, 60.0%
green, 26.4% red), green (2.9% blue, 84.6% green, 2.5% red), and blue (5.4% blue, 77.8% green, 16.9% red)
lights for culturing potted Aralia elata seedlings in homogeneous (67.5 mg nitrogen [N] to both halves of pot)
and heterogeneous (135 mg N to left half of pot) under drought and well-watered conditions. The red light
spectrum was the unique illumination environment where height growth was promoted under well-watered
condition and root biomass in fertilized patch was enhanced under drought. Compared to blue light spectrum,
red light spectrum increased root foraging scale and precision and placement ratio. Red light spectrum also
promoted aboveground biomass, but reduced root collar diameter. No interaction was detected between any
pairs of factors among drought, light, and soil nutrient pattern. The heterogeneous pattern increased root to
shoot biomass ratio with decreased shoot biomass and increased root foraging sensitivity and precision and fine
root placement ratio. Drought enlarged the overall foraging scale with no effects on foraging sensitivity or
precision. Overall, exposure to red light spectrum had the potential to promote fine root foraging behaviour
under drought, but more trails deserve being tested in the future on a wider range of wavelengths.

Keywords: Aralia elata; non-timber forest product; Chinese pine; Cilongya; understory; water deficit

Introduction

Current forest ecosystem is subjected to a high risk of drought stress, but forecasted increase of drought
frequency and severity may further reduce forest productivity (Gazol ez /., 2018). Drought acts as a factor that

restricts development of non-wood forest products (NWFPs) derived from vegetations at the understory layer
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(Arosa et al.,2015; Gao ez al., 2023; He et al., 2022). It has been identified that drought can affect regeneration
of hardwood forests (Arosa ez al., 2015) and sprouting and growth of medicinal plants (Gao ez a/., 2023; He ez
al., 2022). Drought is a driving factor among all meteorological dimensions that may have shaped the
distributions of natural populations of NWFP plants (Duan ez al., 2022; Guo ez al., 2019). In temperate forests
at the Northern Hemisphere, drought effect was characterized to be a legacy over 1-2 years post drought stress
for local shrub and grass plants (Wu ez al., 2018). Drought sharply reduces biomass in aerial organs of shrub
plants due to limits in gas exchange and photosynthesis (Arosa ez al., 2015; Tng ez al., 2022). Technically, this
further results in a trend of more biomass allocated to roots which benefit foraging behaviour parameters (He
et al., 2022). However, dose-response results are quite less found than qualitive-dependent findings. This
prohibits an effective establishment of protocol for strategies that can be generated to cope with more drought
events.

Root is the sink of biomass allocation and source of water uptake. In temperate forest plants, drought
can determine root system development through modifying biomass allocation (Hauer e# al., 2021) and
mineral nutrient demand (Wang ez 4/., 2016). Plants have a nature to place fine root proliferation in soil
patches with sufficient water availability for foraging water resource (Morris ez al., 2017). The nature of plant
plasticity harbours an ability to shape fine root morphology in adaptive changes when drought is sensed (Wang
et al.,2020). This mechanism contributes to the acclimation of plant to drought stress by enlarging root system
across the whole rhizosphere zone (Wang ez al., 2020) or within patch with enriched resources (Sun ez al.,
2023). Root foraging behaviour can be characterized by parameters estimated based on fine root morphological
traits, e.g., those for measuring foraging scale and precision (Zhou ez al., 2022). A recent study revealed that
drought can increase fine root morphology but reduce nutrient utilization estimated on fine roots for juvenile
temperate tree plants regardless of their species (Tan ez al., 2021). The effect on root foraging behaviour,
however, was species specific. These together suggest a force of drought that may also stimulate fine root egress
and elongation in partial rhizosphere for NWFP shrubs. However, the adaption to drought may impair
aboveground organ growth and development; hence more work is needed to detect a synthesis of responses
across whole-plant organs to make sure shoots were not disturbed.

Light is an essential source for plants growth and development. Light spectrum comprises of different
ratios in red, blue, and green lights, the change of which can modify secondary metabolites, physiology, and
mineral element cycling in NWEP plants (Guo ez al., 2022). These changes can further modify the allocation
of dry mass to belowground (Kim ez 4l., 2019), which fuel expansion of root system (Johkan ez 4., 2010; Kang
et al., 2013). Drought imposes a force to reduce biomass production and induce dry mass allocation towards
underground organs (Liu ez al., 2011; Zhou ez al., 2018), which can also be impacted by the switch of light
spectrum (Johkan ez al., 2010). Logically, one can expect that light quality can function as a modifier against
negative impact of drought through regulating biomass production and allocation. The process, however, has
complexity in carbohydrate production and allocation. For example, plants exposed to the red-light spectrum
grew to accumulate more carbohydrate (fructose, starch, glucose, etc) and pigment (carotenoids and
chlorophylls) (Shin ez 4/.,2008) compared to those cultured under blue light. Compared to the blue and green
light spectra, red light limited root growth due to limited biomass allocation to roots in lettuce (Johkan ez 4/,
2010). In contrast, spectrum with high red light wavelength was also found to promote root growth in woody
plants (He et 4l., 2021; Zhao et al., 2019). Rare evidence can be referred to demonstrate interactive effect of
light spectrum with drought on plant root growth. New studies deserve to be conducted on some typical
NWEP species to detect effect of light spectrum on plant growth and root development in plants subjected to
drought.

Aralia eleta is also known as names such as Cilongya, Japanese angelica-tree, Korean angelica-tree, etc.
Its newly grown bud is taken as an edible wild vegetable in many regions of Northeast Aisa (Cheng ez 4/., 2021;

Lin et al., 2018). Its leaves, stem, and roots are all natural sources of secondary metabolites that can be used for
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traditional medicine (Wei ez al., 2020b). Natural 4. elaza populations distribute in northeastern mountains of
China (Qi ez al., 2018; Wei et al., 2021), which are suffering over exploitations that have threatened natural
reserves (Zhang ez al., 2021). Forests that harbour natural 4. e/aza populations are subjected to climate changes
with frequent drought interruptions (Lang ez al., 2013; Shibata ez al., 2014). It was found that leaf parameters
of A. elata individuals can be modified by sunlight transmittance in forest gaps (Wei ez al., 2019a; Wei ez al.,
2020b). Simulating experiment based on field environment demonstrated that secondary metabolites and
physiological parameters can be adjusted by the change of light spectrum (Wei ez 4., 2020). Hence, it is worthy
to detect spectrum on root foraging behaviour in A. elata subjected to drought; and results can be referred to
as theoretical evidence supporting the strategy to cope with drought.

In natural habitat, 4. elata dwells in a moist and shaded environment subjected to understory
atmosphere, where it hasa moderate to low ability to resist drought but a high sensitivity to forage soil nutrients
(Qi ez al., 2018). In this study, 4. elata seedlings were raised as an objective species in a simulating experiment
with drought stress and varied lighting spectra. The goals of this study were to detect root foraging behaviours
in response to 4. elata seedlings subjected to drought and spectra. We assumed that some type of spectrum can

mediate balanced allocation with more robust foraging behaviours.

Materials and Methods

Plant materials and experiment layout

Seeds of A. elata were collected from a forest farm in a montane area at Gaoleng (45°27-46°04’ N,
129°00-129°40’ E), Fangzheng, Harbin, Northeast China. Seeds were germinated to plantlets in alocal nursery
where seedlings were raised to an initial size of height in 4.6+0.2 cm when root collar diameter (RCD) was
4.940.1 mm. Seedlings were raised to expected sizes and planted to growing pots (450 mL; top diameter, 11.5
cm; bottom diameter, 7.5 ¢m; height, 9.5 cm) filled with moist perlites (Tan ez a/., 2021). The inner space of a
pot was split to two halves which were divided by an obstruction of a plastic sheet. Dried petlites were placed
to a height of 4 cm in both halves, on which controlled-release fertilizer (CRF) (N-P,Os-K,0, 14-13-13; Scotts,
Marysville, OH, USA) granules were spread at imbalanced rates between two inner spaces of pots to create the
heterogeneous nutrient pattern. The left half of inner space was fertilized by CRF at a rate of 135 mg N leaving
the other half unfertilized as a control (Figure 1). The homogeneous pattern was created by fertilizing both
halves using CRF at rates of 67.5 mg N. A seedling was placed across the centre of the obstructed sheet leaving
fine roots evenly distributed into the two halved spaces. Petlites were poured to fill up the rest of spaces in two
halves with seedling fixed until all roots were covered. Distilled water was carefully sprayed to the surface of
perlite to moisten substrates. Additional dried perlites were poured over the surface to replenish the top space
that was reduced by lowered moist perlites. This arrangement can induce fine roots proliferating to the two
halves of inner space that facilitated detecting root foraging behaviour parameters (Tan ez a/., 2021).

Eight pots were placed in a tray (length 75 cm, width 25 c¢m), and four contained homogeneous fertilizer
patterns leaving the other four with heterogencous patterns. Six trays were arranged in one group subjected to
different light-emitting diode (LED) light spectra (Figure 1). Three of these trays were watered every two days
(well-watered treatment) and the other three were watered every six days (drought treatment) (Figure 1). Three
spectra were created by varied ratios of chromatic lights in wavelengths of red, blue, and green colour lights.
The red colour tinted light was created by ratios of 13.6% blue, 60.0% green, and 26.4% red lights; the green
colour tinted light was created by 2.9% blue, 84.6% green, and 12.5% red lights; the blue colour tinted light was
mixed by 5.4% blue, 77.8% green, and 16.9% red lights. All lights were provided at the photosynthetic photon
flux density (PPFD) of approximately 70 pmol m™ s in an 18-h photoperiod, which is sufficient to deliver
photons for plant growth (He et al,, 2021). These three types of LED spectra were adapted from those being
simulated at natural conditions that had been identified to be available for growth of A. elata (Wei ez al.,
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2020b). Four potted seedlings, either in a homogeneous pattern or in heterogeneity, were arranged as a basic
unit of sampling, whose data were bulked and averaged to be the mean for the unit. A total of 144 seedlings

were cultured in pots subjected to a design of three lights x two water conditions x two fertilizer patterns x
three replicated units x four seedlings per unit.
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Figure 1. Layout of experiment design for potting Ar/ia elata seedlings subjected to combined treatments
of lighting spectra (red, blue, and green lights), water state condition (drought control vs well-watered
condition), and fertilizer distribution pattern (heterogeneous: 0 vs 135 mg N; homogeneous: 67.5 and 67.5
mg N)

Seedling treatment, sampling, and measurement

Seedlings were cultured for three months to obtain an ample time to enable a full extension of root
system in A. elata (Wei et al., 2020b). Local climate in Northeast China is changing to shape an alternatively
fluctuation between drought and rainfall seasons at a pace of about every two months (Liu ez 4/., 2023). Local
juvenile plants in temperate forests can generally endure an episodic drought event in a term of two-month
time (Hauer ez 4/.,2021; Tan et al.,2021). Therefore, drought treatment lasted for two months since the second
week after transplant to pots. Seedlings were exposed to LED spectra throughout the experiment up to the time
of sampling,

Roots were sampled by excising lateral roots from tap root in each half of a pot. Component organs of
tap root plus aboveground parts were removed from the pot and cleaned by distilled water. Height and RCD
were measured on aboveground organs. Lateral roots in each half of a pot were excavated out from perlites
carefully to keep all fine roots attached. Root parts were carefully cleaned by rinsing in distilled water to remove
all perlites. Therefore, belowground organs contained tap root and two groups of lateral roots distributed in
two halves of pot. All seedling parts were oven-dried at 7042 °C for three days, reserved to room temperature,
and weighted to measure weight of dry mass.

Parameters estimated for root foraging bebaviour
Root foraging behaviour was characterized by parameters namely root foraging scale, fine root placement
ratio, foraging precision, and sensitivity. Foraging scale (Fi...) was defined as the maximum range that a plant
can proliferate fine root to, which was estimated as (Campbell ez al., 1991; Wei ez al., 2017):
Fscale = Biojefe + Bioyigne (1)
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where, Biows and Bioyg, are fine root biomass in left side and right side of pot halves, respectively. Root
foraging sensitivity (F.,) was estimated as (Zhou et al., 2022):
Fsen = Bioleft - Bioright (2)
where, in homogeneous pattern F., can be either a positive value or a negative one because fertilizers
were evenly distributed to two halves of pot which drove random placements of fine roots therein; in
heterogeneous pattern F,, can be mostly a positive value as fine roots were more probably placed in nutrient
rich patch in the left half. Root foraging precision (F}.) was estimated using a hybrid equation (Zhou ez 4/.,
2022) based on that in Tan ez /. (2021) and He et 4/. (2021):
— F. Sen (3)
Bioleft + Bion-ght
In homogeneous pattern, the absolute value is the difference of error in fine root placement variation

I pre

between two halves; in heterogeneous pattern, this absolute value is used to assess the ability to place fine roots
in patches enriched with fertilizers relative to the controlled patch without any fertilizers.
Fine root placement ratio (FRur) was calculated as:
Bio left

FR = 4
Pt ™ Blojese + Biorignt @

In equation (4), when the fertilizer pattern was homogeneous, Biosy is biomass of fine roots in one of
the two evenly fertilized space halves on the left size of a pot; when the fertilizer pattern was heterogeneous,
Bio,; is biomass of fine roots in the half of inner space enriched with fertilizers on the left size of a pot.

Data analysis and statistics

All data were analyzed using the 9.4 version of SAS software (SAS Inst., New York, NY, USA). Data
were analysed under a split-block design with light spectra (degree of freedom, df = 2) being nested to by sub-
plot factor of two drought levels (df'= 1). The distinct rates of inner nutrient supplies between two pot halves
were taken in a fixed factor which created contrasting variables for further comparisons. All biomass and root
data succeeded to follow a normal distribution pattern; hence no transformation was necessary. All types of
data were estimated for their responses to combined treatments of light spectra, drought treatment, and
nutrient distribution pattern (df'= 1) in a fully factorial design. Analysis of variance (ANOVA) was employed
as to examine combined effects on biomass and root parameters, and results were compared by Tukey test
(replicates, 7 = 3) at 0.05 level.

Results

Seedling morphology and biomass responses

Aboveground height showed significant responses to main effects from LED spectra (F value = 11.73; p
value = 0.0003), fertilizer pattern (F value = 0.00; p value = 0.9710), drought treatment (¥ value = 33.70; p
value < 0.0001). In addition, LED spectra and drought treatment showed combined effects on height (¥ value
= 3.85; p value = 0.0354). According to Figure 2, seedlings exposed to the well-watered condition under the
red light spectrum showed highest aboveground height across all treatments. Well-watered condition also
resulted in higher aboveground height relative to the drought treatment for seedlings under green light. Well
watered seedlings under blue light had higher height than those suffering drought stress in spectra from green
and red lights.
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Figure 2. Aboveground height in Aralia elata seedlings subjected to different moisture states at well-
watered condition (well) and drought stress (Ctrl) under three light emitting diode (LED)

Means of are presented as columns on which error bars are presented as standard errors. Different letters above bars
indicate significant differences identified by Tukey test at 0.05 level.

The red light spectrum decreased RCD compared to the blue and green light spectra (F value = 11.85;
p value = 0.0003) (Figure 3A). In contrast, the spectrum of red light increased aboveground biomass compared
to spectra from blue and green lights (F value = 11.69; p value = 0.0003) (Figure 3B). Nutrient distribution
pattern did not affect RCD, which ranged around 0.7cm (F value = 0.01; p value = 0.9340) (Figure 3C).
However, aboveground biomass was increased in the homogeneous pattern than in the heterogeneous pattern
(F value = 15.97; p value = 0.0005) (Figure 3D). Compared to the drought control, well watered condition
increased RCD (F value = 11.09; p value = 0.0028) (Figure 3E) and aboveground biomass (F value = 15.97; p
value = 0.0005) (Figure 3F).
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Figure 3. Root collar diameter (A, C, E) and aboveground biomass (B, D, F) in 4. elaza seedlings subjected
to main effects of varied LED spectra (A, B), nutrient distribution patterns (C, D), and moisture state (E,
F)

Means of are presented as columns on which error bars are presented as standard errors. Different letters above bars

indicate significant differences identified by Tukey test at 0.05 level.
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In red light spectrum, controlled seedlings subjected to drought showed the greatest belowground
biomass in left-side roots among all combined spectra and water treatments (F value = 3.89; p value = 0.0345)
(Figure 4A). Left-side root biomass was also higher in controlled drought treatment than that in well watered
condition. Among all three light spectra, left-side root biomass was highest in red light spectrum (mean +
standard error, 1.954+0.81 g), followed by the blue light spectrum (0.99+0.47 g), and lowest in green light
(0.65+0.18 g) (Fvalue = 32.99; p value < 0.0001). Left-side of pot was fertilized when the right side was left as
a control. Accordingly, left-side root biomass was higher in heterogeneous pattern (1.45+0.78 g) compared to
that in homogeneous pattern (0.94+0.58 g) (F value = 14.22; p value = 0.0009). Left-side root biomass was
greater in pots subjected to drought (1.54+0.73 g) than in well watered condition (0.85+0.57 g) (F value =

25.24; p value < 0.0001).
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Figure 4. Belowground biomass in roots distributed in left (A) and right (B) parts of pot culturing 4. elata

seedlings subjected to combined moisture states at well-watered condition (well) and drought stress (Cerl)
under three light emitting diode (LED)

Means of are presented as columns on which error bars are presented as standard errors. Different letters above bars
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indicate significant differences identified by Tukey test at 0.05 level.

Although belowground biomass in right side of pot did not respond to combined treatments of light
spectra and water condition, they separately had main effects on right-side root biomass (Figure 4B). Red light
spectrum resulted in higher right-side root biomass (1.69+1.24 g) compared to green light spectrum
(0.66+0.41 g), while blue light spectrum did not induce significantly different (1.2740.59 g) (F value = 4.08;
pvalue =0.0299). Again, like results on left side, right-side root biomass was higher in pots subjected to drought
(1.66+1.05 g) compared to that with well water (0.76+0.38 g) (F value = 9.22; p value = 0.0057).

LED light spectra did not affect root to shoot biomass ratio (R/S) (F value = 0.15; p value = 0.8653).
Instead, both nutrient distribution pattern and moisture state had main effects on R/S (pattern, Fvalue =4.52;
p value = 0.0440; moisture, F value = 24.02; p value < 0.0001). The heterogeneous pattern resulted in a higher
R/S (0.66+0.50) compared to the homogeneous pattern (0.40+0.24). Drought increased R/S (0.83+0.42)
compared to the well watered condition (0.23+0.11).

Root foraging behaviour characteristics

Root foraging scale was higher in red light spectrum relative to the other two spectra (F value = 13.20;
p value = 0.0001) (Figure 5A), but LED spectra did not cause significant effects on root foraging sensitivity (F
value = 1.32; p value = 0.2866) (Figure 5B). Red light spectrum increased root foraging precision (F value =
3.56; p value = 0.0441) and fine root placement ratio (F value = 3.74; p value = 0.0386) relative to blue light
spectrum (Figure 5C, D).
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Nutrient distribution pattern did not affect root foraging scale (Fvalue = 0.37; p value = 0.5511) (Figure
SE). The heterogeneous pattern resulted in higher root foraging sensitivity (F value = 8.64; p value = 0.0072)
(Figure SF) and precision (F value = 19.71; p value = 0.0002) (Figure 5G) and fine root placement ratio (¥
value = 20.04; p value = 0.0002) (Figure SH).

The drought treatment increased root foraging scale (¥ value = 18.02; p value = 0.0003) compared to
the well watered condition (Figure 5I), but moisture state did not affect root foraging sensitivity (¥ value =
0.65; p value = 0.4272) (Figure 5]) and precision (F value = 0.20; p value = 0.6596) (Figure 5K) and fine root
placement ratio (F value = 0.21; p value = 0.6502) (Figure SL).

8 3 08 100
(A) (B) ©) ¢ (D)
& Z2 & § 04 g 80
e a 2 B z a E a
3 21 g 02 5 & ab T
] & ]
P, ; o 1 2 00 é "
5 b : = 1 : T i
2 | LR a u £ 02 ab 5
ik g 3 : b P
[ I_L & 2 & 04 @
i
0 3 06 0
Blue Green Red Blue Green Red Blue Green Red Blue Green Red
Light spectra Light spectra Light spectra Liaht snectra
8 3 06 100
©® (F) ©) = (H)
= z 2 s 04 2 =
= £ H g 8
e 2 a k] g a
] g 4 s 02 -
) a 3 Jﬁ = £ b
£4. a Y E 0o $
5 g g a 40
2 LR = S 02 =
g2 5 g e
= 2 2 é 04 b § =
[
0 23 B . 086 0
Hete Homo Hete Homo Hete Homeo Hete Home
Nutrient distribution pattern Nutrient distribution pattern Nutrient distribution pattern Nutrient distribution pattern
8 3 0.10 100
(1 ) K| = L)
- z 2 = L] 2 8
24 H ] a
= 2 G 005 ] a
= i g = a
] H a 8 % e
- 4 §
£4 a 4 —I— 2 000 - - £
£} £ §
£ § 5 g fe
b1 £ a = 8 H
g2 3 § 005 £
& 2. g g
[
o 3 0.10 . ! ol
Gtrl Well cul el cul Well cul Well
Moisture state Moisture state Moisture state Moisture state

Figure 5. Root foraging scale (A, E, I), sensitivity (B, F, J), precision (C, G, K), and fine root placement
ratio (D, H, L) in 4. elata seedlings subjected to different LED spectra (blue, green, and red colours) (A, B,
C, D), nutrient distribution pattern (heterogeneous, Hete; homogeneous, Homo) (E, F, G, H), and
moisture state (drought, Crrl; well watered condition, Well) (I, ], K, L)

Means of are presented as columns on which error bars are presented as standard errors. Different letters above bars
indicate significant differences identified by Tukey test at 0.05 level.

Discussion

Aboveground organs’ responses

Seedling height was the only shoot parameter that responded to the interaction between drought and
light. Red light spectrum was found to promote height growth in 4. elata seedlings subjected to the well watered
condition. The spectrum high in red light wavelength has been proven to promote height growth in Pinus
pumila (He et al., 2021) and Boehmeria nivea (Rehman ez al., 2020). Drought is a strong force that impedes
height growth of understory plants (Klein ez 4/., 2018). This negative effect can be repeated on 4. elata seedlings
subjected to spectra in red and green lights, but spectrum of blue light failed to interact with moisture state
treatment on shoot height growth. According to Huang ez a/. (2020), blue light mainly functioned to improve

physiological performances in leaves, such as stomatal conductance, net photosynthetic rate, and antioxidant
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enzyme activities. It may be explained that blue light spectrum may have mainly modified physiological
activities in response to drought with rare effect on shoot elongation in A. elaza.

Either root collar diameter or aboveground biomass failed to respond to the interaction between
drought and light. Although RCD was reduced in seedlings subjected to red light spectrum, aboveground
biomass was increased at the same time. This suggests that the red light spectrum elongated shoot stem length
and reduced the diameter growth, but shoot biomass was mainly accounted for by the increment of length
growth which was rarely interrupted by the decrease of diameter growth. Therefore, red-light spectrum tended
to shape shoots to be slender as it did on other tree species (Li ez 4l., 2018; Liu ez al., 2021). It was not the first
time in this study to find no effect of nutrient distribution pattern on RCD, as it has also been reported on
Populus sibirica seedlings (Park ez al., 2021). Instead, greater accumulation in aboveground biomass in seedlings
subjected to homogeneous pattern than in heterogeneous pattern resulted from that the heterogeneous pattern
increased ratio of biomass allocation to root. The promotion of R/S was also reported on major tree species in
tropical forests (Yan and Ma, 2021). The proliferation of fine roots to be placed in nutrient enriched patches
may be a signal that induced more biomass allocated to roots. It is not surprising that well watered seedlings
showed higher RCD and greater aboveground biomass compared to those subjected to drought. Overall,
neither LED light spectra nor nutrient distribution pattern generated any interactive effects with moisture
state on RCD and aboveground biomass. Only height was the unique parameter that responded to interactive
effects of LED spectra and moisture state. The promotion of height is not a fully expected benefit.

Root foraging behaviour

Fine roots in left side of pot showed responses of biomass to combined LED spectra and moisture state,
which was not the case for roots in right side. The left side was fertilized in heterogeneous pattern hence it was
the foraging behaviour that contributed to the significant response of biomass in fine roots. Drought increased
fine root biomass in left side in A. elata seedlings subjected to blue and red lights. It is a widely confirmed
phenomenon that more biomass is allocated to roots for foraging water to overcome drought stress (Zhou et
al.,2018). It used to reported that drought reinforced biomass allocated to fine root biomass in larch seedlings
(Tan ez al., 2021). Our results complement this conclusion by providing more details that drought can
reinforce biomass allocated to fine roots in partial distribution of a pot which was interacted with effects of
LED spectra. Red and blue light spectra promoted drought effects on root biomass while green light spectrum
impeded this effect. The green light is mainly reflected on leaf surface which contributes rarely to delivery of
photons into photosynthetic pigments.

Again, neither LED spectra nor nutrient distribution pattern generated interactions with moisture state
on parameters of root foraging behaviours. This failed to accord to root biomass findings, suggesting that
strengthened biomass investment under red light in drought was not shown in any response of root
morphology. Root biomass investment did not cause morphological allocation of plasticity used for foraging,
suggesting drought showed a higher driving force to shape root morphology rather than needs for nutrients.
Among three LED spectra, red light spectra increased root foraging precision by placing more fine roots and
enlarging foraging scale. This effect of red light spectrum was also reported on Pinus pumila (He et al., 2021),
which can be explained as a result of effective energy input to plants to fuel fine root placement for foraging,
The heterogencous pattern promoted root foraging sensitivity and precision through increasing fine root
placement ratio in fertilizer half of pot. However, these root foraging behaviours appeared to be species specific,
and most species with high foraging sensitivity and precision mostly had higher abilities to increase fine root
biomass in nutrient rich patches (Bliss ez al., 2002; Wijesinghe ez al., 2001). Drought only increased root
foraging scale without any further effects on other behaviours. As reported by Tan e# 4/. (2021), the drought
effect on root foraging sensitivity was only significant on larch seedlings but not on birch seedlings. Therefore,
we surmise that the effect of water deficit on root system is a general force that increases total biomass allocation
downwards. At the same time, drought also impeded the ability of root foraging in nutrient enriched patches.
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Limits of current study

This study falls in four limits that cannot be overcome by current experiment and findings. Firstly,
parameters assessing root foraging behaviour were employed from previous studies, which can be updated to
more precise ones according to species-specific attributes. Secondly, our study was conducted fully in an indoor
environment, which should be validated by a repeat of design in outdoor field condition. Thirdly, nutrients
used in this study were delivered at two rates, but more rates should be tested because root growth may be
different at varied rates of nutrient supply.

Conclusions

In this study, we raised 4. elata seedlings as a model species of UWEFP and tested its response of root
foraging behaviour to drought stress in homogeneous and heterogeneous nutrient distribution patterns. Varied
LED spectra were employed to expect its interaction with drought that may be referred to as theoretical strategy
to promote root proliferation. Among all seedling parameters, only shoot height and partial root biomass
responded to combined LED spectra and drought treatments. Red light spectrum (13.6% blue, 60.0% green,
26.4% red lights) provided an illumination environment where height was promoted by well watered condition
and root biomass was enhanced in fertilized half of pot. Red light spectrum also enhances root foraging
sensitivity and precision by enlarging root foraging scale through more placement of fine root biomass in
fertilized patches. Drought failed to generate any interactive effects on root parameters with light spectra.
Although drought increased the overall root biomass, it did not cause any further effects on root placement in
nutrient rich patches. The red light spectrum can fuel root biomass increment in response to drought, but it
also shaped shoots to be slender and generated no effects on root foraging behaviour. More LED spectra can be
considered to be tested with spectra high in red light wavelength to detect specific wavelength for benefiting
root foraging behaviour.

Our study can be referred to by cultural protocol established for the culture of 4. e/aza and other types
of shrubs with high economic values. Given that height can be promoted by red light in a well watered
condition, a spectrum being high in red light wavelength should be employed if taller plants are chased. No
interactive effects on root foraging behaviour suggest an overall stronger driving force under well watered
condition to promote foraging scale rather than needs for nutrients. These findings can be referred to either in
a greenhouse or in field for 4. eata culture. Light was not powerful as expected to overcome drought stress on

root foraging.
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