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Abstract

Unlike trees, shrubs (i.e., multiple-stemmed woody plants) do not need evenly spaced large diameter structural roots and
therefore should be more responsive to heterogeneous distributions of soil resources and spread further per unit belowground
biomass. We therefore hypothesized that compared to trees, shrubs respond more to asymmetric distributions of nutrients,
reach nutrient-rich patches of soil faster, and do so with less below-ground biomass. To test these three hypotheses, we planted
individual seedlings of shrubs (Cornus racemosa, Rhus glabra, and Viburnum dentatum) and trees (Acer rubrum, Betula
populifolia, and Fraxinus americana) in the centers of sand-filled rectangular boxes. In one direction we created a stepwise
gradient of increasing nutrients with slow-release fertilizer; in the other direction, no fertilizer was added. Seedlings were
harvested when their first root reached the plexiglass-covered fertilized end of their box; time taken, above-ground biomass,
and below-ground biomass per nutrient segment were determined. Shrubs and trees did not consistently differ in precision
of root foraging (i.e., the ratio of biomass in the fertilized and unfertilized soil) or in rates (g/day) and efficiencies (cm/day)
of lateral root growth. Interspecific variation appeared more related to species’ habitats than to growth form. The fastest
and most efficient roots were produced by the shrub (R. glabra) and the tree (B. populifolia), both characteristic of poor and

heterogeneous soils. Root foraging by R. glabra was also facilitated by rapid rhizomatous expansion.
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Introduction

In temporarily and spatially heterogeneous soils, competitive
benefits are likely to accrue to plants that quickly discover
and then exploit resource-rich patches (Freschet et al. 2021;
Lynch 2022). In soil volumes in which roots are already
present and resources suddenly become available, attention
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is warranted to rates of proliferation of roots or mycorrhizal
hyphae (van der Heijden et al. 2015), as well as to rates of
exudate production (Wen et al. 2022) and changes in nutrient
uptake kinetics (White et al. 2013). In addition to rates of
proliferation, many studies of root behavior compare species
on the basis of their preferential root production in nutrient-
rich patches of soil as well as in the degree to which they
dominate these rich patches (i.e., precision and scale, sensu
Campbell et al. 1991). Here, we address the much less stud-
ied issue of relative rates of belowground resource patch
discovery (but see de Kroon and Mommer 2006) with an
experimental comparison of three species of trees and three
species of shrubs.

Initially root-free and resource-rich volumes of soil avail-
able for discovery by exploratory roots occur naturally as
well as due to human actions. On rockslides, rock outcrops,
lava flows, newly deposited sediments, and other sites where
primary succession is underway, there are often only pockets
of soil with water and nutrients available to colonizing roots
(Fitzsimons and Michael 2017). Where these soil pockets are
colonized vegetatively rather than by seed, the colonizing
roots or root-producing stems sometimes must first cross
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inhospitable terrain such as bare rock. For example, roots
of hemi-epiphytic figs (Ficus spp.) must grow up tree stems
to colonize nutrient-rich epiphytic soils (Putz and Holbrook
1989). Root gaps in established vegetation, the belowground
equivalent of canopy gaps, also are open for colonization
after they are variously created such as by excavating ani-
mals and uprooting trees (Sanford 1989; Wilczynski and
Pickett 1993; Ostertag 1998). Knowledge about which plants
most rapidly colonize newly enriched soil volumes could be
useful for ecosystem management (Lynch 2022; Jing et al.
2022). For instance, differential root colonization rates could
help explain differences in the competitive abilities of plants
of different growth forms such as why shrubs are especially
potent competitors with trees where soils are heterogeneous,
nutrient-poor, and severely drained (Putz and Canham 1992;
Montgomery et al. 2010).

Shrubs have many characteristics that should favor rapid
soil exploration. Like lianas, which were recently shown
to consistently reach nutrient baits more quickly than trees
(Putz 2023), most shrub stems are slender (Larjavaara 2015)
and hence do not need large diameter structural roots (Got-
mark et al. 2016) nor do they need to distribute roots evenly
around their stems for biomechanical purposes; these char-
acteristics should increase the soil exploration capacities of
shrubs per unit biomass invested below-ground. Also like
many lianas (Mori et al. 2021), shrubs vegetatively produce
new stems from roots and rhizomes, thus providing a further
benefit from rapid and efficient lateral growth below-ground.

In this greenhouse study, we compare trees and shrubs
on the basis of their belowground responses to a nutrient
gradient. Based on characteristics of the shrub growth form
described above, we expected that compared to trees, shrubs

Fig. 1 The experimental plant-
ing boxes with nutrient gradi-
ents after several plants reached
the plexiglass-covered end wall
and were harvested
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produce more spatially asymmetric distributions of roots in
response to asymmetries in nutrient availability. We also
expected that this architectural versatility, coupled with lack
of thick roots, helps shrubs more rapidly colonize nutrient-
rich volumes of soil and to do so with less belowground
biomass than trees.

Materials and methods

This experiment was conducted with 1 year-old seedlings
in a greenhouse in Millbrook, New York (41°50'N, 73°,
45'W). Randomly selected bare-root seedlings of trees (Acer
rubrum, Betula populifolia, and Fraxinus americana) and
shrubs (Cornus racemosa, Rhus glabra, and Viburnum den-
tatum) purchased from a local nursery (N =8 per species)
were planted in early June in the centers of 60X 15x40 cm
(Iength x breadth x depth) plywood boxes filled with washed
sand over a 2 cm thick layer of coarse quartz gravel (Fig. 1).
One end of each box was made from plexiglass that was
kept dark other than when checking for roots. Between each
seedling and the root observation window, we created a four-
step gradient of increasing nutrient availability by adding
increasing amounts of a complete nutrient slow-release fer-
tilizer (Sierra Chemical Company, California) to the sand
when the boxes were being filled. Starting 6 cm from the
plant the 6 cm wide (3600 cm?) bands of sand contained 1,
2,4, and 8 g of fertilizer which corresponds with 7.5, 15, 30,
and 60% of the recommended quantity for sensitive nursery
stock. In the opposite direction, we added no fertilizer. The
plants were irrigated twice weekly or as needed.
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Plants were grown until the first root reached the obser-
vation window (range = 19-182 d) at which time the entire
plant was harvested. Final sample sizes ranged from 4 to
8 plants per species due to mortality. Roots were har-
vested by section from the soil fertility gradient by cut-
ting down through the soil with a sharpened blade. Roots
were removed from the soil by hand followed by washing
in a Gillison Hydropneumatic Elutriation System. Roots
and shoots were then dried to constant weight at 80°C and
weighed. Initial plant biomass and root: shoot biomass
ratios were estimated using an additional eight randomly
selected seedlings per species from the original planting
stock.

Differences between trees and shrubs were examined
using analysis of variance (PROC GLM in SAS; SAS Insti-
tute 1987), with species nested within growth form. The
response variables tested were the ratios of root mass in the
fertilized and unfertilized soil (fertilized unfertilized™"),
overall root and shoot growth rates (g day™'), root: shoot
biomass ratios (g g~'), rates of lateral root growth up the
nutrient gradient (cm day™!), and efficiency of this lateral
growth as measured in root mass used to grow the 24 cm to
the end wall (cm g_l). Because species are the true level of
replication for tests of the hypothesis that the two growth
forms differ, F statistics for effects of growth form were
computed using the growth form * species interaction term
as the error mean square. Since the effects of growth form
were not significant for any of the dependent variables,
further analyses were conducted to test for differences
among the 6 species combined (simple 1-way analysis of
variance, with species as a random effect, using PROC
GLM in SAS). Pairwise differences in species means were
tested using Tukey’s Studentized Range Test at P < 0.05 to
control experiment-wise error.

The species used in this experiment overlap consider-
ably in ecological ranges and are frequently sympatric
in southern New England. C. racemosa Lam. is a clonal
shrub that grows to be 2-3 m tall and forms dense, later-
ally spreading clumps. V. dentatum L. is similar in growth
form to C. racemosa but generally does not grow to be as
tall nor are its clonal clumps as dense; both species are
characteristic of mesic, nutrient-rich, alluvial soils, but
C. racemosa also occurs on poorer sites. R. glabra L., the
third shrub species in the experiment, forms larger and
more diffuse clonal clumps in drier and more nutrient-poor
sites than the other two species. All three tree species used
(A. rubrum L., F. americana L., and B. populifolia Marsh)
are fairly light-demanding and geographically widespread,
but in our study area B. populifolia is characteristic of
rocky areas with nutrient-poor and severely drained soils.
All three tree species stump sprout but, unlike the studied
shrubs, do not spread clonally.

Results and discussion

Contrary to our predictions there were no consistent differ-
ences between the shrubs and trees in the ratio of root mass
in the fertilized and unfertilized soil, lateral root growth
efficiency, root or shoot growth rates, or root: shoot ratio
(Table 1, Fig. 2). All six species generally produced more
roots in the fertilized than in the unfertilized portions of the
boxes (Fig. 2a), but only R. glabra showed this tendency to
a substantial degree. Note that this parameter is not equiva-
lent to root foraging precision (sensu Campbell et al. 1991)
because the plants were destructively harvested when the
first root reached the end wall, which precluded root pro-
liferation in the nutrient-rich patch. Lateral root growth
efficiency up the nutrient gradient (cm/g) was quite vari-
able among species (Fig. 2b) but R. glabra was again the
most efficient; the other two shrub species were markedly
less efficient than any of the tree species tested. Among the
trees, A. rubrum roots reached the nutrient-rich end of the
planting boxes with smaller investments in root biomass than
observed in the other two species (Fig. 2b). R. glabra and
B. populifolia grew most rapidly up the nutrient gradient
(Fig. 2¢) and grew roots the fastest (Fig. 2d); roots of four R.
glabra and two B. populifolia seedlings reached the observa-
tion window within about 3 weeks. Shoot growth rates by
R. glabra were markedly higher than in any other tree or
shrub species (Fig. 2e). Among the three shrubs tested, the
species with the highest root foraging efficiency and most
rapid lateral root growth rate (R. glabra) also had the lowest
root/shoot ratio (Fig. 2f). In contrast, a tree with rapid root
growth toward the nutrient-rich bait (B. populifolia) had a
high mean root/shoot ratio compared with the other tree spe-
cies tested. These findings suggest that root-shoot ratios are
not good predictors of root foraging efficiency.

Root systems of species with high rates of growth along
the soil fertility gradient (i.e., R. glabra and B. populifolia)
tended not to proliferate in low the fertility soil (Fig. 2a).
This explanation for differences in root growth efficiency
is not sufficient, however, to account for all the species

Table 1 Results of 1-way ANOVAs on root and shoot growth char-
acteristics of species of trees and shrubs (without regard to growth
form)

Dependent variable df F p

Root mass: fertilized/unfertilized (g/g) 5.31 3.02 0.025
Lateral root growth efficiency (cm/g root) 5.31 3.46 0.013
Lateral root growth rate (cm/day) 5.32  53.00 <0.001
Root growth rate (g/day) 5.31 2.98 0.026
Shoot growth rate (g/day) 532 2046 <0.001
Root/shoot ratio (g/g) 531 11.70 <0.001
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Fig.2 Growth characteristics of seedlings planted in the middles of
sand-filled boxes with no fertilizer added to one side and a gradi-
ent of increasing fertilizer added to the other (N=4-8 per species).
Error bars are+1 S. E. of the mean. Species with different letters dif-
fer at p<0.05 based on Tukey’s Studentized Range Tests. A. Ratio of
root plus rhizome biomass in the fertilized and unfertilized sides of
the planting boxes. B. Maximum lateral extension of the root system
per gram of root tissue in the fertilized side of the boxes. C. Below-

differences observed. A. rubrum, for example, showed high
lateral root growth efficiency (Fig. 2b) but low growth rates
up the nutrient gradient (Fig. 2c) at least partially due to low
root growth rates (Fig. 2d).

Although our study was not designed to test hypothe-
ses relating rooting habits to characteristics of the species’
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ground growth rates (cm/day) up the fertility gradient. D. Total
below-ground growth rate (g/day). E. Above-ground growth rate (g/
day). F. The ratio of below-ground to above-ground biomass (includ-
ing initial biomass). The three species in the left half of each box are
trees (FRAM Fraxinus americana, ACRU Acer rubrum, BEPO Betula
populifolia) while those on the right are shrubs (VIDE Viburnum den-
tatum, CORA Cornus racemosa, and RHGL Rhus glabra)

natural habitats, the results do not support the idea that the
root systems of plants from nutrient-rich sites are architec-
turally more plastic and more actively forage for nutrients
than plants from infertile sites (Campbell and Grime 1989).
For example, R. glabra, the species that expanded the fast-
est below-ground with the most architectural plasticity and
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highest efficiency is characteristic of infertile and rocky soil.
Similarly, B. populifolia, the tree species with the most rapid
root growth rates up the nutrient gradient (Fig. 2c), is com-
mon on rocky outcrops where it roots in small pockets of
soil that collect in spatially isolated cracks and crevices. In
a related study of soil resource heterogeneity in the study
region, Kelly and Canham (1992) found the highest spatial
variation in sites with the lowest average resource avail-
ability. These results suggests that root foraging efficiency
is most beneficial for species that typically occur on poor
and spatially heterogeneous soils. Thus, the apparent inef-
ficiencies in root foraging of the shrubs V. dentatum and C.
racemosa and the trees F. americana and A. rubrum may
be related to their occurrence in more fertile and relatively
homogeneous soils.

Complicating interpretation of the main finding of this
study that shrubs and trees do not differ in nutrient foraging
speeds or efficiencies is that the species that is best at both
forages with a combination of rhizomes and roots. Those
rhizomes are multifunctional insofar as they promote rapid
and efficient colonization of resource-rich patches of soil
while also allowing rapid clonal expansion. This capacity
to spread vegetatively contributes to the invasiveness of a
similar species of Rhus (R. typhina) where introduced in
China (Wang et al. 2008). It is important to note that because
we worked only with seedlings we missed any shrub-tree
differences that may emerge when trees grow large stems
and thick structural roots.

Conclusions

Despite our failure to find consistent differences in below-
ground exploration rates of the shrub and tree species used
in this pot study, comparisons of the rates of soil patch
discovery by plants of different growth forms could yield
interesting results. To date, the voluminous literature on
root foraging is dominated by studies of root foraging by
herbaceous species, particularly cultivated cereals (Freschet
et al. 2021; Lynch 2022; van der Heijden et al. 2015; White
et al. 2013; de Kroon and Mommer 2006; Jing et al. 2022)
but it would be interesting to extend these studies to woody
species. By comparing congeneric shrubs and trees from the
same native habitats, some limitations on the interpretation
of results from our taxonomically uncontrolled study could
be avoided but there are also advantages of experimenting
with a wide variety of taxa. Future studies could also explore
potential variation in root foraging ability related to the plant
organ from which roots emerge such as from rhizomes, sto-
lons (Zheng et al. 2022), or scrambling and fallen stems
(Mori et al. 2021). Studies of arborescent monocots such
as palms (Arecaceae) and pandans (Pandanaceae) could
also be interesting insofar as they lack secondary growth

and thus cannot produce thick roots (Tomlinson 1990). The
results of such studies could inform the design of complex
agroecosystems that include species with different growth
forms (Lynch 2022; Jing et al. 2022). Finally, with advances
in DNA-based root identification techniques (Jones et al.
2011), field experiments that avoid the many artifacts of pot
studies are now feasible.
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