
Article

Not peer-reviewed version

Root Foraging by Trees and

Shrubs

Francis E. Putz 

*

 , Charles D. Canham , Scott V. Ollinger

Posted Date: 4 August 2023

doi: 10.20944/preprints202308.0389.v1

Keywords: environmental heterogeneity; functional traits; root architecture; root foraging, vegetative

expansion

Preprints.org is a free multidiscipline platform providing preprint service that

is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons

Attribution License which permits unrestricted use, distribution, and reproduction in any

medium, provided the original work is properly cited.

https://sciprofiles.com/profile/3086685
https://sciprofiles.com/profile/416005
https://sciprofiles.com/profile/902528


 

Article 
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3 Earth Systems Research Center, University of New Hampshire, Durham, New Hampshire 03824, USA  
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Abstract: Unlike trees, shrubs (i.e., multiple-stemmed woody plants) do not need evenly spaced large diameter 

structural roots and thus can spread further per unit belowground biomass. We therefore hypothesized that 

compared to trees, shrubs respond more to asymmetric distributions of nutrients and reach nutrient-rich 

patches of soil faster and with less below-ground biomass. To test these hypotheses we planted individual 

seedlings of shrubs (Cornus racemosa, Rhus glabra, and Viburnum dentatum) and trees (Acer rubrum, Betula 

populifera, and Fraxinus americana) in the centers of sand-filled rectangular boxes. In one direction we created 

stepwise gradients of increasing soil 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 as well as above- and below-ground biomass by nutrient segment were determined. There 

were no consistent differences between the shrubs and trees in belowground architectural plasticity (= ratio of 

biomass in fertilized and unfertilized volumes of soil) or in the rate and efficiency of lateral growth. 

Interspecific variation appeared more related to edaphic characteristics of the native habitats than to growth 

form. The fastest and most efficient roots were produced by the shrub (R. glabra) and the tree (B. populifolia) 

that are characteristic of poor soils. Root foraging by R. glabra was also facilitated by rapid rhizomatous 

expansion. The tested shrubs and trees did not consistently differ in nutrient foraging efficiencies or rates but 

further study is warranted with larger plants and more species.  

Keywords: environmental heterogeneity; functional traits; root architecture; root foraging; 

vegetative expansion 

 

1. Introduction 

Where soils are temporarily heterogeneous in nutrient availability, competitive benefits are 

likely to accrue to plants that locate fertile patches rapidly. In an experiment similar to the one 

described herein, liana roots were shown to consistently reach nutrient baits more quickly than tree 

roots [1]. The explanation offered for this result is that because lianas do not need to mechanically 

support their stems, they do not invest in large diameter roots and hence can efficiently and rapidly 

explore soil. This finding may help explain why per unit biomass, lianas often outcompete trees for 

below-ground resources [2]. Here we test whether shrub roots are similarly efficient and rapid in 

their soil exploration. Like lianas, shrubs are often strong competitors with trees especially on 

nutrient-poor and drought-prone sites [3]. Also like lianas, most shrub stems are slender [4] and do 

not need large diameter structural roots [5] nor do they do they need to evenly distribute roots around 

their stems for biomechanical purposes; these characteristics should increase the soil exploration 

capacities of shrubs per unit biomass invested below-ground. Finally, vegetative production of new 

stems by shrubs may depend on prior root or rhizome expansion, thus providing a further benefit 

for rapid and efficient lateral growth below-ground. 

2. Materials and Methods 

This experiment was conducted with one year-old nursery-grown seedlings in a greenhouse in 

Millbrook, New York (41o50'N, 73o,45'W). Randomly selected bare root seedlings of trees (Acer 
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rubrum, Betula populifera, and Fraxinus americana) and shrubs (Cornus racemosa, Rhus glabra, and 

Viburnum dentatum) acquired at a local nursery (N = 8 per species) were planted in early June in the 

centers of 60 x 15 x 40 cm (length x breadth x depth) plywood boxes filled with washed sand over a 

2 cm thick layer of coarse quartz gravel (Figure 1). One end of each box was made from plexiglass 

that was kept dark other than when checking for the presence of 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 fertilizer (Sierra Chemical Company, 

California) to the sand when the boxes were being filled. Starting 6 cm from the plant the 6 cm wide 

(3600 cm3) 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. 

 

Figure 1. The experimental planting boxes with nutrient gradients after several plants reached the 

plexiglass-covered end wall and were harvested. 

Plants were grown until the first root reached the observation window (range = 49-182 d) at 

which time the entire plant was harvested. Final sample sizes ranged from 4-8 plants per species due 

to mortality. Roots were harvested by section from the soil fertility gradient by cutting 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 eight 

randomly selected individuals of each species from the original planting stock. 

Differences between trees and shrubs were examined using analysis of variance (PROC GLM in 

SAS) [6], with species nested within growth form. Because species are the true level of replication for 

tests of the hypothesis that 2 growth forms differ in root growth and architecture, 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 [6]. 
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The species used in this experiment overlap considerably in ecological ranges and are frequently 

sympatric in southern New England. Cornus racemosa Lam. is a clonal shrub that grows to be 2-3 m 

tall and forms dense, laterally spreading clumps. Viburnum dentatum L. is similar in growth form to 

C. racemosa but generally does not grow to be as large or dense; both species are characteristic of 

mesic, nutrient-rich, alluvial soils, but C. racemosa also occurs on poorer sites. Rhus glabra L., the third 

shrub species in the experiment, forms larger and more diffuse clumps in drier and more nutrient-

poor sites than the other two species. All three tree species used (Acer rubrum L., Fraxinus americana 

L., and Betula populifolia Marsh) are fairly light demanding and geographically widespread, but B. 

populifolia is particularly characteristic of rocky areas with nutrient-poor and severely drained soils.  

3. Results and Discussion 

Contrary to our predictions there were no consistent differences between the shrubs and trees 

in root foraging efficiencies, root growth rates, or root:shoot ratios (Table 1, Figure 2). All six species 

generally produced more roots in the fertilized than in the unfertilized portions of the planting frames 

(Figure 2a), but only R. glabra showed this tendency to a significant degree. Lateral growth efficiency 

(maximum root growth distance/root biomass), another expression of root foraging efficiency, was 

quite variable among species (Figure 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, Acer 

rubrum roots reached the nutrient-rich end of the planting frames with smaller investments in root 

biomass than observed in the other two species (Figure 2b). R. glabra and B. populifolia grew most 

rapidly up the nutrient gradient (Figure 2c) and grew roots the fastest (Figure 2d); roots of four R. 

glabra and two B. populifolia seedlings reached the observation window within about three weeks after 

transplanting. Shoot growth rates by R. glabra were markedly higher than in any other tree or shrub 

species (Figure 2e). Among the three shrubs tested, the species with the highest root foraging 

efficiency and the most rapid lateral root growth rate (R. glabra) also had the lowest root/shoot ratio 

(Figure 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 species tested. This suggests that root-

shoot ratio is not necessarily a good predictor of root foraging efficiency. 
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Figure 2. Growth characteristics of seedlings planted in the middles of sand-filled boxes with no 

fertilizer added to one side and a gradient 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 above the bars are 

significantly different at p < 0.05 using Tukey's Studentized Range Test. 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 (cm away from the above-ground stem) per gram of root tissue in the fertilized side 

of the boxes. C. Daily below-ground growth rates (cm/day) up the fertility gradient. D. Total below-

ground growth rate (g/day). E. Daily above-ground growth rate (g/day). F. The ratio of below-ground 

to above-ground biomass (including initial biomass). The three species in the left half of each box are 

trees (FRAM = Fraxinus americana, ACRU = Acer rubrum, BEPO = Betula populifolia), while the 3 species 

in the right half of each figure are shrubs (VIDE = Viburnum dentatum, CORA = Cornus racemosa, and 

RHGL = Rhus glabra). 
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Table 1. Results of 1-way ANOVAs on root and shoot growth characteristics 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) 5,32 20.46 <0.001

Root / Shoot Ratio (g / g) 5,31 11.70 <0.001

Root systems of species with high rates of growth along the soil fertility gradient (e.g., R. glabra 

and B. populifolia) tended not to proliferate in low fertility zones of soil (Figure 2a).  This explanation 

for differences in root growth efficiency is not sufficient, however, to explain all the species 

differences observed. A. rubrum, for example, showed high in lateral root growth efficiency (Figure 

2b) but fairly low growth rates up the nutrient gradient (Figure 2c) at least partially due to low root 

growth rates (Figure 2d). 

Although our study was not designed to test hypotheses relating rooting habits to characteristics 

of the species’ natural habitats, the results do not support the idea that the root systems of plants from 

nutrient-rich sites are architecturally more plastic and more actively forage for nutrients than plants 

from infertile sites [7]. For example, R. glabra, the species that expanded the fastest below-ground 

with the most architectural plasticity and highest efficiency is characteristically found on infertile, 

rocky, and otherwise poor soils. Similarly, B. populifolia, the tree species with the most rapid root 

growth rates up the nutrient gradient (Figure 2c), is common on degraded abandoned farmland and 

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 [8] 

found the highest spatial variation in sites with the lowest average resource availability. This suggests 

that root foraging efficiency will be most beneficial for species that typically occur on poor and 

spatially heterogeneous soils. Thus, the apparent inefficiencies in root foraging of the shrubs V. 

dentatum and C. racemose and the trees F. americana and A. rubrum may be related to their occurrence 

in more fertile and relatively homogeneous alluvial soils.   

Complicating interpretation of the main findings of this study that shrubs and trees do not differ 

in nutrient foraging speeds or efficiencies are other, often size-dependent contributions to of below-

ground structures to plant survival and growth. For example, in addition to discovery of nutrient 

patches, rhizomes facilitate extensive clonal expansion by R. glabra, one of the traits that renders a 

similar species of Rhus (R. typhina) invasive where introduced in China [9]. Also, because we worked 

only with seedlings we missed any shrub-tree differences that may become apparent when the latter 

grow large stems and the former stay small. 
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