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Abstract.   The roots of the majority of tree species are associated with either arbuscular 
mycorrhizal (AM) or ectomycorrhizal (EM) fungi. The absorptive roots of tree species also 
vary widely in their diameter. The linkages between root thickness, mycorrhiza type and nutri-
ent foraging are poorly understood. We conducted a large root ingrowth experiment in the field 
to investigate how absorptive roots of varying thickness and their associated fungi (AM vs. 
EM) exploit different nutrient patches (inorganic and organic) in a common garden. In 
nutrient- rich patches, thin- root tree species more effectively proliferated absorptive roots than 
thick- root tree species, whereas thick- root tree species proliferated more mycorrhizal fungal 
biomass than thin- root tree species. Moreover, nutrient patches enriched with organic materi-
als resulted in greater root and mycorrhizal fungal proliferation compared to those enriched 
with inorganic nutrients. Irrespective of root morphology, AM tree species had higher root 
foraging precision than mycorrhizal hyphae foraging precision within organic patches, where-
as EM tree species exhibited the opposite. Our findings that roots and mycorrhizal fungi are 
complementary in foraging within nutrient patches provide new insights into species coexist-
ence and element cycling in terrestrial ecosystems.

Key words:   arbuscular mycorrhizal fungi; ectomycorrhizal fungi; functional complementarity; nutrient 
foraging; root morphology; species coexistence; tree species.

inTroduCTion

Nutrient availability in soil is typically highly hetero-
geneous in space and time (Caldwell 1994). A range of 
traits in both plants (Eissenstat 1991, Eissenstat et al. 
2015) and mycorrhizal fungi (Hart and Reader 2002, 
Weigt et al. 2012) have been identified that influence how 
efficiently foraging occurs for nitrogen (N) and phos-
phorus (P) in ephemeral nutrient hotspots. Among 
arbuscular mycorrhizal (AM) trees, those with thick 
absorptive roots and low branching intensity tend to 
have high mycorrhizal colonization but limited capacity 
to proliferate roots in nutrient- rich patches, both in tem-
perate (Eissenstat et al. 2015) and subtropical (Liu et al. 
2015) forests. However, we have only a very limited 
understanding of how ectomycorrhizal (EM) tree species 
forage in comparison to AM tree species or whether 
organic nutrient sources affect patterns of foraging dif-
ferently from mineral sources. Yet in boreal and many 
temperate forests, EM species are the dominant trees and 
organic materials are frequently the dominant nutrient 
sources (Read and Perez- Moreno 2003).

Most plants have a complex, branched root system. 
Root branches can be classified into several orders 

according to their branch position with the thinnest, most 
distal roots identified as the 1st order (Pregitzer et al. 
2002). Generally, the 1st and 2nd order roots function 
primarily in nutrient absorption and water uptake, while 
3rd and higher order roots increasingly function in longi-
tudinal nutrient and water transport (McCormack et al. 
2015). Across diverse plant species, however, the thickness 
of absorptive roots varies greatly (Eissenstat 1992, 
Pregitzer et al. 2002, Comas and Eissenstat 2009). For 
instance, the minimum and maximum average diameters 
of the 1st and 2nd order roots of 25 co- existing woody 
species in a temperate North American forest were 0.2 
and 0.9 mm, respectively (Comas and Eissenstat 2009). 
Moreover, this variation in root thickness has been linked 
to root functional traits such as longevity (McCormack 
et al. 2012, Adams et al. 2013) and growth rate (Eissenstat 
1991, Eissenstat et al. 2015). Nonetheless, the linkage 
between root morphology and nutrient foraging is 
limited, especially in regards to ectomycorrhizal trees and 
the role of mycorrhizal extramatrical hyphal foraging.

The roots of greater than 90% of land plant species, espe-
cially tree species, are associated with either AM or EM 
fungi (Brundrett 2009). Mycorrhizal fungi have some 
advantages over roots in exploiting soil heterogeneity 
because their hyphae can provide a greater surface area per 
unit mass than absorptive roots. Mycorrhizal fungi acquire 
carbohydrates from their host plants, but they may also 
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transfer mineral nutrients, particularly N and P, to their 
hosts (Koide 1991, Smith and Read 2008, Koide et al. 2014). 
In a 15N- labelling microcosm experiment, for example, Tu 
et al. (2006) demonstrated that fungal hyphae resulted in a 
125% increase in plant 15N acquisition from a nutrient 
patch. Several other recent studies have confirmed the role 
of mycorrhizal fungi in acquiring N and P from nutrient 
patches (Leigh et al. 2009, Cheng et al. 2012). Although 
these studies demonstrated the role of fungal hyphae in 
nutrient acquisition, they did not consider the interaction 
of hyphae with roots of varying morphology (thickness).

In this study, we investigated how AM and EM fungi 
exploit nutrient patches when in symbiosis with con-
trasting tree species possessing absorptive roots of varying 
thickness. We selected four tree species that constituted a 
2 × 2 factorial combination of root thickness and mycor-
rhiza type. We set up one nutrient patch control, two levels 
of inorganic nutrient patches (low vs. high) and one 
organic nutrient patch, to simulate the natural field condi-
tions where either AM-  or EM-  or both AM and EM- 
associated nutrient economies predominate (Phillips et al. 
2013). We hypothesized that (1) thin- root tree species 
would proliferate their absorptive roots in nutrient patches 
more than thick- root tree species, and (2) mycorrhizal 
fungal hyphae associated with thick- root tree species 
would proliferate more in nutrient patches than those 
associated with thin- root tree species, and (3) both roots 
and mycorrhizal fungi would exploit more in nutrient- rich 
than in nutrient- poor patches, and more in organic nutrient 
patches than in inorganic nutrient patches.

meThods

Study site

The common garden was established in 1996, and is 
located in the Russell E. Larson Agricultural Research 
Center, about 10 miles southwest of the University Park 
campus of Pennsylvania State University (40°42′ N, 
77°57′ W). Annual mean temperature is 8.9°C and annual 
mean precipitation is 1,010 mm. The field was a grass hay-
field before 1995. The silt loam soil is a well- drained fine, 
mixed, semi- active, mesic Typic Hapludalf  with a pH 
ranging from 6.1 to 6.5.

The common garden (Appendix S1: Fig. S1) is a rand-
omized complete block design with 16 tree species ran-
domly assigned into eight blocks (McCormack et al. 
2012). Within each block, every tree species is represented 
by six individual trees in two rows of three. Spacing within 
and between individual trees in each plot is 3 m, with 5 m 
between plots. Each of these tree species coexist naturally 
in local forests. The tree species used in this study were 
Acer negundo, Liriodendron tulipifera, Pinus strobus, 
Quercus alba.

In- growth experiment

To test our hypotheses, we carried out a large- scale 
root in- growth experiment in the common garden in 
2012. We selected four tree species and determined the 
proliferation of root and fungal hyphae in four different 
nutrient- patch treatments in the field. The four tree 
species constituted a 2 × 2 combination of root mor-
phology and mycorrhiza type: A. negundo (thin- root, 
AM), L. tulipifera (thick- root, AM), Q. alba (thin- root, 
EM) and P. strobus (thick- root, EM) (Table 1). We con-
structed nutrient patches using 5 × 10 cm mesh enve-
lopes (mesh size: 1 mm), which has been one of most 
often used methods in investigating root and mycor-
rhizal dynamics in microcosm and field experiments 
(Neill 1992, Wallander et al. 2001, Cheng et al. 2012, 
Addo- Danso et al. 2016). Each mesh envelope was filled 
with soil taken from the corresponding plot and was 
either unamended or amended with various nutrient 
additions. The four nutrient patch treatments were: (1) 
90 g dry- weight soil (no nutrient addition, hereafter 
“control”), (2) 90 g soil plus 25 mg N (NH4NO3) kg−1 
soil and 50 mg P (KH2PO4) kg−1 soil (Low inorganic N 
and P addition, hereafter “Low- NP”), (3) 90 g soil plus 
100 mg N (NH4NO3) kg−1 soil and 200 mg P (KH2PO4) 
kg−1 soil (High inorganic N and P addition, hereafter 
“High- NP”), and (4) 81 g soil plus 9 g chopped dried 
fresh green leaves (ca. 1 cm length; Organic residue 
addition, hereafter “Organic”). The leaves were col-
lected directly from the corresponding four species trees 
in the early- summer 2012, and then mixed at an equal 
mass per species to make a single homogenous leaf litter 
addition.

TabLe 1. The diameter (μm) of the first-  and second- order roots of four tree species.

Species Acer negundo Liriodendron tulipifera Quercus alba Pinus strobus

Mycorrhiza AM AM EM EM
Root type Thin Thick Thin Thick
Harvest 1 (five weeks)

1st order roots 265 ± 13 879 ± 12 184 ± 10 598 ± 39
2nd order roots 400 ± 29 995 ± 25 253 ± 15 854 ± 42

Harvest 2 (15 weeks)
1st order roots 302 ± 9 860 ± 34 191 ± 10 762 ± 45
2nd order roots 410 ± 18 992 ± 44 281 ± 19 1,003 ± 52

Notes: AM, arbuscular mycorrhizae; EM, ectomycorrhizae. Values are means (n = 8) ± SEM.
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We randomly buried the ingrowth envelopes at a10- cm 
soil depth within their corresponding tree plots in the mid- 
summer 2012. Each of the two AM tree plots received 
eight envelopes (4 nutrient patch types × 2 harvests), while 
every EM tree plot received 16 envelopes (4 nutrient patch 
types × 2 harvests × 2 root exclusion treatments). In order 
to exclude roots, we placed one set of mesh envelopes 
within root exclusion chambers made from PVC tubing 
(13 cm inner diameter, 60 cm long, with 50 μm mesh cov-
ering both openings). This allowed us to estimate the EM 
fungal biomass (as opposed to saprotrophic fungal 
biomass) accumulated within in- growth mesh envelopes 
by subtracting the hyphal biomass of the ingrowth bag 
with PVC root- exclusion chambers from that without 
exclusion chambers. In total, there were eight envelopes in 
each of eight replicate plots of two AM tree species (in 
total 128 envelopes) and 16 envelopes in each of eight 
 replicate plots of two EM tree species (in total 256 
 envelopes). We then harvested ingrowth envelopes after 
five and 15 weeks. During this time, root production has 
been reported to be maximum at this site in most years 
(McCormack et al. 2014), and the period of maximal 
fungal growth was assumed to coincide with the maximal 
growth of absorptive roots (Wallander et al. 2001).

Measurements

Ingrowth envelopes were taken from the field and 
stored at 4°C until they were processed within 24 h. Root 
segments were removed from each envelope and root- free 
soil samples were frozen immediately at −20°C. 
Subsamples of soil (20 grams) were freeze- dried at −40°C 
for phospholipid fatty acids (PLFA) analysis. Fresh root 
samples were cleaned using tap water and stored at 4°C.

Root segments were scanned on an Epson Perfection 
4,490 desktop scanner, and then analyzed with WinRhizo 
software (Regent Instruments, Quebec City, Quebec, 
Canada) for diameter, length and surface area (Comas 
and Eissenstat 2009). The length of absorptive roots was 
assessed as it is thought to be better predictor of plant 
nutrient uptake than root biomass (Hodge et al. 1999, 
Chapin et al. 2011). Subsamples of fresh root segments of 
the second harvest were taken randomly to determine 
AM and EM fungal colonization of roots. Briefly, the 
AM colonization was examined using the gridline- 
intersect method with cleared root segments stained with 
trypan blue (Sylvia 1994); and the EM colonization was 
determined by counting the number of root tips with and 
without a mantle and/or a Hartig net (Visser 1995).

Fungal biomass of each nutrient patch was estimated 
using PLFA analysis (Olsson 1999, Cheng et al. 2011). 
The protocol for the PLFA analysis was modified from 
Cheng et al. (2011). Only samples from the second harvest 
were used for PLFA analysis. PLFAs were extracted from 
5 g of freeze- dried soil subsample using a solution con-
taining 10 mL CH3OH, 5 mL CH3Cl and 4 mL PO4

3− 
(K2HPO4 + KH2PO4) buffer at pH 7.0. Internal 
stan dards 21:0 PC (Avanti Polar Lipids, Alabaster, 

Alabama, USA), which are rarely present in soils, were 
also added to each sample to calculate the recovery rate 
of fatty acids. Solid phase extraction columns (SPE; 
Thermo Scientific, Waltham, Massachusetts, USA) were 
employed to separate phospholipids from neutral and 
glycol lipids. The obtained phospholipids were subjected 
to an alkaline methanolysis to generate fatty acids methyl 
esters (FAMEs). The resulting FAMEs were then sepa-
rated and measured on a HP GC- FID (HP6890; Agilent 
Technologies, Santa Clara, California, USA). Peaks of 
fatty acids were identified using the Sherlock Microbial 
Identification System (MIDI Inc., Version 6.1, Newark, 
Delaware, USA). Biomass was estimated using external 
Newark, DE USA FAME standards (14:0, 16:0, 18:0, 
20:0, 22:0, 24:0; K104 FAME mix; Grace, Deerfield, 
Illinois, USA).

The available N concentration within each nutrient 
patch after the second harvest was determined using the 
KCl- extraction method. Briefly, soil ammonium (NH4

+) 
and nitrate (NO3

−) in soil subsamples (5 g) were extracted 
with 50 mL of 2M KCl by shaking for 30 min. The con-
centrations of NH4

+ and NO3
− were then measured on a 

Lachat flow injection analyzer (Lachat Instruments, 
Milwaukee, Wisconsin, USA).

Data analyses

The biomarkers 16:1ω5c and 18:2ω6c were used to 
determine the AM (Olsson 1999, Cheng et al. 2012) and 
EM (Olsson 1999, Wallander et al. 2001) fungal biomass, 
respectively. Saprotrophic fungi are easily separated from 
AM fungi using PLFA analysis, so no exclusion tubes 
were used. For EM fungi, net proliferation of fungal 
hyphae in ingrowth envelopes during the experimental 
time was calculated using the total amount of each fungal 
biomarker in envelopes without root exclusions minus 
those in PVC tubes that prevented root penetration 
(Wallander et al. 2001). The subtractive method by which 
we estimated EM fungal biomass assumes that no inter-
actions exist between EM and saprotrophic fungi. In fact, 
we do not know whether or not such interactions exist. 
Nevertheless, because there are no markers that allow us 
to distinguish between these two groups, the subtractive 
method, for the time being, remains the most suitable. 
Finally, the foraging precision (FP) of root length and 
hyphal biomass was calculated as the relative increase in 
nutrient amended patches (Low- NP, High- NP and 
Organic) compared to control patches as follows. 

where pi denotes each of nutrient patches (Low- NP, 
High- NP and Organic).

(1)
FProot (%)=

100×
(

Root lengthpi
−Root lengthcontrol

)

Root lengthcontrol

,

(2)

FPhyphae (%)

=
100×

(

Hyphal PLFApi
−Hyphal PLFAcontrol

)

Hyphal PLFAcontrol

,
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All data were first subjected to analysis of variance 
(ANOVA) using the linear mixed- effects (LME) model 
as follows: 

where yijk is the specific measurement such as root length, 
fungal biomass and nutrient concentrations; μ the 
intercept, fixed effects; bi the block, fixed effects; sj the 
tree species treatment, fixed effects; nk the nutrient patch 
treatment, fixed effects; (s × n)jk the tree species and 
nutrient patch interaction, fixed effects; bij the tree species 
within block, random effects and εijk the random experi-
mental error. If a significant effect of the tree species 
treatment was detected, we redefined the LME model (1) 
by splitting the four tree species into a 2 × 2 factorial 
combination as follows: 

where yijkl is the specific measurements such as root 
length, fungal biomass and nutrient concentrations; μ the 
intercept, fixed effects; bi the block, fixed effects; mj the 
mycorrhizal type, fixed effects; rk the root morphology, 
fixed effects; (m × r)jk the mycorrhizae and root inter-
action, fixed effects; nl the nutrient patch, fixed effects; 
(m × n)jl the mycorrhizae and nutrient patch interaction, 
fixed effects; (r × n)kl the root morphology and nutrient 
patch interaction, fixed effects; (m × r × n)jkl the mycor-
rhizae, root morphology and nutrient patch interaction, 
fixed effects; bij the tree species within block, random 
effects; bijk the interaction of mycorrhizae and root mor-
phology within block, random effects and εijkl the random 
experimental error. The LME models were fit by the 
restricted maximum likelihood (REML) method using the 
“nlme” package (Pinheiro and Bates 2007). All statistical 
analyses were performed using the R program (Version 
3.02, The R Foundation for Statistical Computing, 2013). 
Significant differences were accepted at a P < 0.05.

resuLTs

Root proliferation

We first measured the diameter, length and surface area 
of roots that proliferated within in- growth envelopes after 
five and 15 weeks. The diameter of the 1st and 2nd order 
roots of both thin- root (Acer negundo and Quercus alba) 
and thick- root (Liriodendron tulipifera and Pinus strobus) 
tree species did not change between the two harvests 
(P > 0.05; Table 1). Consistent with our expectation, the 
diameters of the 1st and 2nd order roots of thick- root tree 
species were significantly larger than those of thin- root tree 
species (P < 0.01; Table 1). Across two harvests, the 
average diameters of the 1st and 2nd order roots of L. tulip-
ifera were 3.1-  and 2.5- fold thicker, respectively, than those 
of A. negundo; and P. strobus roots were 3.6-  and 3.5- fold 
thicker, respectively, than those of Q. alba (Table 1).

Thin- root tree species developed significantly greater 
absorptive root lengths within ingrowth envelopes in 
comparison with thick- root tree species (Fig. 1 and 
Appendix S1: Fig. S2). Across mycorrhiza types and 
nutrient levels, the total root length of thin- root tree 
species within ingrowth envelopes were on average 11.6 
and 30.5 cm at weeks five and 15, respectively, which were 
3.1- fold (Fig. 1A; F1,105 = 31.42, P < 0.001) and 1.2- fold 
(Fig. 1B; F1,105 = 9.12, P = 0.003) longer than those of 
thick- root tree species over the same time periods. The 
total root length did not differ significantly across nutrient 
patch types at either week five (Fig. 1A; F3,105 = 2.53, 
P = 0.06) or week 15 (Fig. 1B; F3,105 = 1.65, P = 0.18). 
When we considered thin and thick roots separately, 
however, tree species with thin roots, especially A. negundo, 
tended to proliferate more in the organic nutrient patch.

The total average surface area of roots of thin- root tree 
species was significantly greater than that of thick- root 
tree species at week five (Appendix S1: Fig. S2A; 
F1,105 = 5.77, P = 0.018), but not at week 15 (Appendix 
S1: Fig. S2B; F1,105 = 0.39, P > 0.1). In addition, the total 
root surface area was not significantly affected by nutrient 
patch type at either five or 15 weeks (Appendix S1: Fig. 
S2; P > 0.1 for either harvest).

(3)yijk =μ+bi+sj+nk+(s×n)jk+bij+εijk,

(4)
yijkl =μ+bi+mj+rk+(m×r)jk+nl+(m×n)jl

+(r×n)kl+(m×r×n)jkl+bij+bijk+εijkl

fig. 1. The proliferation of absorptive roots of four tree 
species within different nutrient patches sampled after five weeks 
(A) and after 15 weeks (B). Values are means (n = 8) ± SEM. 
Nutrient treatments are: Control, no additional nutrients added 
to soil, Low- NP, low inorganic nitrogen (N) and phosphorus 
(P) addition; High- NP, high inorganic N and P addition; and 
Organic, the addition of a mixture of dried leaves. The four tree 
species were: A. negundo: arbuscular mycorrhizal, thin- root 
type; L. tulipifera: arbuscular mycorrhizal, thick- root type; 
Q. alba: ectomycorrhizal, thin- root type; and P. strobus: 
ectomycorrhizal, thick- root type.
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Fungal proliferation

Mycorrhizal colonization of roots of thin- root tree 
species, on average, was 40.8% lower than of thick- root 
tree species (Fig. 2A; F1,105 = 9.16, P = 0.003), but it was 
not significantly affected by the nutrient patch type 
(Fig. 2A; F3,105 = 0.82, P > 0.1). A. negundo had, overall, 
the lowest colonization of approximately 25% and 
P. strobus had the highest colonization of approximately 
71%.

We used the two PLFA biomarkers 16:1ω5c and 
18:2ω6c to represent the external fungal proliferation of 
AM and EM fungi within ingrowth envelopes, respec-
tively. The external biomass of fungi associated with 
roots of thin- root tree species, on average, was 12.5% 
lower than that of thick- root tree species (Fig. 2B; 
F1,105 = 7.94, P = 0.006). Also, fungal biomass across the 
four nutrient patch types differed significantly (Fig. 2B; 
F3,105 = 97.57, P < 0.001). This was largely due to accu-
mulation of fungal biomass within the organic patches 
(31.5 nmol PLFA- C g−1 soil), which was 2.2 times higher 
than the average of the other three patches (14.2 nmol 
PLFA- C g−1 soil; Fig. 2B).

Nutrient concentrations

Soil extractable N concentrations differed significantly 
across four nutrient patches, with the organic patches 
having a higher concentration of NH4

+ and NO3
− (Fig. 3; 

F3,105 = 23.57, P < 0.001; Appendix S1: Fig. S3; 

F3,105 = 6.24, P < 0.001). There was no significant dif-
ference in soil NO3

− within the nutrient patches between 
thin-  and thick- root tree species (Appendix S1: Fig. S3; 
F1,105 = 0.03, P = 0.85). However, soil NH4

+ within the 
nutrient patches of thick- root tree species was, on 
average, 31% higher than in patches of thin- root tree 
species (Fig. 3; F1,105 = 5.22, P = 0.02), but this effect was 
primarily confined to organic patches.

Foraging precision

Foraging precision, on average, was significantly 
higher in organic patches than in Low- NP and High- NP 
patches (P < 0.001; Fig. 4). Within the organic patches, 
AM tree species exhibited higher root foraging precision 
than mycorrhizal hyphal foraging precision, irrespective 
of root morphology, whereas EM tree species exhibited 
the opposite.

disCussion

We found that thin- root species more readily prolif-
erated in nutrient- rich patches with their roots, and 
thick- root species more readily proliferated in nutri-
ent- rich patches with their mycorrhizal hyphae. For 
instance, the ratio of root length to fungal biomass of 
thin- root species was, on average, two times that of 
thick- root species within three nutrient patches (Low- NP, 
High- NP, and Organic). These results suggest a possible 
evolutionary strategy in which roots and their associated 
mycorrhizal fungi function in a complementary fashion 
while foraging in nutrient patches. Because previous 
research has treated the role of roots and fungi sepa-
rately, such findings have been largely overlooked in pre-
vious work on nutrient foraging (Koide 2000, Tibbett 
2000). Studies that have ignored the role of mycorrhizal 
fungi have often shown that species with thinner and 
longer absorptive roots exploited nutrient- rich patches 

fig. 2. Colonization of mycorrhizal fungi in roots collected 
from different nutrient patches at week 15 (A) and proliferation 
of external mycorrhizal fungal biomass within nutrient patches 
at week 15 (B). Values are means (n = 8) ± SEM. See Fig. 1 for 
abbreviations of nutrient patches.
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more effectively than did those with thicker and shorter 
absorptive roots (Caldwell et al. 1985, Eissenstat 1991, 
Hutchings and Dekroon 1994, Hodge et al. 1999, Tibbett 
2000, Ostonen et al. 2011, Pinno and Wilson 2013). A 
large number of studies have also documented that myc-
orrhizal fungi were capable of acquiring substantial 
mineral nutrients from nutrient patches (Koide 1991, Tu 
et al. 2006, Smith and Read 2008, Cheng et al. 2012, 
Johnson et al. 2013); however, few studies have explicitly 
considered whether proliferation by mycorrhizal hyphae 
could compensate for reduced proliferation of fine roots 
in nutrient patches. In the present study, we examined 
tree species that varied in root morphology and mycor-
rhiza type in a factorial experimental design in a tractable 
field system. Such a design led to the new finding that for 
thick- root species it is possible that mycorrhizal hyphal 
proliferation compensates for the relative inability to 
proliferate roots, especially in organic nutrient patches.

Mycorrhizal fungi are increasingly considered exten-
sions of roots, playing a vital role in helping plants forage 
within nutrient hotspots (Koide 1991, Read and Perez- 
Moreno 2003, Smith and Read 2008, Cheng et al. 2012, 
Koide et al. 2014). For instance, it has been estimated that 
AM fungi can contribute up to 70% of P acquired by AM 
plants (Smith and Read 2008). Additionally, Leigh et al. 
(2009) calculated that AM fungi were able to provide 
20% of their host plant N from an organic patch in a 
microcosm experiment. As such, understanding nutrient 
foraging strategies of plants requires a holistic approach 
that considers roots and their associated mycorrhizal 

fungi as the functional unit. In our study, thin- root tree 
species generally proliferated more of their roots but less 
associated fungal hyphae within nutrient patches, while 
thick- root tree species did the opposite, suggesting that 
efficient nutrient foraging involves a trade- off between 
carbon allocated to roots and carbon allocated to mycor-
rhizal fungi. Our data, therefore, provide supporting 
 evidence for the emerging view that functional comple-
mentarity exists in the AM symbiosis (Koide 2000, 
Johnson 2010) and suggests that a similar complemen-
tarity exists in the EM symbiosis as well. Koide (2000) 
proposed that functional complementarity may occur 
among coexisting AM fungi within a single root system 
and between roots and their associated AM fungi. In the 
current work, we did not analyze the community of AM 
fungi, and it remains to be investigated whether AM fungi 
are functionally complementary within their communities 
on a single root. Even so, our results extend to a more 
generalized framework that the functions of both AM and 
EM fungi complement with those of roots with different 
morphology across different plant species.

Root and fungal proliferation exhibited distinct 
responses to organic and inorganic nutrient patches. One 
explanation for the higher proliferation of roots and 
fungi within organic patches is that mineralization of 
organic materials occurred over a protracted period of 
time, providing a long- lasting nutrient patch (Chapin 
et al. 2011). Although a patch of high concentrations of 
inorganic nutrients may initially cause root and hyphal 
proliferation as was observed in this study at week 5 
(Figs. 1 and 2), such an effect may be short lived. Indeed, 
it was largely absent at week 15. Interestingly, organic 
patches in plots of thick- root tree species had a higher 
concentration of NH4

+ than those in plots of thin- root 
tree species (Fig. 3), suggesting a discrepancy between the 
consequence of root and fungal exploitation in terms of 
N acquisition. While roots capture both N and P, it may 
be that mycorrhizal fungi are more efficient in capturing 
P than they are in capturing N. Nevertheless, the extent 
to which roots and their associated fungal hyphae use 
both N and P from mineralization on larger spatial and 
temporal scales requires further investigation.

Nutrient patch type also influenced foraging precision. 
All four tree species only exhibited foraging precision 
that was significantly different from zero in the organic 
nutrient patch. Moreover, this was achieved either mainly 
by the absorptive roots in AM tree species (Fig. 4A) or by 
the associated mycorrhizal fungal hyphae in EM tree 
species (Fig. 4B), suggesting that the way foraging pre-
cision is achieved differs between tree species of con-
trasting mycorrhiza type. Such results are consistent with 
the findings of a recent study conducted in the same area 
but included more tree species (Chen et al., unpublished 
manuscript). In contrast to the Chen et al. study, however, 
we did not observe thin roots to forage more precisely 
with their hyphae in the EM species. More study is needed 
to understand the potential links of hyphal foraging with 
root diameter in EM species.

fig. 4. Foraging precision of both root length (A) and 
mycorrhizal fungal hyphae (B) within different nutrient patches 
at week 15. Values are means (n = 8) ± SEM. See Fig. 1 for 
abbreviations of nutrient patches. The foraging precision was 
calculated as the relative increase in nutrient amended patches 
compared to control patches (see Methods for details).
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Our results are not consistent with the scale- precision 
trade- off hypothesis for root foraging (Campbell et al. 
1991). This hypothesis predicts that thin- root tree species 
(high scale) should exploit larger volumes of soil without 
exhibiting selectivity for high- nutrient hotspots (low pre-
cision), while thick- root tree species (low scale) prefer to 
selectively proliferate in nutrient- rich patches (high pre-
cision) to meet their nutrient demand. Instead, we found 
more preferential root proliferation in nutrient patches 
among the thin- root tree species (Fig. 1 and Appendix S1: 
Fig. S2). This observation is consistent with results by 
Rajaniemi and Reynolds (2004), who found a positive 
relationship, rather than a trade- off, between root for-
aging scale and precision. Kembel and Cahill (2005) sim-
ilarly showed that across > 100 plant species the trade- off 
between root foraging scale and precision was not sup-
ported (Kembel and Cahill 2005). Taken together, these 
results suggest that the scale- precision trade- off 
hypothesis is not a good predictor of root foraging 
behaviors of plant species in the field, particularly when 
roots and their associated mycorrhizal fungi are con-
sidered together.

We recognize that the length of roots or the biomass of 
hyphae within a patch is the consequence of both finding 
the patch and proliferating within it. The odds of finding 
a patch, however, were likely similar among the four tree 
species in our study. The root length densities (RLD) in 
the same soil layer in which the nutrient patches were 
installed (0–10 cm) were (cm/cm3 ± SE): Acer negundo, 
0.77 ± 0.08; Liriodendron tulipifera, 0.57 ± 0.05; Pinus 
strobus, 0.85 ± 0.09; and Quercus alba, 0.80 ± 0.07) with 
no significant differences in RLD among species 
(P < 0.05). The magnitude of our RLD suggest a high 
likelihood of a root encountering a nutrient patch of just 
a few square centimeters of surface area (Escamilla et al. 
1991), and our patches had an area of 50 cm2. Therefore, 
variation in growth within the patches observed in the 
current study very likely reflected variation in the ability 
to proliferate. The size of our nutrient patches (10 × 5 cm) 
was consistent with previous studies that examined roots 
and mycorrhizal fungi on similar time scales (Neill 1992, 
Wallander et al. 2001, Ostonen et al. 2011, Cheng et al. 
2012, Addo- Danso et al. 2016). On time scales of weeks 
to months, root foraging usually occurs at the scale of 
centimeters to decimeters, and root proliferation in small 
nutrient- rich patches has been considered a major mech-
anism by which plants forage for nutrients (Eissenstat 
and Caldwell 1988, Neill 1992, Caldwell 1994, Rajaniemi 
and Reynolds 2004, Ostonen et al. 2011). While we did 
not explicitly examine the scale of spatial variability of 
nutrients in our plots, tree species should often expe-
rience significant variation in nutrient availability on a 
spatial and temporal scale comparable to our nutrient 
patches due to leaf fall and movement on the forest floor, 
and small scale disturbances associated with the activities 
of organisms such as earthworms as well as the activities 
of other invertebrates and small vertebrates (Chapin 
et al. 2011, Garcia- Palacios et al. 2014).

Our finding that roots and fungi are functionally com-
plementary in terms of foraging within nutrient patches 
has two important implications. First, increasing recog-
nition of functional complementarity between roots of 
different morphology together with their associated fungi 
provides insight into the co- evolution of tree species and 
mycorrhizal fungi (Brundrett 2002, Hoeksema 2010). 
Species of more basal lineages such as those in the 
Magnoliales (e.g., L. tulipifera) are typically highly colo-
nized by AM fungi and have thick roots whereas plant 
species that diverged from these basal lineages evolved 
diverse strategies of nutrient foraging including more 
specialized mycorrhizal associations (e.g., ectomycor-
rhizas) or thinner roots that typically are less dependent 
on mycorrhizas for nutrient uptake (Wang and Qiu 
2006). While complementarity of root morphology and 
mycorrhizas in nutrient foraging of mineral nutrients has 
been observed in AM trees (Eissenstat et al. 2015, Liu 
et al. 2015), the linkages of root diameter in EM species 
with root foraging had not been previously explored, 
especially in organic nutrient- rich patches. Here we 
provide evidence that complementarity between roots 
and mycorrhizas applies in both AM and EM tree species, 
but with important differences. In organic matter patches, 
while thin- root species of both AM and EM species 
foraged more than corresponding thick- root species, 
overall root foraging (Fig. 1) and root foraging precision 
(Fig 4) was much higher in AM than EM tree species, 
suggesting that EM species rely more on selective hyphal 
foraging for their nutrient acquisition. In terrestrial eco-
systems where nutrients are primarily complexed in 
organic materials, use of EM hyphae may provide dis-
tinct advantages compared to AM hyphae (Read and 
Perez- Moreno 2003).

Second, the result that roots and fungal hyphae prolif-
erated within organic patches in a complementary way 
may have a fundamental influence on soil C and nutrient 
cycling in forest ecosystems, depending of patch duration. 
Fine root litter constitutes a large fraction of organic C 
and nutrients in many forest ecosystems. But the turnover 
of fine roots is slower than that of hyphae of either AM 
fungi (Matamala et al. 2003, Staddon et al. 2003) or EM 
fungi (Koide et al. 2011), suggesting potential differences 
for soil C and nutrient cycling under thin- root and 
thick- root species. For example, in a field study, Koide 
et al. (2011) demonstrated that hyphae of EM fungi 
decomposed more rapidly than fine roots of Pinus res-
inosa. This indicates that C and nutrient cycling within 
patches may be more rapid when proliferation of hyphae 
occurs (thick- root species) as opposed to when prolifer-
ation of roots occurs (thin- root species). Eventually, 
however, if the patches are sufficiently long- lived, species 
with thick roots should eventually colonize the patch 
(e.g., compare L. tulipifera at 15 weeks to five weeks in 
Fig. 1). Because thick absorptive roots typically live 
longer than thin absorptive roots across species 
(McCormack et al. 2012), these different patterns of patch 
colonization and patch retention with different types of 
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root systems may cause shifts in the competitive adv-
antage and patterns of nutrient cycling, depending on the 
degree nutrients are in an organic form and the relative 
permanence of the nutrient patch. Thus, in forests with 
wide variation in the spatial and temporal patterns of 
nutrient- rich patches, there may be multiple niches where 
a diversity of tree species can coexist with important con-
sequences for belowground nutrient and carbon cycling.
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