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Abstract

Recent studies have reported positive net diversity effects on aboveground tree growth. However, whether similar effects
occur belowground through root investment, and whether such effects are related to evergreenness of tree communities, is
less clear. Here we studied vertical distribution of standing fine root biomass of twelve North American temperate tree spe-
cies planted in a common garden tree diversity experiment of varying species richness and evergreenness to test whether
belowground niche complementarity of trees could explain positive diversity effects reported aboveground. We tested two
alternative hypotheses: trees in mixtures increase uptake of soil resources (1) by increasing vertical root stratification and/
or producing a greater fine root density (mg cm™>) or (2) by producing similar or fewer fine roots that are potentially more
efficient. Additionally, we hypothesized that proportional allocation to belowground biomass increases with evergreenness
of tree communities. Fine roots were sampled in six layers of 5-10 cm, from O to 40 cm depth in single-, two- and four-
species mixtures. We did not observe an effect of species richness on rooting depth or root density, refuting the hypothesis
that aboveground overyielding in tree mixtures is linked to fine root overyielding. Rather, we observed a significant negative
diversity effect (— 7.6%) on total fine root density, suggesting overall less investment to fine roots with increasing diversity.
The strong positive effect of evergreeness on proportional allocation to fine roots over aboveground parts suggests that decidu-
ous tree roots may be generally more efficient at absorbing soil resources, at least in the early years after tree establishment.
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Introduction positive effects of biodiversity on ecosystem functioning, the

general increase in aboveground biomass yield (i.e. posi-

Awareness about the high rate of species extinction has
resulted in increasing research efforts to understand the
consequences of biodiversity loss on ecosystem functioning
(Cardinale et al. 2012; Hooper et al. 2012). Among the many
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tive diversity effects) found in many terrestrial ecosystems,
including forests, is of particular interest (Nadrowski et al.
2010; Paquette and Messier 2011; Zhang et al. 2012). How-
ever, the underlying biological mechanisms for these posi-
tive biodiversity effects on tree productivity remain poorly
understood, and a better mechanistic understanding is gen-
erally recognized as a priority for biodiversity—ecosystem
function research (Cardinale et al. 2012; Loreau et al. 2012;
Tobner et al. 2016). One promising approach is to improve
our understanding of belowground investment to tree roots,
given that belowground biomass in forest ecosystems repre-
sents between 43 and 60% of total annual net primary pro-
duction and tree roots store large amounts of carbon and
nutrients, playing an important role in the dynamics of these
elements (Cairns et al. 1997).

Despite their importance, how tree roots directly interact
belowground and compete for limiting soil resources, i.e. if
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they partition in space or time to reduce interspecific com-
petition, is still an active field of research (Bardgett et al.
2014; Jones 2015; Iversen et al. 2017). The few existing
biodiversity studies on tree root biomass show mixed results,
making generalizations difficult, in part due to effects that
seem to vary with stand age (Ma and Chen 2016, 2017).
In herbaceous communities, several studies reported that
root biomass was positively correlated with diversity (Car-
dinale et al. 2007; Mueller et al. 2013; Ravenek et al. 2014).
However, in studies on tree and forest ecosystems, negative
(McKay and Malcolm 1988, Bolte and Villanueva 2006),
neutral (Bauhus et al. 2000; Meinen et al. 2009a, b; Jacob
et al. 2013; Domisch et al. 2015; Finér et al. 2017), and
positive (Lei et al. 2012a; Brassard et al. 2011, 2013; Sun
et al. 2017) diversity effects on fine root biomass have been
reported.

Such positive or negative net biodiversity effects, when
observed, can be partitioned into selection and complemen-
tarity effects (Loreau and Hector 2001; Loreau et al. 2012),
which are understood to be associated with the diversity
of functional traits in communities (Cadotte 2011; Handa
et al. 2014). The selection effect follows from the mass ratio
hypothesis (Grime 1998) and states that ecosystem function-
ing is driven by the local dominance of species with particu-
lar traits (Loreau et al. 2001). The complementarity effect,
on the other hand, results from interspecific differences and
species interactions, and combines both niche partitioning
and facilitation among species (Loreau and Hector 2001),
both resulting in reduced competition. For example, in plants,
niche complementarity might include a better capture (and
possibly use) of light (aerial) (Yachi and Loreau 1999) and
soil resources (water, nutrients) (Fargione et al. 2007). How-
ever, concrete tests of these complementarity hypotheses
remain scarce (Sapijanskas et al. 2014; Tobner et al. 2013b).

When applied to tree root systems, contrasting comple-
mentarity hypotheses might explain the aboveground diver-
sity effect often observed in mixed tree communities (Potvin
and Gotelli 2008; Tobner et al. 2016). First, niche partition-
ing could lead to a higher total root biomass in mixed for-
ests compared to their component monocultures, increasing
soil resource uptake. For example, roots of some tree spe-
cies could penetrate different depths to explore additional
volume or use different patches of soils more intensively
for resources (niche differentiation, e.g. organic vs. mineral
layers) (Ewel and Mazzarino 2008; Loreau 1998; Pate and
Bell 1999). Indeed, numerous studies have documented spe-
cies occupying different rooting depths (Jackson et al. 1996;
Mamolos et al. 1995; Mamolos and Veresoglou 2000), which
could lead to a more stable coexistence (Fargione and Til-
man 2005). However, other studies did not find such differ-
entiation (Meinen et al. 2009b), and species-specific rooting
depths are notoriously difficult to tease apart from site effects
in natural settings, where species tend to grow on different
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soil types and environmental conditions (Brassard et al. 2011;
Tobner et al. 2013a). Alternatively, rather than spatial seg-
regation, a contrasting hypothesis is that trees growing in
mixed communities show positive aboveground diversity
effects due to a reduction in belowground competition by
increased efficiency and, therefore, reduced allocation to
roots. For example, trees showing stimulated aboveground
growth on richer and moister sites have been documented
to show no difference or even a reduction in belowground
growth (Comeau and Kimmins 1989; Lehtonen et al. 2016).

Another factor in interpreting tree community responses
may be linked to contrasting life strategies of evergreen and
deciduous trees, evident in different leaf functional traits
such as leaf longevity (Kikuzawa et al. 2013; Reich 2014),
which may contribute to explaining variation in allocation
to roots (Finér et al. 2017). Evergreen trees typically invest
more in leaf construction costs, which reflects a more con-
servative life strategy and likely has repercussions at the
whole plant scale, including towards root investment (Reich
2014). In a continued effort to understand allocation in
trees, attempts have been made to determine if evergreen
trees allocate proportionally more or less belowground
than deciduous trees, but results to date are conflicting (e.g.
Cairns et al. 1997; Jackson et al. 1996). One problem with
such general assessments is that often, studied evergreen
and deciduous trees species did not grow on similar soil
and climatic conditions, making comparison difficult (e.g.
Finér et al. 2007). When both evergreen and deciduous tree
species were planted together, results tended to indicate a
greater allocation belowground in evergreen tree species,
particularly in younger stands (Chen et al. 2016a), in poorer
soil (Domisch et al. 2015) or in soil with more organic mat-
ter (Finér et al. 2017).

Our study aimed specifically at explaining aboveground
positive net diversity effects previously reported on tree bio-
mass yield at our international tree diversity experimental
site (Tobner et al. 2016) and elsewhere (Nadrowski et al.
2010; Paquette and Messier 2011; Zhang et al. 2012) by
testing whether belowground niche complementarity of fine
roots occurs. To do so, we compared the root growth patterns
(rooting depth, root density and fine root productivity) of
twelve North American temperate tree species (six decidu-
ous and six evergreen tree species) planted in a common gar-
den tree diversity experiment of one, two and four tree spe-
cies richness. We first tested the hypothesis that soil under
increasing tree diversity is more intensively prospected
through increasing rooting depth and/or rooting density,
which could explain aboveground overyielding. An alterna-
tive hypothesis tested was that aboveground overyielding
can be achieved with similar, or even less belowground fine
root biomass, presumably due to more efficient extraction of
soil resources. While testing evergreenness was not an ini-
tial consideration in the tree diversity experimental design,
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evergreen life strategy emerged as a factor of increasing
interest as we began to explore tree community responses in
fine root investment. Consequently, we tested the additional
hypothesis that the proportional allocation to fine roots (over
aboveground biomass) and fine root productivity (1 year),
increase with the proportion of evergreen tree species pre-
sent in the plot.

Materials and methods
Site description

The tree diversity experiment was established in 2009 on a
former agricultural field that was intensively managed for
several decades, and is located in Ste-Anne-de-Bellevue
(Lat: 45.4247 Long: — 073.939, alt. 39 m), near Montreal,
Québec, Canada (Tobner et al. 2014). The site has an area
of 0.6 ha and contains 9472 trees of 12 species native to
North American temperate forests that are characteristic to
the region (the experiment includes more plots and species
not used here; see Tobner et al. 2014 for further details).
The species pool, covering a wide range of life-history strat-
egies, includes five broadleaved angiosperm tree species:
Acer saccharum, Acer rubrum, Betula alleghaniensis, Betula
papyrifera and Quercus rubra, one deciduous gymnosperm,
Larix laricina, as well as six evergreen gymnosperm tree
species: Abies balsamea, Pinus strobus, Pinus resinosa,
Picea glauca, Picea rubens and Thuja occidentalis. Mean
annual precipitation is 963 mm with a mean annual tempera-
ture of 6.2 °C (climate.weatheroffice.gc.ca). The soil con-
sists of a 20-70-cm sandy layer (91% sand) over a heavier
clay layer (soil texture of the 30-40-cm layer was obtained
by the Bouyoucos hydrometer method at the plot level). The
area is relatively flat and precise elevation was also measured
(microtopography) at the plot level using standard surveying
equipment (cm; total station theodolite) to account for minor
depressions. A fence to protect against herbivory surrounded
the experiment and all plots were regularly weeded manually
to keep them free of herbaceous competition during the first
3 years (after which all plots had complete canopy closure).
Corridors (~ 1.25 m wide) between plots allowed for move-
ment of personnel and equipment, and minimized interplot
interactions. Roots were also sliced vertically 30 cm deep in
the centre of the corridors in the third and fourth growing
seasons (2011 and 2012). Aboveground stem biomass was
estimated for 2012 in a previous study (Tobner et al. 2016),
as stem volume (stem diameter at 5 cm from ground X tree
height) multiplied by species-specific wood density.

The experimental design was described previously and
is part of International Diversity Experiment Network with
Trees (IDENT) that includes several sites in North America
and Europe (Tobner et al. 2014, 2016). Briefly, treatments

consist of experimental square plots where trees were
planted (8 x 8) at 50-cm spacing, to favour early interactions.
The species richness gradient includes monocultures of all
12 species, 14 combinations of two-species mixtures and ten
combinations of four-species mixtures. Each community was
replicated four times (block design) for a total of 144 plots
for the present study. Within plots, trees in mixtures were
planted at random with restrictions (at least two of the eight
neighbours had to be different species, and the outside rows,
used as buffer, had the same species relative abundances as
the inner core). Planting patterns within plots were repeated
and randomly distributed within blocks.

Rooting depth and root density

We sampled roots from October 2—18, 2012, to capture the
peak fine root production that occurs between early spring
and late summer in temperate deciduous forests (Burke and
Raynal 1994; McCormack et al. 2014). Given that trees do
not shed their fine roots in the fall but do so continuously
during the year (Hendrick and Pregitzer 1993, 1996) and
that peak fine root production periods vary across tree spe-
cies and even years (McCormack et al. 2014), our choice to
sample at the end of the temperate growing season, when
leaf senescence was occurring, provided the possibility to
capture this potential interspecific variability across treat-
ment plots. Five and three soil cores were sampled per plot
in mixed communities and monocultures, respectively, to a
depth of 40 cm. In mixed communities, the first core was
taken in the centre of the plots and four more were taken
in a cross shape 100 cm from the centre. In monocultures,
soils were cored at the plot centre and on either side at
100 cm from the plot centre. These positions corresponded
to a central point between four trees to maximize species
interactions among local tree neighbourhoods. Soil cores
were taken using a sledgehammer and a custom-made soil
auger which consisted of a steel cylinder (¢ =7 cm) with a
sharpened edge to cut the roots and an opening in the side
to allow for the sectioning of samples.

Once the soil auger was extracted, each core was seg-
mented into one of six soil layers (0-5, 5-10, 10-15, 15-20,
20-30 and 30-40 cm) and transferred into plastic bags. This
division allowed for a better representation of the root distri-
bution in a given volume of soil along the profile. All sam-
ples (one layer from one core) were immediately stored in a
cold room after sampling in the field and frozen at — 25 °C
within a few days, until processing. The washing and sorting
of the roots were carried out during the summer and fall of
2013. A total of 624 soil cores were taken that comprised
monocultures (144 cores) and each of the two- and four-spe-
cies mixtures (280 and 200 cores, respectively). Each core
was divided into six layers for a total of 3744 samples. Once
the soil samples were thawed, roots were manually removed
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from the soil with a 4-mm sieve stacked over a 1-mm sieve
where roots were then washed (Fisher brand). The fine roots
that were recovered (dead and alive) were washed with clean
water and again with distilled water to remove any residue
or remaining soil. All 3744 samples were separated accord-
ing to diameter (< and >?2 mm). Roots recovered from the
cores were dried at 60 °C and weighed (0.001 g) to calcu-
late root distribution (vertical organization) and root den-
sity of the belowground biomass. For this study, only fine
roots (<2 mm) were reported since they comprised the vast
majority of the roots sampled and were found in all vertical
layers. Coarse roots (>2 mm) occurred in only 29% of the
samples and both their distributions within the soil core and
across treatments were highly unbalanced. Dead and live
fine roots were not differentiated, but the majority of fine
roots recovered were intact, tough and flexible, indicating
that they were mostly alive.

Root productivity

Fine root productivity (<2 mm diameter) was measured over
1 year using a modified ingrowth core method (Lund et al.
1970). In each plot in early June 2012, two cores (8 cm diam-
eter, 15 cm depth) were sampled randomly in a central point
between four trees. The cores were then refilled with sieved,
root-free soil. The exact position of ingrowth core bounda-
ries was marked with flags to ensure sampling of the same
placement when retrieving the cores. In early June 2013, the
ingrowth cores were retrieved and all live and dead roots were
manually removed from the soil samples, washed and then
dried in a forced-air oven at 65 °C to constant weight. New
root production was estimated as the sum of live and dead
roots present in the ingrowth core in June 2013.

Data analysis

The effect of species richness (SR) was first tested on the four
response variables: percentiles (cm), i.e. the depth at which
10, 25, 50, 75 and 90% of the total fine root biomass was
found; vertical dispersion index (cm), i.e. the vertical spread
of the central portion of fine root biomass (difference between
75th and 25th percentile); weighted mean depth, i.e. the verti-
cal centre of gravity of the fine roots (cm; Eq. 1); and fine root
mean density (mean density; mg cm™>) of every layer. For
ease of interpretation and because mean depth provides more
information, the vertical dispersion index and percentiles, for
which no diversity effect was found, are not presented.

where M is the mass of fine roots (mg) at a given layer (cm),
weighted by the centre of that layer.

To test for an effect of species richness on our responses
variables (Y) for mean rooting depth, mean root den-
sity, root productivity and below:above allocation ratio
(n=144), a simple generalized mixed effects model with
restricted maximum likelihood estimation (REML) was
applied (Eq. 2), with SR, initial (planted) proportion of
evergreen species (“RatioEvergreen”), texture (% sand,
“Sand”) and elevation microtopography (cm, “Eleva-
tion”) as fixed effects. Sand and elevation were included as
covariates to account for small differences in soil texture
and drainage at the plot scale that had a significant effect
on predicting aboveground growth (Tobner et al. 2016).
Random effects were blocks, that integrated a broader spa-
tial scale of environmental variation, and plots that were
nested within SR levels (1, 2 and 4), to account for the
intended wide range of species compositions within each
level by design (Tobner et al. 2016).

Y = Block + SR + RatioEvergreen + Sand + Elevation
+ Plot[SR] + &. 2)

To test if there was a net diversity effect associated with
the fine root systems of our tree communities (n =96),
the proportional deviation was calculated (Eq. 3; Loreau
1998):

Or—-E

Dr=—fp— 3)
where Dy is the proportional deviation of the total fine root
biomass (0—40 cm) of each mixture (i.e. the net biodiversity
effect), Oy is the observed fine root biomass in each mixture,
and E; is the expected value estimated from the weighted
average yields of the component monocultures (weighted
by the initial relative abundance of species in mixture). A
net diversity effect occurs if the species in mixtures have a
higher or lower yield than their respective single-species
plots. D was validated by testing a 95% confidence interval
to see if there was a significant deviation from zero (no effect
of diversity).

Statistical analyses were performed using JMP 10.0
software (SAS Institute Inc., Cary, NC, USA).

((Mo_s em X 2.5 cm) + (Ms_jg e X 7.5 cm) + -+ + (M3g_y0 o X 35 cm)) (1

Weighted mean depth =

M, 0—40 cm

)
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Fig.1 Vertical root distribution (mean+SEM, n=4 for each commu-
nity type) for a monocultures (N=48), b two-species (N=56) and ¢
four-species (N=40) mixtures comprising pure evergreen (blue), mixed
evergreen—deciduous (grey) and pure deciduous (red) communities. The
overall weighted mean depth for all communities was 13.6 cm. ABBA—

Results

Mean fine root depth, density, productivity
and below:aboveground biomass ratio among tree
communities

Mean fine rooting depth of tree communities ranged from
9.6 to 18.8 cm overall (Fig. 1). Species richness had no effect

Table 1 Generalized mixed effects model results with REML estima-
tion (Eq. 2) testing for the effects species richness and the proportion
of evergreen species, as well as soil sand content and elevation, on

Abies balsamea, LALA—Larix laricina, PIGL—Picea glauca, PIRE—
Pinus resinosa, PIRU—Picea rubens, PIST—Pinus strobus, THOC—
Thuja occidentalis, ACRU—Acer rubrum, ACSA—Acer saccharum,
BEAL—Betula alleghaniensis, BEPA—Betula papyrifera and QURU
Quercus rubra (colour figure online)

on mean rooting depth, which was 13.6+0.3 cm across all
treatments (Table 1; Fig. 1). Maximum rooting depth could
not be identified to the nearest cm because the soil core was
sectioned into depth layers. However, we observed that very
few trees rooted in the 30- to 40-cm layer (on average, less
than 3% of fine root biomass across all treatments).

Mean fine root densities of trees were not affected by
species richness (Table 1, Fig. 2). Overall, mean fine root

four different responses (Y): mean rooting depth, mean root density,
root productivity and the below:aboveground biomass ratio (B/A
ratio) with block and plot nested in species richness as random factors

df Root depth Root density Root prod. B/A ratio
F P F P F P F P

Sand 1 1.945 0.166 2.061 0.154 0.141 0.708 0.97 0.327
Elevation 1 0.496 0.483 3.969 0.049 0.650 0.422 12.84 0.001
Species richness 2 0.003 0.997 1.054 0.361 0.538 0.589 4.739 0.015
Ratio evergreen 1 0.547 0.465 42.15 < 0.0001 6.871 0.013 87.87 < 0.0001
Block 0.258 0.355 0.469 0.282
Plot [SR] 0.014 0.005 0.181 0.001
R 0.51 0.73 0.23 0.89

Degrees of freedom (df) and F ratios can only be shown for fixed effects. Wald estimates were used to compute REML P values for random

effects. Model coefficients of determination (R?) are shown. N= 144
Bold values are significant beyond the 5% threshold
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densities ranged from 0.74 to 1.73 mg cm™> with mean fine
root densities of 0.81 +0.04 mg cm™, 0.73 +0.04 mg cm™
and 0.78 +0.04 mg cm~> for monocultures, two- and four-
species mixtures, respectively. We observed a strong and
significant increase in fine root density with an increas-
ing proportion of evergreen species in the mixture
(Table 1). Density was highest in pure evergreen (mean
1.02+0.03 mg cm™>; either monocultures or mixtures con-
taining only evergreen species) compared to pure deciduous
(0.59+0.03 mg cm™) tree communities (Fig. 2). Among
conifer species, T. occidentalis had the highest fine root den-
sity (1.48 mg cm™), while L. laricina, a deciduous gym-
nosperm, had the lowest (0.73 mg cm™3). As for deciduous
broadleaved tree species, Q. rubra had the highest fine root
density (0.82 mg cm_3), while A. saccharum had the lowest
(0.40 mg cm™3). Fine root density for the majority of species
was two times higher at 0-15 cm depth than at 15-30 cm,
except for two notable exceptions: T. occidentalis which was
three times higher in the 0-15 cm depth than at 15-30 cm
depth, while Q. rubra showed no significant difference
between depth layers.

Species richness did not affect fine root productiv-
ity (Table 1, Fig. 3). Mean fine root productivity of tree
communities ranged from 2.46 to 19.91 g m~2 year™! with
mean fine root productivity of 9.99 +0.89 g m~2 year™!,
10.45+0.81 gm~2 year™' and 9.49+0.83 g m~2 year™! for
monocultures, two- and four-species mixtures, respectively.
We observed a significant increase in fine root productiv-
ity with an increasing proportion of evergreen species in
the mixture (Table 1). Fine root productivity was higher in
pure evergreen (11.99 +2.64 g m~2 year~!) compared to pure
deciduous (7.87+2.03 g m~2 year™!) tree communities. A
notable exception was L. laricina (the deciduous gymno-
sperm) which had the second highest fine root productivity
(Fig. 3). Among monoculture conifer species, P. rubens had
the highest fine root productivity (19.91 g m~2 year™!), while
P. resinosa had the lowest (8.09 g m~2 year™!). For monocul-
ture deciduous broadleaved tree species, A. rubrum had the
highest fine root productivity (9.35 g m~2 year™!), while A.
saccharum had the lowest (2.46 g m~2 year™!).

Biomass preferential allocation to roots or aboveground
parts (below:aboveground ratio) was the most responsive
response variable, with the greatest variance explained. Spe-
cies richness had a significant positive effect demonstrating
greater allocation to roots (P =0.016; Table 1), but the most
important fixed effect was the proportion of evergreen spe-
cies (P <0.0001).

There was also a small, but significant positive effect of
elevation on root density (P=0.049), and a stronger effect on
biomass preferential allocation to roots (P < 0.001). Blocks
were never significant, but the other random effect plot[SR],
was always important, accounting for variation in composi-
tion within each SR level (Tobner et al. 2014).
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Net diversity effect on fine root density

There was an overall significant negative diversity effect
(Dy=-0.076, P <0.05; Fig. 4), which translated to an aver-
age 7.6% reduction in total fine root density (0-40 cm) in
mixtures compared to monocultures. However, this effect
was not different among species richness levels (P =0.83).
One mixture presented positive deviance and four P <0.0001
mixtures negative deviance in fine root density from that
expected for their component monocultures (Fig. 4). The
community composed of A. rubrum, Q. rubra, P. strobus
and T. occidentalis produced significantly (P <0.01) less
(— 21%) root density than expected. Similarly, the commu-
nity composed of Q. rubra, L. laricina, P. strobus and T.
occidentalis (-25%), A. rubrum and T. occidentalis (— 33%)
and B. papyrifera and P. strobus (— 27%), all mixtures of
deciduous and evergreen species, produced marginally
significantly (P <0.1) less root density than expected. In
contrast, when two pine species were growing together, P.
strobus and P. resinosa, we observed a significant (P <0.05)
positive fine root overyielding (+ 20%).

Below- versus aboveground biomass in relation
to evergreenness

We found a strong and significant negative correlation
between above- and belowground parts (r=— 0.4670;
P <0.0001), and this negative relationship was strongly
dependent on the level of evergreenness of the tree com-
munities, i.e. the more evergreen species present in the tree
community, the greater the proportion of belowground com-
pared to aboveground biomass (Fig. 5; Table 1).

Discussion
Belowground tree diversity effects

To explain the overall significant and positive effect of
tree diversity on aboveground biomass yield reported by
Tobner et al. (2016) for the same experiment and growing
season (2012), our working hypotheses were that trees had
increased soil resource extraction by (1) increasing the soil
volume being prospected through differential rooting depths
and/or increasing rooting density, or alternatively (2) a more
efficient extraction of soil resources per unit root with simi-
lar or fewer roots. Our results clearly refute the first hypoth-
esis as neither vertical segregation of roots, nor increasing
root density from O to 40 cm soil depth, was found along the
species richness gradient (Table 1; Figs. 1 and 2). In terms of
niche partitioning, our results contradict those observed in
pure and mixed temperate forest stands varying from 55 to
152 years of age (Hendriks and Bianchi 1995; Schmid and
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Fig.2 Mean root density (+SEM, n=4 for each community type)
for a monocultures (N=48), b two-species (N=56) and ¢ four-spe-
cies (N=40) tree communities shown by rooting depth layer (from
left to right with decreasing colour saturation: 0-5, 5-10, 10-15,
15-20, 20-30, 3040 cm depth). The overall mean fine root density

for pure evergreen (blue), mixed deciduous—evergreen (grey) and pure
deciduous (red) was 1.02 mg cm™, 0.71 mg cm™ and 0.59 mg cm™,
respectively. See Fig. 1 legend for species abbreviations (colour figure
online)

@ Springer



1034

Oecologia (2019) 189:1027-1039

Fig.3 Mean root productivity 30
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Kazda 2002; Bolte and Villanueva 2006), but are in agree-
ment with Valverde-Barrantes et al. (2015), who also failed
to find any vertical spatial segregation in roots of different
tree species growing together in a diverse natural temperate
deciduous forest. However, since we could not identify fine
roots of specific species, it is possible that although there
was no difference in the total distribution of roots within the
soil profile with diversity, stratification between species still
occurred (e.g. one species grew at the surface while the other
used deeper layers). Further investigation using methods that
allow us to discriminate species fine roots will be useful to
test this hypothesis. In terms of investment towards total root
biomass (measured here as fine root density), our lack of an
observed response supports results from other young tree

@ Springer

biodiversity experimental plantations (Bauhus et al. 2000;
Lei et al. 2012b; Domisch et al. 2015), as well as observa-
tions of pure and mixed mature forest stands (Meinen et al.
2009a, b; Jacob et al. 2013; Finér et al. 2017), all predomi-
nantly in temperate forests. However, other studies in natu-
rally establishing post-fire boreal forest stands (Brassard
etal. 2011, 2013; Ma and Chen 2017), as well as in a young
subtropical biodiversity experimental plantation (Sun et al.
2017) have reported positive effects on fine root biomass
with increasing species richness, suggesting contrasting
responses associated with differences in climatic conditions,
site fertility and species identity.

Instead, our results are supported by our alternate
hypothesis which suggests that the observed aboveground
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Fig.4 Net effect of biodiversity (D) on total fine root biomass
(040 cm) by tree community for two- and four-species communi-
ties. Bars are+SEM (n=4 for each community type). Levels of sig-

positive diversity effect may be due to increased efficiency
of resource extraction, resulting in less allocation towards
fine roots with increasing diversity. We reported an overall
small, but significant, negative diversity effect on fine root
density (Fig. 4). Similar negative tree diversity effects have
been reported by McKay and Malcolm (1988) and Bolte
and Villanueva (2006) in varying forest types. Such reduc-
tion in fine root biomass in mixed forests, that are otherwise
overyielding aboveground compared to monocultures, could
be explained by a more efficient soil resource uptake per
unit of fine root biomass in these mixed tree communities.
Although not investigated here, multiple mechanisms could
be invoked, such as a more efficient prospection of soil by
roots through a greater diversity of soil mycorrhizae and
bacteria in and around the roots, or complementarity in root
traits among species (Chen et al. 2016b; Bu et al. 2017).
For the same study site and field season (2012), Khlifa et al.
(2017) found that the soil microbial community associated
with mixtures of higher levels of tree diversity used a higher
number of soil carbon sources than monocultures, which
may indicate greater efficiency. Since the soil of our research

nificance are **P<0.01; *P<0.05; °P<0.1. The overall net diver-
sity effect is shown with a dashed line. See Fig. 1 legend for species
abbreviations (colour figure online)

site was not nitrogen limited (C:N of 11:13) and no summer
drought occurred for 3 out of 4 years of the experiment, it
is plausible that any additional biomass production due to
tree species mixing was directed not towards the roots, but
aboveground. In other words, after 4 years of growth, our
high-density tree communities probably competed for light
more than they did for belowground resources, although this
trend could change as the stand develops and belowground
resources become more limited. Spatial complementarity
in tree crowns was shown to explain overyielding in species
mixtures for the same IDENT site and year (Williams et al.
2017).

As mentioned earlier, when comparing monocultures and
mixtures of two species, several studies have found differ-
ences in the vertical distribution of fine roots between spe-
cies, and have attributed this to competition for limited soil
resources (Hendriks and Bianchi 1995; Rust and Savill 2000;
Schmid and Kazda 2005). It can thus be expected that the
intensity of competition is less in soils with a high nutrient
availability. Such conditions may be the case in our experi-
ment, as the site is located on former high-yield agricultural
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Fig.5 Relationship between total above- and belowground biomass
per plot in 2012, for all plots, according to the planted proportion of

soils (relatively low C:N, under corn cultivation just before
establishment), possibly explaining the overall net negative
diversity effect on root biomass (mean — 7.6%, Fig. 4). How-
ever, competition dynamics for water and nutrients in the
future may very well change this portrait.

A possible alternative hypothesis for the small but signifi-
cant overall net negative diversity effect belowground is that
root turnover in diverse communities might be faster com-
pared to monocultures. If this is the case, for a similar annual
fine root production, there would be less standing fine root
biomass at any point during the year in mixtures compared
to monocultures. However, in our case, species richness did
not affect fine root productivity either (Fig. 3), which does
not support this alternative hypothesis. In contrast, Mommer
et al. (2015) studied an experimental grassland and found
exactly the opposite, i.e. root production was greater and
root turnover lower in mixtures compared to monocultures,
which explained the reported overyielding observed in this
experimental grassland.

@ Springer

evergreen species (r=— 0.4670, N=144). Aboveground biomass data
provided by Tobner et al. (2016) (colour figure online)

Effect of evergreenness

The strong positive relationship found between the propor-
tion of evergreen species and the increased proportion of
biomass allocated to fine roots over aboveground growth,
and that between proportion of evergreen species and root
productivity, confirms our hypothesis and is rather striking.
To date, only a handful of studies comparing relatively few
tree species have compared fine root biomass for deciduous
and evergreen tree species growing in similar conditions, and
results vary. A recent paper by Chen et al. (2016a) reported
four to five times higher fine root biomass in 10-year-old
plantations of Pinus tabulaeformis compared to Robinia
pseudoacacia having a similar height and diameter. Inter-
estingly, these differences tended to disappear with age in
stands with similar slope and elevation within the study area.
In another study, Domisch et al. (2015) reported contrasting
results between two sites where mixtures of deciduous and
evergreen species were planted in monoculture or in various
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mixtures in southern Finland. In the richer site, deciduous
species produced more fine root biomass per unit tree basal
area, whereas the reverse was reported for the poorer site.
One possible problem with the latter study is that no control
of the competing herbaceous vegetation was done and so, on
the richer sites, the slower growing evergreen tree species
may simply have suffered more severe competition. Finér
et al. (2017), studying the effects of tree species diversity,
evergreen proportion, stand basal area and soil properties on
fine root biomass across several major European forest types,
reported a slight increase in fine root biomass in relation to
evergreen proportion only in the organic horizon, but this
effect disappeared within the first 20 cm of the mineral soil.

To our knowledge, our common garden experiment is
the first to demonstrate for 36 different tree communities
with varying proportions of evergreenness that evergreen
gymnosperm tree species allocate a larger proportion of
their biomass to roots in the early years of life. The question
is why? One explanation could be that evergreen species
have a lower fine root turnover rate compared to deciduous
species, favouring the accumulation at any given point in
time of a larger root standing biomass. However, support for
this explanation is limited since no clear differences in fine
root turnover rates have been reported for evergreen versus
deciduous species (Brunner et al. 2013; Augusto et al. 2015).
McCormack et al. (2014) even found a positive relation-
ship between root turnover rate and total root production.
An alternative explanation could be that since evergreen tree
species have evolved to grow on poorer soils, they have less
plasticity and are unable to allocate fewer resources to roots
on richer sites than deciduous tree species, at least in the
early years. Further efforts to test these patterns on a broader
gradient of soil fertility and to better understand the role of
biotic interactions with tree roots may help elucidate the
mechanisms at play.
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