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Summary

1. There is growing concern over rates of global species diversity loss and its implications on
healthy ecosystem functioning. While positive relationships between tree species diversity and
forest biomass production have been observed, forests are structurally complex, consisting of
understorey vegetation layers that also contribute to ecosystem functioning as they often
account for the majority of species richness. However, relationships between understorey vege-
tation diversity and function are largely unexplored. Further, few studies have simultaneously
assessed how both overstorey and understory vegetation interact and contribute to overall
ecosystem function.

2. By analysing Canada’s National Forest Inventory data base using structural equation mod-
elling, we explored the relationships between species richness and above-ground biomass pro-
duction across forest vegetation strata while accounting for potentially confounding factors,
including climate, physical site characteristics and forest ageing.

3. We found positive relationships between species richness and biomass production across all
forest vegetation layers, but the relationship was strongest for the overstorey layer. Species
richness of the understorey tree, shrub and herb layers was positively related to overstorey spe-
cies richness. However, overstorey biomass had a negative effect on the biomass production of
all understorey layers.

4. Our results suggest that resource filtering by overstorey trees might have reduced the
strength of the positive diversity—productivity relationships in the forest understorey, support-
ing previous hypotheses that the magnitude and direction of diversity—productivity relation-
ships is context specific and dependent on the conditions of the surrounding environment.
Further, heterogeneity in understory resources, as affected by the overstorey, may promote
niche complementarity as the main mechanism driving diversity—productivity relationships in
understorey vegetation.

Key-words: biomass, diversity, ecosystem function, plant—plant interactions, productivity,

species richness, understorey vegetation, vertical forest strata

Introduction

Positive biodiversity and ecosystem functioning (BEF)
relationships have been widely observed in natural and
controlled environments, including forests, which are attri-
butable to the use and retention of site resources by
resource partitioning and reduced competition in species-
rich communities (Hooper er al. 2005; Vila et al. 2007,
2013; Paquette & Messier 2011; Zhang, Chen & Reich
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2012; Forrester 2014; Jucker et al. 2014; Zhang & Chen
2015). However, most BEF studies in forests have focussed
on the relationship between overstorey tree species diver-
sity and productivity, with an emphasis on wood produc-
tion (e.g. Vila et al. 2007, 2013; Gamfeldt ez al. 2013;
Hulvey et al. 2013), for such reasons as economic consid-
erations or limitations in data availability for other vegeta-
tion layers.

As important components of forest ecosystems, under-
storey trees, shrubs, herbs and bryophytes contribute
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greatly to the overall diversity and function of natural for-
ests as they account for the majority of species richness,
influence forest dynamics and affect forest soil carbon and
nutrient pools (Nilsson & Wardle 2005; Gilliam 2007).
However, BEF relationships in the understorey tree, shrub,
herb and bryophyte layers of forests have been largely
overlooked in previous studies. Lack of consideration of
all vegetative strata in forests may result in misleading con-
clusions concerning the magnitude and patterns of BEF in
forest ecosystems (Fowler er al. 2012), leading to discrep-
ancies between the aspect of biodiversity and ecosystem
function being measured (Balvanera et al. 2014).

We hypothesize that positive species diversity and
above-ground biomass relationships are ubiquitous across
vegetation strata in forests (Fig. 1a,b), but the magnitude
of the relationships may differ because local biotic interac-
tions among strata shift resource availability for individual
strata (Oberle, Grace & Chase 2009; Bartels & Chen 2013;
Jonsson et al. 2015). For example, limited resource avail-
ability (e.g. light and throughfall), filtered by overstorey
trees (Anderson, Loucks & Swain 1969; Bartels & Chen
2010), may reduce the strength of positive diversity and
above-ground biomass relationships in understory strata
because positive diversity effects are primarily the result of
increased resource utilization (Hooper et al. 2005). We
also hypothesize that overstorey tree species richness may
increase understorey species richness (e.g. Gamfeldt ez al.
2013) (Fig. 1b), due to increased understorey resource

(a) Overstorey trees

Site conditions

heterogeneity associated with higher overstorey species
richness, promoting higher species richness with reduced
interspecific competition in the understorey. Moreover,
overstorey above-ground biomass may have a negative
impact on understorey above-ground biomass (Zhang,
Chen & Taylor 2016a) and understorey species richness
due to increased interspecific competition following
reduced resource availability (Fig. 1b).

Studies on BEF conducted in forest ecosystems have
often been criticized for failing to account for environmen-
tal drivers and endogenous forest stand ageing that may
be important in influencing functions in natural forests
(Flombaum & Sala 2008; Duffy 2009; Willig 2011). For
instance, climatic variation is known to affect biomass
accumulation and wood production (Michaletz et al. 2014;
Pretzsch et al. 2014); local soil conditions that determine
nutrient and water availability may strongly influence
ecosystem functions such as net primary productivity and
forest carbon storage (Wang, Bond-Lamberty & Gower
2003) and may affect BEF through complex plant-soil
feedback loops (van der Putten er al. 2013) (Fig. l1a,b).
Furthermore, stand age is known to influence plant com-
munity structure, standing biomass and productivity
(Michaletz et al. 2014; Pretzsch et al. 2014; Taylor et al.
2014) (Fig. la,b).

To assist in addressing gaps in our knowledge of BEF in
natural forests, we examined species richness and above-
ground biomass relationships across forest vegetation
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strata, including the overstorey tree, understorey tree,
shrub, herb and bryophyte layers, while accounting for the
influences of climate, local site conditions and forest stand
age. In the cases of understorey strata, we also accounted
for the effects of overstorey tree species richness and
above-ground biomass on understorey species richness and
above-ground biomass. Based on the above-described mul-
tiple agents of causation, we summarize two theoretical
frameworks in Fig. 1 for stand-level relationships of the
overstorey layer (a) and the understorey layers (b), respec-
tively. We used above-ground biomass stocks to approxi-
mate productivity because productivity is strongly
correlated with biomass in forest ecosystems after account-
ing for the effects of stand age (Chisholm et al. 2013;
Michaletz et al. 2014; Jenkins 2015).

Materials and methods

STUDY AREA AND AVAILABLE DATA

We used the Canadian National Forest Inventory (NFI) data
base, including 987 permanent ground sample plots, to study the
entire range of forested ecosystems across Canada (Figs S1 and
S2, Supporting information). The study areas covered by these
ground plots were between 53°25'W and 134°46'W longitude and
42°37'N and 68°14'N latitude, spanning Canadian temperate and
boreal forests. Elevations ranged from 4 to 2170 m above sea
level, with mean annual precipitation ranging from 200 to
3100 mm, and mean annual temperature between —11-2 °C and
9-3 °C. The ground plots were randomly distributed over a
20 x 20 km grid of photoplots, which were systematically selected
to encompass a full coverage of Canadian forests. The measure-
ment of ground plots was carried out by various provincial agen-
cies using similar ground sampling guidelines (Canadian Forest
Inventory Committee, 2004). Overall, the NFI data set consists of
only a single measurement of all plots, which was conducted
between 2000 and 2006. Plots without tree cover present or plots
that were established and measured inconsistently between juris-
dictions that interfered with the integrity of our analysis were
excluded through our NFI data validation process. The full NFI
data base may be accessed by contacting NFI program staff
through the NFI website (https://nfi.nfis.org) and requesting a
data sharing agreement.

For each ground plot, forest vegetation was quantified based
on vertical strata and plant growth forms. Specifically, vegetation
within each stand was classified as either part of overstorey tree,
understorey tree, shrub, herb or bryophyte layer. The overstorey
tree layer included all trees with a diameter at breast height (dbh)
>9.0 cm; the understorey tree layer included all trees with a dbh
<9-0 cm, but >1-3 m in height and shrubs >1-3 m in height. The
shrub layer included all woody plants (shrubs and trees) <1-3 m in
height, whereas the herb layer included all non-woody vascular
plants such as ferns, graminoids and saprophytes. The bryophyte
layer encompassed all ground-growing non-vascular plants such
as mosses, liverworts and lichens (note: lichens are composite
organisms that often exhibit plant-like growth morphologies and
photosynthetic capacities). Moreover, the definitions for the shrub
layer were slightly different between provinces, that is <I-3 m in
height in Alberta, Manitoba, Nova Scotia and Northwest Territo-
ries (n = 274) and <2-0 m in height for the remaining provinces.

The standard plot design consisted of several plots associated
with the vegetation layers. An overstorey tree plot, which varied
in size from 125 to 500 m?, with the majority of plots being
400 m> with a radius of 1120 m, was used for measuring
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attributes of the overstorey tree layer. Despite the variability in
plot size, we found negligible effects of plot size on species diver-
sity and above-ground biomass, which did not affect model integ-
rity (Zhang, Chen & Taylor 2014, 2016a). Within the overstorey
tree plot, an understorey tree layer plot with a radius of 3-99 m
(50 m?) was used for measuring the above-ground biomass of the
understorey tree layer, accompanied by a 314-m> plot for survey-
ing species presence. Four 1-m” microplots were used for measur-
ing the biomass of low shrubs and trees (<1-3 m in height), herbs
and bryophytes, accompanied by a 100-m? plot for surveying spe-
cies presence. A soil pit was excavated outside of the overstorey
tree plot, but within a 25-m radius, for measuring soil attributes.
Whenever applicable, the minimum depth of the soil pit was
60 cm into the mineral soil or 100 cm into the organic soils.

ABOVE-GROUND BIOMASS

We used the above-ground biomass (Mg ha ") that had accumu-
lated since stand establishment to represent forest above-ground
biomass production (Fig. S3). Overstorey trees within the large
tree plots were numbered, tagged and measured by height and
diameter at breast height (DBH, 1-3 m above root collar) for esti-
mation of above-ground biomass. Similarly, DBH and mid-point
heights were measured for understorey trees and tall shrubs within
understorey tree layer plots. Biomass estimates of overstorey and
understorey trees, as well as tall shrubs, were calculated using a
set of species-specific provincial allometric biomass equations
(Boudewyn et al. 2007).

In each microplot, biomass samples of all above-ground vegeta-
tion from the shrub, herb and bryophyte layers were separately
collected, oven-dried and weighed. A plant was included in the
sample when the main root system was within the plot. For large
clumps of graminoids, the portions that resided within the plot
boundaries were clipped. For bryophyte biomass, live and photo-
synthetic active tissues were collected while the brown portions of
the bryophytes were considered as part of the forest floor. In addi-
tion, whenever applicable, slime moulds and mushrooms were
included with the bryophyte samples. To facilitate the bagging of
the material, plant samples were cut into smaller pieces. All
bagged samples were oven-dried in a forced-air drying oven at
70 °C for 72 h and weighed to the nearest 0-1 g.

EXPLANATORY VARIABLES

The genus and species of vegetation within the sample plots,
including trees, shrubs, herbs and bryophytes, were identified in
the field. For species that were unidentifiable in the field, adequate
representative samples of the unknown species, that is flowers,
cones, bark and branches, were collected, bagged and labelled for
later identification by specialists in the laboratory.

Species richness for the overstorey tree layer (OTR) was deter-
mined as the number of species counted in the overstorey tree
plot. Species richness for the understorey tree layer (UTR) was the
number of tree and tall shrub species found in the 314-m? species-
presence plot. Species richness for shrub (SR), herb (HR) and
bryophyte (BR) layers was the number of species counted for each
layer in the 100-m’ species-presence plot. However, understorey
strata were not measured in 170 plots within Quebec, Prince
Edward Island and New Brunswick. For those plots, species rich-
ness for respective understorey layers was treated as absent in the
analysis.

To account for the influence of the environment and stand
development on above-ground biomass, we included climate, soil
drainage class and stand age as covariates in our analyses. Climate
data for each plot were derived from BioSIM (https://cfs.nr-
can.ge.ca/projects/133), which generated long-term (1951-2010)
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scale-free climate data from geographic coordinates (latitude, lon-
gitude and elevation) (Régniere & Saint-Amant 2008). Specifically,
for climate data, we used growing degree-days (GDD, °C, yearly
summation of the mean of daily maximum and minimum temper-
ature minus 5 °C) as a measure of the overall energy available for
plant growth, and climate moisture index (CMI, cm, annual pre-
cipitation minus annual potential evapotranspiration) to represent
climate moisture availability, where higher CMI values represent
higher water availability for plants (Hogg 1997). We used soil
drainage class (SDC), determined by field surveys involving soil
pit excavations, as a measure of local site conditions. Similar to
soil moisture regimes and nutrient regime classifications (Chen,
Krestov & Klinka 2002), SDC classification considers multiple
factors, including topographic position, organic layer depth, soil
permeability, soil texture, soil thickness and water-table depth
(Taylor et al. 2000). Seven classes were employed, from A to G,
representing very rapidly, rapidly, well, moderately well, imper-
fectly, poorly and very poorly drained soils, respectively. Stand
age (SA, years) for each plot was determined according to the last
stand-replacing fire date, or by coring three dominant/co-domi-
nant trees of each tree species inside or outside the plot at the time
of plot establishment. With coring, SA was derived as the average
ring count from tree species samples with the oldest age and used
as a conservative, minimum estimate of stand age (Senici et al.
2010).

STATISTICAL ANALYSES

We used structural equation models (SEMs) to examine the rela-
tionships between above-ground biomass and species richness
within each layer, while simultaneously accounting for the effects
of covariates such as GDD, CMI, SDC and SA, as well as the
effects of the overstorey tree layer, in the cases for understorey
layers. As recommended (Grace et al. 2012, 2016), we specified a
meta-model based on known theoretical multivariate causes of
plant diversity and ecosystem function in natural forests (Fig. 1).
To validate the specification of SEM and aid in interpretation of
the SEM results (Grace et al. 2012, 2016), we examined the
bivariate relationships representing each directional causal path
according to the hypotheses in Fig. 1, using correlation and
regression analysis. The complementary bivariate relationships to
the SEM models of overstorey tree, understorey tree, shrub, herb
and bryophyte layers are shown in Table S2 and Figs S4-S8,
respectively.

As recommended in SEM fitting for alleviating departure from
normality, the standard in most ecological data (Grace et al. 2010;
Hoyle 2012), all numerical variables including GDD, CMI, SA
and above-ground biomass and species richness across forest vege-
tation strata were transformed to the natural log scale, centred by
the mean and scaled by one standard deviation to allow compar-
isons among multiple predictors and models (Zuur ez al. 2009). As
SDC was an ordinal, categorical variable (coded as 1-7) and con-
sidered a strict exogenous variable in our SEMs, it was treated as
a numeric covariate as recommended (Hoyle 2012; Rosseel 2012).
Due to jurisdictional sampling discrepancies, some data of exoge-
nous and endogenous variables were missing; in these cases, plots
were excluded from our SEM analysis. The number of plots
included for each layer in the SEM models is shown in the cap-
tions of Figs S4-S8.

We use two common index methods to evaluate the goodness-
of-fit of SEMs, standardized root mean square residual (SRMR)
and goodness-of-fit index (GFI), as recommended (Hoyle 2012),
because the chi-square test is not reliable due to excessive Type I
errors for data larger than 200 cases (Kenny, Kaniskan &
McCoach 2015). Although the goodness-of-fit indices for some
models marginally exceeded the recommended cut-off values, that
is >0-95 for GFI and <0-08 for SRMR (Hoyle 2012), we specified

identical SEM models throughout all understorey layers to facili-
tate interpretation.

In our fitted SEMs, directional paths with solid and dashed sin-
gle-headed arrows indicate statistically significant (P < 0-05) and
insignificant (P > 0-05) causal relationships, respectively. The
value of path coefficients, standardized for comparison between
pathways, represents measures of sensitivity of the response vari-
able to the explanatory variable (Grace & Bollen 2005). The total
effects, combining the direct and indirect standardized -effects
(Grace & Bollen 2005; Grace et al. 2016), of a given exogenous
variable on above-ground biomass were also calculated to enhance
the interpretation of our SEM results. It is worth noting that the
hypothesized causal relationships in SEM may be consistent with
our theoretical framework but does not necessarily exclude alter-
native causality between variables. The SEM was implemented
using the /avaan package (Rosseel 2012) in R 3.2.2 (R Develop-
ment Core Team 2015).

Results

The SEM for the overstorey tree layer conformed well to
the data (SRMR = 0-049; GFI = 0-975), with overstorey
tree species richness and stand age accounting for 32-2%
of the variation in overstorey tree above-ground biomass
(Fig. 2). Our results suggest that overstorey tree species
richness had a positive direct effect on overstorey
tree above-ground biomass (standardized coefficient,
r=0-503), and overstorey tree above-ground biomass
increased with stand age (r = 0-304) (Fig. 2, Table SI).
Growing degree-days and climate moisture index had posi-
tive indirect effects on overstorey tree above-ground bio-
mass through their positive direct effects on overstorey tree
species richness, whereas overstorey tree above-ground
biomass decreased with soil drainage class (Table S1).

The SEMs for understorey layers also conformed well to
the data (Fig. 3). Model results imply that understorey tree
species richness had a positive direct effect on understorey
tree above-ground biomass (r = 0-333), and understorey
tree above-ground biomass increased with stand age. Over-
storey above-ground biomass had a negative direct effect
(r = —0-133) and a negative indirect effect via understorey
tree species richness (r = —0-079) on understorey tree
above-ground biomass (Fig. 3a, Table S1). Overstorey tree
species richness had a positive direct effect on understorey
tree species richness and had a positive total indirect effect
(r = 0-081) on understorey tree above-ground biomass via
its positive effect on understorey tree species richness
(r = 0-145), but a negative indirect effect via overstorey
above-ground biomass (r = —0-064) (Fig. 3a, Table S1).
The overstorey tree layer had a negative total effect on
understorey tree above-ground biomass (r = —0-131). Sim-
ilar to the overstorey layer, growing degree-days and cli-
mate moisture index had positive indirect effects on
understorey tree above-ground biomass, but the effect of
soil drainage on understorey tree above-ground biomass
was insignificant (Fig. 3a, Table S1).

Shrub species richness had a positive direct effect on
shrub above-ground biomass (r = 0-170). Shrub above-
ground biomass increased with stand age, but was
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Table S1 for the total effects of explanatory variables on OTB by combining direct and all the indirect paths in the model.
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bryophyte (d) layers. UTR, SR, HR and BR are species richness for the understorey tree, shrub, herb and bryophyte layers, respectively;
UTB, SB, HB and BB are above-ground biomass for the understorey tree, shrub, herb and bryophyte layers, respectively. Other abbrevia-

tions are explained in Fig. 2.

negatively affected by overstorey above-ground biomass
directly (r = —0-382) and indirectly via shrub species rich-
ness (r = —0-021) (Fig. 3b, Table S1). Overstorey tree spe-
cies richness had a positive direct effect on shrub species
richness, but had a negative total indirect -effect
(r = —0-175) on shrub above-ground biomass as the sum
of its positive indirect effect via shrub species richness
(r = 0-035) and the negative indirect effect via overstorey
above-ground biomass (r = —0-209) (Table S1). Similar to
the understorey tree layer, shrub above-ground biomass
was negatively affected by overstorey trees via overstorey
tree species richness and above-ground biomass
(r = —0-578) (Table S1). Growing degree-days and climate
moisture index did not significantly affect shrub above-

ground biomass, whereas shrub above-ground biomass
increased with soil drainage class.

The SEMs for the herb and bryophyte layers showed
similar positive species richness effects on the above-
ground biomass of each respective layer (Fig. 3c,d,
Table S1). The overstorey tree layer had a negative total
effect on herb layer above-ground biomass (r = —0-197)
from its above-ground biomass (r = —0-172) and species
richness (r = —0-025) (Table S1). The overstorey tree layer
also had a negative total effect on bryophyte above-ground
biomass (r = —0-404) via overstorey species richness
(r=—0-130) and overstorey above-ground biomass
(r = —0-274) (Table S1). Stand age had a positive effect on
bryophyte above-ground biomass, but had no effect on
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herb above-ground biomass. Herb layer above-ground bio-
mass was negatively affected by growing degree-days and
climate moisture index and was unaffected by soil drai-
nage. Bryophyte above-ground biomass decreased with
growing degree-days but increased with climate moisture
index, with no effect by soil drainage.

Discussion

We found positive relationships between species richness
and above-ground biomass across all vegetation strata,
regardless of whether the confounding effects of climate,
local site conditions and stand age were controlled for in
our analysis. Our results suggest that the positive relation-
ships reported in previous studies between overstorey tree
species diversity and biomass production in forest ecosys-
tems (e.g. Paquette & Messier 2011; Zhang, Chen & Reich
2012; Zhang & Chen 2015) may be extended to include all
forest vegetation strata. Although we did not test for speci-
fic underlying causal mechanisms, the positive relation-
ships we observed between species richness and biomass
production may be attributable to several known hypothe-
sized mechanisms, including: ‘niche complementarity’,
which leads to reduced interspecies competition and
greater site resource utilization; ‘facilitation’, where some
species may alter the environment in such a way that it
favours the fitness of other species; or ‘negative density
dependence’, in which communities with grater abundance
of conspecific species tend to be more susceptible to
host-specific pathogens. Alternatively, it is suggested that
selection effects (a.k.a sampling effects) is the only real
mechanism linking biodiversity and ecosystem function
since higher species richness increases the likelihood that
plant communities will contain more productive species
with specific functional traits that permit greater site
resource exploitation, including increasing the likelihood
of positive complementarity and facilitation interactions
(Fridley 2001; Hooper et al. 2005; Forrester 2014; Ruiz-
Benito et al. 2014).

We found that the strength of the effect of species diver-
sity on above-ground biomass production in the under-
storey tree, shrub, herbaceous and bryophyte layers was
weaker than that observed for overstorey trees. This sup-
ports the general hypothesis that the magnitude and direc-
tion of diversity—productivity relationships is context
dependent and influenced by the conditions and available
resources in the surrounding environment (Diaz & Cabido
2001; Fridley 2002). Overstorey trees impose competitive
constraints on understorey vegetation because of their size,
altering above- and below-ground resource availability
such as light, water and space, especially for the shrub and
herbaceous layers (Gilliam, Turrill & Adams 1995; Gilliam
2007; Mason et al. 2011). This was evident by the ubiqui-
tously negative effects of overstorey tree above-ground bio-
mass on the understorey layers we observed in our
analysis. Resource filtering, caused by the overstorey
(Anderson, Loucks & Swain 1969; Bartels & Chen 2013),

likely reduced the strength of the effect of species diversity
on increased resource utilization in the resource-limited
understorey environment (Hooper et al. 2005). This was
not only true for species groups with overlapping niches,
such as woody plants (Mason et al. 2011), but also for
herbaceous and non-vascular plants in our analysis.

The positive relationships we observed between over-
storey species richness and the richness of understorey vas-
cular plants are consistent with previous studies (Gamfeldt
et al. 2013), but overstorey tree species richness had no
observable effect on bryophyte species richness. The posi-
tive associations of species richness among vascular plants
across vertical vegetation strata may have resulted from
their similar responses to climate, soil and stand develop-
ment (Zhang, Chen & Taylor 2014), but could also be a
result of increasing understorey resource heterogeneity and
availability through light penetration and litterfall feed-
back under a more diverse overstorey (Bartels & Chen
2010, 2013). Indeed, this might suggest that niche comple-
mentarity plays an important role as a mechanisms driving
the observed positive diversity—productivity relationships
among understory vascular plants since complementarity
is likely to play a more prominent role when resources are
spatially and temporally heterogeneous (Fridley 2001;
Hooper et al. 2005). The lack of an effect of overstorey
species richness on that of bryophytes may be because
bryophytes possess divergent life-history traits compared
with vascular plants (Jonsson et al. 2015).

The effects of climatic factors, local site conditions and
stand age on above-ground biomass and species richness
varied in magnitude and direction, depending on the verti-
cal position and life form within the forest. The response of
overstorey tree above-ground biomass to climatic factors,
local site conditions and stand age are consistent with previ-
ous reports (Michaletz et al. 2014; Pretzsch et al. 2014;
Zhang & Chen 2015; Zhang, Chen & Taylor 2016a). We
note that the responses of the understorey layers to environ-
mental drivers and stand age were generally weaker or even
in an opposite direction. These results suggest that the
resource filtering by the overstorey did not only influence
the strength of the relationships between diversity and
above-ground biomass, but also affected the responses of
understorey layer species richness to climate, soil and stand
development (Zhang, Chen & Taylor 2014). The modulat-
ing effect of the overstorey and the environment on under-
story diversity—productivity relationships supports the
notion that no single, universal relationship between diver-
sity and productivity exists, but rather that the magnitude
and direction of these relationships is highly dependent on
environmental context (Diaz & Cabido 2001; Fridley 2002).

Our results show that positive species diversity and
above-ground biomass production relationships are ubig-
uitous across forest vegetation strata, but that the relation-
ship is stronger for the overstorey layer than for the
understorey tree, shrub, herb and bryophyte layers.
Although species richness of overstorey tree, understorey
tree, shrub and herb layers was positively correlated,

© 2016 The Authors. Functional Ecology © 2016 British Ecological Society, Functional Ecology, 31, 419-426



overstorey tree above-ground biomass had ubiquitously
negative effects on the understorey layers. Resource filter-
ing by overstorey trees has likely reduced the strength of
the positive diversity—productivity relationships in under-
story layers since positive diversity effects are primarily a
result of increased resource utilization (Hooper et al.
2005), supporting the general hypothesis that the strength
and direction of diversity—productivity relationships is con-
text dependent and influenced by the surrounding environ-
ment. Further, heterogeneity in understory resources, as
affected by overstorey trees, likely promotes niche comple-
mentarity as the main mechanism driving the diversity—
productivity relationships in the understorey.
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