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Abstract

Background: Temperate forest understorey vegetation poses an excellent study system to investigate whether
increases in resource availability lead to an increase in plant species richness. Most sunlight is absorbed by the
species-poor tree canopy, making the much more species-rich understorey species inhabit a severely resource-limited
habitat. Additionally, the heterogeneity of light availability, resulting from management-moderated tree composition
and age structure, may contribute to species coexistence. One would therefore expect that the diversity in the herb
layer correlates positively with either the overall light availability, or the light heterogeneity, depending on whether
resource availability or heterogeneity are more important drivers of diversity. To test this idea, we assessed variability
of light conditions in 75 forest plots across three ecoregions with four different methods.

Results: We correlated these data with vegetation relevés and found light availability to be strongly positively cor-
related with understorey plant species richness, as well as with understorey cover. Light variability (assessed with two
approaches) within plots was positively correlated with transmittance, but did not improve the relationship further,
suggesting that the main driver of species richness in this system is the overall resource availability. Two of the three
beech-dominated regions exhibited near-identical effects of light transmittance, while the third, featuring pine along-
side beech and thus with the longest gradient of transmittance and lowest species richness, displayed a weaker light
response.

Conclusions: While site conditions are certainly responsible for the trees selected by foresters, for the resulting forest
structure, and for the differences in plant species pools, our results suggest that light transmittance is a strong mediat-
ing factor of understorey plant species richness.
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Introduction individuals to coexist, as well possibly allowing for lower

The question of what determines local species diversity
has puzzled ecologists for a long time. Ecological theory
has made various conjectures about driving factors. One
is the idea that more resources allow a greater number of
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specialization, thus leading to higher diversity. Another
idea, closely connected to niche-theory and not mutu-
ally exclusive with the previous [1], is that species are
specialized to perform best at particular resource levels,
and thus a greater diversity in local resource conditions
should allow a greater local species richness to emerge
[2].

Understorey forest vegetation provides a nice test
case for these ideas, owing to the particularly simple
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and well-defined resource conditions in this ecosystem.
Although nutrients and water are important, light, due
to its essential role for plant production, is most likely
the most limiting resource for plants in the understory
layer [3-5]. The tree growth form is the ultimate result of
competition for light, and dark forest floor the inevitable
consequence, in both managed and natural forests [6].
According to the previous exposition, we would expect
that increasing light availability could directly affect
diversity by increasing resource levels [7], or indirectly
via increasing the density of individuals, and more indi-
viduals mean more species [8, 9]. Moreover, we would
also expect that light heterogeneity is positively corre-
lated to species richness, due to specialization of species
on particular environments.

The empirical evidence for either of these correlations
is mixed. Studies have not always found a relationship
between light availability and plant species richness (e.g.
[10]), but for forest understorey vegetation, a decrease
of light availability in forest succession, and a concur-
rent reduction in species richness was often observed
[11-13]. Few of these studies, however, record both aver-
age light and light heterogeneity. As both variables tend
to be correlated, it is not clear whether their effects were
clearly separated, and it may thus well be the heteroge-
neity of light conditions, rather than availability per se,
which drives understorey plant species richness [14].

The issue is complicated by methodological chal-
lenges with quantifying understorey light availability.
The most common method measures canopy closure
(or its inverse, canopy openness), typically computed
from hemispheric photographs or visual assessment
[15]. While this approach may match well subjective esti-
mates of light regimes by forest scientists [16], and is able
to reflect broad light gradients within a forest, e.g. after
selective logging [17], it is long known [18] to correlate
poorly with light availability measured near the ground
by photosynthetically active radiation (PAR) sensors
(e.g. [19-21]). One reason is that counting the sky-pix-
els in a hemispheric photograph is affected by both the
camera’s resolution and the algorithm used by the soft-
ware. Another is that the relative amount of indirect light
is underestimated by hemispheric photographs unless
explicitly measured as diffuse non-interceptance [21]. As
a consequence, 80% canopy cover by hemisphere yields
very different light availability at the forest floor in nee-
dle and broadleaf forests, for example. Similarly, neither
gap sizes nor Ellenberg light indicator values seem to be
consistently good predictors of transmittance (e.g. [22—
24], but see [25] for regional adjustment of indicators to
lidar measurements). Hence, we regard the direct meas-
urement of (photosynthetically active) light availability
at the forest floor as the currently only uncontroversial
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way to assess light conditions. Moreover, direct local
measurements allow a much better assessment of light
heterogeneity than hemispheric photographs, although
multi-location photographs could in principle be used
at high spatial resolution as well. Recently, high-resolu-
tion remote sensing data and terrestrial laser scanning of
canopy closure were shown to be poorly related to mod-
elled light availability [22]. However, we found no refer-
ence to validate remote sensing-based light transmittance
prediction to the understorey with field measurements
(encouragingly, Peng et al. [26] show a very high corre-
lation between modelled, LiDAR-based light availability
and measured across-the-spectrum radiation at the for-
est floor).

Indeed, a thorough literature search for the relation
between directly assessed light availability and under-
storey plant species richness in temperate forests, scan-
ning the abstracts of over 900 papers, only identified five
such studies (see Additional file 1 for details). Of these,
two studies report an increase of species richness with
light transmittance [13, 27], two no response [28, 29] and
one a decrease of species richness ([23], reporting Shan-
non diversity rather than species richness). It must be
noted that our review did not unearth possibly relevant
parts of the grey literature, such as early work of [30, 31],
although at that time direct light measurements were
extremely rare (reviewed in [5]).

A further issue for the analysis is that there are various
other factors that affect both species richness and light
conditions, and may thus confound an analysis of their
correlation. Among those, forest management, in itself
strongly dependent on soil type, pH and topography, is
particularly important. A meta-analysis [32] found that
selection harvests have a positive effect on understorey
species richness when compared to regeneration har-
vests (i.e. clearcut, shelterwood), although no difference
in species richness was observed when just comparing
harvested to unharvested stands in general (in line with
the findings of [33], but in contrast to [34]). In general,
many studies find effects of management on understory
diversity, and management clearly also affects light avail-
able for forest understorey plants. Prévost and Raymond
[17], for example, found that two to three times as much
PAR reached the forest floor in 20-30 m gaps as opposed
to uncut forest.

The problem of confounding between management and
light, however, goes the other way around as well. Met-
rics of forest structure, reviewed in their role as potential
predictors for biodiversity in [35], rely on a wide range of
field measurements such as DBH-distributions and bark
types, but seem to completely overlook the easy-to-assess
light transmittance. Tellingly, even Rohrig and Ulrich’s
[36] monography of Temperate Deciduous Forests largely
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ignores light as a resource and indeed does not even list
the word “light” in its index, and Currie and Bergen’s [37]
more recent treatment is no different. This discrepancy
between the general appreciation and understanding of
the importance of light for temperate forest vegetation
and its actual assessment in field studies prompted our
study.

Specifically, we examine whether light transmittance
and its spatial variability has consistent effects on under-
storey plant species richness across different temperate
forest types. We quantify light transmission in four dif-
ferent ways, assessing alternative facets of light availabil-
ity. More specifically, we ask the following questions:

1. How does understorey plant species richness relate
to light availability at the ground floor?

2. Does spatial variability of light conditions contribute
to explaining plant species richness?

3. How do light measurements correlate among meth-
ods?

4. How does understorey plant cover relate to light
availability, and, again, which quantification is corre-
lated best with it?

5. Does plant cover determine plant species richness,
along the lines of the more individuals hypothesis, or
does it respond in tandem to light availability?

Results

Interrelations of light measurements

The four approaches to quantifying light availability
were moderately well correlated (|r| < 0.66, see Table 1).
Crown projection area exhibited the lowest correlations
with the other measurements (|r| < 0.34).

Plant species richness responses to light

Three of the four approaches to quantifying light avail-
ability in the understorey were significantly related
to understorey plant species richness (Table 2), with
crown projection area being the exception. In two
cases, canopy cover and openness, an interaction with
region was observed also. Observer estimated canopy
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Table 2 ANOVA table of the effects of region and light
availability on understorey plant species richness

Effect DF SS F
Transmittance Region 2 6133 13.5%%*
Light 1 3812 16.8%**
Region x light 2 837 0.166
Residuals 68 15,657 R%4=036
Canopy cover Region 2 5734 18.3%**
Light 1 6791 43 4%%x
Region x light 2 2039 6.52**
Residuals 68 10,641 R?%,4=055
Openness Region 2 5955 17.2%%%
Light 1 6665 38.6%%*
Region x light 2 1778 5.15%
Residuals 68 11,852 R?,=0.52
Crown projection Region 2 5954 10.0%%*
Light 1 6 0.0203
Region x light 2 23 0402

Residuals 68 20,165 R%,=0.17

Significant effects are indicated by asterisks behind F-values (*** and **
indicated P < 0.001 and 0.01, respectively). Model fit is indicated by adjusted
R2. Total sum of squares is the same for all models (26,148), and effects are thus
directly comparable across models

cover displayed the closest relation with species rich-
ness (model Rzadj = 0.55), followed closely by TLS-based
openness (Rzadj = 0.52), and directly measured transmit-
tance (Rzadj = 0.36), while crown projection was without
predictive value (Fig. 1). The three regions differed sub-
stantially in average soil, climate, management and spe-
cies pool size, yet forests on luvisols (Hainich) showed a
near-identical response to increased light availability to
those on leptosols and cambisols (Alb). In contrast, dry,
sandy soils (Schorfheide) supported a lower number of
plant species, which responded less strongly to increas-
ing light availability (Fig. 1).

Light heterogeneity

For transmittance and openness, we also have available
measures of spatial heterogeneity of light availability. In
both cases, the standard deviation was highly correlated

Table 1 Correlations among approaches to measure light availability in the understorey

Transmittance Canopy cover Openness Crown projection
Transmittance - —0.56 0.61 —0.38
Canopy cover — 054 - —0.66 042
Openness 0.66 —059 - —033
Crown projection —0.15 0.34 —0.20 -

Upper triangle of the correlation matrix are Spearman’s correlation coefficients, lower Pearson’s. Sstatistically significant (p < 0.05) correlations are printed in italic
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Fig. 1 Effect of light availability on the number of vascular plant species (per 400 m?) in the forest understorey. Depicted are the four different ways
to quantify light availability: direct measurement (top left); estimated cover of canopy > 5 m (top right); hemisphere simulation based on terrestrial
laser scanning data (bottom left); and crown projection area derived from typical crown sizes per species and their position in the plots (bottom
right). Dashed lines indicate 95% confidence interval of the regression. Non-significant regressions are indicated by dashed lines (and dotted
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with the mean (transmittance: r = 0.82; openness: r
= 0.65). Adding log(sd(transmittance)) to the model
of Table 2 yielded a significantly negative effect of light
heterogeneity (F, 4, = 4.43, p < 0.05) and improved the
model to an RZij = 0.42, thus providing some evidence
against the expected positive effect of light heterogeneity

on plant species richness. In contrast, adding the stand-
ard deviation of openness to the model of Table 2 nei-
ther increased its fit, nor did it yield a significant effect
of light heterogeneity (neither as linear nor as log-trans-
formed predictor; F, ¢; = 2.12, p = 0.15, R?4; = 0.55).
Using the coefficient of variance instead of the standard
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deviation showed the same pattern but lower model fits
(not shown).

Understorey plant cover response to light

Herbaceous cover was well predicted (Rzadj = 0.69) by a
combination of region, openness and canopy cover and
a canopy cover X region interaction (for ANOVA table
and figure see Additional file 1). Openness had a positive
and canopy cover a negative effect, with openness being
substantially more important (partial R> = 0.28 vs 0.05,
respectively).

Effect of plant cover on plant species richness

Herbaceous cover was highly correlated with understorey
plant species richness (r = 0.71). Adding the herbaceous
cover to the best model of Table 2, the one using canopy
cover as predictor, yielded an improvement of around
0.06 units to an R2adj = 0.61. The contribution of cover
was partial R = 0.10, taken some of the explanatory
power off region and the region-canopy cover interac-
tion. This suggests that the effect of light on plant species
richness was only to a limited degree mediated by plant
cover.

Discussion

In this study, we set out to test the effect and relative
importance of light availability, and light heterogene-
ity, on plant species richness in the understorey of three
temperate forest ecosystems. Our main findings are that
plant species richness increased with the proportion of
light that reaches the forest floor; that only a small part
of this effect is probably mediated by the effect of light
on plant abundance; and that light heterogeneity is much
less important for species richness than light availability
as such.

Our results regarding a positive effect of light on rich-
ness are in line with some previous studies that directly
measured both understorey plant species richness and
light availability [13, 27]. Although qualitatively antici-
pated, our results revealed an unexpectedly strong and
consistent effect of light availability in the forests of three
regions, despite very different soil and climatic condi-
tions. Moreover, the lack of any effect of light heteroge-
neity is remarkable and in contrast to reports from the
tropics [44]. Instead, and in line with some previous
studies [38, 39], species richness correlated highly with
understorey vegetation cover (see Additional file 1),
prima facie suggesting that the more-individuals-hypoth-
esis may hold in this system [9]. However, in a combined
model, vegetation cover explained only a small part of the
variability in species richness, while canopy cover was
still far more important.
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Our literature review revealed that only a handful of
studies directly measured both light and understory spe-
cies richness in temperate forests. It also showed that the
majority of studies rely on proxies of transmittance such
as canopy closure. However, even direct measurements
of light transmittance can be biased by several factors: for
instance, light conditions in spring will be different from
those in summer, and a single day is arguably problem-
atic as proxy for the entire season’s light effects on under-
storey plant growth. For this reason we were positively
surprised by the strong correlation between our one-off
summer light transmittance data and plant species rich-
ness. Late summer does represent the light conditions
for the majority of the growing season, from the end of
foliation (in late April) to leaf shedding (in October).
Spring geophytes contribute just over 10 species to the
total species richness, so we believe that our peak-sea-
son measurements are providing a good representation
of transmittance for the largest part of the species over
most of the vegetation period. Continuous light measure-
ments would be more precise, but are also much costlier
(e.g. repeated monthly measurements during growing
season: [23]).

One of the potential reasons for the positive effect of
light on plant species richness is that very few species in
these communities are actually adapted to very low light
conditions (hygromorphic species such as Impatiens noli-
tangere or Paris quadrifolia) and would disappear under
higher transmittance. Or in other words, the majority
of species in our forests are shade tolerant, rather than
shade loving, and seem to be thriving even at only 10%
of open land PAR. As we did not investigate forest gaps
or edges but rather the forest interior, our findings thus
complement the literature on gap and edge effects on
plant species richness (e.g. [45—48]).

The best predictor of understorey plant species rich-
ness was estimated canopy cover above 5 m height. It
was assessed by the same people who did the vegetation
relevés, in exactly the same place and on the same day,
thereby yielding a high consistency of both data sets.
Similar to the direct light measurements, it only rep-
resents a single snapshot in summer, but one that may
subjectively include more impressions than only the light
availability at the forest floor. While rapid and working
well, for our purpose, it is much more difficult to stand-
ardise and reproduce.

An alternative approach to light assessment may be
high-resolution laser scanning data, either by aerial or
terrestrial scanning [45]. In fact, Ehbrecht et al. [49],
whose terrestrial laser scanning data were used to
derive the canopy openness used in the present study,
show that a much higher resolution can be achieved
than typically feasible with hemispheric photographs.
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It is thus encouraging to see that their data are so pre-
dictive of forest understorey richness.

The fourth approach, based on the position and
dimension of each tree in the plot and typical size-
dependent crown sizes, only poorly predicted under-
storey plant species richness (Table 2) and correlated
least with other methods (Table 1). The variability
of tree crown makes it difficult to derive universally
applicable crown shapes, hence this database-derived
measures seem less suitable to describe in-site condi-
tions of light availability.

Light conditions are affected by a variety of causes
[50, 51], with soil and climate conditions providing
the background for tree species selection by foresters.
Hence the dry, sandy soils of Schorfheide are domi-
nated by Scots pine (Pinus sylvestris) and, to a lesser
extent, beech; the heavy, wet soils of Hainich by Euro-
pean beech (Fagus sylvatica); and the warm, calcareous
soils of Alb by beech and Norway spruce (Picea abies)
[38, 41, 52]. Within each region, management ranged
from unmanaged forest to age class forest, contribut-
ing to the gradient of light intensities we observed.

Across the 16 studies reporting a relationship of spe-
cies richness and light conditions at all (i.e. includ-
ing indirect measures), light conditions were often
confounded with tree species, temperature at forest
floor, soil properties, successional stage and manage-
ment [19, 23, 53]. This is most certainly also the case
for the plots in our analysis (see [1]; also [54], who
worked on the same study plots). Many of these fac-
tors could again affect species richness, and thus it is
possible that parts of the light effects that we report
here are actually indirect and mediated through other
variables, or that other variables affect species rich-
ness independent of light. For practical field work,
we therefore stress that by no means would we sug-
gest that only light is important, but rather that light
should be measured routinely in the same way as soil
nutrients or soil moisture, to do its potential influence
more justice. Teasing apart the different causal path-
ways between soil, climate, management, light and
vascular plant species richness remains an open chal-
lenge, particularly with the limited number of data
points in each region.

In conclusion, the strong relationship between light
availability at the forest floor and its species richness
commends itself as important causal link between for-
est structure and an important element of its diversity.
Measuring light directly in the field on a one-off basis
does not seem to provide an improvement over tradi-
tional expert guesstimates of canopy closure or indeed
modern terrestrial laser scanning approaches.
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Methods
Study sites
Our study sites are part of the Biodiversity Exploratories
(BEs, http://www.biodiversity-exploratories.de, [38]). The
Biodiversity Exploratories comprise a set of standardized
temperate forest plots covering a range of management
types in three different regions of Germany: (1) Bio-
sphere reserve Schorfheide-Chorin located in the low-
lands of NE Germany (3-140 m a.s.l.), (2) National Park
Hainich-Diin located in the hilly Central Germany (285—
500 m a.s.l.), and (3) Biosphere reserve Swabian Jura, a
low mountain range in SW Germany (460—-860 m a.s.l.).
Schorftheide-Chorin, as a glacially formed lowland
region, is the driest of the three regions with an annual
precipitation of 520-580 mm at a mean annual tempera-
ture of around 8 °C. The soils developed from a glacial till,
are relatively sandy and variable at small scales, with Dys-
tric Cambisols being the dominant forest soil type. Its for-
ests are dominated by pine and beech. 143 vascular plant
taxa were recorded for the 25 plots used in this analysis.
Hainich-Diin is slightly wetter (600—800 mm) and colder
(7.5 °C) but differs more substantially in its geology and
soils. The triassic limestone is covered by loess, leading
to Eutric Cambisols and luvisols, with strong variation in
soil depth. The soil texture is mainly silty, loamy or clayey
and the forests are dominated by beech with a lower and
variable share of other deciduous species, supporting 177
plant taxa. The Swabian Jura is a low mountain range of
calcareous bedrock, with soils being dominated by Lep-
tosols and Eutric Cambisols. It receives 700—1000 mm
of rain per year and annual mean temperature is 6-7 °C.
The clayey soils support forests rich in beech and spruce,
with the highest species richness of the three regions at
194 plant taxa. A more detailed description is provided
by Fischer et al. [38] for the exploratory regions and
Schall et al. [34] for its forests.

Field measurements
We assessed light availability in four different way: direct
measurement, estimating canopy cover by eye, recon-
struction of canopy openness from terrestrial laser scan-
ning, and computation of crown projection area from
crown shapes and tree positions. Measurements were
carried out on 25 mature forest plots in each of the three
Biodiversity Exploratories. Regrettably not all types of
light measurements could be taken in the same year, but
plot management was limited to a few plots and to sub-
canopy thinning treatments during the data collection
period (see Additional file 1).

For direct light measurements, we recorded abso-
lute values of photosynthetically active radiation (PAR
in umol m™2 s™!) below the canopy at breast height.
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Measurements were taken on 10 days in August and
September 2017. In each 100 m x 100 m forest plot, we
recorded absolute values of photosynthetic active radi-
ation (PAR, in pumol m~%s~!) below the canopy at breast
height, using the Li-COR 191R Line Quantum sensor,
Li-COR Inc., Lincoln, Nebraska), at 25 random loca-
tions covering the entire surface of the plot, and at reg-
ular intervals of 30 s for a total duration of 15 min. For
each plot, we additionally recorded light on the nearest
clearing or canopy gap as a reference (using Li-COR’s
Quantum 190R sensor). We computed light availability
as transmittance, i.e. the proportion of available photo-
synthetically active radiation (obtained from reference
measurements) reaching the forest floor, thereby cor-
recting for different absolute radiance across the days
of the campaign. Mean and standard deviation of these
measurements were calculated for each plot. Data from
one plot were lost due to computer failure.

Percentage canopy cover was estimated in a subplot
of 20 x 20 m on which also the vegetation relevés were
taken (see below). Cover of trees was estimated for two
strata, those smaller and taller than 10 m by the same
people who did the vegetation relevés. We use the sum
of the two strata as canopy cover, which may hence
exceed 100%.

Canopy openness was computed from terrestrial
laser scanning data (for details see [39]). A Faro Focus
3D 120 (Faro Technologies Inc., Lake Mary, USA) laser
scanner employing phase-shift technology scanned
a field of view of 90° (step width of 0.14°, range limit
120 m), resulting in a hemisphere 3.25 Mio laser beams.
The scanner was set up, in summer 2014, in nine regu-
larly spaced positions over 100 x 100 m in each plot.
From this point cloud, a hemispherical image (60°
opening angle) was simulated and the cover of sky
quantified.

Finally, crown projection areas were computed for each
plot based on field-inventory data recorded between
2015 and 2016 [34]. Using species-specific parameters
[40], the crown size of each tree growing in the plot was
estimated from its diameter, and summed, yielding the
unitless crown area (i.e. 10 000 m? per ha). Due to layer-
ing and uniform shapes employed, crown projection can
be larger than 1.

Percentage cover estimates of each understorey vas-
cular plant species was quantified in spring and summer
2017 within subplots of 20 m x 20 m. To assess the spe-
cies richness and correct the cover values of plant species
per plot, we combined the spring and summer records,
using the higher cover value for each species (for details
see [41]). All data are available from BEXIS (http://www.
bexis.uni-jena.de, data sets 22506, 22766, 23686 and
25146).
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Statistical analysis

All analyses were conducted with R version 3.5.1 [42].
We analysed the effect of light transmission on understo-
rey species richness and their cover using a Generalised
Additive Model (R package mgcv, [43]) with region as
factor. As the GAM indicated that the effects of transmit-
tance and standard deviation of transmittance were lin-
ear, we continued all further analyses with a GLM with
species richness as the response and predictors includ-
ing light, region and an interaction between region and
light, respectively. This model was modified for the effect
of standard deviation of light availability or by including
several measures of light availability simultaneously.

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/512898-020-00311-9.
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