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Abstract

Background: National forest inventories (NFI) have a long history providing data to obtain nationally
representative and accurate estimates of growing stock. Today, in most NFIs additional data are collected to
provide information on a range of forest ecosystem functions such as biodiversity, habitat, nutrient and
carbon dynamics. An important driver of nutrient and C cycling is decomposing biomass produced by forest
vegetation. Several studies have demonstrated that understory vegetation, particularly annual plant litter of
the herb layer can contribute significantly to nutrient and C cycling in forests. A methodology to obtain
comprehensive, consistent and nationally representative estimates of herb layer biomass on NFI plots could
provide added value to NFIs by complementing the existing strong basis of biomass estimates of the tree
and tall shrub layer. The study was based on data from the Swiss NFI since it covers a large environmental
gradient, which extends its applicability to other NFIs.

Results: Based on data from 405 measurements in nine forest strata, a parsimonious model formulation was
identified to predict total and non-ligneous herb layer biomass. Besides herb layer cover, elevation was the
main statistically significant explanatory variable for biomass. The regression models accurately predicted
biomass based on absolute percentage cover (for total biomass: R2 = 0.65, p = 0; for non-ligneous biomass:
R2 = 0.76; p = 0) as well as on cover classes (R2 = 0.83; p = 0; and R2 = 0.79, p = 0), which are typically used in
NFIs. The good performance was supported by the verification with data from repeated samples. For the 2nd,
3rd, and 4th Swiss NFI estimates of non-ligneous above-ground herb layer biomass 586.6 ± 7.7, 575.2 ± 7.6,
and 586.7 ± 7.9 kg·ha− 1, respectively.

Conclusions: The study presents a methodology to obtain herb layer biomass estimates based on a
harmonized and standardized attribute available in many NFIs. The result of this study was a parsimonious
model requiring only elevation data of sample plots in addition to NFI cover estimates to provide unbiased
estimates at the national scale. These qualities are particularly important as they ensure accurate, consistent,
and comparable results.
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Background
Programs to monitor natural resources provide import-
ant data for improving the understanding and the man-
agement of complex ecological systems (Davis 1993).
Among such programs, national forest inventories (NFI)
have a long history (McRoberts et al. 2010). Historically,
forest inventories focused on timber resources and the
accurate estimation of growing stock. Today, in most
NFIs additional data are collected to provide information
on a range of forest ecosystem functions such as
biodiversity, habitat, nutrient and carbon dynamics
(Tomppo et al. 2010). An important driver of nutrient
and C cycling is decomposing biomass produced by the
forest vegetation. In temperate forest ecosystems, studies
to estimate the amount of biomass production have typ-
ically focused on overstory plants (Landuyt et al. 2019a),
which is the highest vegetation stratum typically domi-
nated by woody species of the tree strata. However,
several studies have demonstrated that understory vege-
tation including bryophytes, herbaceous and woody spe-
cies growing on the forest floor, particularly annual
plant litter of the herb layer can contribute significantly
to nutrient and C cycling in forests (e.g., Gilliam 2007;
Kumar et al. 2018; Landuyt et al. 2019a). A methodology
to estimate herb layer biomass on NFI plots could pro-
vide added value to NFIs by complementing the existing
strong basis of biomass estimates of the tree and tall
shrub layer (Alberdi et al. 2010; Alberdi et al. 2018).
Following the definition of the herb layer (sometimes

also ground or field layer) suggested by the European
National Forest Inventory Network (ENFIN), it com-
prises all non-ligneous and ligneous plants < 0.5 m and
may include shrubs, herbs, and ferns (cf. Appendix -
Working Group 3 Definitions in Tomppo et al. 2010),
i.e. it represents an estimate of the total cover of the
herb layer over all species groups. Total herb layer
(THL) cover is estimated in many NFIs (Tomppo et al.
2010; Chirici et al. 2011) and methods exist to estimate
plant biomass based on their cover (e.g. Muukkonen and
Mäkipää 2006; Muukkonen et al. 2006; Welch et al.
2007; Schulze et al. 2009; Heinrichs et al. 2010). How-
ever, these methods require cover estimates of individual
morphological groups and height estimates (e.g. Phyto-
Calc; Schulze et al. 2009; Heinrichs et al. 2010), or are
not comprehensive of the THL and are representative of
specific forest types only (e.g. Muukkonen and Mäkipää
2006; Muukkonen et al. 2006; Welch et al. 2007). Fol-
lowing the ENFIN definition of the herb layer, it pre-
sents an aggregate of the entire layer and hence
estimates for individual morphological groups are typic-
ally not available limiting the application of methods
that require such additional data. To utilize aggregated
THL cover estimates in NFIs for biomass estimation, a
methodology is required that is consistent with the

holistic ENFIN herb layer definition and is representa-
tive at the national scale. A number of NFIs apply the
ENFIN methodology, or collect data than can be trans-
ferred into this stratification (Alberdi et al. 2010;
Tomppo et al. 2010).
In the Swiss NFI, THL cover is estimated on each

sample plot since the second inventory (1994–1996)
consistent with the ENFIN herb layer definition. Due to
varied Swiss topography, the NFI sample plots cover a
large environmental gradient providing an excellent op-
portunity to develop a methodology that could be used
in other NFIs. On all sample plots of the Swiss NFI,
THL cover including herbs, grasses and sedges, ferns,
and dwarf shrubs is recorded in six percentage cover
classes. The THL cover estimate thus accounts for all
plants excluding mosses, lichens, large perennial woody
shrubs > ca. 50 cm, and young trees.
The objective of this study was to develop a model for

predicting THL biomass from the cover estimated fol-
lowing the ENFIN definition. With the aim to produce
biomass estimates that are nationally representative, the
study extents on previous models (e.g. Muukkonen and
Mäkipää 2006; Muukkonen et al. 2006; Welch et al.
2007; Schulze et al. 2009; Heinrichs et al. 2010) as it re-
lates to a standardized attribute that is commonly esti-
mated in NFIs. In addition to a total cover to total
biomass model, models for individual plant groups were
developed, which allows an adaptation to country-
specific definitions of the herb layer.
In order to achieve the study objective and aim, destruc-

tive sampling of plant biomass along with plant cover esti-
mates following the NFI methodology were required. Based
on studies demonstrating good correlations between herb
layer biomass and stand characteristics (e.g. Landuyt et al.
2019b), we analyzed data from the three Swiss NFIs with ob-
servations for THL cover to identify a suitable sampling de-
sign. Since potential explaining site attributes such as
elevation, forest type, dominant tree species, tree basal area,
etc. returned only weak or no correlation to herb layer
cover, three cluster regions representative of the climatic
gradient between eastern, western, and southern Switzerland
were created. The clusters were further stratified into three
elevation classes and within each class and 15 sites were se-
lected based on a balanced design to evenly represent each
herb layer cover class. Experienced members of the NFI field
crew collected the necessary data on a total of 405 1m× 1
m sample plots from 135 study sites. Biomass estimates
should be representative of ‘peak biomass’ to ensure
consistency between observations of plots visited at different
dates, and to capture the full extent of biomass production
(cf. Landuyt et al. 2019a). Since in a regular NFI field season
it is not possible to visit all plots at the time of peak-
biomass, field crews are instructed to account for the any
differences between the observed conditions and the
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conditions at time of peak biomass. To examine the accur-
acy of the estimates, biomass was repeatedly estimated on a
subsample of sites between April and late-September 2017.
Since small shrubs are considered part of the herb layer,
shrub biomass was separated into ligneous (woody stem)
and non-ligneous (leaves) components to more accurately
estimate annual THL biomass production. Additionally, C
and N contents of biomass samples were analyzed to obtain
additional information applicable for, for example, estimat-
ing the C balance of forests or N dynamics (de Wit et al.
2006; Landuyt et al. 2019a).

Methods
Sites
The goal was to cover the range of forests regarding type
and growing stock in the five regional forest strata of the
NFI (production regions; Brändli and Hägeli 2019) as
well as the 15 strata used in the Swiss greenhouse gas in-
ventory, i.e. three additional elevation classes in each of
the five NFI regions (chp. 6.4.2.2 in FOEN 2019). To this
end, three cluster regions (North-East, North-West,
South) representing the main environmental gradients in
Switzerland were identified and stratified by three eleva-
tion classes (≤600, 601–1200, > 1200m a.s.l.) based on
prior information from permanent NFI sample plots on
forest type and THL cover class. In each of the resulting
nine strata, 15 study sites were installed to represent five
THL cover classes ≥1% cover (Table 1) with three repli-
cates each to capture the variability caused by forest
stand structure and climate. Thus, there were 45 sites in
each cluster region and also 45 sites within each eleva-
tion class with a total of 135 study sites (Fig. 1). On each
site, data on THL cover and above-ground biomass
(henceforth biomass) were collected on. Since destruc-
tive sampling is not allowed on regular NFI plots, a 50
m × 50m reference plot was established at each site. The
reference plots were established following the NFI proto-
col (NFI Field manual; Düggelin and Keller 2017). As in-
dependent or explanatory variables which are available

for all NFI sample plots, we collected for each reference
plot information on elevation, dominant tree species,
forest type, successional stage, cover of tree regener-
ation, and cover of the shrub layer (i.e. all woody plants
between ca. 0.5 and 3m in height as well as the lower
branches of larger trees). It was ensured to cover a rep-
resentative gradient for each attribute (Tables S1–1 to
S1–5). The distribution of study sites with elevation clas-
ses varied because of topography and the presence of
suitable forests within a cluster region (Fig. S1–1).
Study sites below 600m elevation were visited between

17 May and 10 June 2017, sites between 601 and 1200m
in the time of 18 July and 12 August 2017, and the sites
above 1200m between 5 and 23 September 2017. The
temporal staggering was to ensure to capture the biomass
peak of the vegetation at the different elevation levels.
In each cluster region, three study sites below 600m

were revisited during the second and third field cam-
paigns (suppl. Material S2) to i) evaluate the consistency
of the cover observations regarding seasonal variation,
and ii) to obtain additional independent cover and bio-
mass data for model verification. Evaluating consistency
of observations over time was particularly important be-
cause the model is to be used to estimate biomass on
regular NFI sample plots which are visited typically be-
tween April and October .

Herb layer cover estimation in the Swiss NFI
The NFI attribute “herb layer cover” is defined consist-
ent with the recommended ENFIN definition (cf. Appen-
dix - Working Group 3 Definitions in Tomppo et al.
2010) as the percentage cover in six classes (Table 1)
within the 50m by 50m reference plot including ferns,
grasses, sedges, herbs, and dwarf shrubs but not mosses
and lichens (Düggelin and Keller 2017); specifically ex-
cluded are climbing (e.g. Hedera and Clematis spp.) and
creeping plants (e.g. Pinus mugo) and large perennial
woody shrubs (e.g. Frangula alnus, Corylus, Cornus, Lo-
nicera spp). Cover is observed on each NFI sample plot

Table 1 Total herb layer (THL) cover classes in the Swiss National Forest Inventory (NFI) and in this study. The column frequency
presents the number of occurrences of a cover class on the 405 subplots. The column frequency - non-woody presents the number
of subplots with measured woody and non-woody shrub biomass or without shrub occurrence within a cover class. The column
mean cover subplot present cover data for 405 subplots. The column mean cover reference plot present cover data for 135
reference plots with 27 plots within each cover class

NFI THL Cover class NFI Definition
(THL cover, %)

This study Frequency Frequency –
non-woody

Mean cover
subplot (% ± SD)

Mean cover reference
plot (% ± SD)

1 < 1 No na na na na

2 1–9 Yes 76 62 5.6 ± 2.2 (76) 6.6 ± 1.7 (27)

3 10–25 Yes 92 64 17.2 ± 5.4 (92) 18.2 ± 4.1 (27)

4 26–50 Yes 81 55 39.3 ± 7.8 (81) 38.4 ± 5.3 (27)

5 51–75 Yes 75 42 64.5 ± 7.2 (75) 64.4 ± 4.5 (27)

6 76–100 Yes 81 32 92.9 ± 6.4 (81) 90.4 ± 7.7 (27)

Didion Forest Ecosystems            (2020) 7:16 Page 3 of 14



and is estimated from the center of the reference plot
following six cover classes. The herb layer cover attri-
bute was first included in the NFI2 which was carried
out between 1993 and 1995 and estimates were repeated
in the NFI3 (2004–2006) and NFI4 (2009–2017). Field
crews are trained to ensure consistency in the cover esti-
mates regarding seasonal variation in the species com-
position and in the biomass development.
In this study we restricted the sampling to cover clas-

ses with ≥1% vegetation cover (i.e. classes 2 to 6 in
Table 1). Cover was estimated as percentage on a con-
tinuous scale resulting in more accurate and precise esti-
mates than wider cover classes. The more accurate and
precise estimates can be used to evaluate the accuracy of
the relationship between the less detailed cover class and
biomass. Additionally to the standard NFI methodology
which considers the herb layer as a whole, the relative
contribution of individual plant groups (small and tall
herbs, grasses, sedges, ferns, dwarf shrubs; Table S3–1)
to the THL cover was evaluated based on the plant
group percentage cover estimates.

Vegetation sampling and processing
To develop a model for estimating the biomass of each
plant group in the herb layer and for the whole herb layer,
on each of the 135 study sites (15 sites in 9 strata), 3 sub-
plots of 1m × 1m were established in three directions
(azimuth 0°, 150°, and 266°) at 12.5m distance from the
center of the 50m × 50m reference plot (Fig. S4–1). On

each of the 405 subplots (135 sites with 3 subplots) the
total cover of all THL plants and the relative percentage
cover of each present plant group consistent with the pro-
cedure for the reference plot was estimated (for data see
Didion et al. 2018). To be able to use the cover estimates
as predictors for plant biomass, biomass within the 1m×
1m quadrat (Fig. S4–2) was removed separately by plant
group. Because biomass on subplots on sites that were
revisited was removed during the first visit, subplots in the
second and third visit were offset at the corners of the
subplots that were established in the previous visits.
After biomass removal, a hanging scale (precision 5 g)

was used to measure fresh weight separately for each
plant group. At the laboratory the plant material was
dried for 48 h at 65 °C, or until the weight remained con-
stant (for data see Didion et al. 2018). After drying,
shrub biomass from a subsample (N = 68) of all subplots
with shrub cover (N = 218) was separated into leaves and
woody stem (suppl. Material S5). This was necessary to
estimate the proportion of leaves and woody parts of
shrubs to account for their different turnover rates
(Shaver and Chapin 1991). The dry weight of each plant
group including leaves and woody parts of shrubs was
measured with a precision scale (±1 mg) and samples
were prepared for laboratory analysis of the C and N
content (NC2500 elemental analyzer, CE Instruments,
Milan, Italy). For the laboratory analysis individual and
pooled samples were prepared consisting of material of
one plant group, and of mixed material from one

Fig. 1 Location of the 135 study sites in 9 strata (3 elevation classes in 3 cluster regions) within the 5 NFI production regions
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subplot. A total of 126 samples were analyzed (for data
see Didion et al. 2018), including 63 individual samples
(7 plant groups incl. Leaves and woody parts of shrubs
from 9 subregions), and 63 pooled samples (7 mixed sam-
ples with typical species composition from 9 subregions).

Analysis
Addressing the primary objective to develop a model for
predicting THL biomass (expressed as dry matter, g·m− 2)
from the THL cover estimated on each NFI sample plot,
the data on the dried plant material from 405 subplots
were analyzed in several steps:

i. Analyzing the data for plausibility and agreement
with assumptions for regression analysis, i.e.
linearity and additivity of the relationship between
dependent (biomass) and independent variables.

ii. Identifying parsimonious models for each plant
group and for the total herb layer (i.e. over all plant
groups) using linear regression and mixed effect
models.

iii. Verifying the model for total biomass over all plant
groups using independent data from the repeated
samples.

The models for the shrub plant group and for the total
herb layer were developed for total biomass including
woody parts of shrubs (henceforth simply THL) and for
total non-woody biomass excluding woody parts of
shrubs (henceforth non-woody THL) in order to separ-
ate annual biomass components.
The data analysis and model development was carried

out in the R computing environment (version 3.5.1; R
Core Team 2018). The linear mixed-effects models were
fitted using the lmer function provided in the ‘lme4’

package (Bates et al. 2015). For the final model for total
biomass based on cover class, the goal was to keep the
model simple. Accordingly, the regression was per-
formed with a minimum set of predicting variables that
are available in a consistent manner throughout all NFIs
and on all NFI sample plots. As measures of model qual-
ity, the relationship between predicted and observed
plant biomass was examined using the Pearson product-
moment correlation coefficient (Cor.coeff) and the root
mean squared error (RMSE). If not otherwise noted,
mean and standard deviation are presented in the text.

Results
As the study was designed to provide a balanced and
representative sample of THL cover and biomass, the
distribution of cover classes on the subplots that were
established on each of the 135 study sites was examined.
Each cover class was well represented on the 405 sub-
plots (Table 1). For all examined five cover classes the
mean observed percentage THL cover on the subplots
and THL cover estimate for the reference plot was
greater than the mid-point of a cover class. Of the six
plant groups, small herbs occurred most often (325 of
405 subplots) and tall herbs least often (101 of 405 sub-
plots; Table 2). On 85% of the subplots and on 134 of
135 reference plots two or more plant groups occurred.
Shrubs were particularly frequent on subplots with
higher percentage cover, i.e. on 80% of subplots with
THL cover > 75% compared to 42% on subplots ≤50%
THL cover. When present on a subplot, shrubs typically
had a higher percentage cover than the other species.
Shrub cover was evenly distributed between 1% and
100% whereas other species generally had a cover lower
than ca. 40% (Fig. 2).

Table 2 Observed frequency of occurrence and mean (±SD) percentage cover and mean (±SD) measured biomass as dry matter of
individual plant groups on 405 subplots from 135 study sites (3 subplots per site) and on 135 reference plots. Biomass on a
reference plots was calculated as the mean of the three subplots. The total herb layer resents all plants found on a subplot or a
reference plot but not all plant groups may be present and the composition may be different; see Tables S6–1 and S6–2 for more
details

Plant group Subplot Reference plot

Frequency (N) Cover (%) Biomass (g·m−2) Frequency (N) Cover (%) Biomass (g·m−2)

Small herbs 325 10.6 ± 12.7 8.4 ± 12.7 126 7.8 ± 9.1 7.8 ± 10.3

Tall herbs 101 16.4 ± 22.7 25.6 ± 41.9 54 10.3 ± 15.0 21.6 ± 32.5

Grasses 159 12.9 ± 18.2 28.6 ± 57.8 87 9.3 ± 13.6 21.3 ± 42.9

Sedges 196 9.4 ± 14.8 15.6 ± 32.8 115 6.4 ± 10.7 13.4 ± 21.4

Ferns 174 18.7 ± 21.4 23.3 ± 39.2 111 9.9 ± 14.1 19.3 ± 30.7

Shrubs, incl. Woody parts 218 24.3 ± 27.1 62.1 ± 127.2 114 16.0 ± 20.1 49.5 ± 84.8

Subsample shrubsa, incl. Woody parts 68 18.5 ± 21.0 37.0 ± 68.8 na na na

Subsample shrubsa, excl. Woody parts 11.7 ± 16.4 na na na

THL, incl. Woody parts of shrubs 405 43.3 ± 32.2 75.3 ± 121.1 135 43.6 ± 31.0 75.3 ± 106.2
asubsample of subplots with shrub presence where biomass was measured separately for woody and non-woody parts
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Biomass on subplots differed between plant groups.
Small herbs had the lowest and shrubs including the
woody part had the highest biomass (Fig. 2; Table 2).
Woody parts of shrubs contributed significantly to THL
biomass as they represented on average 42% ± 17% of
the total shrub biomass based on data from 68 subplots
where shrub biomass was separated into woody parts
and leaves (Fig. S5–1); mean THL and non-woody THL
biomass on these 68 subplots were 79.7 ± 92.9 and
54.3 ± 64.0 g·m− 2, respectively (Fig. 2).
There was no statistically significant difference of THL

biomass in the nine subregions (Fig. S6–1). Sites in the
South tended to have a higher variability and moderately
higher biomass than sites in the North. The analysis of
the dependent variable biomass did not indicate im-
plausible outliers. Few observations for sedges and
shrubs with comparably high values (Fig. 2) could be ex-
plained by particularly favorable site conditions or abun-
dant plant growth. The raw biomass data were not
normally distributed but could be normalized (Shapiro-
Wilk normality test with p values ranging between 0.11

for shrubs incl. Woody parts and 0.71 for grasses) using
a log transformation (natural Logarithm), which also
minimized potential effect of outliers.
Table 3 shows the measured carbon and nitrogen con-

tents of individual plant groups and for shrubs separately
for the woody parts and the leaves. The woody parts of
shrubs have the highest C content, shrub leaves, grasses,
and sedges have very similar C-contents, and herbs have
a little lower C content. Because the NFI cover data do
not include information on the herb layer species com-
position, C and N content was also measured for mixed
samples in each strata from subplots with the most fre-
quent plant group composition, including woody parts
of shrubs when present (Table S7–1). There was little
difference between strata and C content was similar to
the values of individual plant groups, i.e. 43.38% ± 2.73%
overall mean including woody parts of shrubs based
plant groups (Table 3) and 43.49% ± 1.34% mean over all
strata (Table S7–1). Compared to C contents, N con-
tents were more variable within species groups and also
within strata.

Fig. 2 Observed plant group above-ground biomass (dry matter, g·m− 2) and percentage cover. For shrubs and subplot totals black circles
indicate observed biomass based on shrubs including woody parts and red circles indicate observed biomass based on shrubs excluding woody
parts measured on a subsample (N = 68) of subplots with shrub cover. Note the different y-axis scales
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Biomass model
The statistical analysis of the relationship between per-
centage cover and dry weight indicated no or only min-
imal effects of the subplots on the explained variation in
plant biomass, i.e. model coefficients estimates, ex-
plained variation, and quality were the same or similar
for the linear regression model and the mixed effects
model. Thus, it could be assumed that the measure-
ments on the three subplots on each study site are inde-
pendent, and that, considering model parsimony, a
simpler linear regression model without random effects
suffices. To further justify this, robust linear regression
was performed (function rml, MASS package; Venables
and Ripley 2002), which returned the same statistical in-
formation as the simpler linear regression model. Hence,
in the following only results of the linear regression
model are presented.
Among the explanatory variables, percentage THL

cover and elevation were significant predictors for THL
biomass (p = 0) explaining together 80% of the variation
in the data. Further explaining variables production re-
gion, dominant tree species, forest type, successional
stage, cover of tree regeneration, and shrub layer cover
explained less than 1% of the variance, while residual un-
explained variation was 19%. The resulting parsimonious
model was thus using elevation and percentage THL
cover as the only explaining variables. For modelling
biomass of individual plant groups, applying a log trans-
formation to the predictor variable percentage cover re-
sulted in the best fit whereas for total subplot biomass
the transformation decreased model performance and
resulted in a stronger underestimation of observed data
(Table S8–1; Fig. S8–1). The final models were thus

ln biomasspg
� � ¼ β0 þ β1

� ln percentage coverpg
� �

þ β2 � elevation ð1aÞ
and

ln biomassTHLð Þ ¼ β0 þ β1
� percentage coverTHL
þ β2 � elevation ð1bÞ

where pg is plant group, THL is total herb layer, and
β0, β1, and β2 are model coefficients (Table 4). Diagnos-
tics for the selected bivariate linear regression models
gave strong evidence that all assumption for a linear re-
gression were met, and no observations with high lever-
age existed.
Figure 3 shows the results of predicted THL biomass

as the sum of the detailed modeling based on individual
plant groups (Eq. 1a; mean 60.2 ± 61.0 g·m− 2) and of the
model based on the total subplot cover (Eq. 1b) includ-
ing the woody parts of shrubs (mean 70.5 ± 96.5 g·m− 2).
Both approaches moderately underestimate observed
biomass (mean 75.3 ± 121.1 g·m− 2) but generally return
accurate THL biomass estimates (R2 = 0.52 (p = 0); Cor.-
coeff = 0.72 (p = 0); RMSE = 84.4 g·m− 2 based on the
subplot total; R2 = 0.65 (p = 0); Cor.coeff = 0.81 (p = 0);
RMSE = 81.7 g·m− 2 based on the sum of the model esti-
mates for individual plant groups).
The model for THL biomass (Eq. 1b) was also fitted to

data from 255 subplots without shrub occurrence (N =
187) or with shrub occurrence and measured woody and
non-woody shrub biomass (n = 68) but excluding the
woody parts. Accuracy of this model was also high (R2 =
0.76 (p = 0); Cor.coeff = 0.88 (p = 0); RMSE = 29.3 g·m− 2,
cf. Table 4) predicting a mean non-woody THL biomass
over all 405 subplots of 54.9 ± 72.3 g·m− 2.

Biomass model for plant cover class
Since one purpose of this study was to develop a
model to estimate THL biomass based on the
categorical cover estimated over all six plant groups
on each regular NFI sample plot, the information de-
veloped in the previous steps was extended. Based on
the findings for percentage cover, the linear regres-
sion model was adapted for cover class:

Table 3 Mean C and N contents (% of dry biomass) with standard deviation for six plant groups based on 63 samples per plant
group, i.e. 7 samples in 9 strata of elevation class (< 601, 601–1200, > 1200 m) and focal region (North-East, North-West, South)

Plant group C-content (% ± SD) N-content (% ± SD)

Small herbs 41.55 ± 1.61 2.31 ± 0.59

Tall herbs 40.08 ± 2.72 2.19 ± 0.67

Grasses 43.19 ± 1.39 2.08 ± 0.48

Sedges 43.78 ± 0.67 1.82 ± 0.33

Ferns 44.69 ± 1.07 1.88 ± 0.38

Shrubs - leaves 45.90 ± 1.23 2.04 ± 0.57

Shrubs - woody 46.99 ± 1.74 1.06 ± 0.52

Overall mean incl. Woody parts of shrubs 43.38 ± 2.73 1.89 ± 0.63

Overall mean excl. Woody parts of shrubs 43.20 ± 2.46 2.05 ± 0.52
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ln biomassTHLð Þ ¼ β0 þ β1 � cover classTHL

þ β2 � elevation ð2Þ

where THL is total herb layer, and β0, β1, and β2 are
model coefficients.
The model was used to predict THL biomass based on

cover class and elevation as predictors (Table 5). The re-
duced accuracy due to the use of cover classes instead of
absolute percentage cover (Eq. 1b) did not affect model
performance (R2 = 0.83 (p = 0); cor.coeff = 0.75 (p = 0);
RMSE = 82.6 g·m− 2). Except for cover class 2 (1%–9%
cover), there was no statistically significant difference at
p = 0.05 between observed and predicted THL biomass
within individual cover classes (Table 5).
Similar to the model for percentage cover, the modi-

fied model for cover class was also used to predict non-
woody THL biomass based on cover class and elevation
as predictors (Fig. 4; Table 6). The explained variance
(R2 = 0.79, p = 0) and correlation (Cor.coeff = 0.82, p = 0)
were of the same size as for the total biomass, and
RMSE (33.2 g·m− 2) was less than half. A comparison be-
tween observed and predicted non-woody THL biomass
based on 255 subplots without or with shrub presence
and measured woody and non-woody shrub biomass
(Table 6) showed no statistically significant difference
for cover classes 3 to 6, i.e. cover ≥10%.

Site level biomass
THL biomass of the reference plot was calculated as the
mean of woody and non-woody biomass, respectively,
measured on three subplots on each study site. THL
cover class that was estimated at the level of the refer-
ence plot was used to predict site level biomass. This ap-
proach corresponds to the intended application to
estimate THL and non-woody THL biomass on each
NFI sample plot. The adapted model to predict THL
biomass based on cover class and elevation (Eq. 2) was
applied to estimate biomass on the scale of a reference
plot. THL biomass on the 135 sites was reproduced well
by the model predicting a mean of 63.7 ± 73.5 g·m− 2

(Fig. 5; R2 = 0.72 (p = 0), Cor.coeff = 0.85 (p = 0), RMSE
59.3 g·m− 2). Predicted mean non-woody THL biomass
was 45.1 ± 46.3 g·m− 2 for all 135 subplots, and 63.7 ±
73.5 g·m− 2 for reference plots without shrub presence.

Model evaluation and verification
The coefficients of the model for non-woody THL
biomass and absolute percentage cover (Table 4)
were estimated based on data from all subplots
without shrub-presence or with shrub-presence and
measured shrub leaves (i.e. 255 of 405 subplot). To
evaluate a potential bias introduced by the reduction
in sample number and by accounting for non-woody
parts of shrubs only, model coefficients were

Table 4 Coefficients with standard error of bivariate linear regression model (Eq. 1a for plant groups and Eq. 1b for total herb layer)
between total above-ground biomass and percentage cover and elevation for plant groups and herb layer total on subplots, and
explained variation (R2), Pearson product-moment correlation coefficient (Cor.coeff) and root mean squared error (RMSE). See Table 2
for sample size. Note that for modeling, percent cover of plant group is transformed using the natural logarithm, total herb layer
cover is not transformed

Plant group β0 (Intercept) β1 (Percent Cover) β2 (Elevation) Adj. R2 Cor.coeff RMSE (g·m−2)

Small herbs −0.5935310 ***
(0.1274447)

0.9039098 *** (0.0387518) 0.0003887 *** (0.0001068) 0.63
***

0.63 *** 10.1

Tall herbs −0.3404689 (0.2858600) 1.0773257 *** (0.0624539) 0.0002557 (0.0002246) 0.75
***

0.81 *** 25.1

Grasses −0.1751947 (0.1818310) 1.1453724 *** (0.0481618) 0.00006194 ° (0.0001502) 0.79
***

0.91 *** 28.5

Sedges −0.1314442 (0.1536686) 1.1004399 *** (0.0432052) 0.0003158 * (0.0001321) 0.77
***

0.68 *** 24.2

Ferns −0.6882659 ***
(0.1569825)

1.1599828 *** (0.0390035) 0.0001060 (0.0001206) 0.84
***

0.83 *** 23.8

Shrubs −0.8868706 ***
(0.1464385)

1.1755751 *** (0.0321635) 0.0009174 *** (0.0001047) 0.86
***

0.77 *** 88.9

Shrubs leaves1 − 0.54936569 *
(0.27448296)

0.94944646 ***
(0.06683793)

0.00004201 (0.00019741) 0.75
***

0.83 *** 10.1

Total, incl. Woody parts of
shrubs

0.98555045 ***
(0.09465661)

0.04150483 ***
(0.00106115)

0.00061034 ***
(0.00008286)

0.80
***

0.72 *** 84.4

Total, excl. Woody parts of
shrubs2

1.0841536 *** (0.1165718) 0.0414646 *** (0.0014661) 0.0002700 * (0.0001085) 0.76
***

0.88 *** 29.3

Significance codes: 0 ‘***’, 0.001 ‘**’, 0.01 ‘*’, 0.05 °
1subsample of 68 subplots with measured woody and non-woody shrub biomass from the total 218 subplots with shrub cover
2subsample of 255 subplots without shrub occurrence (N = 187) as well as subplots with measured woody and non-woody shrub biomass (n = 68) but excluding
the woody parts
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estimated based on two alternative subsets of the
subplot data (Table S10–1): i) subplots with mea-
sured woody and non-woody shrub biomass (n = 68),
ii) subplots without shrub occurrence (N = 187). No
statistically significant differences between the alter-
native model implementations existed (Fig. S10–1).
This result gave strong evidence that the model to
predict THL biomass (Eq. 1b) using percent THL
cover and elevation as predictors is also applicable
to estimate non-woody THL biomass (i.e. excluding
woody parts of shrubs).

The model to predict total above-ground plant bio-
mass based on absolute percentage cover and elevation
at the subplot level (Eq. 1b) was applied to predict bio-
mass at sites below 600m (suppl. Material S2). The
model predicted total subplot (N = 27) plant biomass
based on the independent plant cover estimates at visits
#2 and #3 accurately (Fig. 6). From visit #1 to #3, Fig. 6
indicates an increase in observed and a decrease in pre-
dicted total biomass. The increase in the observed bio-
mass is supported by the collected data (i.e. mean and
standard deviation of total biomass from 27 repeatedly

Fig. 3 Observed and predicted total above-ground biomass including woody parts of shrubs (dry matter, g·m− 2). Black circles show the results of
the model for subgroup totals, and red circles show the results of the explicit modeling of each plant group with the plant group prediction
summed up to the subplot total. The lines indicate the relationship between predicted and observed values

Table 5 Coefficients and standard error of standard linear regression model (Eq. 2) between total above-ground biomass including
woody parts of shrubs and cover class and elevation on subplots. For each cover class mean (±SD) observed and predicted biomass
is presented; see Table 1 for sample size

Estimate Standard error Observed subplot biomass (g·m−2) Predicted subplot biomass (g·m−2)

β0 Intercept 0.66864027 *** 0.10240013 na na

β1 cover class 2 na na 4.9 ± 3.9 3.6 ± 0.9

cover class 3 1.29273989 *** 0.09922620 15.5 ± 12.4 12.8 ± 3.1

cover class 4 2.24503984 *** 0.10221280 39.1 ± 28.6 33.5 ± 8.4

cover class 5 3.08838612 *** 0.10419718 99.6 ± 114.4 80.5 ± 23.1

cover class 6 3.95982283 *** 0.10221464 223.2 ± 167.6 190.5 ± 55.9

β2 Elevation 0.00062006 *** 0.00007718 na na

Significance codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 °
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Fig. 4 Observed (points) total non-woody above-ground biomass (dry matter, g·m− 2) on subplots and linear regression model fit (cf. Table 6) for
data from 255 subplots without shrub occurrence (N = 187) as well as subplots with measured woody and non-woody shrub biomass (n = 68)
but excluding the woody parts. Shaded areas indicate the respective 95% confidence intervals. Fig. S9–1 presents the data for total above ground
biomass including woody parts of shrubs

Table 6 Coefficients and standard error of standard linear regression model (Eq. 2) between total non-woody above-ground
biomass from subplots without shrub occurrence (N = 187) as well as subplots with measured woody and non-woody shrub
biomass (n = 68) but excluding the woody parts (i.e. total N = 255) and cover class and elevation on subplots. For each cover class
mean (±SD) observed and predicted biomass is presented; see Table 1 for sample size

Estimate Standard error Observed subplot biomass (g·m−2) Predicted subplot biomass (g·m− 2)

β0 Intercept 0.7716507 *** 0.1232084 na na

β1 Cover class 2 na na 4.1 ± 3.2 3.0 ± 0.4

Cover class 3 1.3341515 *** 0.1155178 13.5 ± 9.3 11.4 ± 1.5

Cover class 4 2.0968932 *** 0.1199388 28.3 ± 16.6 24.6 ± 3.5

Cover class 5 2.9866689 *** 0.1294084 66.3 ± 33.7 60.9 ± 9.8

Cover class 6 3.7241023 *** 0.1409310 145.1 ± 86.3 126.5 ± 20.8

β2 Elevation 0.0003537 *** 0.0001020 na na

Significance codes: 0 ‘***’, 0.001 ‘**’, 0.01 ‘*’, 0.05 °
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sampled subplots in visits #1, #2, and #3 were 100.1 ±
69.3, 129.3 ± 132.8, and 135.0 ± 148.1 g·m− 2, respect-
ively). However, there was also a decrease in observed
cover from 69% ± 28% to 68% ± 29% and 65% ± 27%
mean cover on the 27 subplots, which was responsible
for the decrease in predicted biomass. The diverging
trends in the observations, i.e. increasing biomass and
decreasing percentage cover, were due to primarily two
reasons: height growth and also larger leaf size. These
processes were also responsible for an increasing range
and variability in the measured biomass without observ-
able change in cover.
Absolute percentage cover and THL biomass at the level

of the 50m × 50m reference plot (N = 9) differed very lit-
tle over the tree visits (Table S2–1 and Fig. S2–1). Conse-
quently, predicted biomass over time is more consistent at
this scale (Fig. 6). Following the consistent estimates of
THL percentage cover, THL cover classes did not change
over time and, hence, predicted biomass using the model
based on cover classes (Eq. 2) is constant over time.

Model application to predict herb layer biomass on
regular national forest inventory plots
Applying the developed model to predict THL and non-
woody THL biomass based on cover class (Eq. 2,
Table 6), biomass was estimated for each accessible

sample plot excluding brush forests in the Swiss NFIs 2,
3, and 4 based on the observed THL cover class and ele-
vation of a plot. The mean and the standard error of
THL biomass were 908.6 ± 13.5 kg·ha− 1 in the NFI2
(N = 5679), 899.8 ± 13.3 kg·ha− 1 in the NFI3 (N = 5920),
and 932.0 ± 14.0 kg·ha− 1 in the NFI4 (N = 6042). The
corresponding values for non-woody THL biomass were
586.6 ± 7.7, 575.2 ± 7.6, and 586.7 ± 7.9 kg·ha− 1, respect-
ively. Based on the mean C content of non-woody bio-
mass (Table 3), the total herb layer adds annually
approximately 253.0 ± 3.3 kg C·ha− 1 (NFI2), 248.5 ± 3.3
kg C·ha− 1 (NFI3), and 253.0 ± 3.4 kg C·ha− 1 to the mean
above-ground non-woody C produced by the tree layer
in Swiss forest. On 75% of the NFI sampling plots, this
corresponds to 1% to 35% (median 10%) of the current
estimates of C inputs from tree foliage (Didion and
Thürig 2018). On plots with open forest such as in
young forests or after a disturbance, the contribution of
the herb layer can increase significantly to exceed the C
inputs from tree foliage.

Discussion
The findings of this study support results of several
other studies showing that plant cover of herb layer spe-
cies is a good predictor of their biomass (e.g. Muukko-
nen et al. 2006; Heinrichs et al. 2010; Johnson et al.

Fig. 5 Observed and predicted total (i.e. incl. Woody parts of shrubs) above-ground biomass at 135 study sitesZ at the scale of a 50m× 50m reference
plot. For comparison predicted total non-woody ABG is shown in red circles. The line indicates the relationship between predicted and observed values
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2017). The study also demonstrates that total herb layer
cover estimated over all species is a good predictor for
the whole herb layer biomass. This is consistent with
findings by Muukkonen and Mäkipää (2006) who
showed this for more uniform forests and fewer plant
species in the herb layer. Since the present study covered
a larger gradient of forest types with a high heterogen-
eity in forest structure and herb layer plant composition,
it extends on previous studies and validates the correl-
ation between total herb layer cover and biomass for ap-
plication with cover data collected in NFIs.
The comprehensive data collection in this study allowed

the development of models for individual plant groups (Eq.
1a) as well as for the total herb layer (Eq. 1b). Since the herb
layer typically comprises more than one plant group, cover
of individual plant groups was estimated as the relative con-
tribution to total herb layer cover. This was important since
models such PhytoCalc, which estimate biomass of individ-
ual plant groups based on their individually estimated abso-
lute cover (Schulze et al. 2009; Heinrichs et al. 2010) are not
applicable for use with THL cover estimates. The finding
that observed THL biomass was reproduced more accur-
ately with untransformed cover data was reassuring as log-
log models can result in biased estimates and require the ap-
plication of correction factors (Clifford et al. 2013).

The good agreement between the THL biomass esti-
mates derived from summation of predictions for indi-
vidual plant groups and directly from THL cover (Fig. 3)
further demonstrates the suitability of the approach in
this study for application with aggregated data at the
scale of regional or national forest inventories. The com-
prehensive and large-scale approach of this study cover-
ing the complete range of percentage THL cover (min.
1%, max. 100%, Fig. 2, Table S6–1) and a wide range of
THL biomass (min. 0.4 g·m− 2, max. 1224.1 g·m− 2, Fig. 2,
Table S6–2), as well as a large gradient of forest condi-
tions (Tables S1–1 to S1–5), also ensured that the devel-
oped model coefficients are representative and suitable
for predictions over a wide range minimizing the need
for extrapolation outside the range of observed data.
Muukkonen and Mäkipää (2006) and Muukkonen

et al. (2006) presented a methodology to estimate herb
layer biomass in boreal forests covered by the Finnish
NFI and limited to two forest types and excluding ferns
in the herb layer. The current study presents the first
model that is comprehensive of the total herb layer and
that can be applied in a consistent manner at the na-
tional scale. The estimates of this study for the mean
total non-woody herb layer above-ground biomass in
Swiss forests provide empiric evidence to findings from

Fig. 6 Observed and predicted total herb layer above-ground biomass on subplots open circles; N = 27) and reference plots (diamonds; N = 9)
(dry matter, g·m− 2) on 3 revisited study sites below 600m in 3 cluster regions with 3 independent subplots at each site and visit. Observed data
from visit #1 were already used in model development, data from visits #2 and #3 are considered independent observations
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metastudies (e.g. Gilliam 2007) that the herb layer in for-
ests can contribute significantly to annual net primary
productivity and even more so to annual litterfall. The
estimated median THL contribution of approximately
10% to annual litterfall in Swiss forests agrees well with
estimates reported in Gilliam (2007) or in Welch et al.
(2007). The results are also consistent with findings of
de Wit et al. (2006), who report that C inputs from litter
produced by ground vegetation can account for almost
all C inputs in recently harvested stands and between
10% to 50% in middle-aged and old stands.
In this study, no or only weak correlations were found

between herb layer cover and other forest attributes such
as over- and midstory tree and shrub vegetation, which
were identified as important driver in relevant studies
(e.g. Muukkonen and Mäkipää 2006; Landuyt et al.
2019b). This may be due to the typically heterogeneous
forest structure in Switzerland (Thürig and Kaufmann
2010) preventing single attributes to become dominant
drivers at the national scale of the NFI. The forest het-
erogeneity may also be the driver of the comparably high
herb layer diversity, which was found in this study
(Table 2). The finding that the total herb layer biomass
was predicted with the same or even better accuracy
than individuals plant groups (Table 4) supports this hy-
pothesis. It suggests that competition between plant
groups may cause a high variability in the individual
plant group biomass but that this effect is less noticeable
considering the total biomass on a subplot.
The high variability in herb layer biomass also affects

the uncertainty associated with the model prediction,
which increases with increasing herb layer cover (Fig. 4).
In large scale applications such as for cover data from
NFIs with large sample sizes, it can be expected that this
effect is minimized for the mean estimate (Melo et al.
2018). A reduction of variability in observed and pre-
dicted THL biomass could be achieved by using nar-
rower intervals for cover classes improving accuracy of
predicted biomass (Alberdi et al. 2018). As shown in this
study, experienced field crews estimate cover very con-
sistently, which is supported by the data from the re-
peated sample (Table S2–1).
Consistency in the estimates of THL cover is import-

ant as NFI samples plots are visited between spring and
fall and the stage of herb layer cover may differ between
plots. Inconsistent cover estimates would introduce add-
itional uncertainty in the biomass estimates, which could
not be quantified. Quantification of uncertainty is im-
portant however to ensure transparency and comparabil-
ity of data. This is particularly true in cases where herb
layer biomass estimates are used for reporting, for ex-
ample in Forest Resource Assessments of the FAO or in
greenhouse gas inventories under the UNFCCC or the
Kyoto Protocol.

Conclusions
In many countries NFIs provide important on timber re-
sources and increasingly additional observation are in-
cluded. It is important to make the most use of them. In
this study a commonly observed attribute herb layer
cover was applied to obtain biomass estimates in a har-
monized and standardized methodology applicable to
NFIs applying the ENFIN definition of the herb layer. A
comprehensive data set ensured that the developed
model to estimate herb layer biomass is representative of
the forest herb layer at large scales representing a high
variability of forest environments.
The model is parsimonious requiring only readily avail-

able elevation data of sample plots in addition to NFI
cover estimates. The study demonstrated that the pre-
sented approach is suitable for use with NFI data and pro-
vides unbiased estimates at the national scale. These
qualities are particularly important for applications requir-
ing transparent methodologies that result in accurate,
consistent, and comparable data such as international
reporting for Forest Resource Assessments or greenhouse
gas inventories.
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