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Summary 

The Swiss national forest inventory (NFI) provides comprehensive information on the state of forests in 

Switzerland. The NFI is thus an important source of data for monitoring and reporting purposes such as 

under the Global Forest Resources Assessment or the United Nations Framework Convention on Climate 

Change. In addition to attributes of trees such as species and diameter, information on ground vegetation 

is collected in the NFI. Among other, the total cover of the herb layer on each NFI sample plot is 

estimated. Because non-woody, herbaceous plants can add a significant proportion to the total plant litter 

production in forest ecosystems, their contribution to the carbon balance of forests is accounted for in 

national greenhouse gas inventories (GHGI), e.g., by and Norway. In Switzerland, this is currently not the 

case due to the lack of data required to estimate the biomass of herbaceous plants. 

The purpose of this project was to develop a model to estimate herb layer biomass and carbon stock based 

on the categorical cover estimate on each NFI sample plot. To this end, biomass and cover of the six main 

plant groups in the herb layer were collected from 405 1x1 m subplots on 135 study sites (15 sites in 9 

strata) which were selected based on a stratified sampling approach. To ensure consistency with NFI 

methodology, study sites corresponded to the design of regular NFI sample plots and plant cover was 

estimated by trained field-crew members. Based on the dry weight of the plant biomass and the cover 

estimate on each subplot, a linear regression model was developed and applied to estimate herb layer 

biomass on each NFI sample plot. 

Of the included plant groups herbs, grasses, sedges, ferns, and dwarf shrubs, herbs occurred most often 

and shrubs including their woody parts had the highest biomass. The mean above-ground biomass of all 

plants in the herb layer was 75.33 ±121.07 g m2 dry matter (mean ±SD). Besides plant cover, study site 

elevation was the only statistically significant explanatory variable for biomass. No effects were found for 

production region, forest type, forest structure, successional stage, and dominant tree species. The 

regression model based on percentage plant cover and study site elevation successfully predicted biomass 

(R2=0.80, Cor.coeff = 0.72, p< 0.001) and also based on plant cover class and elevation (R2=0.83; 

Cor.coeff =0.91, p<0.001). The good performance was further supported by the verification with two 

independent biomass observations (R2: 0.57 and 0.59, Cor.coeff: 0.76 and 0.78; p<0.001). The mean 

carbon content was 43.5% with only little variation between plant groups and sample strata, respectively. 

The application of the model to all NFI sample plots resulted in an estimated 906.9 ±13.5 kg ha-2 total 

above-ground biomass in the herb layer in the NFI4. Assuming an annual turnover of 1 and a below-

ground biomass of 50% of the above-ground biomass, the annual litter production of the herb layer 

corresponds on the majority of NFI sample plots to less than 20% of the currently estimated non-woody 

litter inputs for the Swiss GHGI. 

The findings of this study support results of several other studies that herb layer cover is a good predictor 

of plant biomass. The study further demonstrates the importance of this vegetation layer for total litterfall 

in forests. Accounting for the contribution of the herb layer to litter production in Swiss forests could 

result in a moderately higher (5-10%) emissions compared to the data reported in the Swiss GHGI 1990-

2016.  



3 

 

1. Introduction 

The Swiss national forest inventory (NFI) provides comprehensive information on the state of forests in 

Switzerland. The NFI is thus an important source of data for monitoring and reporting purposes such as 

under the Global Forest Resources Assessment (FRA) or the United Nations Framework Convention on 

Climate Change (UNFCCC). 

Historically, forest inventories focused on timber resources and the accurate estimation of growing stock 

(Tomppo et al. 2010). Today, in most forest inventories additional information is collected such as non-

woody understory vegetation, which is an important component of forest ecosystems and contributes to 

forest ecosystem functions such as biodiversity, nutrient and carbon dynamics (Gilliam 2007). Because 

non-woody, herbaceous plants can add a significant proportion to the total plant litter production in forest 

ecosystems (de Wit et al. 2006, Gilliam 2007, Lehtonen et al. 2016), the contribution of shrubs, herbs, 

ferns, grasses, and mosses to the carbon balance of forests is accounted for in national greenhouse gas 

inventories, e.g., by Finland (Statistics Finland 2017) and Norway (Norwegian Environment Agency 

2017). In Switzerland, this is currently not the case due to the lack of data required to estimate the biomass 

of herbaceous plants. 

On sample plots of the Swiss NFI, the total cover of the herb layer (HL) including herbs, grasses and 

sedges, ferns, and dwarf shrubs is recorded in six classes. The HL cover estimate thus accounts for all 

plants smaller than ca. 100 cm excluding mosses, large perennial woody shrubs and young trees. Since the 

HL cover observations are made on each NFI sample plot, their change between two observations due to 

changing forest conditions can be tracked back to the second NFI (1993-1995) when this attribute was 

first recorded. 

The purpose of this project was to develop a model to estimate HL biomass and carbon (C) stock based on 

the categorical cover estimate on each NFI sample plot. This information could then be used to fill an 

existing gap in the Swiss GHGI which currently does not consider the contribution of HL to the forest C 

balance thus enhancing completeness and accuracy of the GHGI. Because HL biomass and C stock is 

estimated on individual NFI sample plots, consistency with the growing stock estimate and the approach 

to establish the C balance of Swiss forests under the UNFCCC (FOEN 2017) is ensured; estimates are 

representative for the entire Swiss forest and reflect forest development, management interventions, and 

disturbance at each sample plot over time. The study provides a first, comprehensive examination of HL 

cover and biomass in Swiss forests. It extends on the one existing comprehensive assessment of this kind 

in Finland (Muukkonen et al. 2006) as it covers a wider range of forest types, topography and climate, and 

it provides a more consistent estimate as all data are collected in the same study. 
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2. Methods 

2.1. Study sites 

To obtain representative estimates for the Swiss forest, data on HL cover and above-ground biomass 

(AGB) were collected on 135 study sites (Fig. 1) based on a stratified sampling approach. The goal was to 

cover the range of forests regarding type and stock in the main forest strata of the NFI and the GHGI 

representing five production regions and three elevation levels (chp. 6.4.2.2 in FOEN 2017). To this end, 

three focal regions (North-East, North-West, South) were identified and stratified by 3 elevation classes 

(≤600 m, 601-1200, >1200 m) based on prior information on forest type and HL cover class. In each of 

the resulting 9 strata, 15 study sites were installed to represent five HL cover classes (Tab. 1) with 3 

replicates each to capture the variability caused by forest stand structure. Thus, there were 45 sites in each 

focal region and also 45 sites with each elevation class. Following the NFI protocol, a 50x50 m reference 

stand was established at each site near permanent NFI sample plots and coordinates, elevation, forest type, 

forest structure, successional stage, dominant tree species, and cover of the tree regeneration were 

recorded (NFI Field manual, Düggelin and Keller 2017). The distribution of study sites with elevation 

classes varied because of topography and the presence of suitable forests within a focal region (Fig. 2). 

 

Figure 1. Location of the 135 study sites in 9 strata (3 elevation classes in 3 focal regions) within the 5 

NFI production regions. 

 

North-East 

North-West 

South 
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Table 1. Herb layer (HL) cover classes in the Swiss National Forest Inventory (NFI) and in this study. 

NFI HL Cover class NFI Definition This study 

0 Snow No  

1 <1% no vegetation cover No 

2 1–9% vegetation cover Yes 

3 10–25% vegetation cover Yes 

4 26–50% vegetation cover Yes 

5 51–75% vegetation cover Yes 

6 76–100% vegetation cover Yes 

Study sites below 600 m elevation were visited between 17 May and 10 June 2017, sites between 601 and 

1200 m in the time of 18 July and 12 August, and the sites above 1200 m between 5 and 23 September. 

The temporal staggering was to ensure to capture the biomass peak of the vegetation at the different 

elevation levels. In each focal region, three study sites below 600 m were revisited during the second and 

third field campaigns to i) evaluate the consistency of the observations regarding seasonal variation 

(section 2.2.), and ii) to obtain additional independent cover and biomass data for model verification 

(section 2.4.). Because biomass on the subplots on these sites was removed during the first visit, subplots 

were offset at the corners during the second and third visit. 

 

Figure 2. Distribution of elevation of 15 study sites within 3 elevation classes by the three focal 

regions. 
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2.2. National Forest Inventory methodology – herb layer cover estimation 

The NFI attribute “herb layer cover” is defined as the degree cover of this vegetation layer within the 50 m 

by 50 m reference stand including ferns, grasses, sedges, herbs, and dwarf shrubs but not mosses 

(Düggelin and Keller 2017); specifically excluded 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, Lonicera). Cover is collected on each NFI sample plot and is estimated from the center of the 

reference stand following 7 cover classes (Tab. 1). The herb layer cover attribute 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 estimates regarding 

seasonal variation in the species composition and in the biomass development. 

In this study we restricted the sampling to cover classes with ≥1 % vegetation cover and cover was 

estimated as percentage cover that can be used to evaluate the accuracy of the relationship between cover 

class and biomass. Additionally to the standard NFI methodology which considers the HL as a whole, the 

relative contribution of individual plant groups (Tab. 2) to the total HL cover was evaluated based on the 

plant group percentage cover estimates. 

Since the cover estimates were to be used to estimate plant biomass, a subsample of the study sites below 

600 m were revisited to detect the consistency of the cover estimate during different development stages 

of the vegetation. The purpose was to evaluate the accuracy and consistency of the initial cover estimate 

for the whole 50x50 m reference stand resulting from seasonal change in plant and peak biomass 

development. This was particularly important because the model is to be used to estimate biomass on 

regular NFI sample plots which are visited between April and October. Further, plant biomass was 

harvested on additional subplots to be used for verifying the biomass model. 

As independent or explanatory variables which are available for all NFI sample plots, we collected for 

each reference stand information on elevation, forest type, forest structure, successional stage, dominant 

tree species, and cover of the shrub layer (incl. all woody plants between 0.5 and 3m in height as well as 

the lower branches of larger trees, i.e. excluding dwarf shrubs that are part of the HL). These attributes 

were collected by the field crew for all 135 study sites following the NFI protocol.  
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Table 2. Plant groups with typical species within the herb layer identified in this study. 

Plant group Typical species  

Small herbs (height < ca. 30 cm) Allium ursinum L. (herb) 
Anemone nemorosa (herb) 
Convallaria majalis (herb) 
Fragaria ssp (herb) 
Galium ssp (herb) 
Geranium ssp (herb) 
Maianthemum bifolium (herb) 
Mercurialis spp. (herb) 
Oxalis acetosella (herb) 
Paris quadrifolia (herb) 
Potentilla ssp (herb) 
Primula ssp (herb) 
Pulmonaria officinalis (herb) 
Taraxacum officinale (herb) 
Veronica ssp (herb) 
Viola ssp (herb) 

Tall herbs (height > ca. 30 cm) and forbs Aruncus dioecus (forb) 
Campanula ssp (herb) 
Epilobium spp (herb) 
Equisetum spp. (forb) 
Digitalis spp. (forb) 
Gentiana ssp (forb) 
Impatiens ssp (forb) 
Helleburus ssp (herb) 
Lamium spp. (Forb) 
Orchid species (e.g., Cephalanthera spp) 
Polygonatum ssp (herb) 
Solidago ssp (forb)  
Umbelliferae (herb div. species) 

Grasses Agrostis spp. 
Brachypodium pinnatum 
Calamagrostis spp. 
Festuca ssp  
Holcus mollis  
Melica nutans 
Molinia ssp 
Sesleria caerulea 

Sedges and rushes Carex spp. (sedge) 
Juncus spp. (rush) 
Luzula nivea (rush) 
Luzula sylvatica (rush) 
Scirpus sylvaticus (sedge) 

Ferns Athyrium filix-femina  
Dryopteris spp. 
Phyllitis scolopendrium 
Pteridium aquilinum 

Dwarf-shrubs (height < ca. 50 cm) Juniperus communis subspecies nana 
Rubus spp. 
Rhododendron ferrugineum 
Rhododendron hirsutum 
Vaccinium spp. 
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2.3. Vegetation sampling and processing 

To develop a model for estimating the biomass of each plant group in the HL and for the whole HL, on 

each of the 135 study sites (15 sites in 9 strata), 3 subplots of 1x1 m were situated in three directions 

(azimuth 0º, 150º, and 266º) at 12.5 m distance from the center of the 50x50 m reference stand (Fig. 3). 

On each of the 405 subplots (135 sites with 3 subplots) the total cover of all herbaceous plants and the 

relative percentage cover of each present plant group consistent with the procedure for the reference stand 

was estimated. To be able to use the cover estimates as predictors for plant biomass, AGB within the 

1x1 m quadrat (Fig. 4) was removed separately by plant group. After 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 hours at 60ºC, or until the weight remained constant. After drying, a subsample of the 

shrubs (N=68) were separated into leaves and the woody stem. 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 subplot. A total of 126 samples were analyzed, including 63 individual samples (7 plant groups incl. 

foliage and woody parts of shrubs from 9 subregions), and 63 pooled samples (7 mixed samples with 

typical species composition from 9 subregions). 

 
Figure 3. Study design with three subplots on a 50x50 m reference stand. 
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Figure 4. Within the 1x1 m subplot, first the percent cover of HL plants was estimated and the above-

ground biomass was successively removed and collected, separately by plant group. 

2.4. Data analysis and model development 

Addressing the primary objective to develop a model for predicting the total HL biomass (expressed as 

dry matter [g m2]) from the total and categorical HL cover estimated on each NFI sample plot, the data on 

the dried plant material from 405 subplots were analyzed in several steps: 

1. Analyzing the data using descriptive statistics including testing for plausibility and agreement 

with assumptions for regression analysis, i.e. linearity and additivity of the relationship between 

dependent (biomass) and independent variables. 

2. Calculating the leaf to total biomass ratio for shrubs, henceforth shrubleaf:total. 

3. Modeling biomass based on percentage cover individually for each plant group and for the total 

(i.e. over all plant groups) using  

a) simple linear regression models of the general form  

𝑌𝑝 = 𝛽0 + 𝛽1𝑥1  + ⋯ +  𝛽𝑖𝑥𝑖 +  𝜀 (eq. 1) 

and 

b) mixed effect models following the approach by Muukkonen and Mäkipää (2006) of the 

general form 

𝑌𝑝 = 𝛽0 + 𝛽1𝑥1  + ⋯ +  𝛽𝑖𝑥𝑖 +  𝐴 +  𝜀 (eq. 2) 
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where Yp is the biomass of plant group p, β’s are model coefficients, x1 to xi are independent 

variables, A is a mixed coefficients to account for the variance introduced for the case of non-

independence of the subplots, and ε is an error term.  

c) Identifying an applicable model, i.e. simple linear regression models in the absence, or mixed 

effects models in the presence of non-independence (cf. Muukkonen and Mäkipää 2006). 

The models for shrubs and for subplot totals were fitted based on total shrub biomass and non-

woody shrub biomass only, i.e. leaves, which was estimated for shrubs on all subplots with shrub 

presence based on the shrubleaf:total.ratio. 

4. Applying the models for subplot totals using categorical cover based on cover classes used in the 

NFI (Tab. 1). 

5. Verifying the model for total biomass over all plant groups using independent data from the 

repeated samples. 

The data analysis and model development was carried out in the R computing environment (version 3.4.3; 

R Core Team 2016). 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 performed with a minimum set of 

predicting variables that are available in a consistent manner throughout all NFIs and on all NFI sample 

plots. As a measure of the strength of the relationship between predicted and observed plant biomass, the 

Pearson product-moment correlation coefficient (Cor.coeff) was used. If not otherwise noted, mean and 

standard deviation are presented in the text. 

3. Results 

3.1. Descriptive statistics 

As the study was designed to provide a balanced and representative sample of HL cover and AGB in five 

cover classes (section 2.1), 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 subplots (Tab. 3). 

Tables 4 and 5 present an overview of the collected data for percentage cover and biomass. Of the six 

plant groups, small herbs occurred most often (325 of 405 subplots) and tall herbs least often (101 of 405 

subplots). When present on a subplot, shrubs typically had a higher percentage cover than the other 

species (Tab. 4). Shrub cover was evenly distributed whereas other species generally had a cover lower 

than ca. 40% (Fig. 5). Biomass on subplots differed between plant groups. Small herbs had the lowest and 

shrubs including the woody part had the highest biomass (Tab. 5; Fig. 5). There was no statistically 

significant difference of total AGB including woody parts of shrubs in the nine subregions (Fig. 6). Sites 

in the South tended to have a higher variability and moderately higher biomass than sites in the North. 
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Table 3. Distribution of five cover classes on 405 subplots. 

Cover class 2 3 4 5 6 total 

Number of subplots 76 92 81 75 81 405 

 

Table 4. Frequency and distribution in the percentage cover (mean, minimum, 25th quantile, median 

75th quantile, maximum) for individual plant groups calculated from the plant samples collected on 

405 subplots of 135 study sites. The herb layer (HL) total represents all plants found on a subplot 

but not all plant groups may be present and the composition may be different. 

plant 
group 

frequency 

mean 
±SD 

minimum 25 %ile % median 75%ile maximum 

% cover 

small 
herbs 

325 11 ±13 1 3 5 15 75 

tall herbs 101 16 ±23 1 3 6 15 95 

Grasses 159 13 ±18 1 2 5 15 90 

Sedges 196 9 ±15 1 1 3 8 73 

Ferns 174 19 ±21 1 3 8 27 95 

Shrubs 218 24 ±27 1 4 10 41 100 

HL Total 405 43 ±32 1 13 40 70 100 

Table 5. Distribution (mean, minimum, 25th quantile, median 75th quantile, maximum) of plant group 

and total herb layer (HL) biomass (dry matter [g m2]) on 405 subplots. See Table 3 for sample size. 

plant group 
mean ±SD minimum 25 %ile % median 75%ile maximum 

biomass [g m2] 

small herbs 8.40 ±12.70 0.05 1.55 4.23 9.08 79.28 

tall herbs 25.62 ±41.88 0.10 3.10 6.43 35.13 245.18 

Grasses 28.64 ±57.77 0.01 2.57 7.47 26.82 355.04 

Sedges 15.61 ±32.76 0.01 1.91 5.45 16.09 305.36 

Ferns 23.26 ±39.16 0.15 2.24 7.05 26.35 230.66 

Shrubs, incl. 
woody parts 

62.08 ±127.18 0.05 5.17 15.56 69.39 1172.88 

Subsample 
shrubs1 

37.04 ±68.76 0.91 5.91 11.86 44.31 486.20 

Subsample 
shrubs1 - leaves 

11.69 ±16.35 0.29 2.16 4.64 13.94 78.22 

HL Total, incl. 
woody parts of 
shrubs 75.33 ±121.07 0.40 10.21 31.88 87.36 1224.08 
1 subsample of 68 subplots from the total 218 subplots with shrub cover 

The analysis of the dependent variable biomass found no implausible values. Few observations for sedges 

and shrubs with comparably high values (compare Fig. 5) could be explained by particularly favorable site 
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conditions or abundant plant growth. As indicated by the descriptive statistics of measured biomass 

(Appendix I) and model diagnostics (Appendix II), these values were not influential and did not introduce 

a bias. The raw biomass data were not normally distributed but could be normalized using a logarithmic 

transformation (Fig. A-1). 

 

Figure 5. Observed plant group above-ground biomass (dry matter [g m2]) 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 (N=218). Note the different y-axis scales. 
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Figure 6. Variability (N=45) of observed total above-ground biomass (i.e. plant group totals per subplot 

including woody parts of shrubs) in 9 subregions (three elevation classes in three focal region; 

N=45 subplots per region). 

3.2. Leaf to total biomass ratio for shrubs 

Based on the spatially representative subsample of data on shrubs from 68 of 218 subplots where shrubs 

were found, the mean shrubleaf:total ratio was estimated based on the measured total dry weight (i.e., 

including woody parts) and the measured dry weight of the non-woody parts (Fig. 7). The mean 
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shrubleaf:total ratio was 0.42 with a minimum of 0.07 and 0.74. The shrubsleaf:total ratio was significantly 

affected by elevation (p<0.001) and shrub cover (p<0.05) which together explained 0.34% of the variation 

in the data (p<0.001). Figure 7 also shows the trend of a decreasing shrubsleaf:total ratio with increasing total 

AGB. Based on this data, a linear regression model was developed to predict the shrubleaf:total ratio on all 

subplots with shrub presence: 

𝑠ℎ𝑟𝑢𝑏𝑙𝑒𝑎𝑓:𝑡𝑜𝑡𝑎𝑙 = 0.68319023 − 0.00176649 ∗ 𝑠ℎ𝑟𝑢𝑏𝑝𝑒𝑟𝑐−𝑐𝑜𝑣𝑒𝑟 − 0.00024169 ∗ 𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 (eq. 3) 

where shrubperc-cover is the percent shrub cover and elevation is the elevation of the subplot in meters above 

sea level. The standard errors of the coefficients are 0.68319023 ±0.04767406, -0.00176649 ±0.00081500, 

and -0.00024169 ±0.00004145, respectively. 

Using this model the shrubleaf:total ratio was estimated for the subplots with shrub cover but without 

measured leaf biomass, and shrub leaf biomass was predicted (Fig. 8). For the 68 subplots with measured 

shrub leaf biomass, the shrubsleaf:total ratio model predicted shrub leaf biomass very well. The predicted 

biomass on 150 subplots with shrub cover but without measured leaf biomass was generally higher than 

on the 68 subplots with measured shrub leaf biomass. This was expected as total shrub biomass was 

higher on these subplots as well (Tab. 5). The predicted shrub leaf biomass on all 218 subplots with shrub 

presence did not differ statistically significantly from the observed biomass (Fig. 8). 
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Figure 7. Observed shrub leaf biomass (dry matter [g m-2]) in relation to total shrub biomass, i.e. 

including leaves and woody parts on subplots with measured leaf and total dry weight (N=68). The 

solid line indicates the mean shrubleaf:total ratio of 0.42, dashed lines indicate min (0.07) and max 

(0.74). 
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Figure 8. Boxplots for measured shrub leaf biomass on 68 subplots with measured data, predicted 

above-ground biomass (eq. 3) on 68 subplots with measured data, predicted biomass on 150 

subplots with shrub presence but without measured data, and predicted biomass on all 218 

subplots with shrub presence. 

3.3. Modeling biomass 

To predict plant group and total plant AGB based on percentage cover, simple linear regression (eq. 1) and 

mixed effects (eq. 2) models were used. The statistical analysis of the relationship between percentage 

cover and dry weight indicated no or only minimal effects of the subplots on the explained variation in 

plant biomass, i.e. model coefficients estimates, explained variation, and quality (AIC) were the same or 

similar for the simple linear regression model and the mixed effects model. Thus, it could be assumed that 

the measurements on the three subplots on each study site are independent, 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 
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returned the same statistical information as the simple linear regression model. Hence, in the following 

only results of the linear regression model are presented. 

Among the explanatory variables, besides observed cover, elevation was the most influencing factor for 

most plant groups, although significant (p<0.001) only for small and tall herbs and dwarf shrubs including 

woody parts. Shrub layer cover was also significant (p<0.05) for small and tall herbs and dwarf shrubs but 

had no effect on other plant groups. However, shrub layer cover data were not available for all study sites 

(124 out of 135) and thus for subplots and did not substantially improve model performance. No effects 

were found for production region, forest type, forest structure, successional stage, and dominant tree 

species. The resulting model was: 

 

log(𝑏𝑖𝑜𝑚𝑎𝑠𝑠𝑝𝑔) = 𝛽0 + 𝛽1𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑐𝑜𝑣𝑒𝑟𝑝𝑔  + 𝛽2𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛𝑝𝑔 (eq. 4) 

where pg is plant group, and β0, β1, and β2 are model coefficients (Tab. 6). 

 

Table 6 shows model coefficients and performance for all individual plant groups and for total subplot 

cover and AGB. The model based on observed total AGB and total percentage cover explained the 

variation in the dependent variable biomass (R2=0.8) significantly better than any of the models for 

individual plant groups (R2: 0.43-0.67; Tab. 6). Diagnostics for the selected simple linear regression 

models gave strong evidence that all assumption for a linear regression were met, and no observations 

with high leverage existed (Fig. A-2 for total subplot biomass including woody parts of shrubs). 

Figure 9 shows the results of predicted AGB for the detailed modeling based on individual plant groups 

and the model based on the total subplot AGB including the woody parts of shrubs. Both models 

underestimate observed biomass in the case of high observed values (i.e, > ca. 600 g m-2), and the 

modeling based on individual plant groups strongly overestimates the middle range of the observed values 

between ca. 200 and 600 g m-2. The model estimate based on the subplot total (R2=0.52; Cor.coeff = 0.72, 

p< 0.001) represents observed values better than the estimate based on individual plant group models 

(R2=0.27; Cor.coeff  = 0.52, p< 0.001). 
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Table 6. Explained variation (R2) and coefficients and standard error of standard linear regression 

model (eq. 4) between total above-ground biomass and percentage cover plus the significant 

explanatory variable elevation for plant groups and totals on subplots. See Table 3 for sample size. 

plant group Adj. R2 β0 (Intercept) β1 (Percent Cover) β2 (Elevation) 

small herbs 0.43*** 0.2817042* 
(0.1415711) 

0.0656383*** 
(0.0042670) 

0.0004162** 
(0.0001330) 

tall herbs 0.59*** 0.1861327 
(0.3561955) 

0.0543869*** 
(0.0045303) 

0.0009097** 
(0.0002882) 

grasses 0.58*** 1.07105482*** 
(0.23361599) 

0.07093554*** 
(0.00486855) 

0.00006194 
(0.00021145) 

sedges 0.49*** 0.8629530*** 
(0.2111230) 

0.0731165*** 
(0.0054508) 

0.0001293 
(0.0001981) 

ferns 0.66*** 0.86628559*** 
(0.19345267) 

0.06308477*** 
(0.00340596) 

-0.00007337 
(0.00017259) 

shrubs 0.67*** 0.7650800*** 
(0.1910906) 

0.0527510*** 
(0.0025056) 

0.0008214*** 
(0.0001606) 

shrubs leaves1 0.60*** 0.81303144** 
(0.28895466) 

0.04900197*** 
(0.00493973) 

-0.00007224 
(0.00025124) 

total, incl. woody 
parts of shrubs 

0.80*** 0.98555045*** 
(0.09465661) 

0.04150483*** 
(0.00106115) 

0.00061034*** 
(0.00008286) 

Significance codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 
1 subsample of 68 subplots from the total 218 subplots with shrub cover 
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Figure 9. Observed and predicted total above-ground biomass including woody parts of shrubs (dry 

matter [g m2]). 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. 

3.3.1. Integrated model for total non-woody biomass 

To obtain an estimate of total non-woody AGB using simple regression (eq. 4), several alternatives were 

evaluated for establishing the model coefficients using 

a) data from 68 subplots where shrubs occurred and their non-woody biomass was measured; 

b) data from 255 subplots including also 187 subplots with no shrub presence in addition to the 68 

subplots where shrubs occurred and their non-woody biomass was measured; and 

c) data for all 405 visited subplots based on modeled non-woody shrub biomass (cf. section 3.2) on 

all 218 subplots where shrubs occurred. 
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This was done to evaluate and minimize a potential bias introduced by only considering subplots with 

measured non-woody shrub biomass or such subplots in combination with subplots without shrub 

presence. A bias may be introduced by the fact that these alternatives do not represent the observed 

presence of shrubs on all 405 visited subplots, i.e., 218 of 405 subplots or 54% compared with 68 of 68 or 

100% and 68 of 255 or 27%). Table 7 present model coefficients and performance of the three 

alternatives. 

The predicted total non-woody biomass for all 405 subplots using eq. 4 with three alternative sets of 

coefficients (Tab. 7) showed that the three alternative approaches to predict total non-woody AGB on 405 

subplots produce similar results (Fig. 10). Using t-tests and ANOVA no statistically significant differences 

between the three alternative estimates of non-woody biomass estimates existed. This result gave strong 

evidence that the model to predict total biomass (eq. 4) using percent plant cover and elevation as 

predictors is also applicable to estimate total non-woody biomass (i.e. excluding woody parts of shrubs). 

Using coefficients developed for modeled non-woody shrub biomass (alternative case c) in Tab. 7) total 

non-woody biomass was predicted accurately on plots with measured non-woody shrub biomass. The 

robustness of the model was examined using diagnostic tests ensuring that model assumptions are not 

violated (Fig. A-3 for total subplot biomass including woody parts of shrubs). 

Table 7. Explained variation (R2) and coefficients plus standard error of standard linear regression 

model (eq. 4) between biomass and percentage cover plus the significant explanatory variable 

elevation for total on subplots excluding woody parts of shrubs. Statistics include results for data 

from 68 subplots where shrubs occurred and their non-woody biomass was measured, data from 

255 subplots including also 187 subplots with no shrub presence, and data for all 405 visited 

subplots including further 150 subplots with shrub presence and modeled (cf. section 3.2) non-

woody shrub biomass. 

Alternative 
estimation 
approach 

Adj. R2 β0 (Intercept) β1 (Percent Cover) β2 (Elevation) 

a) total, excl. 
woody parts 
of shrubs on 
68 subplots 

0.80*** 
1.5922775*** 
(0.1773018) 

0.0336501*** 
(0.0020617) 

0.0001637 
(0.0001487) 

b) total, excl. 
woody parts 
of shrubs on 
255 subplots 

0.76*** 
1.0841536*** 
(0.1165718) 

0.0414646*** 
(0.0014661) 

0.0002700* 
(0.0001085) 

c) Total based 
on modeled 
leaf mass on 
405 subplot 

0.79*** 
1.0479855*** 
(0.0911568) 

0.0387414*** 
(0.0010219) 

0.0004044*** 
(0.0000798) 
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Figure 10. Predicted total non-woody biomass (i.e., excluding woody parts of shrubs [g m2]) for three 

alternative cases to obtain model coefficients for the model using percent plant cover and elevation 

as predictors (eq. 4): based on data from a) 68 subplots where shrubs occurred and their non-

woody biomass was measured (set 1); b) 255 subplots including additional 187 subplots with no 

shrub presence (set 2); and c) 405 visited subplots including further 150 subplots with shrub 

presence and modeled non-woody shrub biomass (set 3). 
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3.4. Biomass model for plant cover class 

Since one purpose of this study was to develop a model to estimate total HL AGB based on the categorical 

cover estimated over all six plant groups on each regular NFI sample plot, the information developed in 

the previous steps was extended. Based on the findings for percentage cover, the simple linear regression 

model (eq. 4) was adapted for cover class: 

 

log(𝑏𝑖𝑜𝑚𝑎𝑠𝑠𝑝𝑔) = 𝛽0 + 𝛽1𝑐𝑜𝑣𝑒𝑟 𝑐𝑙𝑎𝑠𝑠𝑝𝑔  + 𝛽2𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛𝑝𝑔 (eq. 5) 

where pg is plant group, and β0, β1, and β2 are model coefficients. 

3.4.1. Total above-ground biomass 

The revised model for cover class (eq. 5) was used to predict total AGB (i.e. including woody parts of 

shrubs) based on the 5 cover classes and elevation as predictors (Tab.8, Fig. 11). The model explained 

>80% of the variance (R2=0.83). The predicted biomass represents observed data well as indicated by the 

correlation coefficient of 0.91 (p<0.001) based on the log-transformed data. Figure 11 shows observed 

biomass and the model fit of the linear regression to predict biomass based on cover class and elevation. 

The figure shows a moderate to high variability of observed biomass in the five cover classes spanning 9% 

(cover class 2), 16% (class 3), and 25% (classes 4 to 6) percentage cover. The root mean square errors for 

each cover class (Tab. 9) however indicate a good model fit.  

Table 8. Coefficients and standard error of standard linear regression model (eq. 5) between total 

above-ground biomass and cover class plus the significant explanatory variable elevation on 

subplots. 

  Estimate Standard 
error 

p 

β0 Intercept 0.66864027 0.10240013 <0.0001 

β1 cover class 2 na na na 

cover class 3 1.29273989  0.09922620 <0.0001 

cover class 4 2.24503984  0.10221280 <0.0001 

cover class 5 3.08838612  0.10419718 <0.0001 

cover class 6 3.95982283  0.10221464 <0.0001 

β2 Elevation (z) 0.00062006  0.00007718 <0.0001 
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Table 9. Mean and standard deviation (SD) of observed and predicted total above-ground biomass 

(dry matter [g m2]) and root mean square error (RMSE) between predicted and observed values in 

5 cover classes. 

Cover class Biomass [g m-2] 

 observed predicted 
RMSE 

 mean SD mean SD 

2 4.94 3.92 3.57 0.87 3.97 

3 15.45 12.37 12.77 3.06 12.36 

4 39.10 28.64 33.53 8.40 27.99 

5 99.62 114.37 80.49 23.06 105.85 

6 223.15 167.56 190.46 55.88 150.93 
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Figure 11. Observed (circles) total above-ground biomass (dry matter [g m2]) on subplots and linear 

regression model fit (cf. Tab. 8). Note that Figure shows log-transformed biomass with a secondary 

y-axis showing the corresponding absolute values; Figure A-4 shows untransformed data. 

3.4.2. Total non-woody above-ground biomass 

Similar to total AGB, the revised model for cover class (eq. 5) was used to predict total non-woody AGB 

(i.e. excluding woody parts of shrubs) based on the 5 cover classes and elevation as predictors (Tab.10, 

Fig. 12). The explained variance (R2=0.80) and correlation (Cor.coeff = 0.91, p<0.001) based on the log-
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transformed data was of the same strength as for the total biomass. Figure 12 shows that the variability of 

observed biomass in each cover class was similar to the data for total biomass (Fig. 11) for cover classes 2 

to 4 but less for cover classes 5 and 6. The comparatively lower variability in cover classes 5 and 6 are the 

result of considering only non-woody parts of shrubs: Shrubs dominate on subplots with high HL cover 

and high total biomass and the fraction of non-woody parts of shrubs tends to decrease with higher total 

shrub biomass (Fig. 7).  

Table 10. Coefficients and standard error of standard linear regression model (eq. 5) between total 

non-woody above-ground biomass and cover class plus the significant explanatory variable 

elevation on subplots. 

  Estimate Standard 
error 

p 

β0 Intercept 0.73994460  0.10130661 <0.0001 

β1 cover class 2 na na na 

cover class 3 1.22699556  0.09816658 <0.0001 

cover class 4 2.14887800  0.10112128 <0.0001 

cover class 5 2.87298737  0.10308447 <0.0001 

cover class 6 3.68155073  0.10112310 <0.0001 

β2 Elevation (z) 0.00041528  0.00007636 <0.0001 

Table 11 presents means and standard deviations for observed and predicted biomass for each cover class 

as well as the RMSE, which indicated a good model fit..  

Table 11. Mean and standard deviation (SD) of observed and predicted total non-woody above-ground 

biomass (dry matter [g m2]) and root mean square error (RMSE) between predicted and observed 

values in 5 cover classes. 

Cover class Biomass [g m-2] 

 observed predicted 
RMSE 

 mean SD mean SD 

2 4.26 3.28 3.12 0.51 3.36 

3 12.69 9.01 10.52 1.68 9.34 

4 29.71 15.19 26.65 4.48 15.03 

5 65.19 41.66 56.09 10.67 39.02 

6 151.36 100.60 125.02 24.24 99.07 
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Figure 12. Observed (circles) total non-woody above-ground biomass (dry matter [g m2]) on subplots 

and linear regression model fit (cf. Tab. 10). Note that Figure shows log-transformed biomass with a 

secondary y-axis showing the corresponding absolute values; Figure A-5 shows untransformed 

data. 

3.4.3. Site level biomass 

Measured site level biomass was calculated as the mean of total and non-woody AGB measured on three 

subplots on each study site. HL cover class that was estimated at the site level was used to predict site 
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level AGB. This approach corresponds to intended application to estimate total and non-woody AGB on 

each NFI sample plot. The adapted model to predict total and non-woody AGB based on cover class and 

elevation (eq. 5) was applied to estimate biomass at the site level. Total and non-woody AGB were 

reproduced well by the model (Fig. 13) as indicated by the correlation coefficients of 0.85 (p<0.001) and 

0.84 (p<0.001), respectively. 

 

Figure 13. Observed and predicted total above-ground (i.e. incl. woody parts of shrubs) and total non-

woody biomass at 135 study sites. 
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3.5. Repeated samples 

3.5.1. Observed HL cover and biomass 

The consistency of the observed percentage cover was examined with regards to seasonality effects on 

plant biomass development at the level of the 50x50 m study site. The total cover estimate (Tab. 12) was 

highly consistent on most sites with deviations between visits of 5% (3 sites) or 10 % (4 sites) and only 2 

sites in the South with more than 10 % deviation, i.e. 13 and 16%. Considering cover classes (cf. Tab. 1), 

all repeated estimates were in the same class as observed during the first visit. The cover estimates for 

individual plant groups were also consistent. 

Total subplot AGB varied between the three visits of the sites below 600 m (Fig. 14). This was expected 

because of growth or senescence of plants over the observation period. Nevertheless, the mean deviation 

from the mean measured biomass on the three subplots on the three visits was less than 25% on 19 of 27 

subplots (Fig. 14). On 8 subplots deviation from the mean was greater than 25%. The 8 subplots included 

subplots 2 on site 1 in focal region North-East where no HL cover and biomass were observed during the 

second and third visit because the site was treated by the owner, and also 5 subplots where shrubs were the 

dominant species adding uncertainty due to growth of woody parts. 
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Table 12. Plant group and total cover estimates on 9 study sites below 600 m during 3 field visits. 2 

sites with deviation > 10% between visits are shaded. 

Focal 
region 

Site Date small 
herbs 

tall 
herbs 

grasses sedges ferns shrubs total Cover 
class 

%  

N-East 

1 

31.05. 1 28 7 2 7 45 90 6 

21.07. 2 34 2 2 5 50 95 6 

15.09. 2 15 1 3 5 64 90 6 

2 

31.05. 0 0 0 5 2 78 85 6 

22.07. 1 0 0 5 2 87 95 6 

15.09. 2 0 0 3 2 88 95 6 

3 

01.06. 14 0 0 10 1 0 25 3 

22.07. 13 1 1 9 1 0 25 3 

15.09. 10 0 1 3 1 0 15 3 

N-
West 

1 

07.06. 24 70 0 0 0 1 95 6 

12.08. 55 35 0 0 0 5 95 6 

08.09. 37 45 0 0 0 3 85 6 

2 

07.06. 59 0 1 0 0 0 60 5 

12.08. 68 0 0 1 0 1 70 5 

08.09. 69 0 0 1 0 0 70 5 

3 

09.06. 20 0 0 0 5 15 40 4 

11.08. 15 7 0 1 5 22 50 4 

08.09. 10 5 0 0 10 15 40 4 

South 

1 

17.05. 3 3 3 41 8 0 58 5 

28.07. 2 3 12 54 3 0 74 5 

23.09. 2 1 10 42 5 0 60 5 

2 

18.05. 3 0 11 3 14 34 65 5 

28.07. 2 0 25 10 20 15 72 5 

23.09. 2 1 20 15 25 15 78 5 

3 

24.05. 5 5 20 5 55 5 95 6 

29.07. 4 5 42 5 35 4 95 6 

23.09. 5 2 35 5 40 3 90 6 
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Figure 14. Total subplot plant biomass (dry matter [g m2]) on revisited sites below 600 m for 3 

subplots per site at 3 dates (see Tab. 12 for specific dates at each site). Red colored frames 

indicate subplots with mean deviation from the mean measured biomass on the three subplots on 

the three visits of greater than 25%. Note the different y-axis scales. 

3.5.2. Model verification 

The model to predict total above-ground plant biomass based on percentage cover and elevation at the 

subplot level (eq. 4) was applied to predict biomass on the repeated samples at sites below 600 m. The 
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model predicted total subplot plant biomass based on the independent plant cover estimates at visits #2 

and #3 with a good accuracy (Fig. 15). From visit #1 to #3 Figure 15 indicates an increase in observed and 

a decrease in predicted total biomass. The increase in the observed biomass is supported by the collected 

data (i.e. mean and standard deviation of total biomass from 27 subplots were 100 ±69, 125 ±133, and 130 

±148 g -2 in visits #1, #2, and #3, respectively). However, there was also a decrease in observed cover 

from 69 ±28 to 66 ±31 and 63 ±29 % mean cover on 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 resulted in 

the biomass increase. Small changes in the estimate of percentage cover strongly affect predicted biomass. 

As one example, Figure 16 shows growth and senescence of HL biomass subplot 3 on study site in focal 

region South on three visits. Percentage cover on the 3 visits on 18.05.2016, .28.07.2016, and 23.09.2016 

was estimated as 95, 100, and 95% respectively. The measured total above-ground biomass was 171.1, 

622.7, and 542.3 g m-2, respectively (Fig. 14). Due to the change in the estimated cover, the predicted 

cover varied between 166.6 g m-2 for visits 1 and 3 and 205.0 g m-2 for visit 2. Despite the larger changes 

in measured AGB over the three visits, the initial cover estimate on the first visit represented conditions 

over the entire period very accurately. 
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Figure 15. Observed and predicted total subplot plant total above-ground biomass (dry matter [g m2]) 

on 3 revisited study sites below 600 m 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. 



33 

 

 

 

Figure 16. Changes in herb layer in subplot 3 at study site 1 in focal region South during 3 visits on a) 

18.05.2016, b) .28.07.2016, and c) 23.09.2016. 

3.6. Carbon content 

Table 13 shows the measured carbon contents 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 HL species composition, C content was measured of mixed 

samples in each strata from subplots with the most frequent plant group composition, including woody 

parts of shrubs when present (Tab. 14). There was little difference between strata and C content was 

similar to the values of individual plant groups, i.e. 43.74% ±2.71 overall mean including woody parts of 

shrubs based plant groups (Tab. 13) and 43.49% ±1.34 mean over all strata (Tab. 14). 

a) b) 

c) 
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Table13. Mean C content (% 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 m, 601-1200 m, >1200 

m) and focal region (North-East, North-West, South). 

Plant group C-content (%) ±SD 

small herbs 41.55 ±1.61 

tall herbs 40.08 ±2.72 

grasses 43.19 ±1.39 

sedges 43.78 ±0.67 

ferns 44.69 ±1.07 

shrubs - leaves 45.90 ±1.23 

mean non-woody 43.20 ±2.46 

shrubs - woody 46.99 ±1.74 

Overall mean incl. woody 
parts of shrubs 

43.74 ±2.71 

 

Table 14. Mean C content (% of dry biomass) with standard deviation in 9 strata of elevation class 

(<601 m, 601-1200 m, >1200 m) and focal region (North-East, North-West, South) based on 7 

mixed samples from subplots with the most frequent plant group composition. 

Stratum C-content (%) ±SD 

North-East <601 m 44.23 ±1.51 

North-East 601-1200 m 42.91 ±1.56 

North-East >1200 42.87 ±1.54 

North-West <601 m 42.80 ±1.03 

North- West 601-1200 m 44.75 ±0.85 

North- West >1200 42.30 ±1.15 

South <601 m 44.13 ±1.08 

South 601-1200 m 43.93 ±0.68 

South >1200 43.46 ±0.39 

mean 43.49 ±1.34 

3.7. Upscaling to NFI sample plots 

Applying the developed model to predict total woody and non-woody HL AGB (eq. 5, Tabs. 8 and 10, 

section 3.4), biomass was estimated for each sample plot in the NFIs 2, 3, and 4 based on the observed HL 

cover class and elevation at a site. The mean and the standard error of total above-ground biomass 

including woody parts of shrubs were 906.9 ±13.5 kg ha-2 in the NFI2 (N=5679), 898.1 ±13.3 kg ha-2 in 

the NFI3 (N=5920), and 930.2 ±14.0 kg ha-2 in the NFI4 (N=6042). The corresponding values for total 

non-woody biomass excluding woody parts of shrubs were 601.07 ±8.1, 591.64 ±7.9, and 605.1 ±8.3 kg 

ha-2. 
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An annual turnover of 1 yr-1 (i.e., one life cycle per year) of all annual plant (i.e., including below-ground 

fine roots and excluding woody parts of shrubs) was assumed based on estimates by Freschet et al. (2013) 

who present a turnover > 1 yr-1 for above-ground parts of grasses and <1 yr-1 for below-ground parts based 

on data from Scurlock et al. (2002). Based on data by Freschet et al. (2013) for grasses (64%) and Gao et 

al. (2014) for herbs (50%), annual below-ground biomass was estimated as 50% of above-ground biomass. 

Based on 2616 sample plots of the NFI as used in the Swiss GHGI 1990-2016 (FOEN 2018), the mean 

annual HL litter production is 731.9 (±1749 SD) kg ha-2 or 318.4 (±1749 SD) kg C ha-2 based on a mean C 

content of 43.5% (Tab. 14). On the majority of the 2616 NFI sample plots, this corresponds to less than 

20% of the estimated mean 2952 (±1749 SD) kg C ha-2 non-woody litter input estimated for the Swiss 

GHGI 1990-2016 (Tab. 3 in Didion and Thürig 2017). On few temporarily unstocked NFI sample plots, 

the HL input can present the only C input. Not considered in this estimate are the woody parts of shrubs 

due to the lack of data on the turnover rate and longevity, respectively. 

3.8. Implications for the Swiss Greenhouse Gas Inventory 

To estimate the effect on the annual C balance of Swiss forests, a first estimate was obtained by an 

alternative calculation of the C balance of the litter pool prepared for the Swiss GHGI 1990-2016 (Didion 

and Thürig 2017). For this alternative calculation HL litter C inputs were estimated for all NFI sample 

plots considered in this GHGI using the model for total non-woody AGB based on cover classes 

developed in this study (eq. 5; section 3.4.2). The results indicate that annual C sinks and sources may be 

higher than previously. For the inventory years 2012 to 2016, the average C balance of the litter pool 

would result in a ca. 8% higher source effect, i.e. 0.042 compared to 0.039 ± 0.004 (SE) Mg C ha-1yr-1. 

Considering the uncertainty associated with the carbon stock change estimates reported in the GHGI 

1990-2016, the estimated additional effect of the HL would fall outside the uncertainty range (i.e. 2 

standard errors) only in 1 year since 2012, or in 10 years since 1990. The effect on the soil C pool would 

be negligible. 

4. Discussion 

The findings of this study support results of several other studies that HL cover is a good predictor of 

biomass (e.g., Muukkonen et al. 2006, Klinck and Fröhlich 2009, Heinrichs et al. 2010), and that total 

biomass can be more accurately predicted than individual plant group biomass (Muukkonen and Mäkipää 

2006). This 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 

study further demonstrates the importance of the HL on total litterfall in forests (cf. Gilliam 2007). The 

results are 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.  

Based on percentage cover estimates the model accuracy was high for total AGB at the subplot level 

(R2=0.80, Tab. 6; Cor.coeff = 0.72, p< 0.001, section 3.3). Considering that in the Swiss NFI cover classes 
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are used, it could be expected that accuracy is lower. This was not necessarily the case as indicated by the 

explained variance and correlation obtained with the model based on cover class (R2=0.83; Cor.coeff 

=0.91, p<0.001; section 3.4.1). 

Important also is the finding that plant cover is estimated consistently over the growing season as NFI 

observations start in March and end in October. The cover estimate on the repeated samples on sites below 

600m varied little (Tab. 12) despite the variability in AGB (Fig. 14). The consistent work of the field 

crews is further supported by the QA/QC in the regular NFI. The results of this study demonstrate the 

potential of using the existing HL cover estimates on NFI sample plots since the NFI2 (1994-1996) to 

obtain a consistent time series of HL biomass on the NFI sample plots. 

4.1. Implications for GHGI 

This study provides valuable information which can be used to increase the completeness of the Swiss 

GHGI where the HL contribution is not yet considered. Including the HL in the estimation of the C 

balance of Swiss forests in the GHGI would probably result in generally higher annual emissions from the 

litter pool which in most years would be within 2 standard errors of the mean emissions based on the 

current approach, i.e. not considering the HL. Due to poor information on below-ground biomass of HL 

plants, the estimated contribution of the HL to the annual C inputs to the litter pool is of moderate 

accuracy. Thus currently the recommended approach is to use HL C stocks and turnover as supporting 

material in the GHGI, and to further improve the accuracy of the HL contribution. Accounting for the 

contribution of the HL may also be premature as it would not result in a complete inventory due to the 

lack of information for young trees smaller than the current diameter at breast height threshold of 12 cm 

(Didion and Thürig 2018). 

4.2. Further Improvements 

The results of this study are prepared for publication. The ongoing work and collaboration may result in 

further improvements to the biomass model. It is also expected that the accuracy of the below-ground 

biomass estimates can be improved. In collaboration with the project on C-Stabilization in Swiss forests 

(Gosheva et al. 2018), the C composition of plant samples was analyzed, which will be available for 

Yasso applications to improve the accuracy of the simulation of HL litter carbon dynamics. 

The data on plant group composition and biomass on subplots are shared with the Remote Sensing 

Research Group at WSL (C. Ginzler) to identify opportunities to better predict these variables for NFI 

sample plots. 
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Appendix I – Descripitive Statistics of measured above-ground plant biomass (AGB) data on 

subplot 

Normality tests using density and quantile plots of raw, untransformed and log-transformed AGB data [kg 

m-2], and Shapiro-Wilk tests for individual plant groups and totals as the sum of all plant groups. Shapiro 

Wilk tests the null hypothesis that the population is normally distributed. 

Small herbs 

 

Figure A-1a. Descriptive statistics for subplot AGB of small herbs. 

Shapiro-Wilk normality test of log-transformed biomass: p=0.3325 (N=325) hence null-hypothesis that 

the data came from a normally distributed population can not be rejected at significance level of 0.05.   
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Tall herbs 

 

Figure A-1b. Descriptive statistics for subplot AGB of tall herbs. 

Shapiro-Wilk normality test of log-transformed biomass: p=0.1528 (N=101) hence null-hypothesis that 

the data came from a normally distributed population can not be rejected at significance level of 0.05.  
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Grasses 

 

Figure A-1c. Descriptive statistics for subplot AGB of grasses. 

Shapiro-Wilk normality test of log-transformed biomass: p=0.7121 (N=159) hence null-hypothesis that 

the data came from a normally distributed population can not be rejected at significance level of 0.05.  
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Sedges 

 

Figure A-1d. Descriptive statistics for subplot AGB of sedges. 

Shapiro-Wilk normality test of log-transformed biomass: p=0.664 (N=196) hence null-hypothesis that the 

data came from a normally distributed population can not be rejected at significance level of 0.05. 
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Ferns 

 

Figure A-1e. Descriptive statistics for subplot AGB of ferns. 

Shapiro-Wilk normality test of log-transformed biomass: p=0.1357 (N=174) hence null-hypothesis that 

the data came from a normally distributed population can not be rejected at significance level of 0.05. 
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Shrubs, including woody parts 

 

Figure A-1f. Descriptive statistics for subplot AGB of shrubs including woody parts. 

Shapiro-Wilk normality test of log-transformed biomass: p=0.109 (N=218) hence null-hypothesis that the 

data came from a normally distributed population can not be rejected at significance level of 0.01. 
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Shrubs non-woody (based on sub-sample of shrubs with measured leaf biomass, N=68) 

 

Figure A-1g. Descriptive statistics for subplot non-woody AGB of shrubs. 

Shapiro-Wilk normality test of log-transformed biomass: p=0.6333 (N=68) hence null-hypothesis that the 

data came from a normally distributed population can not be rejected at significance level of 0.05. 
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Total plant AGB as the sum of small and tall herbs, grasses, sedges, ferns and shrubs incl. 

woody part 

 

Figure A-1h. Descriptive statistics for subplot total biomass incl. woody parts of shrubs. 

Shapiro-Wilk normality test of log-transformed biomass: p=0.01013 (N=405) hence null-hypothesis that 

the data came from a normally distributed population can not be rejected at significance level of 0.01.  
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Total non-woody plant AGB as the sum of small and tall herbs, grasses, sedges, ferns and 

non-woody parts of shrubs 

 

Figure A-1i. Descriptive statistics for subplot total biomass excl. woody parts of shrubs based on data 

from subplots with measured shrubs non-woody parts (N=68) and subplots where no shrubs occur 

(N=187), i.e., a total of 255 subplots. 

Shapiro-Wilk normality test of log-transformed biomass: p=0.1179 (N=255) hence null-hypothesis that 

the data came from a normally distributed population can not be rejected at significance level of 0.05.  
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Figure A-1j. Descriptive statistics for subplot total biomass excl. woody parts of shrubs based on data 

from all subplots (N=405) including subplots with predicted shrubs non-woody parts (N=218). 

Shapiro-Wilk normality test of log-transformed biomass: p= 0.005563 (N=405). Although p is greater 

than the selected significance level of 0.05, which may be attributed to the large sample size of N=405, the 

normal quantile plot gives strong evidence that the hypothesis that data came from a normally distributed 

population can not be rejected.  
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Appendix II – Model Diagnostics for Regression 

Model diagnostics were used to ensure robustness of the developed regression models.  

 

Figure A-2. Diagnostics for the simple linear regression model (eq. 4) using plant percentage cover and 

elevation as predictors for log-transformed total subplot biomass (N=405). 
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Figure A-3. Diagnostics for the simple linear regression model (eq. 4) using plant percentage cover and 

elevation as predictors for log-transformed total non-woody subplot biomass (N=405). 
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Appendix III – Observed and predicted above-ground biomass for cover classes 

 

Figure A-4. Observed (circles) total above-ground biomass (dry matter [g m2]) on subplots and linear 

regression model fit (cf. Tab. 8). 
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Figure A-5. Observed (circles) total non-woody above-ground biomass (dry matter [g m2]) on subplots 

and linear regression model fit (cf. Tab. 9). 

 


