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Abstract

Aims: The machine-readable formal language of classification expert systems has be-
come a standard for applying plot assignment rules in vegetation classification. Here
we present an efficient algorithm implementing the vegetation classification expert
system in the statistical programming language R.

Methods: The principal idea of the R implementation is to solve the assignments to
vegetation types not sequentially plot by plot but to parse the assignment rules into
(nested) components that each can be evaluated by simultaneous vector-based pro-
cessing of all plots in a database.

Results and conclusions: We demonstrate the algorithm taking the EUNIS classifica-
tion expert system of European habitat types (EUNIS-ESy) as an example. The R code
version of the vegetation classification expert system is particularly useful in large
vegetation-plot databases because it solves all logical operations vector-wise across
all plots, allowing for efficient evaluation of membership expressions and formulas.
Another advantage of the R implementation is that membership formulas are not
only readable but can also be produced as a machine-written result, for example as

the output of classification algorithms run in R.
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has been developed by two of the authors of this paper (LT and MC)
in several steps since the early 2000s (Koci et al., 2003; Chytry,

Consistent vegetation classifications have to be based on formalized
rules (De Caceres & Wiser, 2012). Since formalized vegetation has
been proposed in the late 1990s (Bruelheide, 1997; Bruelheide &
Jandt, 1997), applications of formalized classification to data sets
of vegetation plots have steadily increased (see https://www.sci.
muni.cz/botany/juice/?idm=25). A highly flexible and fully machine-
readable expert system language for vegetation classification (ESy)

2007-2013; Landucci et al., 2015; Tichy et al., 2019). So far, the soft-
ware tools for classifying vegetation using this language have been
implemented in JUICE (Tichy, 2002) and TURBOVEG 3 (Hennekens,
2015). However, to allow a wider application and the use of effi-
cient computer procedures, implementation of the expert system in
the programming language R would be highly desirable. The aim of
this paper is to present such an implementation, using an example
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of the assignment of vegetation-plot records from the European
Vegetation Archive (EVA) to the EUNIS habitat types. For testing the
code, we provide a data set from the Tiixen Archive (Hoppe et al.,
2005; Goral et al., 2018).

2 | METHODS

The algorithm was written in R (Version 3.6.3, R Foundation for
Statistical Computing, Vienna, Austria). The R code is available and will
be updated at https://git.loe.auf.uni-rostock.de/misc/ESy. Inputs are
(i) the expert system file containing the logical definitions of vegeta-
tion types written in the ESy formal language and (ii) vegetation-plot
data. The expert system file structure as it has evolved since the early
2000s (Koci et al., 2003) has three sections: (1) species aggregation, (2)
species groups and (3) type definitions (Tichy et al., 2019). Section 1
is a flexible solution to consider different taxon concepts (Jansen &
Dengler, 2010) by combining different names, taxon levels or spelling
to achieve operational taxa that can be used in the vegetation type def-
initions. The labels of these aggregated taxa are then used in Section 2
to define the species groups, which are the basic components for the
vegetation type definitions given in Section 3. This section comprises
a set of membership formulas that describe the assignment rules for
plot records to be classified to individual vegetation types.

For the R implementation, the vegetation-plot data set has to
consist of a data frame of plot identifiers ("RELEVE_NR"), species
("TaxonName"), and per cent cover ("Cover_Perc") in a narrow for-
mat (long table, stacked), similarly as used in the vegetation data-
base management program TURBOVEG 2 (Hennekens & Schaminée,
2001). An additional header data file linked to the vegetation-plot
data set by plot ID is required if the specific expert system makes
use of site information, e.g. the plot location's longitude and lat-
itude, altitude, as well as the assignment to country, ecoregion or
other features (for the list in the case of the EUNIS classification
see Chytry et al., 2020b). For an example how to run the code we
provide a test data set from the Tlxen Archive (Hoppe et al., 2005;
Goral et al., 2018) comprising 10,717 plots from a wide range of veg-
etation types (see Electronic Appendix Sland the Readme.md file
in the GIT repository). The data can be downloaded from https://
www.vegetweb.de/#!quellendetails//1933). Species names were
taxonomically harmonized with the taxval function from the vegdata
package (Jansen & Dengler, 2010). This function performs a taxo-
nomic valuation of species names according to taxonomic levels and
synonyms, based on the reference list for Germany (germansl.infin
itenature.org). Additionally, some header data for the EUNIS classi-
fication have been added. Results for single plots can be evaluated
through helper functions eva and eva.type to show results for in-
dividual conditions and matching to type definitions. These helper
functions correspond to the features in JUICE that allow an iterative
optimization process for the development and iterative adjustment
of formulas to minimize misclassifications (see Chytry et al., 2020b).

The algorithm uses the following ten steps to assign plots in the

data table of vegetation records (DT) to a vegetation type (Figure 1).

2.1 | Parse membership formulas

The R code transforms the membership formulas of Section 3 of the
expert system file (Tichy et al., 2019: their Appendix S1) in a way
that allows their evaluation as logical expressions in R. To this end,
nested components are extracted, which in the following are evalu-
ated simultaneously vector-wise for all plots, and finally combined to
re-build the initial membership formula. In the example of the EUNIS
membership formula below (R52 Forest fringe of acidic nutrient-
poor soils), the membership expressions are limited by angle brack-
ets (<...>) with the membership conditions within these membership
expressions underlined:

(<##Q +04 R52-Forest-fringe-of-acidic-nutrient-poor-soils>
AND <#02 +04 R52-Forest-fringe-of-acidic-nutrient-poor-soils>)
AND (<#TC +04 R52-Forest-fringe-of-acidic-nutrient-poor-soils GR
25> OR <#SC +04 R52-Forest-fringe-of-acidic-nutrient-poor-soils
GE #$$>)) NOT <#TC Trees|#TC Shrubs GR 15>

2.2 | Complement membership expressions

In contrast to JUICE and TURBOVEG 3, where the membership
formulas are applied sequentially, plot by plot, the R code solves
all membership conditions independently from the context within
membership expressions. This is particularly advantageous if the
same membership conditions occur in different membership formu-
las, which is mostly the case in comprehensive expert system files,
such as EUNIS-ESy (Chytry et al., 2020b). However, this requires
complementing the membership expressions if a logical operator
and “the groups to be compared with” (the right-hand side of the
expression) are missing. In the example above, this is the case for
the ##Q expression, which defines that the sum of the square-root
covers of a species group (##Q) should be greater than that of any
other species group in the same set (the set “+04” in this case). These
expressions only have a left-hand side condition, similarly to the
expressions specifying the number of species (##D) or total cover
(##C). The logical operator “GR NON” and a right-hand side condi-
tion is therefore added to the membership expression. The inserted
logical operators and the inserted right-hand sides are shown in ital-
ics in the example of the membership formula of vegetation type
R52:

(<##Q +04 R52-Forest-fringe-of-acidic-nutrient-poor-soils GR
NON ##Q +04 R52-Forest-fringe-of-acidic-nutrient-poor-soils>
AND <#02 +04 R52-Forest-fringe-of-acidic-nutrient-poor-soils>)
AND (<#TC +04 R52-Forest-fringe-of-acidic-nutrient-poor-soils GR
25> OR <#SC +04 R52-Forest-fringe-of-acidic-nutrient-poor-soils
GE #$$ EXCEPT +04 R52-Forest-fringe-of-acidic-nutrient-poor-soils>))
NOT <#TC Trees|#TC Shrubs GR 15>

In addition, if #$$ (the highest cover of any species not in-

cluded in the species group) occurs on the right-hand side, the
membership expression is complemented with EXCEPT and the
group name on the right-hand side (see example above). Similarly,

#T$ (total cover of all species in the record except those in the


https://git.loe.auf.uni-rostock.de/misc/ESy
https://www.vegetweb.de/#!quellendetails//1933
https://www.vegetweb.de/#!quellendetails//1933
germansl.infinitenature.org
germansl.infinitenature.org

BRUELHEIDE ET AL.

g, Applied Vegetation Science L

Input 1 Input 2

Read and parse the expert file

v —

Read source files. Put data
into a long table with plot,

STEP 6 STEP 7
Replace conditions Turn membership
in membership | expression text into

side conditions, such as #TS,
#SC and group name;
complementing ##D, ##Q,
##C with NON group name;
#SC, #3S with EXCEPT and
group name on the right-

Extract all membership
conditions, irrespective of
left- or right-hand side.
Create a numerical plot x

species groups

species, cover triplets and =»| formulas by column logical expressions
STEP 1 header data names of the plot x inR
Parse membership formulas ‘ membership ¥
into membership expressions ey . condition matrix STEP 8
* Aggregate taxon levels Evaluate member-
STEP 2 ship expressions.
Add right-hand sides to v Obtain !Ogini| plot x
membership expressions expression lists
when there are no right-hand STEP 5 L 2

Solve the membership conditions and fill in the

numerical plot x membership condition matrix:

1. Number of species (###)

2. Minimum number of species that have to be present
in a group (#01 to #99)

3. Square root of the sum of cover of the group (##Q) *

hand sides. Complement 4. Total cover of the group (#TC) STEP 10
membership formulas 5. Total cover (#T$) and per cent of total cover ($05, $10) Apply priority rules
accordingly 6. Cover of any species in the group (#SC) for multiple
7. Cover of single species (#SC and #SC EXCEPT) assignments
‘ 8. Highest cover of any species (#$S$ EXCEPT)
STEP 3 9. NON conditions, where species number (N), cover (C) *

=»  or sum of squared cover (Q) is compared with all other

10. Header data, categorical ($$C) and numeric ($$N)
In all cases: handle “|” (combine groups) and EXCEPT

STEP 9
Evaluate member-
ship formulas.
Obtain logical lists

Output
Plot assighments
with original
formula names

membership condition matrix

]

FIGURE 1
language R

group mentioned) on the left-hand side of the membership ex-
pression has to be complemented with the group's name on the
right-hand side. As a result, all membership expressions have a
left- and right-hand side. Exceptions in the current implementa-
tion are the membership expressions ### and #01 to #99, which
indicate the minimum number of species that have to be present
from that group. As the #01 to #99 groups contain the opera-
tor (greater or equal) explicitly and ### groups implicitly (greater
than or equal to half of the species of the group) and the right-
hand condition is already in the group's name, they can be solved
as a logical expression without the right-hand side. The additions
to the membership expressions are then also implemented in the

membership formulas.

2.3 | Parse membership expressions

All membership conditions are extracted from membership expres-
sions, except for numeric conditions, which already comply to the

required form of logical expressions in R. Using all the extracted

Implementation flow chart of the formal language of the expert system for vegetation classification in the programming

membership conditions, an empty numeric plot x membership con-

dition matrix is created.

2.4 | Aggregate taxa

Taxon names in data table of vegetation records (DT) are replaced
by the names of the aggregated taxa under which they are listed in

Section 1 of the expert system file (taxonomy.R).

2.5 | Solve the membership conditions

The membership conditions are then applied to the vegetation data
in the data table (DT), and the numeric results are collected in the
plot x membership condition matrix. Examples of the different types
of membership conditions are shown in Figure 1, Step 5. Exceptions are
membership conditions based on categorical header data ($$C), which
require extracting the possible categories from the respective header

field. Instead of storing the categories, their factor level numbers are
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inserted in the plot x membership condition matrix. Other special cases
are groups that have to be combined (“|", see the example above) or
groups that are excluded (EXCEPT). For those cases, the condition has
to be parsed, and the species of these groups are combined or excluded

from the preceding part of the condition, respectively.

2.6 | Replace conditions in membership formulas

As all the membership conditions are now available as numeric val-
ues, these values can be inserted in the original formulas. In R, it is
possible to do this vectorized, that is for all plots simultaneously, by
referring to the column names in the plot x membership condition
matrix. In our example, the membership condition “##Q +04 R52-
Forest-fringe-of-acidic-nutrient-poor-soils” is stored for all plots in
a column (which in the EUNIS-ESy is column “col531”", with column
number depending on the total number of membership conditions

that are evaluated).
2.7 | Turn membership expression texts into logical
expressions in R

The notations used in the expert system language are transformed
into R logical operators, replacing “GR”, “GE” and “EQ” with “>", “>="

and “==", respectively. As a result, the membership formula from the
example above looks as follows:

((<col531 > col358> AND <col47>) AND (<col706 > 25> OR
<col582 >= col175>)) NOT <col912 > 15>

2.8 | Evaluate membership expressions

The evaluation of logical expressions in R is also done vector-wise,
solving all logical membership expressions in a single step, using the
“eval” command in the lapply or mclapply function, and storing the
results in a logical matrix. For example, “col288” holds the logical
result (TRUE or FALSE) of “<##Q +04 R52-Forest-fringe-of-acidic-
nutrient-poor-soils GR NON ##Q +04 R52-Forest-fringe-of-acidic-

nutrient-poor-soils>" from the example above.

2.9 | Evaluate membership formulas

The logical membership formulas are solved in the same way in a sin-
gle step, which is possible because the columns of the logical matrix
only hold TRUE or FALSE entries:

((col288 & co0l289) & (col290 | col291)) & !col3).

The result is a list of the assignments to each membership for-
mula (TRUE or FALSE) for every plot.
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FIGURE 2 Average run time of 100 randomized subsets of 10,000 plots for different steps of the classification process. An increase
of the number of plots leads to a linear increase in steps 5-10, whereas steps 1-4 depend only on the size of the expert system file. The

average total run time across these 100 runs is 16.5 s (using three cores)
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2.10 | Apply priority rules

As a plot may be assigned to more than one vegetation type, priority
rules are applied (Chytry et al., 2020b). The priority level of the veg-
etation type can be parsed from the input line with the type's name
from the expert system file. In the end, the plot is assigned to the
vegetation type with the highest priority of all that were found to be
TRUE in step 9. The plots with multiple assignments at the same hi-
erarchical level are indicated with “+”, plots without valid assignment

to any vegetation type with “?”.

3 | RESULTS AND DISCUSSION

We tested the R implementation of the expert system on a data set
of 1.4 Mio. European vegetation plots from the EVA database and
the expert system EUNIS-ESy developed for the EUNIS Habitat
Classification (Chytry et al., 2020b). Figure 2 shows the run time
of the classification process for 100 randomized subsets of 10,000
plots each. The most time-demanding steps are 5.5 and 5.9. In step
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5.5, the #T$ conditions are evaluated, which is the total cover of
all species in the plot, excluding the species of the group involved
in the comparison. This step is time-demanding mainly because of
possible EXCEPT conditions, which have to be considered here. In
step 5.9, the #TC conditions are evaluated, which requires calculat-
ing the total cover of all other species groups except those of the
target group. However, there is undoubtedly potential to speed up
the current code. With the simultaneous vector-based processing in
R, the time demand for the ESy classification scales more or less lin-
early with the number of records classified. Thus, the R version now
also allows iterative cycles of classifying future global data sets of
several million plot records.

The assignment for the worked-out example of vegetation types
from Germany is shown in Figure 3. Out of the 10,717 vegetation-
plot records, 10,084 (94%) were unambiguously assigned to a single
EUNIS habitat type, 7,810 of them to level 3 habitat types and 2,274
to habitat groups (level 1). In contrast, 619 records (5.8% of all 10,717
records), did not fulfill the criteria of any of the EUNIS habitat types,
which is only slightly higher than the amount of un-assignable plot
records in the European EUNIS-ESy classification (4.7% of 1,261,373

I%AI II

N Q R S T \Y

Level 1 EUNIS habitats

FIGURE 3 Results of the classification by the EUNIS-ESy expert system applied to a test data set from the Tiixen Archive (project
“100716 Hoppe, 2005” from vegetweb.de). ?: plots not assigned to any level 3 EUNIS habitat; +: assigned to more than one level 3 EUNIS
habitat; A, marine habitats; C, inland surface waters; H, inland unvegetated or sparsely vegetated habitats; N, coastal habitats; Q, wetlands;
R, grasslands and lands dominated by forbs, mosses or lichens; S, heathlands, scrub and tundra; T, forests and other wooded land; V,
vegetated man-made habitats. Labels for EUNIS habitats were only printed at the top of the corresponding bar section when the number of

assigned records was larger than or equal to 20
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plot records, Chytry et al., 2020b). Furthermore, 14 records (0.13%)
were assigned to more than one type, corresponding to 0.2% in
Chytry et al. (2020b).

The expert system language for vegetation classification (Tichy
et al, 2019) has been used in numerous applications, including the
complete national vegetation classification of the Czech Republic to
the association level (Chytry, 2007-2013; Chytry et al., 2020a) and
continental-scale vegetation surveys (e.g. Douda et al., 2016; Peterka
et al., 2017; Willner et al., 2017; Marceno et al., 2018; Landucci et al.,
2020). Itis increasingly used in European nature conservation, in partic-
ular through its application in the definitions of habitat types of EUNIS,
a standard classification of European habitats used by the European
Environment Agency (Chytry et al., 2020b). Although the use of vege-
tation classification expert systems was mainly restricted to Europe so
far, perhaps mainly due to the availability of large data from vegetation
plots on this continent (Chytry et al., 2016), there are also examples of
their application elsewhere (e.g. Li et al., 2013). The recent accumulation
of such data from other continents in the sPlot database (Bruelheide
et al., 2019) opens various future applications options.

An advantage of the R implementation is that membership
formulas are not only readable in R but can also be produced as
machine-written membership formulas by R scripts, for example as
an output of any classification algorithm in R. Our vision is that clas-
sification programs (such as Cocktail clustering, Bruelheide, 2016)
should provide a machine-readable ESy file as standard output.

For applications of the expert system, it is of key importance
that the user adjusts the taxon nomenclature in the input data file
to match the nomenclature used in the expert system. Also, if the
expert system uses information from the header data such as plot
location, it is important that all the required variables are available
in the input file.

Although there were earlier attempts of applying the expert sys-
tem language as an R code (Li et al., 2013), the code presented here
reflects the up-to-date state of the expert system language as de-
scribed by Tichy et al. (2019) with possibilities of defining vegetation
types at different hierarchical levels and the use of assignment rules
based on the site information in addition to those based on species
composition and cover. The availability of the classification tool in R,
in addition to the previous implementations in JUICE (Tichy, 2002)
and TURBOVEG 3 (Hennekens, 2015), enhances the flexibility of
using the expert system classifications and allows combining it with
other analytical tools for ecological and environmental research and

nature conservation applications.
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Supporting Information section.

Appendix S1. R code of the expert system (ESy-release_v1.0) for
the assignment of vegetation plots to vegetation types and test data
(from the Tiixen Archive, Hoppe et al., 2005; Gotal et al., 2018).
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