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Cross-taxon surrogacy (between-taxon similarities in species patterns) can help conservation biologists to design
simpliﬁed, standardized and eﬃcient tools for biodiversity monitoring. Our study aims to identify potential sets
of indicator taxa to be recommended in temperate forests. We focused on nine forest taxa: vascular plants,
bryophytes, saproxylic beetles, polypores, lichens, ground beetles, hoverﬂies, birds and bats. We assessed crosstaxon congruence patterns, in terms of both alpha and beta-diversity, using empirical biodiversity data from 206
plots in ten French forested areas. We evaluated the cost-eﬃciency of potential surrogate taxa using both strictly
encoded expert knowledge and results of this study. The most congruent taxa in alpha-diversity were bryophytes
(with bats and polypores), and ground beetles (with bats and saproxylic beetles), though levels of covariation
were mostly weak. The most congruent taxon in beta-diversity was vascular plants (with bryophytes, ground
beetles, lichens and forest birds). Contrary to our expectations, the subsets of forest species within a given taxon
exhibited a lower surrogacy than the taxon as a whole. Four categories of taxa were delineated based on costeﬃciency scores – from costless but ineﬀective (bats and ground beetles) to costly but eﬀective (saproxylic
beetles and polypores). No single taxon was ﬁrmly identiﬁed as a relevant surrogate for other taxa; using a set of
two or three taxa drastically increased surrogacy, compared with single-taxon approaches. Saproxylic beetles
associated with vascular plants, or with both vascular plants and birds, seemed to be the most cost-eﬃcient
associations. Further research is required to up-scale our results from the short-term, local scale to the long-term,
landscape scale in European temperate forests.

1. Introduction
Since the Helsinki conference in 1993, when the concept of sustainable management in forest ecosystems became mandatory, managers have been required to maintain species diversity in managed
areas (FAO, 1999). However, assessing forest biodiversity is challenging
due to (i) the large number of species involved, which discourages full
inventories, (ii) the wide variety of species behavior and habitat requirements, which requires sampling according to multiple methods
and procedures, and (iii) the diﬃculty of species identiﬁcation for many
taxa. Therefore, to reach their goals, forest managers and conservation
practitioners often rely on biodiversity indicators, which are both

ecologically relevant and suitable in a funds-limited context
(Lindenmayer et al., 2000). However, managers would welcome other
tools capable of adequately representing variations in major biodiversity components which cannot be intensively monitored. Studying
biodiversity patterns and levels of congruence between taxa is informative and can help conservation biologists design eﬃcient tools to
monitor biodiversity in a context of habitat loss and species extinctions
(Gaston, 1996). Two main approaches have been put forward in this
perspective (Larsson, 2001): the indirect approach uses key environmental variables, such as habitat structural complexity (Lindenmayer
et al., 2000), to evaluate biodiversity levels, while the taxonomic approach uses indicator taxa whose presence and population dynamics are
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Table 1
Taxonomic variables, number of plots and geographic areas with available data, and ﬁeld procedures used to sample them.
Variable

Taxon and deﬁnition

Number of
plots

Geographic area

Trap type or area sampled

Number of
sampling years

Median plot species
richness (min-max)

Total species
richness

s.beetles

Saproxylic beetles

199

40 (5–112)

551

Ground bettles
Corticolous and
saproxylic Bryophytes
Corticolous macro-lichens
Bats
Birds

136
142

1
1

8 (2–26)
15 (2–43)

76
174

26
117
119

9
1, 2, 3, 4, 7
1, 2, 3, 4, 5, 10

1
1 (3 runs)
1 (2 runs)

40 (34–49)
2 (0−13)
11 (4–18)

136
24
58

Terricolous phanerogams
Hoverﬂies (Diptera
Syrphidae)
Polypores s.l.

147
11

1, 2, 3, 4, 5, 9, 10
8, 9

1–4 PolytrapTM (window
trap)
3 or 9 Barber (pitfall trap)
Deadwood and living trees,
1250 m2
1 ha
Ultrasound recording; 30 mn
Point count method Blondel
et al. (1970); 5 mn
600–1018 m2
1 Malaise trap

1–3

g.beetles
bryophytes

1,
9,
1,
1,

1 (1 run)
2

35 (9–70)
47 (14–77)

381
163

156

1, 2, 4, 7, 9, 10

0.125-0.3 ha

1–3 (1–3 total
runs)

7 (1–34)

254

lichens
bats
birds
vascular plants
hoverﬂies
polypores

2, 3, 4, 5, 6, 7, 8,
10
2, 3, 4, 5, 7, 10
2, 3, 4, 5, 9, 10

This study aims to identify potential sets of indicator taxa to recommend in temperate forest biodiversity monitoring. We used previously available taxonomic data recorded at the stand level over a
wide geographical area. Our dataset covers a large, contrasted forest
gradient. Firstly, we quantiﬁed congruence patterns, both in terms of
alpha- and beta-diversity, among nine forest taxa covering a wide range
of life-history traits. Secondly, we conducted a cost-eﬃciency analysis
of the nine forest taxa.

assumed to reﬂect those of other species in the community (Landres
et al., 1988). The relative values of environmental variables and forest
indicator taxa were reviewed by Gao et al. in 2015.
Well-known and easily recordable taxa have been suggested as
surrogates for lesser known or more diﬃcult-to-record congruent taxa
(Noss, 1990). Congruence between taxa can be evaluated using species
richness (alpha-diversity) or composition (beta-diversity). Alpha diversity has been the most used approach to date. However, beta-diversity can provide a diﬀerent pattern for cross-taxon congruence from
alpha-diversity (e.g. Cabra-Garcia et al., 2012) and allows researchers
to highlight processes which generate and maintain biodiversity within
ecosystems (Legendre and De Caceres 2013). Unfortunately, crosstaxon congruence is generally statistically weak (Gaston, 1996) and
rarely consistent (Westgate et al., 2014). Moreover, relationships between potential indicator taxa and overall biodiversity have not yet
been well established (Favreau et al., 2006; Gosselin and Dallari, 2007;
Lindenmayer et al., 2000). However, several studies have shown congruent patterns in species richness or composition, and have proposed
indicator taxa in forest ecosystems (Fensham and Streimann, 1997; Kati
et al., 2004; Pharo et al., 1999; Saetersdal et al., 2003) and in agricultural (Sauberer et al., 2004) and urban contexts (Bräuniger et al.,
2010). Some studies have highlighted the relevant role that a single
umbrella species (e.g Ranius, 2002) or ecosystem engineer (Buse et al.,
2008) can sometimes play as an indicator in very speciﬁc conditions;
however, this shortcut does not appear to be eﬃcient in predicting the
diversity of all taxa (e.g. Sebek et al., 2012; Similä et al., 2006). Several
reasons for this have been highlighted in the literature: (i) the wide
range of behaviors (Berger, 1997) and relevant spatial scales
(Simberloﬀ, 1998) for species belonging to the same community, (ii)
the absence of empirical data and evidence-based results showing the
indicator function of potential indicator species (Simberloﬀ, 1998), and
(iii) contrasts in taxon ecology and therefore in their responses to environmental conditions (e.g. Pharo et al., 1999). Brin et al. (2009)
suggested using several taxa together as bio-indicators. In this approach, it may be more eﬃcient to use a set of non-congruent taxa,
since their complementarity increases the quantity of information
provided by the dataset (Kati et al., 2004; Westgate et al., 2017).
In terms of cost, using a set of taxa is often more expensive since this
approach requires speciﬁc methods and additional specialists to record
and identify the taxa (Nageleisen et al., 2009; Puumalainen et al.,
2003). In a funds-limited context, partial approaches using only taxon
subgroups (e.g. Sebek et al., 2012) or higher taxon levels (i.e. “taxonomic suﬃciency”, Ellis, 1985), or which ignore species requiring a
disproportionate detection or identiﬁcation eﬀort (Vellend et al., 2008)
are promising (Gaston, 2000; Williams and Gaston, 1994). Globally
speaking, however, the economic feasibility of ecologically relevant
indicator taxa has rarely been assessed (Mandelik et al., 2010).

2. Materials and methods
Looking for an indicator ﬁrst requires a clear deﬁnition of both the
purpose (Noss, 1990) and the scale of its use (Heink and Kowarik,
2010). Our approach targets the conservation of forest species diversity,
i.e. among species strictly or mainly associated with forest ecosystems.
We recorded data at the stand level since that is the main operational
scale for forest managers (Failing and Gregory, 2003). A wide range of
forest contexts were sampled in the Atlantic and Continental zones,
from lowland (plains and hills) to highland (montane and subalpine
levels) forests, and in broadleaved-, mixed- and conifer-dominated
stands (see Table A1 in Supplementary Material). Environmental and
taxonomic data were recorded according to standardized procedures on
206 plots in ten forested geographic areas in France (Supp. Mat. Fig.
A1).
2.1. Taxonomic data
We selected nine taxa in order to cover, a priori, a wide range of
species behaviors and habitat requirements. Some taxa were (strictly or
mainly) associated with forest, tree or woody substrates or forest-buffered climatic conditions, for example, corticolous lichens, corticolous
and saproxylic bryophytes, polypores and saproxylic beetles (Table 1).
Other taxa encompassed non-forest or non-tree-associated species, i.e.
bats, ground beetles, birds and hoverﬂies. For the latter taxa, we built
subsets of dendro-specialist species from the whole set of sampled
species (Table 2), since dendro-specialists are more ecologically relevant and more at stake in forest conservation. In addition, for birds,
subsets of forest-speciﬁc species could be less costly to inventory, since
operators would be able to focus on the forest species subset instead of
the whole group during sampling. However, for plants, most species are
linked to open habitats (e.g. moors) and, according to most trait databases, can potentially occur along the edges or in clearings of natural
forests (Rameau et al., 1989; Rameau et al., 1993). Therefore we considered all the vascular plants recorded to be forest-dwelling taxa and
did not built a subset of forest species for plants. Ultimately, we gathered data from two to seven taxa per plot (Supp. Mat. Table A2).
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Table 2
Forest specialist ecological subgroups.
Variable

Deﬁnition

References used for grouping

Median plot species richness (minmax)

Total species richness

for.g.beetles

Forest ground beetles

7 (2–12)

13

for.bats
for.birds
for.hover

Cavity- or peeling-bark-dwelling bats
Forest birds
Hoverﬂies (Diptera Syrphidae) with larva strictly
associated with trees

Desender et al. (1999); Coulon et al.
(2000)
Arthur and Lemaire (2009)
Cramp (1980-94)
Speight et al. (2013)

2 (0−9)
11 (4–18)
17 (4–25)

16
43
40

estates – and therefore be more related to temporal co-variations or
variations related to management actions (Bunnell and Huggard, 1999).
Beta-diversity congruence between taxa was assessed using the
Procrustes rotation on NMDS ordination of Jaccard dissimilarity matrices for occurrence data (Peres-Neto and Jackson, 2001). Permutation
tests associated to the Procrustes method (protest function, R-package
vegan, number of runs = 1.000) can reveal the non-randomness of the
congruence in ﬁt between multivariate data tables regarding homologous observations (taxon pairs on sampling sites), using the m2 Procrustes statistic. In order to account for the nested structure of our
dataset, permutations were conditioned upon geographic area, which
was a stratifying variable.
For alpha-diversity, we ﬁrst modeled the species richness data
through a Poisson generalized linear mixed model (R-package lme4)
with the species richness of the studied groups as a function of the interaction between taxonomic group and geographic area (to remove the
eﬀect of geographic area) and with a random plot eﬀect per taxonomic
group (to account for potential over-dispersion). Based on this model,
we then transformed the original species richness into residuals which
represented variations in species richness freed from geographic area
eﬀects and whose probability distribution was standardized. To do this,
we used randomized quantile residuals (Dunn and Smyth 1996) that
took into account these ﬁxed eﬀects as well as the marginal distribution
of plot random eﬀects for each taxonomic group (much as in Millar
2009). Indeed, for reasons similar to those in Millar (2009), we believe
that such residuals are better estimated by integrating them on top of
the distribution of random eﬀects rather than by using the “optimal”
random-eﬀect estimator. This gave us a novel kind of residual: marginalized randomized quantile residuals, which we then transformed

2.2. Rapid forest habitat assessment
The study stands were characterized according to the protocol for
the Index of Biodiversity Potential (IBP, Larrieu and Gonin, 2008) on 1ha circular plots centered on the sampling point used to record taxonomic data (trap or sampling area) (see Supplementary Material, tables
A1 and A3 for additional information on the sampling design and the
stands).
2.3. Data analysis
All calculations were performed on R v3.0.0 (R Development Core
Team, 2013).
2.3.1. Checking for cross-taxon surrogates
2.3.1.1. Pairwise correlations of taxa in alpha- and beta-diversity. As
recommended by Westgate et al. (2017), we simultaneously explored
co-variations in alpha- and beta-diversity in the whole dataset. We
focused on all the pairs of taxa for which data were available on at least
50 shared plots (Table 3). Our objective was to identify species groups
whose variation in diversity could be indicative of the variation in
diversity of other groups. Furthermore, we checked to see if forestspecialist subgroups co-varied diﬀerently from the full groups. We
focused on small-scale spatial co-variations in species diversity, which
were likely to give more robust results in the context of regional
monitoring than large-scale spatial co-variations (as in e.g. Barton et al.,
2015, Pierson et al., 2015). Indeed, small-scale spatial co-variations –
here at the forest stand level – are more likely to be free of
biogeographic co-variations than large-scale ones – here, whole forest

Table 3
Number of plots sharing at least two taxa; in bold, co-occurrences in over 50 plots; g.beetles = ground beetles, s.beetles = saproxylic beetles.
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2.3.2. Eﬀectiveness of single- or multi-taxon subsets for total richness
assessment and plot ranking
For the same selection of 112 plots and four taxa, we compared the
species richness ranking of the plots based on the whole four-taxon
assemblage with single-, two- and three-taxon subsets only. We calculated the diﬀerence in rank between the whole assemblage and the
taxon subsets at the plot level, then calculated the mean rank diﬀerence
in absolute values. Conﬁdence intervals (95%) of mean diﬀerence were
bootstrap estimated (1000 replicates). We also calculated the simple
contribution of single- or multi-taxon subsets (in terms of mean and of
variation) to total species richness.

accounting for several criteria: labor, material purchase price and
technical and logistic constraints (see Table A5 in Supp. Mat. for the
cost classes we used). We enlisted the expertise of 12 taxonomists to
help us quantify nine variables: (i) cost of sampling devices (e.g. traps),
(ii) cost of initial ﬁeld sampling, (iii) cost of intra-annual replicates, (iv)
estimated gain on record completeness when sampling is repeated (e.g. to
take into account the variability of climatic conditions or insect ﬂight
seasons), (v) complexity of taxonomic identiﬁcation, (vi) availability of
taxonomic experts (in France), (vii) availability of documents for species
identiﬁcation and taxonomic references, (viii) laboratory costs for species identiﬁcation, and (ix) time required after sampling to obtain the
data when laboratory work is required. Taxon scores were averaged at
the criterion level when several experts gave diﬀerent values for the
same criterion.
To evaluate the performance score of each taxon, we divided the 20
criteria reviewed by Heink and Kowarik (2010) into ﬁve sets. The ﬁrst
set, Feasibility for analysis and interpretation, encompassed ﬁve criteria:
(i) level of taxonomic knowledge, (ii) availability of databases for lifehistory traits, (iii) portability, incl. detectability (i.e. availability of
standard sampling methods and calibrated protocols), (iv) suitability for
statistical analysis (i.e. possibility of large sample sizes and low random
variations), and (v) availability of reference values. The second set, Eﬃciency, encompassed three criteria: (i) universality (i.e. broad geographical range and many macro-habitats covered), (ii) parsimony (i.e.
possibility to reduce the number of items observed with minimal loss of
information), and (iii) taxonomic suﬃciency (i.e. relevance of using
higher-taxon levels, e.g. the number of genera or families as surrogates
of species richness). The third set, Relationship between indicator and
indicanda, encompassed two criteria: (i) empirical level of correlation
between indicator and indicanda for both species composition and species
richness (Table 4 – yielding two scores for each taxon – forest subgroups not considered), based on the percentages of tested taxa shown
to be signiﬁcantly correlated (p < 0.05) with the indicator-taxon in
our global covariation matrices, and (ii) aggregation of ecological information (i.e. ecological breadth depicting the amount of unmeasured
biodiversity parameters correlated with the taxon). The fourth set,
Ecological information provided by the indicator, encompassed six criteria:
(i) relevance, referring to how relevant the indicator is to stakeholder
interests (e.g. obvious ecosystemic services), (ii) sensitivity to environmental change (i.e. the speed and intensity of the response of the taxon
to habitat change) (iii) habitat specialization and dependence on environmental conditions, (iv) functional importance for the ecosystem, (v)
distinction between natural and managed forests and (vi) rarity of and
threat to the taxon in managed forests. Finally, the ﬁfth set, Stakeholder
perception, encompassed three criteria: (i) acceptance of norms for taxon
conservation, (ii) easy depiction and comprehensibility of the taxon’s role
in forest ecosystems, and (iii) economic importance (whatever the direction of the eﬀect, i.e. positive or negative, for stakeholders). Thus,
one criterion, encompassing two scores, was evaluated by using the
results of this study. For the other 19 criteria, the score given to each
criterion was based on the expert judgment of a subset of eight taxonomists among the 12 consulted for evaluation of the sampling eﬀort.
Taxonomic experts attributed a score for each qualitative criterion as
follows: 10 = low, 20 = medium, 30 = high. One of the authors (LL)
coordinated the scoring to avoid misinterpreting the variables, to
standardize the way the scores were attributed and decide in case of
disagreement between experts. The sum of the scores for the 20 criteria
was used as a performance score for each taxon. Scores ranged from 9 to
33 for sampling costs and from 180 to 740 for performance.

2.4. Cost-eﬃciency of potential indicator taxa

3. Results

In order to assess the cost-eﬃciency of potential indicator taxa, we
analyzed their “sampling cost” and their performance score (sensu
Heink and Kowarik 2010).
First, a composite sampling cost was assessed for each taxon,

3.1. Cross-taxon surrogates

into a Gaussian scale through the quantile Gaussian standard distribution, yielding normalized marginalized randomized quantile residuals.
We then performed Pearson correlation coeﬃcient tests (cor and cor.test
functions, R-package stats) on these residuals for each pair of taxa.
For both alpha and beta-diversity, we also estimated the statistical
signiﬁcance of pairwise taxon correlations with p-values adjusted to
account for multiple comparisons (Rice 1989). As suggested by Moran
(2003), we added two overall tests of the signiﬁcance of the number of
tests found to be signiﬁcant to the p < 0.05 and p < 0.01 levels
without multiple comparison correction. Indeed, individual tests might
all be rendered insigniﬁcant by multiple test correction, while the total
number of signiﬁcant tests could be quite high compared to what would
be expected under the null hypothesis. These overall tests for the total
number of signiﬁcant tests were based on the hypothesis that individual
tests are independent of each other (as in Moran 2003). We corrected
the test by applying a randomization for the count of signiﬁcant tests as
in Gosselin (2011): if n is the number of signiﬁcant tests with p < α
over N, the p-value of this overall test is based on the binomial probability distribution with parameters α and N, and is calculated as the
sum of the cumulative probability between 0 and n-1, and a random
uniform number between 0 and 1 multiplied by the probability of n.
This calculation allowed us to obtain a uniform distribution for the
ensuing p-value under the null model. We used two reference p-values
in order to analyze the number of signiﬁcant tests at a usual level of
signiﬁcance (0.05) as well as at a more stringent level (0.01).
2.3.1.2. A single taxon as a surrogate for the full set of the other taxa?. We
looked for surrogates of overall alpha- and beta-diversity, i.e. whether
the species richness of a given taxon was a surrogate for the total
species richness of all the other taxa combined, or whether the betadiversity for a given taxon was a surrogate of the beta-diversity for all
the other taxa. Since we used previously available taxonomic datasets,
the data were unbalanced; not all the taxa were recorded on each of the
206 plots. Even so, twenty-ﬁve combinations of two to seven taxa
among the nine targeted taxa were still available (Supp. Mat. Table A4).
Among the 25 combinations, we selected the combination that gave us
the best trade-oﬀ between the total number of plots and the number of
shared taxa. Four taxa (namely ground beetles, saproxylic beetles, birds
and vascular plants) had been systematically sampled together on 112
plots (Supp. Mat. Table A4 and Fig. A2) and were retained for further
analyses. We performed Pearson correlation coeﬃcient tests between
the species richness of each taxon and the total species richness of the
set of the other three taxa. Then, we performed Procrustes analyses (see
above) on dissimilarity matrices based on each taxon and on the three
other taxa (with permutation tests conditioned on geographic area).
Due to the limited number of cases being compared, no multiple
comparison correction was applied to the tests.

3.1.1. Pairwise correlations of taxa in alpha- and beta- diversity
We found four signiﬁcant pairwise co-variations in alpha-diversity
59
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Table 4
Pairwise correlations of taxa in alpha- and beta-diversity without multitest correction; alpha-diversity below the diagonal: Pearson coeﬃcients based on normalized marginalized
randomized quantile model residuals; beta-diversity above the diagonal: Procrustes analysis of the congruence in ﬁt between dissimilarity matrices (with permutation tests conditioned on
the geographic area); signiﬁcance of relationships: ***: p < 0.001; **: 0.001 < p < 0.01; *: 0.01 < p < 0.05; ns: p > 0.05; g.beetles = ground beetles, s.beetles = saproxylic beetles,
for = forest subgroup; NA = data not available; NT = not tested; nc = not computed since taxa co-occurred in less than 50 plots. Signiﬁcance levels indicated are for individual tests.
After correcting for multiple comparisons at the p < 0.05 level, we found no signiﬁcant tests for alpha-diversity, and only two signiﬁcant results for beta-diversity (between vascular
plants and ground beetles, and vascular plants and bryophytes).

representing roughly 9% of the tested taxon pairs (see Table 4 below
the diagonal; co-variation direction indicated in brackets): bats with
bryophytes (+) and ground beetles (−), saproxylic beetles with ground
beetles (+), polypores with bryophytes (+). All signiﬁcant co-variations were weak (Pearson < 0.34). We found six signiﬁcant pairwise covariations in beta-diversity representing roughly 14% of the tested
taxon pairs (see Table 4 above the diagonal): (i) vascular plants with
bryophytes, ground beetles, lichens and forest birds, (ii) saproxylic
beetles with ground beetles, and (iii) polypores with bryophytes.
After correcting for multiple comparisons, we found no signiﬁcant
tests (at the p < 0.05 level) for alpha-diversity, and only two signiﬁcant results (between vascular plants and ground beetles, and vascular plants and bryophytes) for beta-diversity. When we then tested
the signiﬁcance of the number of signiﬁcant tests, we found that the
number of tests for alpha-diversity signiﬁcant at p < 0.05 was not
surprising (at p < 0.05), while the number of tests for beta-diversity
signiﬁcant at p < 0.05 and p < 0.01 were very surprising (respectively p < 0.01 and p < 0.001).

Table 5
Pearson correlations based on model residuals and Procrustes analysis of the congruence
in ﬁt between dissimilarity matrices (with permutation tests conditioned on the geographic area) for each taxon used as an indicator for (i) species richness (SR) or (ii)
variation in species composition of the cumulative set of the three other taxa; ***:
p < 0.001; **: 0.001 < p < 0.01.

saproxylic beetles
birds
vascular plants
ground beetles

Pearson
correlation
coeﬃcient (SR)

Procrustes statistic
(matrix
dissimilarities)

% of total species
richness (average
at the plot level)

0.651***
0.472***
0.743***
0.332***

0.523*
0.487 ns
0.516 ns
0.525 ns

36.4
17.3
37.5
8.8

plants, and the combination of saproxylic beetles, vascular plants and
birds displayed the highest average contribution to total species richness. Birds and ground beetles had the lowest average and the most
variable contribution to total species richness. Moreover, the higher the
average contribution to total species richness, the lower the mean rank
diﬀerence between the richness ranks based on the whole assemblage
and the richness ranks based on a single-taxon subset.
In order to rank plots on the basis of their species richness, we
identiﬁed four groups of taxon subsets (noted a, b, c and d in Table 6).
As expected, the best combination to rank plots was saproxylic beetles + vascular plants + birds, i.e. the three-taxon set cumulating
he highest proportion of all species. Nonetheless, in the third performance group (signiﬁcant group c in Table 6), selecting only saproxylic
beetles had a ranking performance equivalent to the vascular
plants + birds + ground beetle association.

3.1.2. A single taxon as a surrogate for the full set of other taxa?
At the plot level (and for the selection of 112 plots), median (and
range of) values for alpha diversity of saproxylic beetles, birds, vascular
plants and ground beetles were 33 (5–69), 15 (4–27), 35 (9–70) and 9
(2–35) species, respectively. The alpha diversity of saproxylic beetles,
birds, vascular plants or ground beetles alone was a good surrogate for
the alpha diversity of the other taxa since all the Pearson correlations
were signiﬁcant and showed high values for saproxylic beetles and
vascular plants (Table 5). For saproxylic beetles only, we measured a
signiﬁcant correlation between inter-plot distance matrices based on
each single taxon and the matrix based on the three other taxa pooled
together.

3.2. Taxon cost eﬃciency

3.1.3. Single- or multi-taxon subsets as surrogates for a whole set of taxa to
determine plot ranking
At the single-, two- and three-taxon level, respectively (Table 6),
vascular plants, the combination of saproxylic beetles and vascular

Based on their experiential knowledge, the taxonomic specialists we
consulted classiﬁed birds and vascular plants as the cheapest taxa to
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performance (380), but they were only partially evaluated for performance since, in our sample, they did not share enough plots with the
other taxa to perform congruence analyses.

Table 6
Contribution to total species richness and diﬀerences in plot ranking of single-, two- and
three-taxon subsets as compared with the full four-taxon assemblage; g.beetles = ground
beetles, s.beetles = saproxylic beetles; letters a, b, c and d indicate signiﬁcant groups of
combinations based on bootstrap CI.

s.beetles_vascular plants_birds
s.beetles_vascular plants_
g.beetles
s.beetles_vascular plants
vascular plants_birds_g.beetles
s.beetles_birds_g.beetles
vascular plants_birds
s.beetles_birds
vascular plants_ g.beetles
s.beetles_ g.beetles
vascular plants
s.beetles
birds_ g.beetles
birds
g.beetles

4. Discussion

Contribution to total
species richness

Plot ranking

Mean (%) Relative
standard
deviation
(%)

mean rank
diﬀerence
(absolute
values)

bootstrap CI

91.24
82.69

3.42
7.16

0.66a
5.25b

0.49–0.86
4.38–6.44

73.92
63.56
62.52
54.80
53.75
46.25
45.20
37.48
36.44
26.08
17.31
8.76

10.04
16.80
16.43
19.99
17.58
20.43
24.23
27.41
29.30
28.46
34.21
35.64

5.54b
16.91c
16.38c
16.91c
16.59c
18.71c
18.95c
18.55c
18.55c
29.54d
29.68d
33.39d

4.54–6.74
14.23–19.56
14.18–18.86
14.65–20.01
13.89–19.07
15.96–22.19
16.09–21.91
15.70–21.69
15.75–21.49
26.20–33.33
26.47–33.73
29.30–38.29

Seeking biodiversity indicators has a rather long history (see e.g.
Murdoch et al., 1972). Conservation strategies often rely on surrogates
(called umbrella, keystone or target species), according to the recommendations of e.g. Mills et al. (1993) or Lambeck (1997), and assume signiﬁcant beneﬁts for biodiversity (Caro 2010). However, the
performance of these indicator species has rarely been tested. Among
the nine taxa assessed in this study, only birds and vascular plants had
been regularly evaluated before 2006 (Wolters et al., 2006). Since then,
several studies have looked at bryophytes, fungi and lichens (e.g.
Bagella 2014; Mysak and Horsak, 2014; Santi et al., 2010; Rooney and
Azeria, 2015) but fungi has ultimately been poorly studied to date
(Westgate et al., 2017).
4.1. An analytical approach to avoid potential pitfalls in the evaluation of
cross-taxon congruence
Most published results related to cross-taxon congruence did not
take into account the spatial structure revealed by the data (e.g. simple
correlation coeﬃcients on raw data as in Lovell et al., 2007; Negi and
Gadgil, 2002 or Ricketts et al., 2002; but see Sabatini et al., 2016). We
compared the pairwise correlations of taxa for alpha- and beta-diversity
in models accounting for the spatial pattern of our sampling design and
in models which did not account for spatial patterns (Suppl. Mat., Fig.
A3 and Table A7). We found that, in terms of average magnitude, the
correlation was not strongly aﬀected when the spatial conﬁguration of
the plots was accounted for; the Pearson values were only slightly lower
than the Pearson values on standardized residuals. However, values
were much less extreme than for uncorrected residuals (Fig. A3, Suppl.
Mat). In terms of signiﬁcance, 39% and 82% of the statistical decisions
in alpha and beta-diversity, respectively, were changed (rejecting or
accepting the null hypothesis) for pairwise correlations. Results were
mostly less signiﬁcant for the spatially corrected results: about 34% of
the pairwise correlations in alpha-diversity (resp. 68% for beta-diversity) were actually changed from signiﬁcant to non-signiﬁcant, with
an additional 12% for beta-diversity that shifted to a less signiﬁcant
result (Suppl. Mat. Table A7). These rough metrics clearly demonstrate

study, while polypores and saproxylic beetles were the most expensive
(Fig. 1; see details of the scores in Supp. Mat. Table A5). Saproxylic
beetles and hoverﬂies require expensive sampling devices (window and
Malaise traps) because of their relatively short life-spans.
Considering the relationship between sampling cost (Supp. Mat.
Table A5) and performance score (Supp. mat. Table A6), we distinguished four categories of taxa based on medians (Fig. 2): (i) lowcost (12.5–14.7 points) yet eﬀective (390–467 points) with vascular
plants and birds; (ii) low-cost (17–17.5) but ineﬀective (333–340) with
ground beetles and bats; (iii) costly (27.5–27.5) yet eﬀective (403–440)
with polypores and saproxylic beetles; and (iv) both costly (20) and
ineﬀective (366) with bryophytes. In addition to these categories, lichens showed an average sampling cost (19) and a weak performance
(350). Finally, hoverﬂies were costly (21.3) and showed an average

Fig. 1. Sampling cost estimated by 12 taxonomist
experts for 9 taxa based on 9 criteria; scores by taxon
were averaged when several experts gave diﬀerent
values; potential total score range = 9–33.
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Fig. 2. Sampling cost and performance score for nine
potential bio-indicator taxa; potential score ranges:
9–33 points for cost, 180–740 points for performance; lines split the ﬁgure according to median
scores; *: the performance score of hoverﬂies may be
under-evaluated (max 200 points) due to untested
relationships with the other taxa (number of plots
shared < 50); see Material and Methods section for
more explanation about constructing the sampling
cost and performance score; g-beetles = ground
beetles, saprox-beetles = saproxylic beetles.

that congruence in beta-diversity is more robust than congruence in
alpha-diversity to avoid study-related eﬀects. Researchers should further explore using covariations in beta diversity, in addition to or instead of co-variations in alpha-diversity, to deﬁne biodiversity indicators.

that our results concerning cross-taxon surrogacy changed considerably
when we accounted for the spatial pattern of the sampling design, both
for alpha- and beta-diversity, and not only for alpha-diversity as in
Westgate et al. (2017).
We also compared the statistical signiﬁcance of pairwise taxon
correlations in alpha- and beta-diversity with or without p-value adjustments to account for, or not to account for, multiple comparisons
(Suppl. Mat. Table A8). Logically, the results were much less signiﬁcant
after this adjustment: after adjusting p-values, about 9% of the statistical decisions in alpha and beta-diversity were changed from signiﬁcant to non-signiﬁcant (i.e. accepting the null hypothesis) for pairwise correlations. Moreover, 5% of the pairwise correlations in betadiversity became less signiﬁcant (Suppl. Mat. Table A8). Overall, with
this multiple test correction, we found no signiﬁcant tests (at the
p < 0.05 level) for alpha-diversity, and only two signiﬁcant results for
beta-diversity. This p-value adjustment was designed to maintain enough power – compared to the Bonferroni technique – to correctly reject the null hypothesis for individual tests, thus reducing the likelihood
of false positives (type I errors) for the entire set of tests by taking into
consideration the number of comparisons being made (Rice, 1989).
Applying this alternative statistical approach for multiple testing led us
to accept the null hypothesis more often, i.e. to decrease Type I errors of
individual tests. Based on Moran (2003), we ﬁnally decided to keep
both pieces of information in Table 4 and to interpret the signiﬁcant
results in Table 4 with great circumspection.

4.3. Cross-taxon congruence
In our study, vascular plants were the taxon the most congruent
with the other taxa tested for beta-diversity, while bryophytes, bats and
ground beetles were the most congruent taxa for alpha-diversity.
However, it should be underlined that the observed covariations were
weak and no single taxon was ﬁrmly identiﬁed as a relevant surrogate
for the other taxa. Our approach highlights that the choice of the particular statistical method used (i.e. with or without removal of macro
spatial structure, with or without multiple test correction) strongly inﬂuences the level of correlation and the signiﬁcance of results. This
might partly explain variations in past results and calls for a greater
attention to these statistical issues (in line with Biggs et al., 2009). Most
studies have found weak cross-taxon congruence (e.g. Grand et al.,
2004; Lovell et al., 2007; Negi and Gadgil, 2002; Ricketts et al., 2002).
Prendergast et al. (1993), Lombard (1995), Oliver and Beattie (1996),
Kerr (1997), Kati et al. (2004) and, in a review, Wolters et al. (2006)
concluded that no taxon has as yet proved to be universal (in accordance with Nordén et al., 2007) or even to be a good predictor for
the species richness of other taxa. However, Pharo et al. (1999) found
that vascular plants were robust surrogates for beta-diversity. Moreover, some studies deemed vascular plants to be relevant surrogates for
alpha-diversity: Fensham and Streimann (1997) in forests, Sauberer
et al. (2004) in agricultural landscapes and Bräuniger et al. (2010) in
urban contexts. In line with Duan et al. (2016), we highlighted a signiﬁcant congruence between assemblages of vascular plants and ground
beetles. Delayed responses could also inﬂuence cross-taxon congruence.
Diﬀerent patterns in a species’ delayed responses to habitat change −
i.e. extinction debt or colonization credits − have previously been
highlighted for hoverﬂies (Bommarco et al., 2014; Herrault et al.,
2016), vascular plants (Bommarco et al., 2014) and birds (Ford et al.,
2009).
Some well-known − even emblematic − mammals and birds have
been used as biodiversity surrogates (Wolters et al., 2006). However,
Landres et al. (1988) and Fattorini (2010) warned against the use of
vertebrate surrogates to assess habitat suitability for other species, or to
make conservation decisions. Eglington et al. (2012) found that, in
temperate regions, bird species richness only moderately reﬂected the

4.2. The use of taxon surrogacy for beta- vs alpha-diversity to deﬁne
biodiversity indicators
We found more pairwise co-variations in beta- than in alpha-diversity (6 vs 4). Species richness is a univariate value which is easier to
use than species composition in routine calculations (Magurran, 2004).
This may explain why cross-taxon congruence through variations in
beta diversity has rarely been studied. Furthermore, the few published
results regarding this issue are contrasted (e.g. Mandelik et al., 2012;
Negi and Gadgil, 2002). Prendergast (1997), Bilton et al. (2006) and
Gaspar et al. (2010) found more inconsistency between species richness
than between species composition across taxa and sites, and therefore
suggested using beta-diversity rather than alpha-diversity to select
surrogate taxa. Nordén et al. (2007) and Lovell et al. (2007) had already
suggested complementing species richness data with species composition data, especially in heterogeneous habitats where the use of species
richness to identify congruent relationships may lead to misinterpretation (Lovell et al., 2007). Westgate et al. (2017) highlighted
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species between taxa sampled with classical (insect trapping, sporocarp
inventory…) and molecular (NGS) methods are under study (e.g.
Ovaskainen et al., 2013).
Thirdly, in order to give a benchmark for cost-eﬃciency, we include
a cost analysis for hoverﬂies, which have already been used as an indicator taxon at the landscape scale (Sommaggio and Burgio, 2003),
even though our dataset did not enable us to test their cross-taxa congruence.
Fourthly, even though ground beetles have been recommended as
relevant surrogates in terrestrial environmental evaluations (Gerlach
et al., 2013), we found their performance rather weak in forest conditions; they were also poor indicators of forest plot ranking.
Some performance criteria, particularly Aggregation of ecological information, Sensitivity to environmental change and Functional importance
for the ecosystem, could have been under-evaluated in our results since
only a few studies were available to provide empirical data and make
the expert judgment more robust. For these three criteria grouped together, the performance scores could have been underestimated by: (i)
20 points for vascular plants (i.e. 4% of the current score) and hoverﬂies (5%), (ii) 30 points for bryophytes (8%), polypores (7%) and saproxylic beetles (7%), (iii) 40 points for lichens (11%) and birds (10%),
(iv) 50 points for ground beetles (15%), and (v) 60 points for bats
(18%).

species richness of vascular plants and other animal taxa, even though
in Italian forests at the stand scale, birds were shown to be eﬀective
surrogates for vascular plants (Blasi et al., 2010; Santi et al., 2010). In
our forest data, the correlations in alpha diversity between birds and
the other tested taxa were never signiﬁcant. However, our estimates for
bird richness were probably too low and, as importantly, rather imprecise, due to the short duration (total of 10 min per plot, in line with
e.g. Bonthoux and Balent, 2012) of our bird point counts (see Drapeau
et al., 1999); this may at least partly explain the poor indicator value we
found for birds. In addition, we found no signiﬁcant co-variations in
beta-diversity between birds and other taxa. Using a meta-analysis
approach covering a wide range of ecosystems and taxa, Westgate et al.
(2017) highlighted that vascular plants and birds outperform other taxa
as surrogates for both alpha- and beta-diversity.
Surrogacy was expected to be higher when ecological overlap occurred between the target and surrogate taxa. Similar responses to
environmental gradients and ecological relationships between taxa
generally lead to strong congruence (Gaspar et al., 2010). For instance,
we may assume that congruence between the saproxylic taxa is strong
(see e.g. Jonsson and Jonsell, 1999). Our results did not actually allow
us to illustrate these assumed relationships; no single taxon unequivocally proved to be a saproxylic surrogate. This may be due to the
large within-group heterogeneity in habitat preferences (e.g. preference
for abiotic conditions) among saproxylic organisms. For instance, let us
take bryophytes and saproxylic beetles. Most bryophytes require
deadwood resources in shady contexts because they need humidity to
reproduce (Jahns, 1989), while the variety of saproxylic beetles species
recorded through window trapping increased with stand openness
(Bouget et al., 2014). This corresponds to their multi-habitat behavior
(beetle larvae need saproxylic substrates while most imagos are ﬂoricolous) and the positive eﬀect of higher temperature on their activity.
Contrary to expectations, subsets of forest species did not have
higher surrogacy in either beta- or alpha-diversity than the whole taxon
including generalist – sometimes it was even lower.

4.5. Complementarity of taxa: toward a multi-taxon set of indicators?
Our results showed that using a set of two or three taxa, as opposed
to single-taxon approaches, drastically increased surrogacy eﬀectiveness, in accordance with Jonsson and Jonsell (1999), Kati et al. (2004)
and Gerlach et al. (2013). Associating saproxylic beetles with vascular
plants, or with both vascular plants and forest birds, seemed to be the
most cost-eﬃcient, considering both the set’s indicator power and its
sampling cost. Furthermore, these three taxa (vascular plants, saproxylic beetles and birds) showed low congruence in alpha-diversity
and therefore provided complementary information. In Mediterranean
ecosystems, Mandelik et al. (2010) also suggested using a combination
of plants and insects to improve surrogacy in biodiversity monitoring.
Furthermore, Gerlach et al. (2013) recommended associating taxa from
contrasting trophic guilds covering a wide gradient of dispersal abilities.

4.4. Cost-eﬃciency of taxa
Very few studies have actually evaluated the cost-eﬃciency of using
a wide range of taxa to enhance surrogacy (see Gardner et al., 2008;
Mandelik et al., 2010). Thanks to both empirical expert knowledge and
the results from our study, we highlight four categories of taxa in terms
of cost-eﬃciency, from low-cost but ineﬀective to costly but eﬀective.
Several individual taxa are commented on below.
First, we found vascular plants to be a very eﬃcient taxon, probably
because tree species are included in the group. Including trees actually
improves the score for vascular plants on several criteria, such as
Relevance for stakeholder interests, Functional importance, Easy depiction
and comprehensibilityof the role of the taxon or Economic importance.
Using other criteria relative to the key attributes of forest ecosystems,
e.g. maturity gradient, would decrease the performance score of vascular plants. Furthermore, vascular plant species richness is very sensitive to the nutrient-richness of the soil (e.g. Rameau et al., 1993).
Since our sample included a very low proportion of sites with very
nutrient-poor soils such as podzols, the mean contribution of vascular
plants to both total species richness and plot ranking may have been
over-estimated.
Secondly, saproxylic beetles were classiﬁed as an eﬀective but costly
group. It should be pointed out, however, that the growing use of faster
innovative sampling methods, such as DNA meta-barcoding or environmental DNA analysis, should dramatically reduce the eﬀort required for saproxylic beetles (Bohmann et al., 2014). Meta-barcoding
has recently been used to successfully assess arthropod diversity (e.g.
Yu et al., 2012). In the future, barcoding could be relevant for other
taxa as well, such as polypores which are currently directly sampled
from decayed wood at great cost (see e.g. Runnel et al., 2015). Surrogacy correlations in alpha- and beta-diversity values for saproxylic

5. Conclusion and research perspectives
For indicator taxa to be routinely used as tools for evaluating,
monitoring and decision-making, managers need to consider the tradeoﬀs between their performance and sampling costs (Gardner et al.,
2008). This paper clariﬁes the cost-eﬃciency of nine potential forest
indicator taxa and their combinations. In a companion paper under
preparation, we will address the relationships between indicator taxa
and key environmental variables for sets of forest biodiversity indicators. It should be noted that our dataset includes taxa and environmental variables measured at the local stand scale; however, the
strength of the correlation between taxon species richness of taxa is
known to be scale-dependent (Eglington et al., 2012; Jonsson and
Jonsell, 1999; Santi et al., 2016). Moreover, most of our data is related
to single-year sampling (Table 1) and this short-term temporal scale did
not allow us to take into account community dynamics and changes in
patterns over time (Favreau et al., 2006). Therefore, further research
should consider larger spatial and temporal scales, i.e. congruence of
taxa in the long-term and at the landscape scale. In addition, further
research should also consider the intensity of human disturbance and its
impact on congruence results (Rooney and Azeria, 2015).
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