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Predictability of species diversity by family diversity across global

terrestrial animal taxa
Running title: Higher taxa diversity surrogacy for animals
Abstract

Aim: While biodiversity is in sharp decline around the globe, collecting precise
information on changes in overall species richness remains extremely
challenging. Efficient and reliable proxy methods are therefore needed, with
the diversity of higher taxa representing one such potential proxy for
species-level diversity. Nonetheless, the stability of using this measure across
different regions and animal taxa at the global scale has never been

thoroughly investigated.
Location: Global

Time period: Up to 2016
Major taxa studied: Animalia

Methods: We use a large global dataset containing published studies on
diversity in the terrestrial Animalia to analyse the relationship between diversity

at family, genus and species level across different orders.

Results: Family- and species-diversity are positively correlated, with the
strongest correlations in Diptera, Hemiptera and Coleoptera. Correlations are
slightly weaker in family-species than genus-species relationships. These
differences are stronger in observed richness than in diversity indices. Across
all taxa, family-species-correlations of Shannon diversity index values were
independent of sample size, and they showed limited variation across biomes
for the three orders containing sufficient case studies for this analysis. Based
on the Shannon diversity index, the species diversity per site increases linearly
with the increase in family diversity, with an average species / family diversity

index ratio of 2.5, slightly lower than the ratio of 2.7 for observed species and
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family richness values.

Main conclusions: Our study confirms that recording family-level diversity
can be a meaningful proxy to determine species-level diversity patterns in
biodiversity studies, while trade-offs between identification costs and retained

information content need to be considered when using higher taxon surrogacy.

Key words

Arthropods, bio-geographical distribution, biodiversity conservation, higher

taxa surrogate, meta-analyses, PREDICTS, Shannon diversity

Introduction

The decrease in biodiversity has led to dramatic declines in the provision of
ecosystem services (Diaz et al., 2015). To address these declines and devise
effective conservation measures, we need a thorough understanding of the
specific quantitative changes in biodiversity, with species diversity
representing the most commonly used currency (Myers et al., 2000; Kreft &
Jetz, 2007; Jenkins et al., 2013). Collecting and recording species diversity
information, however, is challenging, since this work requires enormous
resources in time, money and expert knowledge, but also because only a
fraction of the global species pool is currently known to science, which makes
this task extremely difficult (Scheffers et al., 2012; Stork, 2018). A potential
alternative approach in biodiversity assessments is to focus on the diversity
patterns at higher taxonomic levels. The relative ease of identification at higher
taxonomic levels makes working on this scale significantly cheaper and
quicker, and it also allows for the efficient training of staff and volunteers with
limited taxonomic knowledge to contribute towards biodiversity assessments
(Lovell et al., 2009).

The application of higher taxa surrogacy for species diversity needs to

consider trade-offs between retaining information content and identification
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costs (Balmford et al., 1996b; Balmford et al., 1996a; Perez-Fuertes et al.,
2016). Identification work at high taxonomic ranks (e.g. order) is easy and fast,
but resulting information may poorly reflect species diversity (Terlizzi et al.,
2009; Driessen & Kirkpatrick, 2019). The number of lower taxonomic ranks
(e.g. genera) may strongly indicate underlying species diversity, but
identification of large numbers of specimens to that level is often
time-consuming and challenging, particularly in mega-diverse arthropod taxa
(Balmford et al.,, 2000; Cardoso et al., 2004; Perez-Fuertes et al., 2016).
Family-level data in this context might represent a sensible compromise, both
requiring limited identification effort and still potentially serving as a good proxy
of species diversity. A further general concern relating to higher taxon
surrogacy for species diversity is that higher taxa are not natural units, but
represent rather arbitrary classifications to facilitate the organization of
taxonomic information (see Gaston, 2000) (Wiliams & Gaston, 1994;
Bevilacqua et al., 2012). A key rationale in conserving species diversity across
taxonomic groups is the maintenance of functionally diverse ecosystems, with
species diversity often directly linked to the complexity of ecosystem properties
that in turn affect the strength and resilience of ecological functions (Naeem et
al., 1999; Hooper et al., 2005; Kremen, 2005; Zavaleta et al., 2010). Linkages
between functional properties and morphological characteristics, meanwhile,
are already strongly associated with family-level differentiations (Warwick,
1993), with a high family-level diversity commonly associated with a high
structural or trait diversity (Terlizzi et al., 2009). While higher taxonomic ranks
are not as clearly defined as species (Sepkoski, 1992), family level diversity
cannot therefore be regarded only as an arbitrary functional unit with limited
ecological meaning. On the contrary, family level diversity in itself provides

ecologically relevant information (Gaston, 2000).

The crucial step for the use of family diversity as a proxy for species diversity
in biodiversity assessments is to establish the strength of links between
richness patterns at species level and family level (Gaston & Williams, 1993).
In particular, we need to know: i) whether a consistent relationship between

family diversity and species diversity exists across different geographic



oNOULTDh WN =

88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113

114
115
116
117
118
119

Global Ecology and Biogeography

regions, and ii) whether the relative species richness per family is stable
across different geographic regions. The first question has been studied
already on regional scales for a variety of taxa and geographic regions. For
example, family richness can be used successfully to predict species richness
on a regional scale in higher plants (Negi & Gadgil, 2002; Villasenor et al.,
2005), amphibians (Mazaris et al., 2008), birds (Williams & Gaston, 1994;
Mazaris et al.,, 2008), mammals (Mazaris et al., 2008) and arthropods
(Williams & Gaston, 1994; Baldi, 2003; Heino & Soininen, 2007). Nonetheless,
several studies also reported that species diversity is only poorly predicted by
family diversity (Prance, 1994; Balmford et al., 2000; Grelle, 2002). All these
studies have generally focused on one region or a small set of regions, with
regional or local inventories across the respective taxonomic groups. On their
own, the results of these individual inventories, however, cannot be used to
fully guide specific biodiversity studies. This relates to the fact that these
detailed inventories generally used a much more comprehensive sampling
effort than ‘normal’ ecological studies, while higher taxa surrogacy might be
influenced by sampling effort per se (Larsen & Rahbek, 2005; Vieira et al.,
2012; Neeson et al., 2013). Results from these inventory studies therefore
represent a compromise between the immense effort required in
species-specific studies covering a range of families, and the very limited
regional coverage possible when using such an approach. These studies
therefore need to balance the spatial and taxonomic resolutions they can
achieve. To understand the general patterns and links between the richness
recorded at species levels and that at higher taxonomic levels across taxa and
regions, it is therefore necessary to combine the existing approaches into a

common analytical framework.

The second question, i.e. are the relative number of species per family across
different geographic regions similar, to some extent relates to the theory of
species’ bio-geographical distributions. One of the most widely observed
bio-geographical rules in species distributions is the increase of species
richness from the poles to the equator (Williams et al., 1997; Willig et al., 2003,
Hillebrand, 2004). A variety of hypotheses has been proposed to explain the
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latitudinal gradients of biodiversity, among which the diversification rate -
hypothesis argues generational turnover and speciation rate in low latitude
regions is higher than at high latitudes due to the higher temperature and, at
least in the case of tropical rainforests, also high levels of humidity (Rohde,
1992; Mittelbach et al., 2007; Condamine et al., 2012). These conditions
resulted in ample opportunities for isolation, paratactic and sympatric
speciation, and genetic drift due to spatial-temporal heterogeneity (Rohde,
1992; Mittelbach et al.,, 2007; Condamine et al., 2012). According to this
hypothesis, we can expect that the number of species per higher taxa in
random samples increases from the poles to the equator, as well as potentially
from mountain tops to mountain bases. Although the diversification rate
hypothesis has not been supported by recent studies of ants (Economo et al.,
2018) and marine fishes (Rabosky et al.,, 2018), an increasing trend in the
species / family ratio from high to low latitude has been observed already for
eastern Pacific marine molluscs (Roy et al., 1996). The high heterogeneity of
environmental conditions linked for example to mountainous environments and
precipitation gradients in many terrestrial systems might limit the strength of
this trend in terrestrial taxa (McClain et al., 2007; Rundell & Price, 2009).
Nonetheless, establishing existing trends in terrestrial species-family ratios
across different geographic regions is seen as important to provide guidance

for the use of family-level surrogacy.

Here we examined the relationship between diversity at family and species
level across terrestrial animal taxa using data from the PREDICTS database
(Projecting Responses of Ecological Diversity in Changing Terrestrial
Systems) (Hudson et al., 2017). This database contains site-level terrestrial
biodiversity data from hundreds of published studies of over 26,000 study sites
around the world. This database can be used to investigate a variety of core
ecological and biogeographic questions related to biodiversity and
conservation (Newbold et al., 2015; Gray et al., 2016; Newbold et al., 2016;
Hudson et al., 2017). We used the PREDICTS database to investigate the
following research questions at a global level and across a wide range of taxa:

i) What is the predictability of family-level surrogacy for species diversity, i.e.
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the correlation between the diversity at family and species level? ii) How does
the predictability of family surrogacy differ from genus-level surrogacy, and
how does it differ when using diversity indices rather than observed richness?
iii) If significant correlations between family and species diversity occur, how
do these correlations differ between different biomes, and how are they linked
to sample size? iv) What is the influence of latitude, elevation and sample size

on the ratio between species humber and family number?

Method

Data selection

The PREDICTS dataset (Hudson et al., 2016), containing more than 3 million
records, was downloaded in January 2018. Unpublished sources and
non-English articles were excluded. We selected source studies containing
orders of both arthropods and vertebrates (Arthropoda and Chordata) with
abundance recording (presence and absence recordings were excluded),

which resulted in 215 source articles containing data for 281 studies

From these 281 studies, we selected those that have a full coverage within a
certain order, i.e. excluding source studies that only selected a subset of
families within an order. This resulted in a total of 160 source articles
representing 201 studies and 401 order X study data-sets (a study could
contain multiple orders). In the next step of our analysis, we retained only the
studies that identified samples to species or morpho-species level with family
information. For the calculation of genus-level diversity surrogacy, species
without genus information were excluded. This resulted in 154 source articles
describing 191 source studies (see Appendix S1 for the flow chart of data
selection procedure and Appendix S2 for the respective selected study codes
from the PREDICT data source, with bibliographic references to these studies
included in list Appendix 1), 366 order x studies, 13183 order x sites, and
147,003 species records with a recorded abundance >0. Sample sites
(hereafter referred to as “site”), considered as independent observations with

coordinate records, for which a list of taxa were sampled using the same
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method, represent our lowest unit of measurement. In some studies, different
blocks were distinguished, e.g. according to biome or level of human
disturbance. We treated such "blocks" as separate studies in the context of

this analysis.

Data Analysis

We calculated the Shannon diversity index for each site for the species, genus
and family level, respectively. Shannon diversity is the most frequently used
biodiversity index and has been considered to be a reasonably good measure
of diversity for taxa that are incompletely sampled (Fiedler & Truxa, 2012).
Shannon entropy (H, Appendix S3: Equation 1) describes the degree of chaos
in a species assemblage. Exponentiation of the Shannon entropy results in the
Shannon diversity (D, Appendix S3: Equation 2), a measure reflecting the
effective richness (Jost, 2006). In addition, we also calculated Simpson’s
diversity index and the observed richness to check how robust the results
generated for Shannon’s diversity index are in comparison with these

alternative diversity measures.

Pearson correlation coefficients (Pearson’s r) between family and species
diversities, and between genus and species diversities, were calculated for
each study. Calculations and analysis were performed for each different order,
respectively. We excluded sites where less than 20 individuals were recorded
to ensure that diversity index values were robust (Appendix S1). Studies
reporting from less than 5 sites were also excluded, resulting in a final pool of

79 source articles, 101 source studies and 232 order x studies (Appendix S1).

A random effect meta-analysis was then conducted using Fisher's z,
calculated from Pearson’s r (Appendix S3: Equation 3) (Field, 1999) as the
effect size, based on restricted maximum likelihood (REML) methods to
estimate the between-study variance, with the study included as a random
factor (Schwarzer et al., 2015). Funnel plots (for the Shannon diversity index)
were made of Fisher's z and its standard error (Appendix S3: Equation 4 ) to

assess publication bias. Results were converted back to Pearson’s r for easier
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interpretation.

To investigate the correlation across different regions, biome-specific
correlations (Pearson’s r) were calculated according to the Terrestrial
Ecoregions of the World dataset (The Nature Conservancy, 2009), as used by
PREDICTS (Hudson et al., 2017). Of the 14 biomes represented by the
selected source-studies in the PREDICTS dataset, six contained sufficient
numbers of studies to allow for comparisons of species-family structures within
the same order with other biomes. These six biomes are ‘Temperate Broadleaf
& Mixed Forests’ (TBMF), ‘Temperate Grasslands, Savanna & Shrublands’
(TGSS), ‘Tropical & Subtropical Moist Broadleaf Forests’ (TSMBF), ‘Tropical &
Subtropical Grasslands, Savanna & Shrublands’ (TSGSS), ‘Montane
Grasslands & Shrublands’ (MGS) and ‘Boreal Forests/Taiga’ (BFT).

To investigate how sample size affects the correlation between species and
family diversity, linear models were used to establish the relationship between
Pearson’s r (response variable) and sampling effort (explanatory variable),
expressed as the median value for the log number of individuals per study. For
the modelling analysis exploring the relationship between the response
variable and explanatory variable, orders that were presented in the dataset by

less than 5 studies (block-studies) were excluded to avoid model over-fit.

Linear regression based on Shannon entropy was applied to investigate the
relationship between Shannon Entropy at species (Hs) and family level (Hg)

(Equation 1):
HSm,j =b* HFm,j +a (1),

where a is the intercept and b is the slope of the model. Coefficients a and b
were estimated by meta-analysis (random effects model, REML to estimate
between-study variance). Left- and right-hand sides of the above equation are
then exponentiated to convert Shannon entropy to Shannon diversity
(Equation 2):

Ds,, = exp(a) = D}, (2).

m,j
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If the value of b=1, the equation represents a linear relationship (without
intercept) between the number of species and the number of families. Since
this was the case for our data, linear models were used to establish the
species / family ratio for the Shannon diversity index (D, Equation 3), allowing

a direct comparison between taxa. The model can be expressed as:
Ds,,, = B* Dp,,;+C (3),

where Ds and Dg are the Shannon diversity indices at species and family level
in site j for a study m; B is the slope, and C is the intercept in the linear model.
By setting the intercept to 0, the slope (B) therefore corresponds to the number
of species per family. The mean value of 8 was estimated by meta-analysis
(random effects model, REML to estimate between-study variance). Species /
family ratios were also calculated for the observed richness in each taxon, in
addition to the species / genus ratios calculated for both the Shannon diversity
index and observed richness. All these measures were used to study the
correlations in diversity patterns between these higher taxonomic levels and
species diversity in models constructed in the same way as described for the

Shannon diversity index values in a meta-analysis.

Finally, multiple linear regression was used to investigate how the species /
family ratio for each study (i.e. 8;) was related to sample size (log transformed
number of individuals), latitude (absolute value for UTM system, reflecting
kilo-meters from the equator) and elevation (Appendix S3: Equation 5), with
elevations obtained from Google Maps based on the coordinates given for

each site in the dataset.

All analysis and calculations were performed in R (V.3.5.2) (R Core Team,
2018). Package “vegan” (Oksanen et al., 2014) was used to calculate diversity
indices, “meta” (Schwarzer, 2015) for meta-analysis and “rgbif’ (Chamberlain

et al., 2015) to obtain elevation information.
Results

The total 401 ‘order x studies’ cases that covered all families within an order

9
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included 10 classes (Aves, Amphibia, Arachnida, Mammalia, Insecta,
Chilopoda, Diplopoda, Reptilia, Malacostraca, Entognatha) and 46 orders.
Apart from 33 studies out of 132 in Insecta, and 2 out of 36 in Arachnida that
identified taxa only to family levels, the remaining 366 cases identified taxa to
(morpho-) species level (Figure 1a). Across Terrestrial Ecoregions of the
World, most of these 366 cases were located in the biomes Tropical &
Subtropical Moist Broadleaf Forests (TSMBF, 129), Temperate Broadleaf &
Mixed Forests (TBMF, 84) and Tropical & Subtropical Grasslands, Savanna &
Shrublands (TSGSS, 51) (Figure 1b).

Valid studies meeting all our selection criteria covered nine orders in 5 classes.
The estimated mean correlation coefficients (Pearson’s r) were higher than 0.5
for all diversity metrics in all orders, and for both, family-species correlation
and genus-species correlation (Figure 2). With regards to the performance of
the Shannon diversity index in family-level surrogacy, the highest correlations
were observed in Diptera (mean, 95% Cl and number of samples: 0.88,
0.71-0.95, n=6), following by Hemiptera (0.87, 0.75-0.93, n=9) and Coleoptera
(0.86, 0.82-0.90, n=33), Passeriformes (0.80, 0.75-0.84, n=61), Hymenoptera
(0.73, 0.66-0.79, n=36) and Araneae (0.73, 0.67-0.78, n=45). Weaker
correlations were observed in Squamata (0.64, 0.21-0.87, n=4) and Anura
0.60, 0.32-0.78, n=9), while the lowest correlation coefficients were recorded
for Lepidoptera (0.57, 0.44-0.68, n=17). The funnel plots indicate an absence
of publication bias across all orders (Appendix S4), while scatter plots showing
family-level versus species-level Shannon entropy highlight distinct linear

relationships (Appendix S5).

Comparing different taxonomic ranks, Shannon index correlations were similar
for family-level and genus-level surrogacy in Diptera, Hemiptera and
Hymenoptera, while correlations were slightly stronger in family-species
relationships than genus-species relationship for Coleoptera. In
Passeriformes, Araneae, Squamata and Lepidoptera, this trend was reversed
(Figure 2a). The patterns for the Simpson diversity index were very similar to

results obtained for the Shannon diversity index (Figure 2b). When using

10
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observed taxon richness, genus-species correlations generally performed

better than family-species correlations across all taxa (Figure 2c).

Only three orders, Araneae, Coleoptera and Passeriformes, were recorded in
at least 2 biomes with more than 3 studies in each biome. In these taxa,
species— family diversity correlations did not differ between biomes with the
exception of Passeriformes, where assemblages in temperate forests (TBMF
biome) showed a higher correlation than assemblages in the two tropical
biomes TSMBF and TSGSS (Figure 3a). Sample size (log-transformed
number of individuals) did not have a significant influence on Pearson’s r for

any of the orders (Figure 3b).

Exponential models (Equation 1) showed that the number of species increases
linearly with the number of families (b in Equation 1 reaches values ~1 across
all orders, Figure 4). The species / family ratio based on the Shannon diversity
index was very similar to the ratio based on species richness. The average
value of B (Equation 3) was 2.5 for the Shannon diversity indices, in
comparison to a ratio of 2.7 for species versus family richness. The minimum
species / family Shannon diversity ratio was 1.6 for Anura (95% CI: 1.4 - 1.8),
and the maximum was 4.6 in Lepidoptera (3.9 - 5.3, Table 1). In contrast, the
species / genus ratio was 1.5 and 1.6 based on the Shannon diversity index
and observed richness, with 7 out of 9 orders showing values < 1.5. The ratio
for Lepidoptera based on Shannon diversity index values was only 1.3 (1.20
—1.35, Table 1).

Species / family Shannon diversity ratios were positively correlated with
sample size across all taxa, but the increase rate was low, with an average
increase in the ratio of 0.51 (range: 0.2 to 0.81) for an exponential increase in
the overall sample size (Table 1). This positive correlation was furthermore
only significant in Araneae (beta=0.72 + 0.18, P<0.001), Passeriformes
(beta=0.42 £ 0.1, P<0.001) and Hymenoptera (beta=0.7 + 0.27, P=0.047)
(Table 1, Appendix S6). Effects of elevation and latitude on species / family
Shannon diversity ratio among taxa differed strongly. For example, elevation

had a negative relationship with the species / family ratio for Araneae

11
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(beta=-0.09 + 0.03, P=0.003), but a positive one for Coleoptera (beta=0.16 £
0.08, P=0.025); latitude had a significant negative relationship with the species
/ family ratio only in Passeriformes (beta=-0.06 + 0.03, P=0.025), whereas no

significant links were observed in any of the other taxa (Table 1).

Discussion

Family-species diversity correlation is generally high across a wide range of
different taxonomic groups, with particularly high correlations observed across
the majority of arthropod taxa. For other taxa such as mammals, patterns
remain somewhat inconclusive due to an insufficient number of studies
available for a robust investigation. While family-level diversity surrogacy was
weaker than genus-level surrogacy, the cost of using genera as surrogates
needs to be considered. Genus-species ratios for most orders were less than
1.5, indicating that limited identification effort has been saved when using
genus diversity as a surrogate for species diversity. Particularly in some
mega-diverse arthropod taxa, identification of specimens to genus level might
already pose significant challenges, resulting in low trade-offs between
cost-effectiveness and information retainment (Cardoso et al, 2004,
Perez-Fuertes et al., 2016). The weaker trend for family-level surrogacy in
comparison to genus-level surrogacy was furthermore reversed for Shannon
diversity index values in Coleoptera, which might reflect the particularly strong
difficulties in identifying all specimens in this mega-diverse order reliably to
genus level. In addition, the differences between family-species diversity links
and genus-species diversity links are stronger in observed richness than for
diversity indices in many taxa, suggesting that diversity indices represent the

preferred means when using family-level surrogacy.

Our results furthermore showed that sample size had no influence on the
correlations between Shannon diversity at family- and species-levels
(Pearson’s r). This suggests that the potential requirement to collect very large
samples can be negated when using higher taxa surrogacy particularly in
regional investigations and when between-site variance of sample sizes is

relatively small (Villasenor et al., 2005; Wolters et al., 2006). While species /

12
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family ratios were positively correlated with the sample size for all taxa on a
global scale, the underlying trend (k1 in Equation 5, Appendix S3) was
relatively low. Overall, these results suggest that sample size only needs to be
considered in evaluations of diversity changes at species level based on
diversity changes at families level in cases where the variance in sample sizes
within a study is very high (e.g. at exponential scales) (Larsen & Rahbek,
2005; Terlizzi et al., 2009; Vieira et al., 2012). In addition, it needs to be
considered that different sample sizes in studies might be related to different
sampling methods used, while they could also relate to differences in sampling
effort, such as the number of traps used or of sampling days (Chao et al.,
2014), which may distort family- and species diversity correlations (Vieira et
al., 2012). We were unfortunately unable to comprehensively investigate the
overall influence of sampling effort in this study, since standardized sampling
effort information was not available for all studies, and reducing the dataset
exclusively to studies with available information would have resulted in a

strong reduction in overall statistical power of the analysis.

The consistency of species-family Shannon diversity correlations across
different biomes, while needing further verification through the inclusion of
more taxonomic groups, confirms the potential of higher-taxon survey
approaches for biodiversity assessments. We nonetheless need to
acknowledge that cross-biome transferability cannot generally be assumed
across the different taxonomic levels, as shown by a higher family-species
correlation performance in temperate than tropical regions for Passeriformes.
Likewise, van Rijn et al. (2015) reported, based on both genus- and
subfamily-level surrogacy, that the performance of higher taxa surrogate
approaches for bees differed between biomes. Overall, the transferability of
higher taxa surrogacy across regions requires significant future attention,

testing and additional research.

The mean species / family ratio across our studies is relatively low for both the
Shannon diversity index (~2.5) and observed richness (~2.7), with all taxa

showing values on a similar scale and with a low variance. Such low values
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are in strong contrast to the much greater, and highly variable, number of
globally described species per family among different taxa, for example
varying between 40 and 60 for birds (Reddy, 2015), but being about 160 for
frogs (Pough et al., 2015), about 400 for spiders (World Spider Catalog, 2018)
and >1400 for Leidoptera (Capinera, 2008). Nonetheless, this low species /
family ratio is consistent with previous higher-taxa surrogate studies. For
example Li et al. (2006) reported a linear relationship of about 2 species per
family in a variety of aquatic plant groups within a grid survey on a 9 X 9 km?2
area in China’s northwest arid zone. Williams and Gaston (1994) also
recorded between 2 and 5 species per family for ferns, butterflies and birds in
their regional study in Britain, Australia and America when the recorded
species count is low (i.e. <20 species). This implies that, while species are
distributed asymmetrically within higher taxa (i.e. some taxa contain many
species and some contain few) (Gaston, 2000), the species-family ratio is
relatively low in general ecological studies where spatial resolutions of
individual study plots are commonly small. Nonetheless, although we found
the species / family ratio to be similar for many taxa (e.g. 2.7 for Araneae, 2.3
for Coleoptera and 2.1 for Hemiptera), we suggest a prediction of species
numbers by observed families should be order-specific, as variance is still
existent (e.g. 1.6 for Anura and 4.6 for Lepidoptera). In taxa with low ratios, the
predictability of species diversity by family diversity is greatly enhanced, with a
high ratio often linked to a high variability due to stochastic factors (Rosser,
2017; Driessen & Kirkpatrick, 2019). For example, among arthropods,
Lepidoptera show the highest species-family ratios, but also the lowest
correlation coefficients between taxonomic levels. Here, we only applied linear
models to obtain species-family relationship, but considering the relatively low
observed species in each site for most studies, a linear model usually works
well (Cardoso et al., 2004). Therefore, we consider the relatively low number of
species per family that we found to be consistent with previous ecological
studies, done at much smaller spatial extent than the current global

meta-analysis.

In contrast to our expectation, we did not find a uniform decrease in the
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species / family ratio with higher latitude or elevation across taxa. As local
species richness is determined not only by speciation, but also by dispersal
and extinction (Mittelbach et al., 2007; Condamine et al., 2012), inconformity in
species / family ratios across different taxa may have a number of reasons.
First, it might be related to the limited statistical power for observing a
significant geographical trend, due to the relatively low number of species and
families observed in each study, and the lack of sufficient studies that cover a
wide range of regions. Second, species might not be randomly distributed
across their geographical range (McClain et al., 2007). Species diversification
resulting from ecological processes such as regional and local environmental
heterogeneity (e.g. isolation) in terrestrial systems may influence their global
geographical pattern, and such effects might vary between different taxa
(McClain et al.,, 2007; Rundell & Price, 2009). Furthermore, separation of
specimens into species (let alone morpho-species) might be biased due to
differing ease of separation / identification, and such bias might differ between
regions and taxa. Overall, species / family ratios in ecological studies are
therefore ill suited to directly test the latitudinal change of speciation
hypothesis (Roy et al., 1996).

Despite criticism of the higher taxonomic surrogacy approaches raised for
example suggesting that higher taxa are unlikely to reflect intricate
species-level responses to environmental disturbances (Bevilacqua et al.,
2012), our results demonstrate that family diversity is generally closely related
to species-level diversity, which means family-level taxon diversity can provide
a useful proxies measure for species-level diversity particularly for taxa with
low species-family ratios in individual samples. Although genus-level diversity
might perform better in indicating species diversity, family-level proxies are
applicable much more widely, particularly in studies of mega-diverse
arthropods, where the trade-off between cost-effectiveness and information
retained in the recorded data structure is low. However, in studies containing
data for multiple high-rank taxa (e.g. orders), comparisons between taxa may
also reflect differences in speciation and taxonomic resolution (Purvis &

Hector, 2000). Family surrogacy can enrich insights generated by biodiversity-
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and conservation-related studies, offering an additional measure to
molecular-based technologies such as DNA barcoding and eDNA (Bush et al.,
2017; Lopes et al., 2017), and provide complementary information to the
current well-established measures that focus on vertebrates and plants. The
use of family diversity proxies could address the problems associated with the
current focus in biodiversity conservation on a minute fraction of the global
species pool, facilitating much-needed rapid biodiversity assessments to

inform conservation-related evaluation and planning.
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Figure 1. World map of biodiversity studies covering all families with an order
of terrestrial animals in the PREDICTS database (Hudson et al., 2017). Panel
a: grey bars represent studies that identify taxa to family level only, while black
bars represent studies that identify taxa in addition to (morpho-)species-level.
Panel b: locations of species-level identified studies across the Terrestrial

Ecoregions of the World.
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Amphibia

Arachnida

Aves

Insecta

Figure 3 Meta-analysis results (a) for Pearson’s r (based on the Shannon

diversity index) in different biomes (only orders that cover at least 2 biomes

with at least 3 studies from each biome were included); TBMF: Temperate

Broadleaf & Mixed Forests, TGSS: Temperate Grasslands, Savannas &
Shrublands, TSMBF: Tropical & Subtropical Moist Broadleaf Forests, TSGSS:
Tropical & Subtropical Grasslands, Savannas & Shrublands, MGS: Montane

Grasslands & Shrublands, BFT: Boreal Forests/Taiga; and slope of the

relationship between Pearson’s r and sample size (b), showing the median log

number of individuals per site in each study
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Figure 4. Meta-analysis results from random effects models showing the
intercept (a) and slope (b) of order-specific regression models of species-level

versus family-level values for Shannon entropy (H)
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Global Ecology and Biogeography

Appendix S3. Equations used in our analysis

Equation

No.

Equation Name

Equation Expression

Explanation

Shannon entropy

Shannon diversity

Dy = exp(Hy,)

For site j in study m, H is the
Shannon entropy, D is the
Shannon diversity, and S
represents the number of
species, while P; is the relative
abundance (proportion) of
species i in the sample from

the respective study site.

Fisher's z

147
z=0.5*ln( )
1—r

Standard Error of

Fisher's z

1
n—3

SE, =

“,

r’ refers to the Pearson
correlation coefficient and n

represents the sample size.

Multiple linear

regression

Bj = ki*loge (N;) + ky *

Latje + k3 * Alt] + T

Multiple linear regression
reflects the species / family
ratio for each study (B) in
relation to the sample size,
latitude and elevation. N, Lat;
and Alf; are mean values for
the number of individuals,
latitude and elevation for the jt
study; k1, k2 and k3 are

estimated coefficients, and T

is the intercept.
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Appendix S4. Funnel plots showing the relationship between Fisher's z
(based on the correlation between Species and Family Shannon entropy index

values) and its’s standard error for different orders.

oNOULTDh WN =



coONOUVThA WN =

0\U'IU'IU'IU'IU'IU'IU'IU'IU'IU'I-l}-l>-l>-l>-bﬁ-b-lk-l>-l>UJUJUJUJUJUJUJWWWNNNNNNNNNN—‘—‘—‘—‘—‘—‘—‘—‘—‘—‘\O
QO VWO NOOCULDA, WN =0 WVO0KONO WV WN—=O0O0VONOOCULPAAPWN—_ODUVONOOTULLDAWN-_OOVONOOULLD,WN=O

Global Ecology and Biogeography

Appendix S5. Relationship between species- and family-level Shannon

entropy indices for different orders.
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Appendix S6. Influence of sample size (number of individuals) on the species
/ family ratio for Araneae, Passeriformes and Lepidoptera; lines and shadings
refer to mean and SE of the estimates. Models estimated using Equation 5 in
Appendix S3.
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