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Abstract

To effectively combat the biodiversity crisis, we need ambitious targets and reliable indicators to accu-
rately track trends and measure conservation impact. In Canada, the Living Planet Index (LPI) has
been adapted to produce a national indicator by both World Wildlife Fund-Canada (Canadian
Living Planet Index; C-LPI) and Environment and Climate Change Canada (Canadian Species
Index) to provide insight into the status of Canadian wildlife, by evaluating temporal trends in verte-
brate population abundance. The indicator includes data for just over 50% of Canadian vertebrate
species. To assess whether the current dataset is representative of the distribution of life history char-
acteristics of Canadian wildlife, we analyzed the representation of species-specific biotic variables
(i.e., body size, trophic level, lifespan) for vertebrates within the C-LPI compared to native vertebrates
lacking LPI data. Generally, there was considerable overlap in the distribution of biotic variables for
species in the C-LPI compared to native Canadian vertebrate species lacking LPI data. Nevertheless,
some differences among distributions were found, driven in large part by discrepancy in the represen-
tation of fishes—where the C-LPI included larger-bodied and longer-lived species. We provide rec-
ommendations for targeted data collection and additional analyses to further strengthen the
applicability, accuracy, and representativity of biodiversity indicators.
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To effectively combat the biodiversity crisis, we need ambitious targets and reliable
indicators to accurately track trends and measure conservation impact. In Canada, the
Living Planet Index (LPI) has been adapted to produce a national indicator by both
WWEF-Canada (Canadian Living Planet Index; C-LPI) and Environment and Climate
Change Canada (Canadian Species Index) — to provide insight into the status of
Canadian wildlife, by evaluating temporal trends in vertebrate population abundance.
The indicator includes data for just over 50% of Canadian vertebrate species. To
assess whether the current dataset is representative of the distribution of life history
characteristics of Canadian wildlife, we analyzed the representation of species-specific
biotic variables (i.e., body size, trophic level, lifespan) for vertebrates within the
Canadian-LPI compared to native vertebrates lacking LPI data.
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Introduction

Combatting the biodiversity crisis requires ambitious targets, widespread action, and reliable indica-
tors to accurately track the impact of conservation intervention and progress towards national
(e.g., Canada’s Federal Sustainable Development plan) and international (e.g., Convention on
Biological Diversity) goals. The Living Planet Index (LPI)—conceived nearly 25 years ago—is a biodi-
versity indicator used to evaluate the state of wildlife by assessing temporal trends in vertebrate pop-
ulation abundance. The indicator has been applied at global ( ), regional (see for example

), and national ( , ) geographic scales
and used as a public engagement and advocacy tool to motivate wildlife conservation (

)

Recently the discourse in the literature in relation to the LPI has been heightened, with papers
exploring biases pertaining to the underlying data and calculation of aggregate measures (
; ). For instance, random population fluctuations (
) and extreme population trends, particularly declines, (i.e., outliers; ) introduce
biases that can exaggerate declines in the global LPI. Despite these biases, the effect of random
population fluctuations does not detract from global LPI messaging of substantial declines in average

vertebrate population abundance ( ). Similarly, recent research has also noted that
the removal of extreme population declines and increases (i.e., removing outliers from both tails of the
distribution) has little effect on the overall LPI ( ). Consequently, while biases can

exist, the utility of the LPI and the messaging remains clear—nature is deteriorating ( ;
). Nevertheless, these nuances around interpreting the LPI are also accompanied by calls
for greater monitoring to address data gaps and ensure adequate representation of global biodiversity

( ; )

In Canada, the LPI methodology has been adapted to produce a biodiversity indicator within a national
context by both World Wildlife Fund-Canada (Canadian Living Planet Index; C-LPI) (

) and Environment and Climate Change Canada (Canadian Species Index; CSI) ( ).
These indicators reveal near-stable trends of vertebrate population abundance since 1970, on
average (+6% (C-LPI) and —4% (CSI), owing to differences among data selection). The dataset under-

lying the C-LPI, largely publicly available via the LPI database ( ) and continuously
augmented, now incorporates thousands of time series from more than 900 vertebrate species, repre-
senting 50.9% of native vertebrate species in Canada ( ). ) analyzed

the taxonomic and spatial representation of the dataset behind the indicator and showed that
Canadian birds are better represented in comparison to other taxonomic groups. However, it is also
important to know whether species currently included in the C-LPI database are representative of the
distributions of biological and ecological traits observed in the broader set of vertebrate species that
occur in Canada.

The biases in available data broadly reflect the biases in biodiversity research more generally
( , ). Monitoring is important ( ), and
additional data collection is key to establishing accurate trends in currently monitored species.
However, it seems unlikely that there will be sufficient data to provide us with an unbiased picture
of biodiversity trends overall, at least in the short-term, despite calls to address data gaps
(e.g. ; ). In the meantime, intrinsic (biological) and extrinsic (eco-
logical) traits may provide information on species’ vulnerability to anthropogenic threats and there-
fore on their predicted population trends and risk of extinction (see for a
comprehensive review). Without insight into some of the characteristics of the species that are not
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currently monitored (i.e., insight into data gaps), however, we may be wrongly estimating the
direction and magnitude of temporal trends in population abundance.

Here we analyze the representation of species-specific biotic variables for vertebrates within the C-LPI
compared to native vertebrate species lacking LPI data to assess whether the current dataset is repre-
sentative of the distribution of life history characteristics of Canadian wildlife. Importantly, the align-
ment of biotic traits for vertebrates within the C-LPI, compared to those lacking LPI data, will help to
identify biases in the underlying data that may affect the utility of the C-LPI at a national level, par-
ticularly as an ecological indicator to track progress towards biodiversity goals. In addition to assess-
ing the distribution of common biotic variables among taxa, we collated data for a variety of
supplementary biotic variables that we are making publicly available for future analyses.

Methods

Species list

Canadian Living Planet Index

We used the data underlying the C-LPI ( ). These data are also included within the
global LPI Data Portal ( ; except records that were provided to the
LPI team under the agreement they would be kept confidential, e.g., data for sensitive populations
or at-risk species), a repository that contains thousands of records depicting temporal changes in ver-
tebrate abundance. The data have been collated from a variety of sources, including peer-reviewed
publications, government databases, and grey literature. The criteria for inclusion within the dataset
are as follows: (i) the data have been collected using comparable methods for at least two years for
the same population (aligns with the global LPI and CSI methodology, the C-LPI methodology has
recently been improved to limit inclusion to populations that have at least three years of data
collection); (ii) data are specific to units of population size, either a direct measure such as population
counts, densities, or indices, or a reliable proxy such as breeding pairs, nests, tracks, capture per unit
effort or measures of biomass for a single species; and (iii) the source is referenced and traceable
( ). Species classified as “presumed extirpated”, “probably extirpated” or “not
applicable” by the Wild Species Report ( ) have been excluded from the dataset. The latter
category includes exotic species, hybrids, or species occurring infrequently and unpredictably in
Canada. Non-native species are excluded from the dataset. These criteria resulted in a final subset of
906 vertebrate species that commonly occur in Canada.

Native Canadian vertebrates

Species listed within the 2015 Wild Species Reports ( ) were compiled into a complemen-
tary dataset to compare traits of species within the C-LPI (dataset: C-LPI), to the broader group of
native vertebrates found in Canada (dataset: C-Vertebrates) and those lacking LPI data (dataset:
C-Vertebrates Only). Species were sorted according to binomial scientific name. We included native
Canadian species with applicable conservation status (i.e., exotic species, hybrids, and accidental spe-
cies under the NatureServe rank of “not applicable” were excluded). Discrepancies in nomenclature
between the C-LPI taxonomic authorities and Wild Species Reports ( ) necessitated
evaluation of 58 species, which were resolved for comparison using the taxize R package
( ). For some species, we matched those that had synonymous binomial scien-
tific names; others were resolved to address discrepancies between North American (greater species
specificity) and global (where species are sometimes lumped together) nomenclature. In total, there
are 1,779 extant, native vertebrate species in Canada—more than half of which (n = 906) have popu-
lation trend data within the broader C-LPI dataset.
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Abiotic and biotic species trait data (i.e., life history characteristics, habitats and threats) were
extracted from a variety of publicly accessible online databases for birds ( ;

; ), fishes ( ; ), mammals ( ;

; ), and amphibians and reptiles ( ; ;

; ; ). Data extraction was conducted separately for each
taxon, given differences among ideal databases, common variables, and units reported across taxo-
nomic groups. For instance, length was typically recorded for fishes and herpetofauna (

, ), while mass was more commonly reported for birds and mammals
( ). For each taxonomic group, variables with sufficient data were mapped onto
species from the C-LPI according to binomial scientific name using the traitdata ( ; birds,
mammals, herpetofauna), squamata ( ; herpetofauna), and fishbase ( ;
fishes) R packages—creating multi-variable datasets that are now publicly available for future analy-
ses. The code and extracted data for Canadian vertebrates can be found online ( ).
Note that only body size, lifespan, and trophic level were included in our analysis as they had broad
taxonomic coverage, but additional traits with sufficient species coverage were also extracted for pub-
lic interest and use. Moreover, the available code can be adapted to extract additional traits of interest
from the available databases. Details on data extraction for biotic variables with sufficient species cov-
erage, by taxon, are found below.

Biotic variables

Birds
Five biotic variables were selected for inclusion within the C-LPI Bird Trait database ( ), based
upon data availability. Using the R package traitdata ( ), adult body mass, lifespan (maxi-
mum longevity), and mean longevity were extracted from the Amniote database (

). Data on body mass were also available from the EltonTraits database ( ),
but the Amniote database ( ) was selected as the primary source given the quality

of its metadata (i.e., more extensive). Average values per species were calculated for each biotic varia-
ble. In addition, hand-wing index (i.e., a measure of wing aspect ratio and a proxy for dispersal ability)
and dietary guild were extracted from the Global Hand-Wing Index repository ( ).
Dietary guild categories were aligned to trophic level categorization (carnivore, omnivore, and herbi-
vore). One species (turkey vulture, Cathartes aura) was assigned to the carnivore category as it almost
exclusively feeds on carrion.

Fishes
Data were extracted from FishBase ( ) using the R package rfishbase (

). Fourteen biotic variables were selected for inclusion within the C-LPI Fishes Trait data-
base ( ), including length, weight, and lifespan. Average values per species were calculated

for each biotic variable.

Mammals

Gestation period and lifespan (maximum longevity) were retrieved from the Amniote database
( ) using the R package traitdata ( ), while body size and diet were
extracted from EltonTraits ( ). In total, four biotic variables were selected for inclu-
sion within the C-LPI Mammal Trait database, including body mass, trophic level, gestation period,
and lifespan ( ). Mammal trophic level was calculated using diet composition, where herbi-
vore was defined as species associated with an entirely vegetarian diet (e.g., plants, seeds, nectar, and
fruit), carnivores were classified as species that consume other animals, and omnivores included spe-
cies with mixed diets.
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Seven biotic variables were selected for inclusion within the C-LPI Amphibian and Reptile Trait data-

base ( ), including variables related to body size, diet, and reproduction. Data were extracted

from AmphiBIO ( ), the Amniote database ( , ;
, ), and SquamataBase ( ) using traitdata (

) and squamatabase ( ) R packages. Trait data that were comparable across datasets
(e.g., body mass) were hierarchically extracted. For example, body mass was first extracted from
AmphiBIO ( ), then from the amniote life history database ( )
for species that lacked data in AmphiBIO. Because multiple entries were available per species within
the amphibian allometry database ( ), values with the highest sample sizes were
selected for inclusion. Amphibians and reptiles were grouped together as herpetofauna to improve
sample size for analysis.

iv. Amphibians & Reptiles

We also endeavored to extract of abiotic variables for this analysis—including species’ geographic
ranges and average topographic and climate variables within those ranges. However, due to a lack
of data coverage, we did not include these variables within our analysis. Nevertheless, the code and
associated data can be found online.

Analyzing the representation of biotic variables

Three biotic variables with sufficient cross-taxa information were selected from the taxon-specific
datasets to create a more fulsome cross-taxa database. The selection of traits was dependent upon a
combination of (i) data availability within and across taxa and (ii) considerations on the available evi-
dence of relationships between a trait and population declines and (or) extinction risk. For instance,
call frequency and positioning are traits used to evaluate amphibian tolerance to anthropogenic pres-
sures (e.g., ) but are not applicable biotic traits for fishes.

Furthermore, biodiversity loss is not random ( ) and functional traits, specifically,
covary with patterns in biodiversity trends ( ; ;
). Trait diversity can therefore result in a biased impact on ecosystem functioning (
). For instance, body size is often a predictor of species loss, with large-bodied species particularly
vulnerable (e.g., ; ; ; ;
), though there has been mixed evidence dependent on taxonomic group (e.g.,

; ). ) found that while traits for mammals and birds are gen-
erally well-studied, there are gaps in information associated with reptiles and amphibians, making
cross-taxa analyses more difficult. Moreover, a recent meta-analysis evaluating species traits and
extinction risk identified body size as the most studied biotic trait, followed by fecundity and diet
( ). Yet, while fecundity was often investigated, it was infrequently linked to pat-
terns in biodiversity trends. Alternatively, longevity was less frequently studied, but had the second-
highest biotic variable significance (following body size). Lifespan was also found to be an important
predictor of extinction risk for freshwater megafauna ( ). Likewise, we selected body size,
longevity, and trophic level (i.e., diet) for our analysis based on the availability of information within
and across taxonomic groups, as well as the evidence pertaining to relationship among these traits and
biodiversity trends. While continuous traits are preferred for evaluating functional diversity (

), the categorical trait of trophic level was applied to assess trends across taxonomic groups,
based on the taxon-specific databases available.

Continuous variables of body size and lifespan were log-transformed, while trophic level included
three categorical levels (herbivore, omnivore, carnivore). The overarching cross-taxa C-LPI Trait
Database included 836 species, while the broader C-Vertebrate Trait Database included 1679 species.
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Shapiro-Wilk tests were used to assess assumptions of normality for the continuous variables of body
size and lifespan for species included within the C-LPI trait database and for other native Canadian
vertebrate species lacking LPI data (C-Vertebrates Only) ( ). Given that the data generally
exhibited skewed distributions, we applied two-sample nonparametric Kolmogorov-Smirnov (KS)
tests to evaluate differences between the distribution of traits for species in the C-LPI Trait database
and the C-Vertebrate (Only) Trait database. The widely used, asymptotic KS test measures distribu-
tional differences between two samples and has previously been applied to compare relationships
among biotic variables (e.g., ; ; ).
Importantly, we also assessed the percent overlap among distributions for continuous variables to
evaluate the degree of differences in the distributions. These statistical tests were accompanied by a
resampling approach to estimate differences in trait distributions between species in the C-LPI and
C-Vertebrates (Only) datasets (see more below). We assessed the difference in categorical distribution
of trophic level using Pearson’s y” tests. Fisher’s exact test was used to validate small-sized samples
that ran into computational errors during the application of Pearson’s y test ( ). All tests
were performed for each biotic variable at the taxonomic level (i.e., birds, mammals, fish, amphibians
and reptiles), and with all species combined.

Completeness of variables in our dataset ranged between 35.0% and 87.8%. Consequently, we also
reran the analysis with a more complete dataset, imputing missing biotic trait values via nonparamet-
ric imputation using the Random Forest approach ( ) and an algo-
rithm known as missForest ( ). This approach helped to identify important
predictors of body size, lifespan, and trophic level using the additional biotic trait information that
was extracted for each taxonomic group. The Random Forest approach permits biotic trait data impu-
tation (i.e., estimation of missing data with complex relationships among multiple variables;
e.g. ) and can deal with both continuous and categorical data to develop a more
complete dataset for analysis ( ).

To supplement our analysis of the two continuous traits (body size and lifespan), we applied a non-
parametric bootstrapping approach to generate 95% compatibility intervals (95% CIs) on the
median difference between datasets (i.e., the effect size; ; ).
Bootstrapping was done via randomized resampling with replacement (n = 5000 iterations) of the
C-LPI and C-Vertebrate (Only) subsets of species-specific trait values to generate resamples equal
in size to the original subsets. In addition, bootstrapping was performed twice: once using an
unstratified approach in which all species were treated as a single sample without consideration
for taxonomic representation and once using taxon-specific resampling in which data were sampled
proportionally for each of the four vertebrate groups under consideration. We include the median
and corresponding 95% CI on the difference between subsets for each of trait comparisons as a
data-centered complement, and present Gardner-Altman estimation plots of these effects in the
Supplementary Material.

Analyses and visualization were conducted using R statistical software (v. 4.1.1; R Core Team 2021),

making use of the missforest ( ), tidyverse ( ), dabestr (
), ggpubr ( ), effectsize ( ), data.table (
), and traitdata ( ) packages.

All compiled trait data and associated code for this analysis are available through a Figshare reposi-
tory ( )
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Results

Dataset description

While the C-LPI contains data for 50.9% (906/1779) of native vertebrate species in Canada, not all of
these species had available trait data (Table 1). In total, 49.8% (836/1679) of Canadian vertebrates
with data for at least one biotic variable were included within the C-LPI Trait database, resulting in
a trait database covering 92.3% of species (836 of 906) included in the C-LPI. Overall, birds tended
to have the best data coverage in terms of both population time series and traits, with over 85% of spe-
cies with trait data included within the C-LPI Trait database (Fig. 1). Birds were the best represented,
while the representation of fish trait data was more variable; only 35.0% (352/1007) of fishes with
available trait information were included within the C-LPI Trait database relative to the broader
C-Vertebrates Trait database. In total, 629 species within the C-LPI Trait database, and 883 native
Canadian vertebrate species lacking LPI data (C-Vertebrates Only) had trait data for all three biotic
variables. Impressively, 94.4% (1679/1779) of native Canadian vertebrates were included in the
analysis.

Representation of biotic variables

The distribution of body size, lifespan, and trophic level for species within the C-LPI were largely
overlapping (> 64%) with the distribution of biotic variables for native Canadian vertebrate species
lacking LPI data (C-Vertebrates Only) (Fig. 2; Table S5) and the broader vertebrate subphylum
(>82%) nationally (i.e., including LPI species) (Table S6; Fig. 57). Despite the broad overlap,
differences between distributions were found for body size (KS test statistic D: 0.23,
p: <2.2x 1079, lifespan (KS test statistic D: 0.20, p: 3.1 x 1077), and trophic level (y*: 28.96, df:2,
p:5.1x1077), largely due to differences among fish distributions (Table S5)—the taxonomic group
that contributed the most data yet had the poorest overlap in distributions (< 54%). Overall, there
were a greater number of fishes with large body sizes (Fig. 3; average log body size: 3.93; average body
size: 50.91) and long lifespans (Fig. 4; average log lifespan: 2.93; average lifespan: 18.73) compared to
species lacking LPI data (average log body size: 3.56; average body size: 35.12; average log lifespan:
2.58; average lifespan: 13.20). Amphibians and reptiles exhibited the largest overlap in distributions
for body size and lifespan among datasets (>67%), while fishes exhibited the poorest overlap
(<54%). Although differences among trophic levels were detected when taxonomic groups were com-
bined (Table S5; Fig. 2), there were fewer differences among datasets within each taxonomic group
(Fig. 5). In addition, relationships among biotic variables were similar for species within the C-LPI
and those lacking LPI data (C-Vertebrates Only) and appeared to be correlated (Fig. S2).

Table 1. Data availability for assessing the representation of species included within the Canadian Living Planet Index (C-LPI), including proportion of
vertebrates within Canada, and the relative representation of biotic traits.

Data Availability

C-LPI (Representation in C-LPI, %)

Birds Fish Herps Mammals All

388 (42.8) 370 (40.8)  47(52) 101 (1L1) 906

C-Vertebrates (Representation in C-Vertebrates, %) 453 (25.5) 1044 (58.7) 88 (4.9) 194 (10.9) 1779
Species representation (%) 85.7 35.4 53.4 52.1 50.9
C-LPI Trait Database (Representation in C-LPI Trait Database, %) 344 (41.1) 352 (42.1) 46 (5.5) 94 (11.2) 836
C-Vertebrates Trait Database (Representation in C-Vertebrates Trait Database, %) 404 (24.1) 1007 (60.0) 86 (5.1) 182(10.8) 1679
Species trait representation (%) 85.1 35.0 53.5 51.6 49.8

C-Vertebrates Only Trait Database (Representation in C-Vertebrates Only Trait Database, %) 60 (7.1) 655 (77.7) 40 (4.7) 88 (10.4) 843
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Fig. 1. Data availability for assessing the distribution of species traits. Bars depict the representation of species
with trait data in the Canadian Living Planet Index, relative to the number of species with trait data for the

broader vertebrate subphylum in Canada (C-Vertebrates).
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Canadian Living Planet Index (C-LPI) Trait database, compared to other native Canadian vertebrate species lack-
ing LPI data (C-Vertebrates Only).
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Fig. 5. Comparing distributions of bird, fish, herpetofauna, and mammal trophic level for species included within
the Canadian Living Planet Index (C-LPI) Trait database, compared to other native Canadian vertebrate species
lacking LPI data (C-Vertebrates Only).

Although the distribution of biotic variables for species within the C-LPI generally overlapped with
species lacking LPI data (C-Vertebrates Only), we were able to pinpoint traits within taxonomic
groups that may help to improve coverage across Canada. For instance, the C-LPI should work to
incorporate temporal population estimates data for large birds and small fishes (Fig. 3)—which
correlate to long-lived birds and fishes with short lifespans (Fig. 4)—in addition to carnivorous
amphibians and reptiles (Fig. 5). These results are reinforced through a bootstrapping approach
(i.e., repeated resampling with replacement to generate samples of the same size as the reference) that
depicted considerable overlap between the bootstrapped datasets, yet small differences among
distributions were detected when assessing all species combined for body size (median difference
between groups = —0.72, 95% CI = —0.87, —0.56; Fig. 53) and lifespan (median difference between
groups = —0.45, 95% CI = —0.64, —0.27; Fig. 54). Likewise, some differences among distributions were
also apparent when evaluating individual taxonomic groups, particularly for fishes (Fig. S5 and Fig. S6).

Fishes also had the poorest overlap in biotic traits when comparing the C-LPI to the broader verte-
brate subphylum nationally (Table S6). Conversely, the overlap in body size (Fig. S8) and lifespan
(Fig. S9) for birds improved largely due to bird data representation (i.e., sample size among datasets).
Interestingly, trophic level representation among species in the C-LPI relative to the broader verte-
brate subphylum nationally was nearly identical for birds, fishes and mammals (Fig. S10).

When imputing values to increase dataset coverage (and minimize biases resulting from the removal
of species due to a lack of biotic trait data), the number of species in the C-LPI trait database grew
from 836 to 850 species, while the number of species in the C-Vertebrates Only database grew from
843 to 852 species. Consequently, only a handful of additional species were added to the analysis,
but the data coverage for biotic variables increased dramatically, particularly for fishes (Fig. S11).
When using imputed data to enhance coverage of biotic variables, the distribution of body size,
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Fig. 6. Comparing distributions of (a) body size, (b) lifespan, and (c) trophic level for species included within the
Canadian Living Planet IndexTrait database, compared to other native Canadian vertebrate species lacking LPI
data (C-Vertebrates Only) using imputed data.

lifespan, and trophic level for species within the C-LPI exhibited slightly less overlap (>56% using
imputed data compared to >64% for the original database) with the distribution of biotic variables
for native Canadian vertebrate species lacking LPI data (C-Vertebrates Only) (Fig. 6). When imput-
ing data, greater differences among distributions were found for all three biotic variables and despite
improved data coverage, fishes still exhibited the smallest overlap in distributions relative to other
taxonomic groups.

Discussion

Dataset description

The analysis presented here included at least some data for over 95% of native Canadian vertebrates,
boasting impressive data coverage. However, data coverage for individual traits varied. In these
instances, taxonomic biases known to exist within published biodiversity data may have been inher-
ited within the compiled datasets for this analysis—including, for example, threatened species
(Donaldson et al. 2016) or those with public appeal (e.g., charismatic species; Troudet et al. 2017).
Birds were the best represented taxonomic group for each of the three biotic variables considered,
largely attributable to the high representation of this taxonomic group within the dataset itself
(Marconi et al. 2021). By contrast, the representation of trait data was more variable for fishes, where
species with publicly available trait data ranged from 322 (of 1044 native species) for lifespan, to 792
for body size, and to 1018 for trophic level. The availability of this information for Canadian species is
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consistent with data availability for other studies using Fishbase, which found fewer entries of lifespan
and mortality, yet more data for growth parameters ( ). Importantly, while there
now exists a plethora of publicly available information regarding species-specific life history
characteristics on a global scale (e.g., ; ), the information
is not always accurate or precise ( ), and thus any subsequent analyses, such as
the one presented here, would inherit the biases within the datasets used, including biases related to
representation—the very component that we endeavored to assess. Similarly, while the imputed
dataset helped to enhance biotic trait coverage, the overlap in distributions declined compared to
the nonimputed dataset, and it’s possible that biases were introduced, consequently affecting the
results of the analysis.

Representation of biotic variables

Effective evidence-based wildlife management requires that conclusions and conservation decisions
are informed by analyses of representative datasets and, where the data are not fully representative,
recognition that such underlying biases may impact conservation approaches. Consequently, the
interpretation of indicators is inherently tied to considerations of data representation. In the context
of the C-LPI, the species and population time series underlying the index must be representative of
the diversity of Canadian vertebrates to be an effective biodiversity indicator. Yet, despite boasting
some of the best representation of species included within a national-scale abundance indicator,
trends for approximately half of native Canadian vertebrates are lacking within the current dataset
( ). By evaluating and integrating the distribution of biotic traits for species within
the C-LPI, compared to native Canadian vertebrate species lacking LPI data, we can target data gaps
and recognize underlying data biases for more informed reporting of average trends in population
abundance nationwide.

While the distributions of biotic variables from species within the C-LPI overlap with the distributions
of those for native Canadian vertebrate species lacking LPI data, reinforcing the utility of the C-LPI at
a national level, some notable discrepancies—and potential biases—nevertheless exist. For instance,
the body size of fishes within the C-LPI skewed larger relative to the broader group of fishes in
Canada. Most temporal population trend data for fishes were derived from marine Research Vessel
Trawl Surveys conducted by Fisheries and Oceans (DFO) Canada (e.g., , , )s
resulting in a bias towards marine over freshwater species and towards commercially important species.
Although DFO trawl data date back to the 1940s, stratified random sampling for temporal evaluation of
biological information was introduced in the 1970s, resulting in substantial temporal data coverage
within Canada’s Exclusive Economic Zone ( ). Annual Research Vessel sur-
veys on both Pacific and Atlantic coasts are conducted using trawls (i.e., standardized equipment for
comparison), that are more tailored to sampling groundfishes, which include the greatest number and
highest proportion of stocks classified as critical ( ). Moreover, the primary purpose of these
trawls is to gain species-specific information as a key component for science-based stock assessments for
proper management of marine fisheries—often targeting larger fishes ( ). Consequently,
this bias noted within the C-LPI is not particularly surprising. In fact, it is in many ways important that
the data in body size skews towards large-bodied marine fishes compared to small-bodied species, as

Canadian fishes are frequently threatened with overexploitation ( ), less likely
to receive legal protections under the Species at Risk Act ( ; ), and
large fishes are under greater threat of global extinction ( ).

While there was large overlap in biotic traits between datasets, our results indicate that monitoring
and data collection should target temporal abundance trends for small fishes and mammals and large
birds, which are correlated with short and long lifespans, respectively. In addition, efforts should be
made to enhance the representation of carnivorous herpetofauna, particularly reptiles, which
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represent 70% of carnivorous herpetofauna not included within the C-LPI. Globally, abundance stud-
ies for reptiles are comparatively scarce ( ). This additional data collection would fur-
ther enhance the representation of biotic traits within the C-LPI, ensuring that it is as representative
as possible, while recognizing that temporal population trend data likely does not exist for all verte-
brate species in Canada. The number of species within the C-LPI doubled over the decade between
the first national Living Planet Report Canada in 2007 ( ) and the landmark
update in 2017 ( ), owing to dedicated data collection efforts in recent years
( ). However, despite concerted efforts since, few additional species with publicly
available temporal abundance data have been added to the C-LPI database ( ).
Thus, targeted monitoring programs may be required for missing species and specific biotic traits to
further enhance representation in the absence of publicly available abundance data.

This work builds upon the taxonomic and spatial representation of the dataset analyzed in

), which has been used to assess threats to at-risk vertebrates in Canada and potential man-
agement actions for their recovery ( ). Moreover, variations on the approach
outlined in this analysis could be useful for evaluating a representative sample of vertebrates needed
for calculating an LPT at national and (or) regional scales beyond Canada—a frequent question that
has yet to be remedied, though studies are underway (Pata et al., A sampled approach to the Living
Planet Index; in preparation).

Moving forward

The broad alignment of biotic traits uncovered through the analysis helps to reinforce the value of the
C-LPI at a national level—including its use as an ecological indicator to track progress towards biodi-
versity goals, and as a tool for communication and policy. The C-LPI database is sufficiently represen-
tative of the biotic traits of Canadian vertebrates to produce representative indicators. Nevertheless,
there are a variety of additional considerations, analyses, and data collection needed to further
strengthen the applicability, accuracy, and precision of the indicator. We support calls for greater
monitoring to address data gaps and ensure adequate representation of biodiversity within indicators
( ; ). Based on our analysis, data monitoring and collection in
Canada could be targeted towards small fishes and mammals and large birds (correlating to short
and long lifespans, respectively), in addition to carnivorous reptiles. The LPI (and derived indicators
such as the C-LPI and CSI) are meant to reveal high-level, long-term trends in biodiversity. While full
species representation may not be possible, targeted data monitoring and collection may serve to
strengthen the indicator and its use for policy and communication.

From an indicator perspective, the C-LPI (and CSI) and current analysis are specific to native verte-
brate species, which represent a small proportion of the 80 000 known species in Canada (

); thus, a more fulsome account of biodiversity trends may be needed to detect changes at multi-
ple taxonomic and temporal levels, particularly as there is concern regarding population declines of
invertebrates ( ). Yet, despite recognition of the importance of
monitoring vertebrate and invertebrate abundance as part of the Post-2020 Global Biodiversity
Framework ( ), data and capacity deficiencies for the diverse assemblage of inver-
tebrates, plants, and fungi remain—so resourcing and monitoring should be prioritized accordingly
( ). Similarly, while enhanced representation of species strengthens the accuracy
of the indicator, improving the geographic coverage of data collection to ensure that population
trends wholly reflect patterns at a national scale will be critical in addressing geographic biases.

) highlighted the usefulness of randomization null models for improving accuracy
and presenting uncertainty around the LPI, which may be useful for overcoming random population
fluctuations that can bias quantitative estimates. ) proposed investigating clusters of
extreme decline or increase from the LPI to inform decision-makers and prioritize conservation
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efforts, as averages tend to mask important trends. Yet moving beyond the use of the LPI as a biodi-

versity indicator to action, bending the curve of biodiversity loss ( ) requires an inte-
grated strategy underpinned by immediate effort and unprecedented ambition ( ).
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