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A B S T R A C T   

We produced a biodiversity indicator, the Canadian Species Index (CSI), by gathering abundance data for Ca-
nadian vertebrate populations and adapting the Living Planet Index methodology. The final indicator in-
corporates over 3000 abundance time series and contains data for more than 50% of Canadian native vertebrate 
species. Species abundance declined by an average 10% between 1970 and 2014, with trends varying across 
taxonomic groups. To facilitate the interpretation of the indicator and contribute to the transparency of the 
reporting process, here we present a discussion of the indicator’s coverage, data quality and data gaps. Using data 
collected for other purposes means the dataset inherits the biases in biodiversity monitoring. We therefore 
assessed taxonomic and geographic coverage of the data underlying the indicator to highlight which areas and 
groups are under-represented. Birds are comprehensively monitored across Canada and are considered good 
indicators of the state of the environment. Other taxonomic groups are less well monitored, and the data 
available for these groups often consist of shorter and less full time series, representing smaller segments of the 
national population. A disaggregation based on data quality appears to show that trends based on species with 
lower quality data are more negative than for species with higher quality data. We discuss possible sources of the 
difference, including the relationship between taxon and data quality. Additional data collection on species 
contributing to the lower-quality subsets is needed to confirm negative trends.   

1. Introduction 

Indicators help to monitor biodiversity cost effectively and track 
progress towards national and international goals and commitments 
(Balmford et al., 2005; Jones et al., 2011; McCune et al., 2013) such as 
the Convention on Biological Diversity’s Strategic Plan for Biodiversity 
2011–2020 and its 20 Aichi targets (CBD, 2010), and the Sustainable 
Development Goals (SDGs) (Sachs, 2012). 

The Living Planet Index (LPI) is an established indicator of trends in 
global biodiversity (Butchart et al., 2010; Collen and Nicholson, 2014; 
Loh et al., 2005; McRae et al., 2017; Tittensor et al., 2014) calculated as 
the geometric mean of annual changes in vertebrate species abundance. 

The LPI is used to track progress towards Aichi Target 12 and it is 
relevant to several other targets (Proença et al., 2017). It is one of the 
highlighted indicators for the Intergovernmental Science-Policy Plat-
form on Biodiversity and Ecosystem Services (IPBES) reporting and has 
been used to calculate regional trends (Deinet et al., 2015; Eamer et al., 
2012). Guidelines have been produced in the past for the use of the LPI 
at the national level (McRae et al., 2008), and its methodology was 
recently adapted to report trends in The Netherlands (van Strien et al., 
2016) and for the development of the Australian Threatened Species 
Index (www.tsx.org.au) (Threatened Species Recovery Hub, 2019). 

We adapted the LPI methodology to produce a national biodiversity 
indicator, the Canadian Species Index (CSI). Here, we present the 
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indicator and analyse its taxonomic and geographic coverage. As the 
index relies on previously existing data, the dataset consists of time se-
ries of varying lengths, fullness, and geographic scale. Data quality 
varies by taxonomic group, with birds contributing most of the higher 
quality data (longer time series with more data points and broader 
geographic coverage). For this reason, we investigate the effects of data 
representativity and assess the value of including lower quality data. 

To our knowledge, the Canadian Species Index is one of the first 
biodiversity indicators developed in response to a national policy need. 
The CSI was developed for, and is reported by, the Canadian Environ-
mental Sustainability Indicators (CESI) programme (https://www.cana 
da.ca/en/environment-climate-change/services/environmental-indica 
tors/canadian-species-index.html). CESI provides data and information 
to track Canada’s performance on key environmental sustainability is-
sues such as climate-change, air-quality, water quality and availability, 
and nature protection. These indicators are used to measure progress of 
the Federal Sustainable Development Strategy and respond to commit-
ments to report on the state of the environment. Addressing conserva-
tion or management issues in Canada is beyond the scope of this 
manuscript. However, to support the indicator’s interpretation and in 
the name of transparency, we discuss coverage, data quality and data 
gaps. This work also represents an example of the application of a global 
indicator at the national level. This could be useful as major interna-
tional processes (CDB, IPBES, SDGs) are interested in assessing global 
progress towards environmental goals, creating a desire to aggregate 
national information to the global level (Bhatt et al., 2020; Gill, 2020). 

2. Methods 

2.1. Data collection and preprocessing 

We gathered time series data for vertebrate species monitored within 
Canada from a range of sources, including published scientific literature, 
online databases, government reports, researchers and institutions, and 
grey literature. To be included a) data must have been collected using 
comparable methods for at least two years for the same population b) 
units must be of population size either a direct measure such as popu-
lation counts, densities, or indices, or a reliable proxy such as e.g. 
breeding pairs, nests, tracks, capture per unit effort or measures of 
biomass for a single species (fish data are often available in one of the 
latter two formats) and c) the source must be referenced and traceable. 

All species classified as “Presumed Extirpated”, “Probably extir-
pated” or “Not Applicable” by the Wild Species Report (Canadian En-
dangered Species Conservation Council, 2016) have been excluded from 
the dataset. The latter category includes exotic species, hybrids, or 
species occurring infrequently and unpredictably in Canada, which are 
not suitable targets for conservation efforts. Non-native species are 
excluded from the analysis as the goal of the indicator is to provide an 
overall assessment of the status and trends of Canadian species. Three 
overabundant goose species (Anser caerulescens, Anser rossii and Branta 
canadensis) have been deemed to be above acceptable population 
bounds (Environment and Climate Change Canada, 2019). These species 
have benefitted from improved foraging opportunities resulting from 
changes in agricultural practices in staging and wintering areas along 
their migration routes in the whole of North America (Fox et al., 2005; 
Gauthier et al., 2005; Jefferies et al., 2004). The demographic explosion 
of these species within Canada (Canadian Wildlife Service Waterfowl 
Committee 2013; Canadian Wildlife Service Waterfowl Committee, 
2014) has led the Canadian government to regard further increases in 
these species as a negative conservation outcome. For this reason, they 
have been excluded from the national indicator because they provide a 
signal counter to the purpose of the indicator: increases in the indicator 
are interpreted as positive, whereas increases in numbers for these 
species are negative. Trends calculated including these three species are 
provided for comparison (Fig. A3). 

Ecological and geographical information for each time series was 

drawn from the data source or based on the species and geographic 
location of the specific time series. These tags (Province/Territory or 
Ocean, system on which the species relies etc.) were used to identify 
subsets for analysis. Each time series entered into the dataset was 
assigned to one system (Terrestrial, Freshwater or Marine). Not all 
species can be clearly assigned to a single system, particularly anadro-
mous fishes and generalist birds. If the data source provided information 
about the habitat in which the population had been monitored, the 
appropriate habitat was selected from the list of habitats on the IUCN 
Red List (IUCN, 2018) and a system was assigned accordingly. If the 
source didn’t provide information about the habitat, then species-level 
information was considered. Realms, oceans and biomes were 
assigned based on the selected system. Populations monitored over areas 
that encompass more than one biome were assigned to the biome that 
covers the largest proportion of the area, or the one that is most relevant 
to the species in question. Marine biomes have not yet been mapped. 
Biomes were the chosen geographical unit because they are also 
important for the functioning of the Earth System (Abell et al., 2008; 
Dinerstein et al., 2017; Mace et al., 2014; Olson et al., 2001; Steffen 
et al., 2015). 

The initial dataset comprised Canadian vertebrate species already 
available in the LPI database. We then performed a taxonomic and 
geographic gap analysis to identify underrepresented groups and areas, 
and these were targeted for data searches. The gap analysis was repeated 
at regular intervals to inform additional data collection efforts. Time 
series that could contain information for the same individuals are kept in 
the dataset to support disaggregation, but time series used to calculate 
indices are selected so that they do not count the same individuals 
repeatedly. The decision on which one out of two (or more) time series 
should be marked as a replicate depends on the length of the time series 
(years between first and last data point), their fullness (number of data 
points between the first and last year) and the and the scale/area 
covered by the data. Most data are publicly available on www.livi 
ngplanetindex.org (WWF, 2016) and we provide a Comma Separated 
Value version of the dataset here. When contributing data to the project, 
authors had the option to mark their data as confidential, often due to 
concerns associated with sharing species locations. Therefore, the 
dataset provided excludes 201 confidential time series so results pro-
duced with this dataset may differ slightly from those presented. 

2.2. Assessing taxonomic and biome representation 

To describe the taxonomic and geographic representation of the 
dataset and identify under-represented groups and areas, we compared 
the number of species in the dataset with the number of known species 
for each taxonomic group and biome (for terrestrial and freshwater 
species) and ocean (for marine species) in Canada. For this analysis, 
freshwater species except fish were assigned to terrestrial biomes since 
the expected number of species in freshwater biomes was available only 
for fish. Expected species numbers for terrestrial and freshwater birds, 
mammals, amphibians and reptiles occurring in each biome were ob-
tained from WWF Wildfinder database (World Wildlife Fund, 2006). 
Expected numbers of species for freshwater fish were extracted from the 
Freshwater Ecoregions of the World dataset (Abell et al., 2008). For 
marine species, representation was analysed by ocean (Arctic, Atlantic, 
Pacific) and expected species numbers were obtained from the Canadian 
Wild Species Report. Taxonomy was cross-checked with the Wild Spe-
cies report (Canadian Endangered Species Conservation Council, 2016) 
at the national level for both freshwater and terrestrial species. For 
marine species, this wasn’t necessary as numbers of species were 
sourced from the Wild Species Report. Freshwater fish species that did 
not have a match in the Freshwater Ecoregions of the World dataset (N 
= 13) were assigned to freshwater biomes based on their distribution 
range taken from the Red List (IUCN, 2018) or – if this was not available 
– Fishbase (Froese and Pauly, 2017). As for the oceans, we considered 
both species only occurring in oceans, and species occurring in both an 
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ocean and a province or territory as marine. 

2.3. Trend calculation 

We adapted the existing LPI methodology (Collen et al., 2009; McRae 
et al., 2017) for national reporting on trends for vertebrates. Population 
trends between 1970 and 2014 were modelled using the mgcv 1.8- 
0 package in R version 3.5.1 (R Core Team, 2015). The R package rlpi 
(Freeman et al., 2017) was used to calculate the species trends and 
index. The rlpi package includes changes made to the published LPI 
methodology (Collen et al., 2009) as selectable options. 

For each population level time series missing values were interpo-
lated using one of two methods depending on the number of data points 
in the time series. Time series with 6 or more data points were modelled 
through a Generalised Additive Modelling (GAM) framework. For time 
series with fewer than 6 data points and for time series with a poor GAM 
fit we used linear regression. This is in contrast to the published LPI 
methodology (Collen et al., 2009), which uses the chain method (log-
linear interpolation) for series not modelled with GAM. Our approach 
means all time series are modelled, thus reducing the amount of noise in 
the index. Zeros were treated as missing values as after inspecting the 
data, we found that the large majority of zeros came from large scale 
multi-species monitoring programmes, mostly of birds. Multi-species 
monitoring programmes cannot be timed to the migration patterns of 
all species. We acknowledge that these zero values indicate that the 
species was not observed in a specific year. However, as the species was 
present in the following years, we deemed the zero values to be more 
likely to be missing observations rather than population crashes. We 
therefore treat the zeros as missing values and interpolate over them to 
obtain the long-term population trend. For each time series, population- 
level lambdas (annual rate of change) were calculated. Fifteen 
population-level times series resulted in lambda values (logged – loga-
rithm base 10 – inter annual change values) above 1 or below − 1, which 
were capped to a maximum/minimum value of 1/− 1. We thus recog-
nised that the population had undergone a very large change, but cap-
ped its extent to 10-fold, an arbitrary threshold for changes deemed 
biologically realistic. No other outliers were left in the data after this 
procedure. 

For each time series population-level lambdas (annual rate of 
change; dt) were calculated: 

dt = log10

(
Nt

Nt− 1

)

(1)  

where N is the population measure and t is the year. Trends are never 
extrapolated beyond the start and the end point of a time series. Where 
two or more population time series were available for the same species, 
the modelled annual trends dt for each population were averaged to 
provide a single set of annual trends for each species: 

dt =
1
nt

∑nt

i=1
dit (2)  

where nt is the number of populations and dit is the annual rate of change 
of population i in year t. We don’t often have accurate information on 
the proportion of the species’ population that a specific time series 
represents, so we are currently unable to incorporate these type of 
weighting into the models. 

Species trends are averaged (with all species weighted equally) and 
finally average rates of change are converted to index values (Collen 
et al., 2009) by: 

It = It− 110dt (3)  

with I0 = 1. All indices above species-level are calculated averaging 
species-level trends using the same method (Eqs. (1)–(3)) with all spe-
cies weighted equally. An index was calculated for each system and 

taxonomic group, with all fish classes combined in one. 
Bounds around the multi-species indices were generated by creating 

10 000 indices obtained by bootstrapping species trends with replace-
ment from the dataset, and using the bounds of the central 9500 index 
values calculated in each year. These bounds are descriptive and 
represent variability in species trends that could be drawn from the 
dataset rather than a confidence interval, which would represent the 
statistical uncertainty in the estimate of the true value. They are mul-
tiplicative and increase in width over time as the variability of the 
previous year is inherited by the rest of the trend and the possible range 
of trajectories increases over time. 

To illustrate variability in the underlying species trends in a specific 
year, we also present the average annual change (mean annual lambda) 
with error bars (±SD) (Figs. 2, A3 and A4). In years where the mean 
annual lambda is above the baseline the index increases; where it is 
below the baseline, the index declines. 

Trends for Canadian birds calculated from the available data were 
compared with the State of Canada’s Birds report (SCBR) trends (North 
American Bird Conservation Initiative Canada, 2019). For the SCBR, 
standardized species estimates for each year are combined into a com-
posite indicator using a Bayesian hierarchical model that accounts for 
differences in precision, so that imprecise estimates are given less weight 
(Sauer and Link, 2011; Smith, 2018; Smith et al., 2014b). We calculated 
two trends based on the same data as the SCBR trend. In match 1 (279 
species) we matched both the species and underlying time series data 
used by the SCBR. In match 2 (301 species), we matched the SCBR 
species, but used additional data sources if the one used by the SCBR was 
not available to us. 

2.4. Assessing data quality and its effect on trends 

The dataset contains data gathered from different sources and scales, 
and not explicitly collected for the purpose of these analyses. It therefore 
consists of time series of varying lengths (interval between the first and 
the last observation), fullness (number of observations over the total 
number of years), and geographic scale. Our assumption is that longer- 
term monitoring and monitoring at broader spatial scales is better at 
capturing a species’ overall trend. To investigate the effect of data 
representativity on the trends, we assigned a score to each time series in 
the dataset for: a) data volume (a measure of temporal coverage) from 
1970 onwards, based on time series length and fullness (3 = more than 
10 years, over 50% fullness; 2 = more than 10 years, 50% fullness or 
less; 1 = between 5 and 10 years; 0 = less than 5 years); and b) scale/ 
area covered by the data (a measure of the geographic coverage of the 
data − 3 = national/ocean, 2 = territorial or provincial/fishery division, 
1 = smaller unit). We then calculated data quality as the sum of the two 
scores, ranging from 1 (lowest representation) to 6 (highest represen-
tation). We then used a resampling approach: we bootstrap resampled 
populations in each subset of the data with replacement 10 000 times to 
generate a new dataset. This gave us 10 000 versions of the dataset 
created by random sampling from each subset of the whole dataset. We 
then recalculated an overall index for each of these subgroups and 
computed the annual mean across indices to obtain a distribution of 
means for each year within the subset. Comparing the annual mean 
values and the 2.5 and 97.5% quantiles of the bootstraps across groups 
allows us to determine if there are differences between them, and gives 
us an indication of how the trends generated using the different subsets 
of data differ from the overall trend. The taxonomic composition of 
categories varies, and differences in trend between data of different 
quality may reflect differences among taxonomic groups, a correlation 
between species trends and data availability, or it may be an artefact of 
poor quality data. For this reason, we also ran the same analysis 
exclusively for fish time series, as fish are the only group with a com-
parable number of populations in most (5 out of 6) data quality subsets 
(Table A2). 
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3. Results 

3.1. Dataset description 

The final dataset consists of 6257 time series (131 407 data points) of 
which 3680 were used in the overall index. Geographically, data 
availability is lower in the north of the country (Fig. 1). More data are 
available from 1970 to 2014 so the index stops at this point in time. The 
number of species and populations with data drops from 581 in 2014 to 
231 in 2015. Within this time period, the number of species with data 
ranges from 430 to 676 per year (average = 543). Time series per year 
range from a minimum of 2106 in 1970 to a maximum of 3367 in 1993 
(average = 2875). Time series length varies from 2 to 45 years. 

3.2. Species representation 

Of the 1779 extant native vertebrate species considered of conser-
vation interest in Canada (Canadian Endangered Species Conservation 
Council, 2016), over 50% are represented by at least one time series in 
the dataset. The percentage of species represented in the dataset varies 
across taxa: it’s 85% for birds, 70% for amphibians, 54% for mammals, 
35% for fishes and 33% for reptiles. A description of the time series used 
in the trends presented in this study is shown in Table 1, but a 
description of the complete dataset (including redundant time series) is 
also provided in Table A1. The data underlying the trends were gathered 
from 370 different sources including peer-reviewed papers (10%), 
government reports and online datasets (36%), and other online data-
bases (49%) (Table 1). Data for birds were mainly (94%) sourced from 
long-term monitoring programmes such as the Breeding Bird Survey 
(Smith et al., 2014a) and fish (especially marine species) are largely 
(91%) monitored within a natural resource management framework. 

Amphibian time series tend to be recent: 87 of 106 (82%) of amphibian 
time series come from studies carried out after the year 2000 – and 
shorter (6.93 ± 4.19 years on average). Amphibians are mostly moni-
tored to understand population dynamics or for conservation purposes 
(the two categories make up over 50% of amphibian data). The main 
reasons for mammal data collection are baseline monitoring (50%), 
population dynamics (27%) and tracking declining species (8%). Data 
for this group tend to focus on species in need of conservation man-
agement or of particular importance for their interactions with humans. 
On average, time series for this taxon are shorter than those for birds and 
fish (Table 1). Reptiles are only represented by 33 time series in the 
dataset, almost half of which (48%) were collected to look at population 
dynamics. 

When looking at representation in biome/taxonomic group combi-
nations, terrestrial and freshwater birds appear to be the best repre-
sented group (92% of species on average) (Fig. A1a). Amphibians are the 
next best represented group in terms of number of species with at least 
some data captured in the dataset across biomes (80%), followed by 
mammals and reptiles. Freshwater fish (Fig. A1b) are best represented in 
Polar freshwaters (53%), whilst the lowest representation is in 
Temperate upland rivers (41%). In the oceans (Fig. A1c), mammals have 
the best representation (65% on average). 

3.3. Abundance trends 

On average, Canadian vertebrate species in our dataset have declined 
by 10% (0.24% per year) between 1970 and 2014 (Fig. 2). Differences 
are observed among systems and taxa (Figs. 3 and 4). A decline of 11% 
(0.26% per year) is observed in the terrestrial realm (Fig. 3a). The 
freshwater index (Fig. 3b) shows some fluctuations but ends near 
baseline values (2%, equivalent to an increase of 0.04% per year). The 

Fig. 1. Distribution of locations where time series data were collected across Canada. The dataset also includes 340 time series for species monitored at the national 
level (not included in the graphic), and 1758 time series monitored at the provincial/territorial level (represented by the blue dot at the midpoint of the province/ 
territory). The size of the dots indicates the number of time series at each location. Projection: Canada Albers Equal Area Conic. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.) 
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marine index (Fig. 3c) shows an initial increase but then declines (final 
value: − 10%, 0.24% decline per year). The overall trend for birds shows 
an average 4% increase (0.1% per year) in abundance (Fig. 4a), whilst 
the trend for mammals shows a marked decline (− 44%, with oscillations 
around the − 30% mark observed throughout and a percentage decline 
of 1.33% per year) (Fig. 4b). After a brief increase, the fish index 
(Fig. 4c) declines to − 21% in 2014 (equivalent to a decline of 0.54% per 
year). The herpetofauna index (Fig. 4d) shows a decline of 34% (0.93% 
per year) and large variability in the underlying species trends. 

When we calculated trends to match the SCBR dataset using CSI 
available data up to 2010 (Fig. A9), we found a 6% decline in abundance 

when matching species (match 2), and a 7% decline when matching 
species and sources (match 1). The SCBR shows a 11.5% decline be-
tween 1970 and 2010. 

3.4. Trends in subsets of different quality 

The trends calculated from the datasets derived by sampling with 
replacement from subsets of different data-quality differ from one 
another (Fig. 5). A taxonomic breakdown of subgroups of different data 
quality is presented in Table A2. The trend for the datasets derived from 
subgroup 1 (lowest quality, score = 1) (Fig. A8) has an overall negative 

Table 1 
Data availability, data quality and type of source for the time series used to calculate the Canadian Species Index (excluding all replicates) by taxonomic group.    

Amphibians Birds Fish Mammals Reptiles 

Data availability Number of species in dataset 32 382 362 105 14  
Number of species in Canada 46 453 1044 194 42  
% representation 70 84 35 54 33  
Number of time series 106 463 2529 549 33 

Data quality Median and range of total score 2 (1–4) 6 (1–6) 4 (1–6) 2 (1–5) 2 (1–4)  
Time series length (average ± SD) 6.9 ± 4.2 35.7 ± 14.7 14.4 ± 10.8 12.9 ± 11.2 10.7 ± 10.1  
Average time series fullness (%) 93 84.5 70.6 73.8 79.3  
Average scale score 1.01 2.02 1.44 1.05 1.06 

Source type (%) Journal 25.5 9.5 1.82 39.2 60.6  
Government report or online database 47.2 89 95.3 48.3 36.4  
Personal comm. and conf. data 22.6 0.2 1.7 9.6 3.0  
Unpublished report 4.7 1.3 1.11 2.9 0  

Fig. 2. Index of abundance for 3680 populations of 895 Canadian vertebrate species (black line with shaded grey area, final index value = − 10%; range = − 4% to 
− 16%) monitored between 1970 and 2014 and number of species contributing to the index in each year (pale grey dots, secondary Y-axis). The shaded grey areas 
represent the bounds of the central 9500 index values calculated in each year by bootstrapping species trends with replacement from the dataset. The plot showing 
the average annual lambda (dots) ± SD (error bars) for the same time interval is show in Fig. A2. The index is plotted with a logarithmic primary Y-axis. 
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trajectory from 1986 onwards but shows a very noisy trend and has large 
bounds that encompass the baseline in most of the years considered. 
Trends in subgroups 2, 3, and 4 (Fig. 5) show an overall negative tra-
jectory, with the exception of the last section of the trend (from 2002) in 
group 4. The average values for subgroups 2, 3, and 4 are consistently 
below the overall CSI (blue boxplots in Fig. 5). On the other hand, the 

average values for groups of data quality 5 and 6 are consistently above 
the overall average. The temporal (data volume) and spatial (scale) 
components of the quality score are positively but not strongly corre-
lated (Spearman correlation: 0.63). When considering results of analysis 
on the separate components of the quality score (Fig. A7), the temporal 
aspect appears to be more important in determining the pattern we 
observe. Trends in the subgroups with a lower temporal score appear to 
be more negative (except for the lowest subgroup, which shows a 
downward trend but is incomplete and has high levels of variation), and 
subsets get progressively more positive as the score increases. The 
temporal score varies between 0 and 3 (from lower to higher data vol-
ume) and the subsets of the data based on this component of the score 
are more even in size (Fig. A7 above). The spatial component of the score 
only varies between 0 and 2 (from small to large scale) and the subsets of 
data that are based on it are more uneven in size and present more 
homogenous trends (Fig. A7 below). 

An analysis of data quality for fish time series (Fig. A8, with number 
of time series included in each group reported in Table A2) was able to 
compare scores in the range 3–5, as only 2 populations had data quality 
score = 6 and the times-series with scores = 1 and 2 do not cover the 
entire period 1970–2014. In the three subsets that could be examined, 
we observed a similar pattern: groups with scores of 3 and 4 are overall 
more negative than the overall fish trend, whilst populations of data 
quality 5 are more positive. Only partial conclusions can be drawn from 
the comparison between these trends and the overall trend for fish. 
Furthermore, as this disaggregation was only possible for fish species, 
more analyses are needed to confirm the pattern we observed. 

4. Discussion 

With representation of over 50% of Canadian vertebrate species, the 
trend we calculated is to our knowledge among the most comprehensive 
national-level indicators of its kind. As pointed out by our analysis on 
data quality, these time series are representative of the species’ trend 
data to varying degrees. And of course, vertebrates only represent a 
small proportion of biodiversity. It is estimated that there are about 80 
000 known species in Canada (Canadian Endangered Species Conser-
vation Council, 2016), 68% of which belong to the animal kingdom. 

The overall trend and system disaggregations presented here match 
those reported by CESI. The same methodology has also been adopted by 
WWF-Canada to calculate trends for Canadian vertebrate species for the 
Living Planet Report Canada, launched on 14th September 2017 (WWF- 
Canada, 2017). 

Monitored populations of Canadian vertebrate species have declined 
by an average 10% between 1970 and 2014. Similar trends over com-
parable time periods have been found in other regions. Hayhow et al. 
(2019) for instance, produced an abundance indicator for the UK based 
on 697 terrestrial and freshwater species that shows a decline in average 
abundance of 13% between 1970 and 2016. It is possible that this is a 
general trend for countries or areas where biodiversity was depleted 
well before the time frame considered by such indicators, but a more 
systematic study based on a wider sample would be needed to confirm 
this trend. Although 1970 baseline abundance levels are not a target, 
trend interpretation needs to take starting points into account. Baseline 
abundance levels may have been low compared to historic abundance 
(Abell et al., 2008; Lotze and Worm, 2009). Most monitoring pro-
grammes started centuries after the onset of anthropogenic pressures 
(Marsh and Trenham, 2008; Mihoub et al., 2017) and historic abun-
dance data are often available only in the form of harvest data that do 
not represent a sufficiently reliable proxy for abundance to be readily 
integrated in LPI-type indicators. Our indicator captures only recent 
changes in biodiversity and underestimates the overall anthropogenic 
impact. 

As recommended for the development of monitoring and indicators 
(Biodiversity Indicators Partnership, 2011), the data collection was 
based on repeated gap analyses, in order to gather information on under- 

Fig. 3. Indices (black line with shaded grey area) of abundance with number of 
species contributing to the index in each year (pale grey dots, secondary Y-axis) 
for species monitored in a) the terrestrial environment (772 populations of 330 
species, final index value = − 11%; range = − 18% to − 3%), b) the freshwater 
environment (595 populations of 221 species, final index value = 2%; range =
− 12% to 17%) and c) in the marine environment (2313 populations of 364 
species, final index value = − 10%; range = –22% to 4%) within Canadian 
borders. Average annual lambda plot ± SD are shown in the Supplementary 
Materials (Fig. A4a–c). Indices are plotted with a logarithmic primary Y-axis. 
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Fig. 4. Indices of abundance (black line with shaded grey area) with number of species contributing to the index in each year (pale grey dots, secondary Y-axis) for a) 
birds excluding three overabundant geese species (463 populations of 382 species, final index value = 4%; range = 0% to 9%) b) mammals (549 populations of 105 
species, final index value = − 44%; range = − 64% to − 15%), c) fish (2529 populations of 362 species, final index value = − 21%; range = –33% to − 6%) and d) 
amphibians and reptiles combined (139 populations of 46 species, final index value = − 34%; range = − 30% to 40%) monitored within Canada. Note that the 
amphibian and reptile trend starts in 1973 as there are no abundance data available prior to this. Average annual lambda plot ± SD are shown in the Supplementary 
Materials (Fig. A5a–d). Indices are plotted with a logarithmic primary Y-axis. 

Fig. 5. Boxplots with yearly average and 2.5 and 
97.5% quantiles for 10 000 indices obtained by 
bootstrapping population lambdas from each of 
the subsets of data with a different total repre-
sentation score. Reading left to right, from data 
quality score = 2 (lower quality) in plot a), 
quality score = 3 in plot b), quality score = 4 in 
plot c), quality score = 5 in plot d) and quality 
score = 6 (higher quality) in plot e). Baseline (in 
red) and boxplots of corresponding indices ob-
tained by bootstrapping population lambdas from 
the entire dataset (blue) are shown in each plot 
for comparison. The plot of the lowest quantile 
alone is shown for completeness in Fig. A6 in the 
Supplementary Materials but the subset has not 
been taken into account in the interpretation of 
the results as variability around the trend is too 
high for the scale used here. (For interpretation of 
the references to colour in this figure legend, the 
reader is referred to the web version of this 
article.)   
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represented groups and areas. The dataset used to calculate the trends 
presented in this manuscript is hosted on the LPI database (www.liv-
ingplanetindex.org) and is publicly available (except for those time se-
ries that were provided to the authors under the agreement that they 
would be kept confidential). The database is continuously augmented, as 
part of the ongoing effort to improve the coverage of the global LPI by 
filling data gaps (McRae et al., 2017) and by adding recent data. As data 
availability increases, our ability to estimate trends for particular sub-
sets improves. This may help resolve the influence of certain habitats, 
geographic areas or groups of species on the overall trend or show if 
trends in these subgroups diverge substantially from it, providing 
important information on declines or recoveries in specific geographic 
areas, biomes or species. However, the LPI and its derived indicators, 
such as the CSI, are designed to detect broad-scale, long-term trends in 
biodiversity. Although several papers in the literature have highlighted 
the most prevalent threats for Canadian vertebrate species (Currie et al., 
2020; Gibbs et al., 2009; Imre and Derbowka, 2011; Kerr and Cihlar, 
2004; Kerr and Deguise, 2004; McCune et al., 2013; Venter et al., 2006), 
links between the observed trends and these drivers are currently 
speculative. 

The interpretation of the CSI trends cannot be decoupled from con-
siderations on data quality and taxonomic and geographic coverage of 
the dataset. Collecting published data means that the dataset inherits the 
geographic and taxonomic biases that are known to occur in biodiversity 
data (Boakes et al., 2010; Donaldson et al., 2017; Troudet et al., 2017; 
Yesson et al., 2007). The index is biased towards managed species, 
species that are easier to observe, and species with aesthetic appeal. As 
long-term monitoring trends are available for most Canadian bird spe-
cies, we know that their overall stable trend is the combined result of 
steep declines in abundance in shorebirds, grassland birds, and aerial 
insectivores, with strong increases in waterfowl and birds of prey and 
little or moderate change in the remaining groups (North American Bird 
Conservation Initiative Canada, 2019). Similar patterns in the numbers 
of increasing and declining species and similar trends in major biomes 
were highlighted by a recent study (Rosenberg et al., 2019) analysing 
bird trends across the whole of North America. Rosenberg et al. (2019) 
calculated a 29% net loss in total bird abundance, with the biggest losses 
happening in common species, including invasive species (excluded 
from our study). Information on trends for other taxa is not as 
comprehensive. Whilst time series for fish are often long, the dataset 
includes mainly fish species of commercial interest, so the picture we 
have for this group is biased towards these species. On the other hand, 
there is a general lack of data for all freshwater taxa including fish 
(Monk and Baird, 2014). The remaining groups – although some well- 
represented in terms of number of species – are less well-represented 
spatially. Data for some species are limited to a local study covering a 
small fraction of the species’ range and total population. The trend for 
Canadian mammals is declining and points to high variability in the 
data. The lack of data we observed for reptiles is in line with recent 
findings by Saha et al. (2018), who highlighted the scarcity of basic 
abundance studies for this group globally. 

As expected, the overall trend of the CSI is driven by data with better 
temporal and spatial representation; this is because these data are longer 
and fuller time series, and therefore contribute a higher number of 
datapoints to the overall trend (109 471 of the 131 407 datapoints that 
make up the current dataset belong to subgroup 5 and 6). Birds are 
extensively monitored in Canada and are considered good indicators of 
the state of the environment (Gregory and Strien, 2010). They 
contribute most of the “higher quality” data to the dataset. Our analysis 
comparing CSI results with SCBR results shows that the two methods 
result in trends with the same direction and similar trajectories 
(although the final percentage change values differ), so what is the value 
of including “lower-quality” data that do not have a strong effect on the 
overall trend and that are less representative of the overall taxon or 
species trend? 

Examination of trends in subgroups of differing data quality provides 

hints that species with low-quality data may be declining while species 
with high-quality data are increasing, suggesting that correlations exist 
between species trends and the factors that affect monitoring decisions. 
With the exception of the lowest quality category, these quality sub-
groups show consistent trends. All trends in lower quality data except 
one show a negative trajectory from the start to the end of the consid-
ered time frame. The temporal aspect of the quality score appears to 
have a stronger influence on this pattern. However, it has to be noted 
that the way in which spatial data has been recorded allows only for a 
coarse disaggregation of the data based on scale (three subgroups of 
varying size). In the future we hope to store spatial polygons repre-
senting the precise survey area alongside the database records, in order 
to be able to disaggregate the data based on scale to a finer degree. 

Fish populations of data quality 3 and 4 are also more negative than 
the overall fish trend, whilst populations of data quality 5 are more 
positive. As the index is based on data collected for purposes other than a 
biodiversity indicator (with the exception of the bird data), the pattern 
we observe in the data could be the result of known biases in biodiversity 
research. Although data quality is defined at the population level and 
therefore species can be represented in more than one data quality 
category, time series from specific taxonomic groups are clustered 
within the low or high quality subsets (Table A2), so in some cases entire 
species groups are represented for the most part in the low or high 
quality categories. 

Better data are available for certain groups, such as birds and 
mammals, whilst data for amphibians, a group known to be more 
threatened than both mammals and birds (Stuart et al., 2004), are 
concentrated within the lower quality subsets. Lower quality data are 
also more often derived from publications, which frequently report re-
sults from a fixed-term project. Compared to baseline monitoring pro-
grammes, scientific papers have been reported to be biased towards 
threatened species (Fazey et al., 2005). For example, 8% of mammal 
data in our dataset come from sources primarily aimed at tracking 
declining species. 

The picture is however more nuanced. An analysis of the LPI data-
base (McRae et al., 2017) showed that threatened species (as defined by 
the IUCN Red List) are indeed over-represented in the database for all 
groups but not for amphibians (one of the two groups that are absent in 
the two highest quality subcategories). The analysis did not take into 
account fish as most species had not been assessed by the Red List. A 
similar analysis for the US only found that threatened species are in fact 
under-represented in the country-specific conservation literature (Law-
ler et al., 2006). Also, as we conducted targeted data collection from 
unpublished sources especially for groups that were initially under- 
represented in the dataset (amphibians and reptiles in particular), data 
for these groups were therefore not exclusively sourced from publica-
tions, but also from baseline monitoring programmes occurring in na-
tional parks, and citizen science programmes. Similarly, a study looking 
at the research impact of mammal species in Australia found no effect of 
IUCN status on the h-index for different species, which increased with 
body size and geographic range (Fleming and Bateman, 2016). 

The currently available data highlight declines in specific groups, 
many of which tend to have poor quality data in terms of temporal and 
spatial coverage. Targeted field data collection could help differentiate 
biological trends from data artefacts A recent study comparing known 
long-term trends in bird abundance with samples of these complete time 
series (Wauchope et al., 2019) suggests that if a significant trend is 
detected by the sample it is likely to reliably describe the direction 
(positive or negative) of the complete trend, but most likely won’t 
accurately match annual percentage change. By definition, lower- 
quality time series in the dataset are not as representative of the over-
all species trends as long-term monitoring data. However, these data 
don’t appear to introduce systematic bias in multispecies trends and 
they increase representation of some neglected taxa. Collecting all 
available data might help us to depict a more accurate picture of in- 
country biodiversity and flag up potential local declines. 
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