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Summary

To evaluate the United Nation’s preliminary post-2020 sustainable goals on protecting high
levels of genetic diversity per species, Exposito-Alonso et al. (2022) proposed a new framework
to predict a species’ loss of genetic diversity given its loss of habitat area. This method, called the
mutations-area relationship (MAR), is analogous to the species-area relationship (SAR), often
used to assess and design species diversity targets. To advise conservation practitioners, here we
discuss the power of MAR, its limitations, and potential improvements.
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Introduction

Populations of the same species possess varying levels of genetic diversity arising from a
complex relationship between a variety of factors, including mutation rate, recombination
rate, population bottlenecks, and others (Hamrick & Godt, 1996; Buffalo, 2021). This genetic
diversity codes for phenotypic diversity with important consequences for within-species
adaptation to different environments (Clausen et al., 1941; Leimu & Fischer, 2008; Hereford,
2009; Bontrager et al., 2021) including future global change threats (Hoffmann & Sgro,
2011).

The field of conservation genetics has focused on monitoring genetic diversity in
populations as a means to understand and prevent isolation between populations and drift and
inbreeding in small populations (Allendorf er al, 2022), especially for those species
categorized as endangered in the International Union for Conservation of Nature (IUCN) Red
List (IUCN.org). The new field of macrogenetics aims to summarize an ever expanding set of
DNA datasets for many species (Leigh ef al., 2021), to design essential biodiversity variables,
and to keep track of biodiversity preservation targets (Hoban et al., 2020). However, these
methods are based on experimental assessment of individuals or populations of a species,
requiring field collections, DNA sampling, and sequencing, which are challenging to build at
global scales and hard to conduct for many groups of species and in remote ecosystems.

One way to overcome these challenges is by building models that are built on
theoretical understanding of how genetic diversity of a species is distributed in space. These
models can be calibrated in well-documented species and used to extrapolate to those where
gaps of data exist. One such predictive model is the mutations-area relationship (MAR)
(Exposito-Alonso et al., 2022) that describes the relationship between genetic diversity
within a species (measured as the number of unique alleles or variable positions in the
genome) and its habitat size. This is analogous to the species-area relationship (SAR), which
has been used to extrapolate how many species may be lost in an ecosystem by area loss due
to direct land-use transformations or climate change-driven alterations (Matthews et al.,
2021). Using the same principle, when MAR is calibrated for a species or a group of species,
one may derive how much genetic diversity will be lost for a given amount of habitat loss in
one or a group of species.

Below, we provide an overview of how to apply MAR and discuss its limitations and
discuss future improvements. This information will aid in the correct interpretation of
analyses and prevent over- or under-predictions of genetic diversity loss.

MAR equation and application to conservation

For detailed methods, we refer readers to the original publication (Exposito-Alonso et al.,
2022). In brief, MAR is a power law function that follows: M = ¢ 4%, where M is the number
of DNA mutations (also called nucleotide polymorphisms, genetic variants, or alleles) among
a group of individuals collected in a given geographic area 4. The constant ¢ depends on
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several parameters including the base level of genetic diversity of the species analyzed, the
DNA sequencing method, and other potential biases that are dataset- or species-dependent.
The key parameter for inference is z (or z,,, to distinguish it from the SAR), the relative
increase in genetic diversity per increase of habitat area, which is robust to the biases
captured by ¢ and scale invariant (meaning z does not change with the spatial units of area 4,
or regions of the genome used to calculate M, as long as these are representative). The scaling
parameter z,,,, may vary across species depending on certain species-level properties such as
migration rates or geographic range sizes, or their mating system. Based on the small number
of species that we have analyzed so far, the average z,,; i1s approximately 0.3 and ranges
from 0.1 to 0.8 across species (Exposito-Alonso ef al., 2022). In the absence of genomic data
in a species, and without any other way of inference, a practitioner may then assume the
average z,, of 0.3 to conduct predictions across large numbers of species and ecosystems,
and could consider values of z,,,; between 0.1 and 0.8 to account for broad uncertainties.

When we know that the geographic range of a species has suffered a range reduction
due to any habitat loss—for instance by land-use transformation, clear cuttings, fires, or
climate change-driven mortality—we can use the z,,; parameter to predict the fraction of
genetic diversity lost due to such instantaneous geographic range reductions by rearranging
MAR:

M(ms =1 _(] -A lnsx) AR

where M, is the fraction (or to obtain a percentage, multiply by 100) of genetic variation lost
and A4, is the fraction of habitat lost.

The MAR can be applied using proposed biodiversity indicators within the Global
Biodiversity Framework (CBD, 2021) (for an extended discussion of indicators and examples
see [(Hoban, 2022)]). Proposed indicators include the number of populations with a
substantial number of individuals (indicator #1) and the number of populations lost (indicator
#2) can be used to quantify the effective total geographic range of a species and the area loss.
The last indicator (indicator #3) dealing with direct genetic monitoring by DNA sequencing
populations over time could help validate and expand MAR models that also include
long-term genetic drift in addition to short-term genetic losses from population losses (see
below).

Reasons for uncertain genetic diversity loss estimations

1. Scaling relationships such as MAR and its counterpart the species-area relationship (SAR)
are approximate projections that should capture the average dynamics of loss of richness due
to loss of habitat. Spatial heterogeneity in the distribution of genetic diversity creates noise in
the estimates, depending on whether habitat loss occurs first in geographic regions with high
or low genetic diversity.
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2. Scaling relationships describe a phenomenon emerging from multiple eco-evolutionary
forces interacting in space, but are not a mechanistic model of said forces (Harte et al., 2009).
We have derived the ranges of possible z,,, values given such forces (migration, genetic
drift, natural selection, mutation) (Exposito-Alonso et al., 2022), but our understanding of
what z values are expected in any species, given its life history traits, and geographic and
migratory ranges is still limited.

3. The power law MAR method specifically refers to the metric of genetic diversity based on
number of mutations (i.e. number of segregating sites or allelic richness); note this is
equivalent to species richness in SAR at the genetic level. Other metrics of genetic diversity
such as population heterozygosity (n) behave more unpredictably and need further modeling.
Therefore, using MAR for predicting genetic diversity loss of different types of metrics will
create uncertainty.

Reasons for overestimating genetic diversity loss

1. SAR has been proposed to overestimate species extinction (He & Hubbell, 2011; Rahbek
& Colwell, 2011), for instance due to the way it is statistically constructed through spatial
re-sampling: using outward vs inward vs random subsampling or focusing on endemisms (i.e.
counting segregating sites that are private to the area subsample) (He & Hubbell, 2011;
Rahbek & Colwell, 2011; Storch ef al., 2012). We tested these potential biases in MAR (see
Supplemental Materials [(Exposito-Alonso et al., 2022)]), and we confirmed relative
consistency between MAR calculated with inward, outward, and random spatial sampling,
and found that the endemic MAR (EMAR) may not be appropriate to study genetic diversity
loss since EMAR does not reliably predict genetic diversity loss in our simulations.

2. Species may persist in altered habitats (Pereira & Daily, 2006). This is known to bias SAR
predictions to overestimate species loss when area is lost, due to the habitat change being
overestimated. To account for this, Pereira and Daily (2006) proposed the “countryside
SAR”. If the tolerance of a species to an altered habitat was known, for example as a ratio, H,
of abundance of individuals before and after an alteration, the MAR equation could be
adjusted to: M,,, = 1-(1-4,,,, X H)™4R However, this partial tolerance to habitat loss is often
unknown (but see an approximation based on diversity surveys in altered lands:
[(Gallego-Zamorano ef al., 2022)]). This proposed countryside MAR has not yet been tested
but could yield accurate estimates for species which persist despite major habitat alteration.

However, note that if the habitat transformation involves a population loss and
subsequent expansion after transformation—e.g., re-colonization from a nearby
population—the countryside MAR may not be appropriate because genetic diversity has been
lost regardless and its recovery will still be slow through the gradual accumulation of new
mutations.

3. In SAR, there is a scale dependence in the slope z, with slight increase in slope at large
spatial scales (Storch et al., 2012). Since power laws are typically fit with continental-scale
datasets and used to predict local scale extinctions, predictions could be overestimated at
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local scales. This bias could also exist in MAR, although its consequences are still not well
understood. Exposito-Alonso et al. (2022) showed that there is a scale dependency of slope
Zyug With small number of genomes sampled, where z,,,; and therefore genetic diversity
losses are overestimated for species with very few genetic samples (i.e. below 100 sampling
sites). A correcting factor has been proposed but further research is needed.

Note: Supplemental Material in (Exposito-Alonso et al., 2022) addresses these three points.
Reasons for underestimating genetic diversity loss

1. The discovery of low frequency mutations is underpowered (Lockwood et al., 2007). This
bias in genomic data is extremely prevalent, as sequencing pipelines aim to be conservative
and often filter out rare mutations as possible sequencing errors. Underestimating sites of
variation in the genome would underestimate z,,; and therefore the degree of genetic
diversity loss associated with area shrinkage. Therefore, we strongly advise that low
frequency mutations are not filtered out from sequencing datasets when estimating the MAR.

2. The correction factor accounting for scale-dependency for low sample sizes (section #3 in
the previous section of potential overestimations) effectively scales down z,,; to avoid
upwardly biased estimates. However, we do not have a correction factor for downwardly
biased estimates which may arise, for instance, from incomplete sampling across the
geographic distribution of a species missing important genetic variation. This conservative
strategy would generally lead to underestimates of genetic diversity loss, and more research is
needed to understand such biases.

3. When habitat area is lost, not only are mutations within a species lost, but also entire
species. When a species goes extinct, it loses 100% of its genetic diversity. Therefore, the
loss of genetic diversity in an ecosystem will be driven by partial geographic range losses of
some species and entire extinctions of others. If full species extinctions are not accounted for
when predicting genetic diversity loss, total losses would be underestimated. We referred to
this as “nested extinction” (Exposito-Alonso et al., 2022).

4. Finally, one of the most dramatic causes of MAR underestimation is geographic area
reductions leading to high genetic drift. Species with fragmented and smaller ranges have
higher drift and thus lose more genetic diversity due to stochastic demographic processes.
This means that after the immediate genetic diversity loss from area reduction, predicted by
MAR, even when area loss is stopped, genetic diversity will lead to further genetic diversity
loss over generations. However, predictive MAR models including this reactive long-term
process are still unexplored.

Conclusion and outlook

In summary, MAR is a fast and scalable tool to predict species- or ecosystem-wide genetic
diversity loss in macrogenetic and global conservation studies. These predictions may be
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most helpful to set data- and theory-driven global targets as part of the Sustainability Goals
from United Nations’ Convention for Biological Diversity (CBD, 2021), or to rapidly assess
potential habitat loss impacts for any given species.

Ultimately, to make accurate predictions of genetic diversity loss and increased
extinction risk of species, very detailed data and expert assessment per species will be
required: census sizes, genome sizes, migration in metapopulations, mating systems, detailed
maps of genetic makeups, and area transformations. Recently there have been attempts to
employ such a data-driven approach for a fraction of Red List species in Sweden (Thurfjell et
al., 2022) and nine additional other countries (Hoban, 2022). To enable the production of new
genomic datasets across entire ecosystems is critical—especially in continents and
ecosystems that are underrepresented such as the tropics and the Global South (Marks et al.,
2021)—and will help continue efforts to create maps of genetic diversity (Parks et al., 2013;
Miraldo et al., 2016; Li et al., 2021).

We envision that a combination of genome-wide DNA sequencing (i.e.
reduced-representation-, whole-genome-, or pool-sequencing) and theory to conduct
high-confidence extrapolations could be most promising, where for data-rich species
mechanistic models projected forward-in-time (e.g. using SLiM simulations [(Haller &
Messer, 2019)]) could be used to calibrate MAR functions, and MAR-based extrapolation
could be calibrated to fill in data and prediction gaps for other species and ecosystems.

Given that SAR is already applied in global conservation policies (IPBES, 2019), and
that no other statistical approaches exist to project genetic diversity losses within species, we
expect the MAR approximation to be widely used. This perspective article intends to make
conservation practitioners aware of the power and potential limitations of this method, which
we will expand as evidence accumulates.
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