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Abstract
1.	 Large carnivores, including the grey wolf (Canis lupus), play an important role in 

the carbon cycle through modifying the behaviour and population of wild herbi-
vores. Large carnivores have been eradicated from much of their former range 
and are now absent from the UK, contributing to increased herbivore populations, 
which can prevent natural regeneration of trees and woodland. A reintroduction 
of wolves to the UK could reduce deer populations and associated browsing of 
tree saplings, but the potential impacts on woodland expansion and carbon se-
questration have not been assessed.

2.	 Here we estimate the impact of a wolf reintroduction in the Scottish Highlands 
on red deer populations, native woodland colonisation and carbon sequestration. 
We use a Markov predator–prey model to estimate that a reintroduction would 
lead to a population of 167 ± 23 wolves, sufficient to reduce red deer populations 
below 4 deer km−2, the threshold at which we assume browsing to be sufficiently 
suppressed to enable natural colonisation of trees.

3.	 Using a model of potential new native woodlands we estimate the subsequent 
expansion of native woodland would result in an average annual carbon seques-
tration of 1.0 ± 0.1 Mt CO2, with each wolf contributing an annual carbon seques-
tration of 6080 t CO2.

4.	 Practical Implication. Our analysis demonstrates the ecosystem benefit that wolves 
can provide through control of red deer numbers, leading to native woodland ex-
pansion. Large-scale expansion of woodlands, facilitated through the return of 
wolves, can contribute to national climate targets and could provide potential 
economic benefits to landowners and communities through carbon finance.
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1  |  INTRODUC TION

Large carnivores play an important role in regulating ecosystems 
(Estes et al., 2011; Ripple et al., 2014). They alter the abundance and 
behaviour of their prey (Emerson et al., 2024; Manning et al., 2009), 
impacting vegetation structure (Beschta & Ripple, 2009), ecosys-
tem function (Suraci et al., 2016), biogeochemical cycling and the 
carbon cycle (Leroux et  al.,  2020; Rizzuto et  al.,  2024; Schmitz 
et al., 2018; Schmitz & Leroux, 2020; Strickland et al., 2013). Recent 
work has suggested that the grey wolf (Canis lupus) enhances an-
nual ecosystem carbon uptake by 260 Mt CO2 across Northern 
Hemisphere forests through modifying herbivore populations and 
behaviour (Schmitz et al., 2023). Reintroducing wolves to parts of 
their natural range where they are no longer present could further 
increase carbon sequestration, contributing to the natural climate 
solutions that are needed to prevent climate warming exceeding 
2°C (Griscom et al., 2017).

Large carnivores have experienced substantial population de-
clines and range contractions (Ripple et  al.,  2014) and are now 
absent from the United Kingdom (UK). Lynx were eradicated 
from the UK around 700 AD (Hetherington et  al., 2006) and the 
wolf was eradicated from Scotland about 250 years ago (Nilsen 
et al., 2007). The loss of natural predators, in particular the wolf, 
has contributed to increased population of Red deer (Cervus ela-
phus) across Scotland (Clutton-Brock et al., 2004). Despite ongoing 
management, red deer numbers in Scotland have increased over 
the last century (Edwards & Kenyon, 2013) with latest estimates of 
360,000–400,000 (Pepper et al., 2020).

Deer abundance has important impacts on natural ecosys-
tems including vegetation composition and dynamics, growth and 
survival of tree saplings, and nutrient cycling (Côté et al., 2004). 
Natural regeneration and colonisation of woodland in Scotland 
is limited by herbivore browsing (Gullett et  al.,  2023; Miller 
et  al.,  1998; Rao,  2017; Tanentzap et  al.,  2013). Increased deer 
populations also have widespread impact on woodland ecology 
(Fuller & Gill, 2001). The maximum density of deer under which 
regeneration and establishment of woodland can occur depends 
on the tree species, vegetation, soil fertility and herbivore dis-
tribution (Miller et  al.,  1998; Palmer et  al.,  2004). Palmer and 
Truscott (2003) found that less than 15% of saplings were browsed 
for deer densities below 2 km−2, increasing to 30% for deer densi-
ties of 10 km−2 and to 80% for deer densities of 20 km−2. Tanentzap 
et al. (2013) suggested that <10% of seedlings can be browsed to 
enable tree establishment, suggesting deer density exceeding 2 to 
10 km−2 would suppress regeneration.

Deer, in combination with sheep in some areas, prevents tree 
regeneration across much of Scotland. The density of red deer on 
open-hill ground in the Highlands and Islands of Scotland in winter 

2019 was estimated as 9.35 km−2 (Albon et  al., 2019), too high to 
allow natural regeneration or colonisation. Lack of tree regeneration 
has contributed to a long term decline and loss of native woodland, 
with less than 4% of Scotland currently covered by native woodland 
(Native Woodland Survey of Scotland, 2014). At such high deer den-
sities, natural regeneration and colonisation of woodland is largely 
restricted to areas where deer are excluded by fencing (Palmer 
et  al.,  2009). More intensive deer management in some locations 
has been shown to facilitate tree regeneration with increasing num-
ber of tree seedlings when red deer numbers were reduced below 
3.5 km−2 (Rao, 2017). A reduction in deer numbers to less than 6 km−2 
over a 60,000 ha landscape in the Cairngorms in eastern Scotland, 
facilitated natural colonisation and created about 164 ha of new 
woodland each year over a 30 year period (Gullett et  al., 2023). If 
deer numbers were reduced more widely to levels that would permit 
natural colonisation, Fletcher et al. (2021) estimated that more than 
39,000 km2 of the Scottish Highlands would be suitable for estab-
lishment of native woodland.

In recent decades, large carnivores have started to re-establish 
across areas of mainland Europe (Chapron et  al., 2014; Cimatti 
et al., 2021). Wolves now occupy 67% of their former European 
historical range (Ripple et al., 2014), including human-dominated 
landscapes in Central Europe, demonstrating an ability to co-
exist close to humans (Chapron et al., 2014; Cretois et al., 2021). 
The wolf population in Western Europe now exceeds 12,000 
(Hindrikson et al., 2017). Due to the natural barrier presented by 
the sea, reintroduction would be necessary to re-establish large 
carnivores in the UK (Seddon et  al., 2014). Nilsen et  al.  (2007) 
suggested a wolf reintroduction to Scotland could result in 25 
wolves per 1000 km2. Gwynn and Symeonakis (2022) estimate a 
contiguous area of 10,139 to 18,857 km2 of Scotland would be 
suitable for wolf and could support 200 to 376 individuals (50 to 
94 wolf packs).

There is increasing acknowledgement that the climate and 
biodiversity crises cannot be managed in isolation (Pörtner 
et  al.,  2021), with greater interest in the potential role of nat-
ural processes, including restoring trophic cascades for ecosys-
tem recovery (Cromsigt et  al., 2018), to deliver co-benefits for 
climate, and nature recovery. Climate mitigation and adapta-
tion will require large-scale changes in land management (Smith 
et al., 2019). Fletcher et al. (2021) estimated expansion of native 
woodlands across the Scottish uplands could remove nearly 700 
million tons of CO2 and make a sizeable contribution to national 
climate targets.

Discussions around potential large carnivore introductions 
to the UK (Convery et  al., 2023; Wilson & Campera, 2024) and 
elsewhere (Gonzalez et al., 2024) are ongoing. The potential for a 
wolf reintroduction to reduce red deer populations in the Scottish 

K E Y W O R D S
carnivore restoration, native woodland, natural colonisation, trophic cascade, wolf 
reintroduction
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Highlands has already been demonstrated (Nilsen et al., 2007) but 
the impacts on woodland establishment and carbon sequestra-
tion have not been assessed. Here we combine a range of models 
to provide the first estimate of the impact of a reintroduction of 
wolves to Scotland on red deer population, natural colonisation of 
native woodlands and associated carbon sequestration. The ex-
pansion of wolves across their former range in western Europe 
has created substantial conflict, particularly with farmers and 
hunters (Martin et al., 2020). Substantial and wide-ranging stake-
holder and public engagement would clearly be essential before 
any wolf reintroduction could be considered. Our aim is to provide 
new information to inform these ongoing and future discussions 
around human-wolf conflict and wolf reintroductions both in the 
UK and elsewhere.

2  |  MATERIAL S AND METHODS

2.1  |  Wild Land Areas

We focused our analysis on the Scottish Wild Land Areas (WLAs), 
defined as the “most extensive areas of high wildness” in Scotland. 
WLAs were identified using a methodology based on the relative 
wildness of the landscape (NatureScot, 2014), taking into account 
perceived naturalness, rugged or challenging terrain, remoteness 
from public mechanised access, lack of built modern artefacts. 
WLAs are nationally important in Scottish Planning Policy, but are 
not a statutory designation.

Because WLAs have been identified as Scotland's more natural 
and remote landscapes with low levels of human influence, they 
represent a potential target for any future wolf reintroduction. 
There are 42 WLAs in Scotland covering 14,537 km2, nearly 20% 
of Scotland. We selected the four largest contiguous areas of wild 
land in the Scottish Highlands which we defined as WLAs sepa-
rated by less than 5 km in distance and not intersected by major 
human infrastructure such as a dual-carriageway road. These four 
areas are: (i) Cairngorms (Cairngorms; Lochnagar–Mount Keen), 
(ii) South-west Highlands (Rannoch—Nevis—Mamores—Alder, 
Loch Etive mountains; Breadalbane—Schiehallion; Lyon–Lochay, 
Ben Lawers; Ben Lui, Ben More, Ben Ledi), (iii) Central Highlands 
(Kinlochhourn—Knoydart—Morar, Central Highlands Fisherfield—
Letterewe—Fannichs; Moidart—Ardgour; Coulin and Ledgowan 
Forest, Flowerdale—Shieldaig—Torridon), (iv) North-west 
Highlands (Rhiddoroch—Beinn Dearg—Ben Wyvis, Inverpolly—
Glencanisp, Quinag; Foinaven—Ben Hee, Ben Hope—Ben Loyal, 
Cape Wrath, Reay—Cassley, Ben Kilbreck—Armine Forest). These 
areas vary in size from 2100 km2 to 4100 km2 with a total area of 
12,167 km2 (Figure 1). Each area is individually larger than the min-
imum of 600 km2 required for viable wolf populations (Sandom 
et al., 2012) and match the areas previously identified as the most 
suitable for wolf reintroduction in Scotland (Gwynn & Symeonakis, 
2022). We assumed separate reintroductions within each area. 
As in previous work (Nilsen et al., 2007; Sandom et al., 2012) we 

assumed that wolves are confined to the introduction area and are 
not free to spread to surrounding regions as would be the case 
if the area was fenced. However, we acknowledge that securely 
fencing large areas would be challenging and unlikely to be fea-
sible. Future work is needed to understand how wolves might be 
likely to spread if they were free to move across Scotland and how 
this would alter both equilibrium populations and temporal devel-
opment of populations.

2.2  |  Red deer—Wolf population modelling

We based our red deer and wolf population modelling using the 
models described in Nilsen et  al.  (2007). The red deer population 
model is a density-dependent, discrete-time, age- and sex structured 
Markov model parameterised based on a long-term individual-based 
study of red deer in Scotland (Clutton-Brock et al., 1982). The deer 
population dynamics include interactions between density depend-
ence, climate and age structure (Clutton-Brock & Coulson, 2002; 
Clutton-Brock et al., 2002; Milner-Gulland et al., 2004). This model 
simulates the observed population dynamics of red deer in Scotland 
(Nilsen et al., 2007).

Survival and fecundity probabilities were fitted as logistic func-
tions of hind density according to Ri,j = 1 −

1

1+ e−a+bD
, where Ri,j is the 

deterministic vital rate for sex i in age class j, a and b are coefficients, 
and D is the density of adult hinds (≥3 years). The proportion of males 
at birth (m) is calculated as m = 0.6438–0.00748D.

The stochastic adult hind mortality for hinds in age class j was cal-
culated as ρj = Rj + zσ j, where z is a standardised normal deviate with a 
standard deviation of σ j. The model assumes fecundity and other class-
specific mortality rates are correlated with adult hind mortality such 
that �i,j = Ri,j + �i,jz

√

1 − r2 + r�i,jA, where ρi,j is the stochastic rate for 
sex i and age j, r is the correlation between the rate and adult hind 
mortality, and A is the average of the z-values for adult hind mortality 
(Clutton-Brock et al., 2002; Milner-Gulland et al. 2004). We assume 
r = 0.522 for stag mortality and r = −0.452 for all other rates.

The wolf population was simulated using an individual based 
model. The wolf population was characterised as the number of 
packs, the number of wolves in each pack, and the age, sex and 
social status of each wolf classified as juvenile (J; 6–18 months), 
sub-adult (Sa; 18–30 months), sub-dominant adult (A; >30 months) 
or dominant adult (Do). All packs that include an alpha pair are 
assumed to produce a litter. The discrete probability distribution 
for litter size had a mean of 3.5 pups and a range from zero to six. 
The sex of each recruit was determined as a result of a Bernoulli 
trial with mean 0.5. Individuals are recruited into the population 
at 6 months. We assume different wolf survival rates for juveniles, 
wolves aged 1–6 years, and older wolves (>6 years). If the pack 
includes one or more alpha individuals, dispersal of the rest of 
the pack was calculated as a binomially distributed random vari-
able, assumed to be age-dependent, with older individuals more 
likely to disperse. Alpha individuals are assumed not to disperse. 
If both alpha individuals died, all remaining members of the pack 
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dispersed. If only one dominant individual was alive, the pack con-
tinued to occupy the territory but did not breed until a dispersing 
adult joined the pack.

We assume dispersing individuals can become breeders either 
by occupying a vacant territory that an individual of the opposite 
sex also dispersed into or by joining widowed alpha individuals of 
the opposite sex. Juvenile wolves can only breed after 1 year after 
dispersal, consequently the minimum age of first reproduction was 
24 months. Dispersing wolves that were not successful in estab-
lishing a territory were assumed to die. We assume that dispersing 
wolves cannot join packs with an alpha pair.

Dispersal probabilities for juveniles, sub-adults and adults when 
one or both breeders were present were 0.3, 0.5 and 0.9, respec-
tively. Dispersing wolves were assumed to actively seek a territory in 
which to become breeders. We assumed that 30% of the dispersing 

wolves were not successful in occupying a territory when vacant ter-
ritories were available.

The mean density of red deer in the Highlands and Islands of 
Scotland has recently been estimated as 9.35 (8.01–10.69, 95% CI) 
deer km−2 (Albon et al., 2019). For each simulation, we ran the red deer 
model for 50 years before a wolf reintroduction. For each of the four 
regions simulated, we applied a hind harvest rate of 10% that results 
in a red deer density prior to wolf reintroduction of ~9 deer km−2. We 
tested the sensitivity of using initial red deer density of 8–11 deer km−2, 
and found that this did not alter our results. Nilsen et al. (2007) found 
that red deer populations could not support a hind harvest greater 
than 4%–5% as well as a viable wolf population. We assumed that hind 
harvest continues at 10% after wolf introduction, but reduced the 
hind harvest rate to 5% if deer populations are less than 8 deer km−2 
and to 1.5% if numbers are less than 6 deer km−2.

F I G U R E  1 Location of the four areas where wolf reintroductions are simulated: Cairngorms, South-West Highlands, Central Highlands 
and North-West Highlands.
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In each region simulated, we assumed a reintroduction of three 
wolf packs, each consisting of three wolves. For each area, we ran 
the model 100 times.

In our simulations, we updated the deer and wolf population 
annually within each of the four regions for 100 years after wolf 
reintroduction, based on the underlying model parameters. We cal-
culated the mean and standard deviation of wolf and red deer den-
sity across the 100 simulations.

We tested the sensitivity of our results to uncertainty in the param-
eters in the wolf population model. We selected the parameters that 
were identified by Nilsen et al. (2007) as being the most important: the 
rate at which wolves kill deer when deer are abundant (a), adult wolf 
survival rates (sadult) and the probability that a dispersing wolf is suc-
cessful in establishing a territory (psettle). For each parameter we com-
pleted 10 sensitivity simulations varying the parameter by up ±10% in 
increments of 2 percentage points. For each parameter, we calculated 
the standard deviation of wolf density calculated by the model across 
the 10 simulations. We combined the standard deviations in quadra-
ture to estimate an uncertainty in wolf population.

2.3  |  Potential for native woodland

We used the potential for native woodland model (NWM; Towers 
et  al.,  2004) to predict potential national vegetation classification 
(NVC) woodland types across the four areas selected in this study. 
The model predicts the woodland types that would be expected 
under current soil and vegetation conditions with no or minimal 
ground intervention, including fertilisation, ground preparation and 
drainage. The model uses information on soils from the national soils 
survey and the national land cover map (Towers et al., 2004).

The outputs of the model are categorised into 58 woodland 
types, which may be single, interchangeable or mosaics of different 
NVC classes. A comparison of the woodland types simulated by the 
NWM with on-the-ground NVC surveys, suggest that the NWM ac-
curately predicts site suitability for a range of NVC classes spanning 
oakwoods, ashwoods and pinewoods (Towers et al., 2004) that are 
the dominant NVC classes across the areas in our study.

Previous studies have suggested that deer numbers less than 
5–10 km−2 are required to allow tree establishment (Beaumont 
et  al.,  1995; Miller et  al.,  1998; Mitchell et  al.,  1977; Rao,  2017; 
Staines, 1995). We assumed that natural colonisation and tree es-
tablishment occur if deer numbers are reduced to less than 4 km−2. 
In a sensitivity study, we assumed natural colonisation occurs below 
deer numbers of 7 km−2.

2.4  |  Carbon sequestration

We assumed carbon sequestration for mature native woodland 
(80% canopy cover) of 84 tonnes of carbon per hectare (t C ha−1) 
based on data from 12 native woodland sites across Scotland (Perks 
et al., 2010). These were predominantly upland sites with nutrient 

poor soils with similar conditions and NVC types to those simulated 
by the NWM across the WLA that were the focus on this study in-
cluding W17 (upland oak/birch with bilberry), W18 (Scots pine with 
heather), W11 (upland oak/birch with bluebell/wild hyacinth), W7 
(alder/ash with yellow pimpernel), W9b (upland ash with birch/
rowan/aspen) and W4 (birch with purple moor grass).

To provide carbon sequestration for different woodland types 
predicted by the NWM, we scaled carbon sequestration by the 
canopy cover for each woodland type. To determine the percent-
age canopy cover for the woodland types predicted by the NWM, 
each component part of the woodland types was assigned a canopy 
cover value based on the values in Fletcher et al. (2021): Types W4a, 
W6-W11 and W16-W19 were assigned 80% canopy cover; W4 (with 
open ground) and Sc1, Sc3, Sc6 and Sc7 were assigned 30% canopy 
cover; and Sc2, Sc4, Sc5 and Sc8 were assigned 10% canopy cover.

As in Fletcher et  al.  (2021), we assumed new woodlands take 
100 years to reach maturity. We assumed carbon sequestration 
begins when deer numbers reduce below the threshold for natural 
colonisation. We calculated cumulative carbon sequestration over 
a 100 year period and assumed that carbon sequestration is linear 
across this period from the year when natural colonisation begins, 
which is reasonable when calculating the cumulative impact over 
100 years. We did not account for potential changes in below-
ground and soil carbon (Tanentzap & Coomes, 2012) and so total 
carbon sequestration is likely to be higher than presented here.

We calculated sensitivity of our carbon sequestration estimates 
to parameters in the wolf population model. For each of the param-
eters tested we calculated the year deer populations fall below the 
threshold for natural colonisation and then calculated the resulting 
carbon sequestration for that scenario. We report the standard de-
viation across all the parameter combinations.

We calculated an annual financial benefit associated with car-
bon sequestration assuming £25.36 per tonne of CO2 based on UK 
Woodland Carbon Code prices in 2023 (Woodland Carbon Code, 
2023) ($31.95 per tonne CO2 assuming GBP £1 = US $1.26). We did 
not apply inflation to our estimated financial benefits. We calculated 
a nominal value per wolf by dividing the annual financial benefit by 
the average wolf population. We estimated an uncertainty by com-
bining our uncertainty in the wolf population and the uncertainty in 
carbon sequestered.

2.5  |  Model framework

Figure  2 shows the model framework used for our study. The 
Wild Land Area mapping (Section 2.1) was used to determine the 
spatial extent of the area. We then applied a red deer–wolf model 
(Section 2.2) to simulate the annual dynamics of red deer and wolf 
populations. The annual population of red deer was used along with 
the native woodland model (Section 2.3) to simulate the potential 
expansion of native woodland. Finally, information on the carbon 
sequestration of new native woodlands (Section 2.4) was used to 
estimate the annual carbon sequestration.
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The models were coupled at an annual time-scale. Each year the 
red deer and wolf population was used to assess the potential for 
woodland expansion and the annual carbon sequestration was cal-
culated. A simplification of our approach is that the expansion of 
woodland does not alter red deer–wolf population dynamics.

3  |  RESULTS AND DISCUSSION

Table 1 reports the results of our simulations. Average wolf popula-
tions after reintroduction are 13–14 wolves per 1000 km2, somewhat 
lower than the 20–49 wolves per 1000 km2 recorded in unmanaged 
wolf populations in the Bialowieza Forest, Poland (Jedrzejewski 
et  al.,  2002) or 25–100 wolves per 1000 km2 in the Yellowstone 
National Park, USA (Hobbs et al., 2024). The lower estimated car-
rying capacity in our study may be because we assume that wolves 
only predate red deer, whereas in reality there are multiple prey spe-
cies. Total wolf populations vary from 27 wolves in the Cairngorms 
to 56 wolves in the Central Highlands. The total population across 
the four areas of the Scottish Highlands is estimated to be 167 ± 23 
wolves, similar to previous estimates (Gwynn & Symeonakis, 2022; 
Nilsen et al., 2007). Our estimated total population is also similar to 
the viable population of 200 wolves estimated for the recent rein-
troduction to Colorado, USA (Hoag et al., 2023).

Deer populations decline after a wolf reintroduction (Figure 3). 
In our simulations, it takes 20–23 years after wolf reintroduction 
for deer populations to decline below 4 km−2 (Table 1; 11–12 years 
for deer populations to decline below 7 km−2). Our results on wolf–
deer dynamics are similar to those reported in Nilsen et al. (2007). 
Passoni et al. (2024) used a wolf-elk model to simulate that a popu-
lation of 99 wolves was sufficient to reduce elk numbers by 61% in 
the Yellowstone ecosystem. In the western European Alps, a wolf 
density of 17–29 wolves per 1000 km2 caused 19%–51% of annual 
red deer mortality sufficient to have a limiting effect on populations 
(Gazzola et  al., 2007). In the Bialowieza Forest in Poland, wolves 
took 12% of red deer each year which was equivalent to 40% of 

annual red deer mortality (Jedrzejewski et al., 2002). In more pro-
ductive habitats, where ungulates can have a very high reproduction 
rate the impacts of wolf predation on ungulate populations can be 
lower (Meriggi et al., 2011). In the Northern Apennines, Italy, wolf 
range expansion has followed the expansion of roe deer (Torretta 
et al., 2024). The high deer densities in Scotland contrast with some 
parts of Europe where scarcity of wild prey can be a limiting factor 
for large carnivores such as wolves (Rossa et al., 2023). The poten-
tial for wolves to mediate trophic cascades in human-dominated 
landscapes is heavily influenced by humans and their effects on the 
behaviour of both predator and prey (Kuijper et al., 2016). We sim-
ulated continued hind deer cull after a potential wolf reintroduction 
to capture such interactions. However, we did not simulate potential 
impacts of humans on wolf populations via legal hunting or poach-
ing. In parts of Europe, poaching may supress wolf populations by a 
factor of 4 (Liberg et al., 2012) reducing the potential for wolves to 
regulate prey species. In forested regions of Scandinavia with inten-
sive forestry and where deer are hunted by humans, wolves were 
not associated with either reduced herbivore populations or reduced 
browsing pressure (Ausilio et al., 2021). Future research is needed to 
better understand the potential for carnivores to initiate trophic cas-
cades in human dominated landscapes. In addition to altering her-
bivore populations, wolves can also alter herbivore behaviour and 
browsing pressure (Manning et al., 2009). We did not simulate such 
interactions, which might further enhance the potential for wolves 
to increase woodland regeneration.

Figure 4 shows the potential carbon sequestration from native 
woodland expansion across the four areas over a 100-year period 
after a wolf reintroduction. Over this period, individual areas se-
quester between 17 and 38 Mt CO2. On average wolf reintroduction 
increases carbon sequestration by 18–26 g C m−2 year−1 (Table 1) at 
the lower end of the 24–52 g C m−2 year−1 estimated for wolf-deer in-
teractions in North America (Wilmers & Schmitz, 2016) or 37 ± 13 g 
C m−2 year−1 estimated for wolf across the boreal forest (Schmitz 
et  al.,  2023). Estimated sequestration rates in the North West 
Highlands and Cairngorms are lower than in the SW and Central 
Highlands due to higher elevations and less favourable conditions 
for woodland establishment. Our sequestration rates are also similar 
to the estimated biomass offtake by herbivore grazing at UK oak 
woodland sites of up to 16 g m−2 year−1 (Palmer et al., 2004).

Total carbon sequestration across the four areas after 100 years 
is 102 ± 10 Mt CO2, equivalent to an annual sequestration of 1.0 ± 0.1 
Mt CO2 year−1. This is equivalent to approximately 5% of the carbon 
removal target for UK woodlands that has been suggested by the 
UK's Climate Change Committee (UKCCC) as being necessary to 
reach net-zero by 2050. While much of the carbon sequestration 
considered here would occur post-2050, natural colonisation could 
play an important role in the maintenance of a longer term carbon 
sink on UK land. Based on the total carbon sequestration and the 
total wold population, the average annual carbon sequestration per 
wolf is 6080 ± 980 t CO2.

Assuming a carbon price of £25.36 per tonne of CO2, the car-
bon sequestration from native woodland establishment due to wolf 

F I G U R E  2 Model framework for simulating the impacts of grey 
wolves on red deer populations, native woodlands and carbon 
sequestration.
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reintroduction has an estimated value of £2580 million ± £230 mil-
lion over a 100 year period (US $3250 million ± $290 million). At 
the annual scale, wolf reintroduction would be worth an average 
of £25.8 million ± £2.3 million per year (US $32.5 million ± $3 mil-
lion). Assuming a population of 167 wolves, this means that each 
wolf would be worth an average of £154,000 ± £25,000 per year TA
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F I G U R E  3 Predicted deer dynamics in the Central Highlands 
after a wolf reintroduction. Mean red deer density (black line) and 
±1 standard deviation (grey shading).

F I G U R E  4 Potential carbon sequestration from native woodland 
expansion over a 100 year period after wolf reintroduction. Error 
bars show the estimated uncertainty (see Section 2).
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($194,000 ± $32,000) over the 100 year period. Hoag et  al.  (2023) 
used a willingness-to-pay method to estimate an annual benefit 
of US$115 million for a population of 200 wolves in Colorado fol-
lowing a recent reintroduction, equivalent to an annual benefit of 
$575,000 for each wolf. We acknowledge that our financial analysis 
is simplistic and merely represents the potential value from carbon 
sequestration. As such our estimate undervalues the functional role 
that wolves play in sustaining the ecosystem and the wide range of 
resulting ecosystem services. Furthermore, our estimate does not 
include the upfront costs of establishing wolves in the environment, 
any ongoing management costs to maintain wolves in a human dom-
inated landscape or any opportunity costs associated with the pres-
ence of wolves. Furthermore, the costs of tree planting in places 
without an adequate seed source for natural colonisation are not in-
cluded. Future work is needed to complete a full economic valuation.

We explored the sensitivity of our analysis to several key vari-
ables. The reported uncertainty in our estimates (see Table  1) in-
cludes the key uncertainties in the wolf model as identified by Nilsen 
et al. (2007). Together these result in an estimated uncertainty in car-
bon sequestration values of approximately ±10%. We also explore 
uncertainties in the threshold deer population below which natural 
regeneration is not suppressed by browsing. If deer numbers need 
to be below 7 km−2 to facilitate natural regeneration of trees, wolves 
reduce deer numbers below this threshold more rapidly and the total 
carbon sequestration is increased by ~14% to 1.14 Mt CO2 per year 
over a 100 year period. This increases the financial benefit to £29 
million per year meaning each wolf would deliver an annual finan-
cial benefit of £173,000. Our financial benefits use 2023 Woodland 
Carbon Code Prices, but carbon prices are likely to rise in the future.

Our analysis quantifies the impacts of a potential wolf reintro-
duction on red deer and the subsequent impacts on vegetation, 
woodland regeneration and carbon storage. We note that an in-
creased culling of red deer and improved deer management would 
also lead to some of the benefits outlined here (Gullett et al., 2023; 
Kirkland et al., 2021; Rao, 2017). However, the full functional role 
that wolves play in a landscape and the wide suite of benefits they 
provide is difficult to fully replicate through management alone 
(Martin et al., 2020).

The financial benefit associated with carbon would be in addition 
to other well documented economic and ecological impacts from 
wolf reintroduction, which include, ecotourism (Duffield, 2019), a 
reduction in deer-related road traffic accidents (Gilbert et al., 2017; 
Raynor et  al.,  2021), a reduction in Lyme disease associated with 
deer (Levi et al., 2014) and a broad spectrum of ecological benefits 
relating from the reestablishment of reduced herbivory and modi-
fied herbivore behaviour (Martin et al., 2020). A wolf reintroduction 
could reduce the costs of a deer culls (Nilsen et  al., 2007). In this 
work we reduce the rate of hind harvest rate if deer populations fall 
below 8 km−2. In Scotland, a reduction in hind harvest rate would 
result in reduced costs to the land owner or land manager but we do 
not attempt to quantify these savings. We note that this is context 
specific: in other regions of Europe hunters pay a fee to hunt and 
a reduction in hunting opportunities associated with reduced hind 

harvest rate would be an economic loss. A reduction in wild herbi-
vores could improve availability of vegetation for livestock (Prowse 
et al., 2015). Expansion of woodland would have a range of other 
benefits beyond carbon sequestration, including natural flood man-
agement (Monger et al., 2022, 2024; Harvey & Henshaw, 2023) and 
enhanced biodiversity (Burton et al., 2018). Herbivore pressure has 
resulted in mountain woodland being a particularly scarce habitat 
in the Scottish Highlands; expansion of this habitat will bring a wide 
range of benefits (Watts & Jump, 2022).

Conflict between humans and wolves is substantial and there are 
major challenges to coexistence (Martin et al., 2020). Substantial and 
widespread stakeholder and public engagement would be needed 
prior to any wolf reintroduction to identify potentially affected groups 
including farmers, foresters, gamekeepers and hunters (Niemiec 
et al., 2020; Wilson & Campera, 2024). Human-wildlife conflicts in-
volving carnivores are common and must be addressed, through pub-
lic policies that account for people's attitudes (Huber et al., 2008), for 
a reintroduction to be successful. One major source of conflict is pre-
dation of livestock (Treves et al., 2004) and the impacts on farmers 
(Zahl-Thanem et al., 2020). Where wolves have expanded their range 
in Europe, farmers and hunters have particularly negative attitudes 
(Dressel et al., 2014). In Scotland, there would be important concerns 
around loss of livestock, particularly sheep (Nilsen et al., 2007). Sheep 
stocks have declined across much of the Scottish Highlands in the last 
few decades (Albon et al., 2019), but concerns are still likely to be sub-
stantial. In southern Europe the presence of wild ungulates was found 
to reduce wolf predation on livestock (Meriggi et al., 2011; Meriggi & 
Lovari, 1996). In contrast to some parts of Europe (Rossa et al., 2023), 
deer are abundant and widespread in Scotland which may reduce the 
potential for livestock-wolf conflict. Developing effective methods to 
reduce livestock losses might help reduce wolf-human conflicts and 
safeguard human livelihoods (van Eeden et al., 2018). Fear of wolves is 
another reason for human-wolf conflict.

Across Europe, recolonization of wolves to human dominated 
landscapes has caused challenges (Pettersson et al., 2021) and les-
sons can be learned from these experiences. Likewise understanding 
can be gained from wolf reintroductions that have been conducted 
in the USA. There are ongoing debates around wolf reintroduction 
in other countries that could also inform discussions in the UK. For 
example, there are proposals to reintroduce wolves to Japan to help 
control increasing deer populations and reduce forest and agricul-
tural damage (Sakurai et  al., 2023). Substantial gaps in our under-
standing of the ecological effects of large carnivores especially in 
human dominated landscapes also need to be addressed (Ausilio 
et al., 2021; Kuijper et al., 2016).

The financial benefits associated with expansion of native wood-
land and subsequent carbon sequestration following a wolf reintro-
duction may influence landowner and land manager opinions around 
large carnivores, though economic motivations are only one aspect 
of decision making (Thomas et al., 2015). Carefully designed benefit 
sharing mechanisms would be needed to ensure that financial benefits 
were distributed in an equitable way and that any livelihoods nega-
tively impacted by wolves were adequately compensated. The design 
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of these compensation schemes could be informed by policies and 
practices in countries where wolf populations have already recovered 
or where recent reintroductions have occurred (Hoag et al., 2023).

There are ongoing discussions around the interactions between 
predators and prey and the extent to which prey populations are 
controlled by predators and vice-versa. There is evidence of ecolog-
ical change in landscapes that have lost or gained large carnivores 
(Atkins et al., 2019; Ripple et al., 2014) that demonstrates the role 
played by large carnivores. Long-term monitoring of wolves in Italy 
spanning more than four decades provides important information 
on the expansion of wolves and the interaction with prey species 
in a human-dominated landscape (Dondina et  al.,  2015; Meriggi 
et al., 1991, 1996, 2015; Torretta et al., 2024). Where deer numbers 
have increased they become an increasing component of wolf diet 
(Torretta et al., 2024).

Our work does not account for changes in nutrient cycling (le 
Roux et al., 2018) or behavioural adaptations of prey to the return 
of predators (Gerber et al., 2024) which can result in additional im-
pacts on plant communities (Fortin et  al.,  2005). Predators have 
been shown to impact prey behaviour even when predators are at 
low densities (Laundré et al., 2001). This means we may underesti-
mate the impacts of a potential return of wolves on vegetation and 
nutrient cycling. However, in some studies in Europe, wolves and 
roe deer show low spatial avoidance at a landscape scale although 
changes in activity patterns were documented (Torretta et al., 2016). 
Future work is needed to further understand behavioural adapta-
tions of prey, particularly in human dominated landscapes (Gerber 
et al., 2024). Future modelling studies will then be need that include 
these interactions. The presence and abundance of seed sources or 
the impact of ground cover composition in the rate of natural colo-
nisation was not accounted for in our analysis. The density of new 
saplings is typically greatest close to adult seed sources (Murphy 
et  al.,  2022), though natural colonisation is recorded at substan-
tial distances from a seed source (Bauld et  al.,  2023; Spracklen 
et  al.,  2013). It is likely that in some areas, lack of suitable seed 
source will limit the rate of natural regeneration (Bunce et al., 2014). 
Ground cover composition can also hinder seedling establishment 
(Tanentzap et al., 2013) and some selective disturbance may be nec-
essary for tree colonisation (Sandom et al., 2013). Tree planting or 
direct seeding (Willoughby et al., 2019) will be required to establish 
woodlands in some areas. Targeted tree planting to establish seed 
sources for subsequent natural colonisation and regeneration may 
be a way to accelerate woodland creation through natural colonisa-
tion (Williams et al., 2024). We also recognise that other conditions 
need to be met to facilitate natural colonisation such as the absence 
of prescribed moorland burning which is widespread in some parts 
of Scotland (Spracklen & Spracklen, 2023).

Our analysis does not consider the impacts of changing herbi-
vore dynamics and woodland expansion on soil carbon. Total car-
bon stocks to 1 m depth in Scotland are estimated to be 3056 Mt 
(Rees et al., 2018), making it a significant national carbon store and 
important to consider in the context of land use change. In temper-
ate forests the presence of ungulate herbivores has been shown to 

negatively affect inputs to soil C through plant litter, subsequently 
impacting below-ground C stocks, however responses are highly de-
pendent on the type of vegetation and herbivores, making it difficult 
to generalise (Mayer et  al., 2020; Tanentzap & Coomes, 2012). In 
contrast, soil disturbance associated with tree planting can poten-
tially lead to soil carbon losses particularly on high carbon content 
soils such as those which cover much of upland Scotland (Friggens 
et al., 2020; Warner et al., 2022). Consequently, woodland expan-
sion as a consequence of a wolf reintroduction may reduce the po-
tential for loss of soil organic carbon both through a reduction in 
herbivore density increasing litter inputs combined with the lower 
soil disturbance associated with natural colonisation. A better un-
derstanding of soil carbon dynamics is critical to future projections 
of carbon sequestration potential from native woodland expansion, 
either through tree planting or natural colonisation, which are both 
currently constrained by a lack of UK-based evidence.

4  |  CONCLUSIONS

Our analysis shows that a wolf reintroduction to the Scottish 
Highlands could reduce red deer numbers sufficiently to lead to nat-
ural colonisation of trees and expansion of native woodlands with 
associated carbon sequestration benefits. We used a model of wolf–
red deer dynamics to estimate a wolf reintroduction to four areas 
of the Scottish Highlands covering 12,167 km2 would lead to a total 
wolf population of 167 ± 23 individuals. Our modelling approach 
included a number of important simplifications: we assumed that 
wolves could not leave the reintroduction area, we did not account 
for alterations in behaviour of prey, changes in nutrient cycling or 
human-wolf conflicts. Future work is needed to address these sim-
plifications. Wolves reduce simulated average red deer populations 
to less than 4 km−2 within 20 to 23 years after reintroduction. We 
used a model of native woodland potential to estimate expansion 
of native woodlands would sequester 100 Mt CO2 over a 100 year 
period (average annual carbon sequestration of 1.0 ± 0.1 Mt CO2) 
sufficient to make an important contribution to national climate tar-
gets. This substantial carbon sequestration and the potential finan-
cial benefit related to wolf reintroduction may influence landowner 
and land manager perspectives around large carnivores. Carefully 
designed benefit sharing mechanisms would be needed to ensure 
any financial benefits are shared equitably across landowners, land 
managers and local communities. Comprehensive stakeholder en-
gagement would be needed well in advance of any proposed re-
introduction to identify potentially affected groups and address 
challenges of co-existing with large carnivores. Our work provides 
further evidence of the role of large carnivores in assisting ecosys-
tem recovery and delivering the nature-based solutions required to 
address the climate emergency.
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