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Abstract
Carbon emissions from disturbances in the Arctic-Boreal Zone (ABZ) are not adequately included in global carbon budgets due to insufficient measurements
and model representation. Due to this data gap, we conducted an expert assessment to examine the potential trajectories of multiple disturbance types in
the ABZ and their impacts on net carbon fluxes over the next one to three centuries. Across five disturbance categories – anthropogenic (e.g., oil and gas
infrastructure), biotic, fire, abrupt permafrost thaw, and weather – experts agreed that the extent, frequency, range, and severity of disturbances will increase
for at least the next century. Taken together, our assessment suggests that ABZ disturbances could result in 154–417 TgC yr− 1 (median expert estimates)
greater net carbon emissions by 2100 relative to 2000–2020 for three climate change mitigation scenarios – global mean temperature increase held below
(1) 1.5°C by 2100, (2) 2°C by 2100, and (3) Representative Concentration Pathway (RCP) 8.5 (~ 2.6–4.8°C by 2100 with rising temperatures beyond that).
Critically, the experts agreed these impacts will persist long after global net zero anthropogenic emissions are reached, causing continued carbon emissions
that are currently unaccounted for. Key research priorities for reducing uncertainty in these estimates were 1) improved spatio-temporal monitoring of ABZ
disturbances to quantify their extent and distribution, 2) increased measurements of ecosystem carbon fluxes during and following disturbance events, and
3) incorporation of disturbance processes into models.

1. Introduction
The Arctic-Boreal Zone (ABZ) stores upwards of 1500 Pg of organic carbon in soil and vegetation (Hugelius et al. 2014; Schuur et al. 2015, 2018; Bradshaw
and Warkentin 2015; Strauss et al. 2017). Biogeochemical transformation and release of even a portion of this carbon has important implications for global
climate (Natali et al. 2021; Harris et al. 2022; Schuur et al. 2022). In addition to incremental changes in carbon fluxes due to gradual top-down thawing of
permafrost soils in response to climate change (Schuur et al. 2022; See et al. 2024), pulse disturbance events (i.e., relatively discrete events that disrupt an
ecosystem) can perturb carbon fluxes and potentially release additional sequestered carbon (Pickett and White 1985; Foster et al. 2022; Wilkinson et al.
2023; Hugelius et al. 2024; Ramage et al. 2024) that is not accounted for in process-based models or global emissions budgets (Natali et al. 2021). While
ecosystems often show resilience to disturbance and can recover quickly (Heliasz et al. 2011; Lund et al. 2017; Parmentier et al. 2018), this resilience is at
risk as the frequency and severity of many disturbances are expected to increase as climate change disproportionately warms the ABZ and direct human
impacts increase (Wilkinson et al. 2023; Zhang et al. 2024). Although it is challenging to detect and predict disturbances (de Groot et al. 2013; Phoenix and
Bjerke 2016), predicting the resulting impact on carbon fluxes is even more challenging, especially given the wide variety of disturbance types, the varied
state of research and available data across them, the potential for interactions between disturbance types, and the large uncertainties associated with
models. Here, we broadly categorize disturbances in the ABZ as anthropogenic, biotic, fire, abrupt permafrost thaw, and weather disturbances.

Anthropogenic disturbances are directly caused by human activity (e.g. logging, mining, and infrastructure) (Pasher et al. 2013; Becker and Pollard 2016;
Foster et al. 2022; Klotz et al. 2023; Povoroznyuk et al. 2023). Anthropogenic disturbances can impact carbon fluxes over decadal scales (Foster et al. 2022)
through direct and indirect effects of vegetation removal and succession (Davidson et al. 2021; Foster et al. 2022), soil disturbance (Strack et al. 2018, 2019;
Davidson et al. 2020), microclimatic changes (Bayatvarkeshi et al. 2024), and permafrost thaw induced by infrastructure or vegetation removal (Dabros et al.
2018; Schneider von Deimling et al. 2021; Hjort et al. 2022). Although many anthropogenic disturbances are well documented, these data are gathered by a
variety of government agencies, private companies, and nongovernmental organizations, and limited efforts exist to compile the data that are available (e.g.
Pasher et al. 2013; Williams et al. 2021; Kang et al. 2021).

Biotic disturbances are caused by non-human biotic activity. They include insect outbreaks, extreme mammalian herbivory, fungal pathogens, and ecosystem
engineering by beavers (Jepsen et al. 2009; Kautz et al. 2017; Tape et al. 2018; Boyd et al. 2019; Foster et al. 2022). Biotic disturbances can affect large areas
(> 10,000 km2) over short periods of a year or two (Kautz et al. 2017). Insect outbreaks are becoming more frequent and severe with climate change due to a
number of interacting factors, including increased winter insect survival as minimum temperatures increase (Jepsen et al. 2009), faster reproductive rates,
and greater plant stress under drought conditions (Raffa et al. 2008; Bentz et al. 2010; Hansen et al. 2011; Pureswaran et al. 2018; Harvey et al. 2023). Biotic
disturbances can impact carbon fluxes through direct effects on vegetation (e.g. reduced photosynthesis, mortality, shifts in succession) (Kautz et al. 2017;
Boyd et al. 2019, 2021; Canelles et al. 2021; Foster et al. 2022), changes in soil structure and composition (e.g. vegetation inputs, nutrient inputs, trampling)
(Lara et al. 2016; Leroux et al. 2020; Siewert and Olofsson 2021; Meyer et al. 2022), shifts in hydrology and permafrost thaw due to beaver activity (Tape et al.
2018), interactions with other disturbances (Romualdi et al. 2023), and other cascading effects (e.g. changes in albedo) (Macias-Fauria et al. 2020). Although
there has been considerable research into many types of biotic disturbances, quantifying and predicting the net carbon impact remains challenging due to
high spatial and temporal variability (Kautz et al. 2017), limited measurements of carbon fluxes during disturbance, and potential interactions with other
forms of disturbance, particularly wildfire (Talucci and Krawchuk 2019; Talucci et al. 2020).

Fire is an integral part of boreal ecosystems and is becoming increasingly common in tundra (Rocha et al. 2012; Veraverbeke et al. 2017; McCarty et al. 2021;
Phillips et al. 2022; Foster et al. 2022; Descals et al. 2022; Scholten et al. 2022; Zheng et al. 2023; Byrne et al. 2024). Annual burned area and fire intensity are
increasing in the boreal zone, as lightning and extreme fire weather have increased (Kasischke et al. 2010; Veraverbeke et al. 2017; Hanes et al. 2019; Walker
et al. 2020; Chen et al. 2021b; Jain and Flannigan 2021; Ellis et al. 2022; Jain et al. 2022; Descals et al. 2022; Jones et al. 2024). Fire can impact carbon
fluxes directly through the combustion of organic matter in soil and vegetation (Walker et al. 2019; Phillips et al. 2022; Zheng et al. 2023; Wilkinson et al.
2023; Potter et al. 2023; Byrne et al. 2024), as well as indirectly through impacts on respiration, photosynthesis, vegetation succession (Johnstone et al.
2010; Morison et al. 2020; Guo et al. 2021; Mack et al. 2021; Bouskill et al. 2022; Kim et al. 2024b; Kelly et al. 2024), and permafrost thaw (Gibson et al. 2018;
Holloway et al. 2020). Although mapping efforts for wildfire are more mature than for other ABZ disturbance types, data from Siberia are inadequate and
burned area is likely underestimated (Talucci et al. 2022; Clelland et al. 2024). Additionally, bottom-up estimates of combustion emissions rely on uncertain
estimates of fuel loads and emission factors, while top-down approaches are only available at coarse resolutions (Potter et al. 2023; Byrne et al. 2024).
Finally, carbon impacts caused by overwintering fires, post-fire vegetation trajectories, future fire regime shifts, management decisions, and interactions with

Page 4/19



permafrost thaw further complicate predictions of future wildfire-related emissions (McCarty et al. 2021; Treharne et al. 2022; Foster et al. 2022; Kim et al.
2024a).

Abrupt permafrost thaw occurs over years to decades due the melting of ground ice within permafrost, and results in substantial and persistent
environmental change (e.g. thermokarst lakes, retrogressive thaw slumps, gas emission craters) (Kokelj and Jorgenson 2013; Foster et al. 2022; Parmentier
et al. 2024; Demidov et al. 2024). Rates of abrupt permafrost thaw are increasing with increases in the frequency and intensity of extreme summer
temperature and rainfall events (Kokelj et al. 2015; Lewkowicz and Way 2019; Farquharson et al. 2019) and changes in snow cover and surface hydrology
(Parmentier et al. 2024). Impacts on carbon fluxes occur through shifts in hydrology, nutrient status, exposure of organic material, and vegetation
composition, productivity, and mortality (Abbott et al. 2014; Malhotra and Roulet 2015; Varner et al. 2021; Rodenhizer et al. 2023), often leading to increased
greenhouse gas emissions (Turetsky et al. 2020; Varner et al. 2021). Current circumpolar scale spatio-temporal data of ground ice content – a key predictor
of abrupt thaw – and abrupt thaw features are available only at coarse scales (Brown et al. 1998; Olefeldt et al. 2016; Obu et al. 2019) or in particular regions
(e.g. Runge et al. 2022; Yang et al. 2023). Additionally, there are limited measurements of carbon flux trajectories following thaw, including lateral transport
and transformation in water (Olefeldt et al. 2016; Zolkos et al. 2022), and limited data on vegetation trajectories following abrupt thaw (Estop-Aragonés et al.
2018; Rodenhizer et al. 2022).

Weather disturbances are short-duration, extreme weather events (e.g. rain-on-snow, heat waves, windthrow, and frost drought) (Bokhorst et al. 2011; Walsh
et al. 2020; Foster et al. 2022) that are increasing with climate warming and increasing weather variability (Hansen et al. 2014; Groisman et al. 2016;
Vikhamar-Schuler et al. 2016; Walsh et al. 2020; Jorgenson et al. 2020; Rantanen et al. 2024). Weather disturbances influence carbon fluxes through impacts
on vegetation composition, productivity, and mortality; soil organic matter decomposition; soil hydrological and thermal conditions; and permafrost state
(Michaelian et al. 2011; Walsh et al. 2020; Williams et al. 2020; Mekonnen et al. 2021; Beel et al. 2021). Improved monitoring networks are needed for
weather disturbances (Putkonen et al. 2009; Pan et al. 2018). Additionally, uncertainties in predictions of where, when, and which plants will succumb to
weather disturbances pose challenges for understanding the carbon impact of weather disturbances (Virkkala et al. 2019; Foster et al. 2022).

While extensive research has highlighted the importance of disturbances to the ABZ carbon cycle, most of this research is case-specific, limiting
generalizability. This gap in modeling and empirical research limits the incorporation of ABZ disturbances into carbon cycle models and global emissions
budgets. Therefore, we used expert assessment to synthesize the knowledge and opinions of experts into quantitative estimates of the carbon impact of
pulse disturbances in the ABZ. Expert assessment has been used in permafrost research to investigate pressing questions for which modeling, field, and
laboratory studies are insufficient to answer, as well as to identify future research needs (Schuur et al. 2013; Abbott et al. 2016; Sayedi et al. 2020; Loisel et
al. 2021). This approach provides a first-order estimate of additional net carbon emissions caused by ABZ disturbances and identifies key research priorities
needed to improve these estimates. We focused on five broad categories of pulse disturbance types: anthropogenic, biotic, fire, abrupt permafrost thaw, and
weather disturbances. Using a survey format, we asked experts questions on the different types of ABZ disturbances for (1) estimates of future trajectories
of disturbances by 2100 and 2300, (2) estimates of the current and future impact of disturbances on carbon fluxes by 2100 and 2300, and (3) remaining
knowledge gaps that can be used to inform future research.

2. Methods

2.1. Arctic-Boreal Carbon Flux Workshop
The expert assessment presented in this work was initiated during an Arctic-Boreal Carbon Flux Upscaling workshop hosted virtually by Woodwell Climate
Research Center in October, 2020. This workshop brought together 145 international experts in Arctic-boreal carbon cycling, atmospheric science, remote
sensing, ecosystem modeling, and disturbance in order to identify research progress, the largest sources of uncertainty in Arctic-boreal carbon budgets, and
future research priorities. The workshop took place over five days and included three core themes: (1) examination of regional carbon dioxide flux models, (2)
improving understanding of methane uptake and emissions from terrestrial and aquatic systems, and (3) accounting for the impacts of ecosystem
disturbances on carbon fluxes. The need for a disturbance-focused expert assessment was identified during (3), and workshop participants were invited to
collaborate and contribute.

2.2. Description of survey
In 2021, surveys were sent to 180 experts on anthropogenic, biotic, fire, abrupt permafrost thaw, and weather disturbances in the ABZ. Experts were identified
by inviting attendees of the Arctic-Boreal Carbon Flux Workshop and soliciting recommendations from all workshop organizers and attendees to expand the
pool. In gathering expert input, we actively aimed to balance career stage, gender, and geographic area (Table S1).

The survey focused on pulse disturbances, which were defined as any relatively discrete event in time that disrupts ecosystem, community, or population
structure and/or a change in resources, substrate availability, or the physical environment (Pickett and White 1985). Each expert was asked to complete the
survey based on their area(s) of expertise for one or two types of disturbance. We received 77 completed surveys (Table S1; anthropogenic: 10, biotic: 13,
fire: 21, abrupt permafrost thaw: 22, weather: 11). Respondents represented a broad range of career stages, were fairly evenly split between self-identified
women and men with no representation of non-binary genders, were predominantly from North America and Europe with little representation from Asia and
Russia, and studied a variety of ecosystems and regions across the ABZ (Table S1).

The survey consisted of five questions related to the trajectory of a given disturbance type and its impact on net carbon fluxes by 2100 and 2300 (Table 1;
Appendix 1). Experts were asked to (Q1) estimate the net carbon impact of the disturbance for the current period (2000–2020) relative to the pre-industrial
period (defined here as prior to 1870); (Q2) estimate the change in disturbance frequency, extent, range, and severity from 2020 to 2100 (and optionally to
2300); (Q3) estimate the change in net carbon impact due to the disturbance by 2100 relative to the current period (and optionally through 2300); (Q4)
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evaluate the availability of evidence and the level of consensus about spatial variability of the net carbon impact, the temporal variability of the net carbon
impact, the role of primary climate change effects on net carbon impact, and the role of secondary climate change effects on net carbon impact of the
disturbance; and (Q5) provide an optional flowchart of the interaction between the disturbance type considered in the survey and the type of disturbance with
the most important interaction. All questions considered the entire ABZ, defined as the combined area of the boreal and tundra biomes, taken to be
approximately 24 million km2 for the purposes of this survey (Dinerstein et al. 2017).

Frequency was defined as how often a discrete disturbance event takes place at a given location, extent was defined as the average area affected by a
discrete disturbance event, range was defined as the spatial range over which disturbance events occur, and severity was defined as the carbon release per
unit area for a given disturbance event (Appendix 1). Net carbon impact was estimated as a mean annual value over the period concerned in each question in
Tg C yr− 1 (Appendix 1; Appendix 2). The survey did not separate carbon into the greenhouse gas components, CO2 and CH4, and took positive values to

reflect net carbon release to the atmosphere and negative values to reflect net carbon uptake. For questions concerning the net carbon impact, experts were
asked to provide a lower estimate (5% quantile), upper estimate (95% quantile), and median estimate. For all questions addressing future impacts, three
separate climate scenarios were considered: (1) global mean temperature increase held below 1.5°C by 2100, (2) global mean temperature increase held
below 2°C by 2100, and (3) Representative Concentration Pathway (RCP) 8.5 (global mean temperature increase of ~ 2.6–4.8°C by 2100 with rising
temperatures beyond that date; Collins et al., 2013). Finally, experts were asked to evaluate their expertise and confidence on a 1–5 scale for each question
(Fig. S1-S7). The impact of expertise and confidence on answers was investigated to determine if the relative expertise of respondents might influence the
results, and no patterns were identified.
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Table 1
Survey questions that were sent to the experts. The full survey, with additional context about these questions, is available in Supplemental Materials 2 and 3.
Question Timescale Scenarios

1 What is the absolute value of the increase or decrease in the mean annual net carbon impact of anthropogenic
disturbance during the present-day period (here defined as 2000–2020) compared to the period prior to anthropogenic
warming (i.e. prior to ~ 1870)? Please give your estimates in Teragrams of carbon per year (TgC yr-1).

Current  

2a For each of the scenarios 1–3 how would you expect the characteristics of anthropogenic disturbance regimes, as
defined in the response table below, to change from the present day period (here defined as 2000–2020) to 2100?

2100 1.5°C

2°C

RCP8.5

2b OPTIONAL QUESTION: For each of the scenarios 1–3, and using the same scale defined above, how would you expect
the characteristics of anthropogenic disturbance regimes, as defined in the response table below, to change from the
present day period (here defined as 2000–2020) to 2300?

2300 1.5°C

2°C

RCP8.5

3a For each of the scenarios 1–3 defined in question 2, please estimate the absolute value of the increase or decrease in
the mean annual net carbon impact* of anthropogenic disturbance by 2100 compared to the present day period (here
defined as 2000–2020). Please respond in Teragrams of carbon per year.

2100 1.5°C

2°C

RCP8.5

3b OPTIONAL QUESTION: For each of the scenarios 1–3, please estimate the absolute value of the increase or decrease in
the mean annual net carbon impact* of anthropogenic disturbance by 2300 compared to the present day period (here
defined as 2000–2020). Please respond in Teragrams of carbon per year.

2300 1.5°C

2°C

RCP8.5

4 Please consider the diagram below (Appendix 1). The two axes are labeled ‘availability of evidence’ and ‘consensus’, and
each quadrant is labeled from ‘(a): established but incomplete’ to ‘(d): competing explanations’, according to these two
dimensions. For your reference, a more detailed conceptualisation of each of these quadrants is provided at the end of
this question.

With reference to this diagram, what is your opinion of the overall state of scientific understanding in relation to the
following concepts?

Please indicate your responses by marking an ‘X’ on the diagram below and labeling this with the corresponding
question number (see example (v)).

i) Spatial variability of the mean annual net carbon impact of anthropogenic disturbance at regional and greater scales
during the present day period.

ii) Temporal variability of the mean annual net carbon impact of anthropogenic disturbance at annual and longer scales
during the present day period. i.e. our ability to separate interannual variation from any longer-term trend, and/or to
quantitatively identify ‘extreme’ values.

iii) The role of direct, primary climate change effects (including warming, altered precipitation regimes and soil moisture,
and other directly climate-related changes) in driving the mean annual net carbon impact of anthropogenic disturbance
at regional and greater scales during the present day period.

iv) The role of secondary or downstream climate change effects (such as climate-driven changes in vegetation
composition and productivity, animal or pathogen abundance, distribution or activity, or regimes of other disturbance
types) in driving the mean annual net carbon impact of anthropogenic disturbance at regional and greater scales during
the present day period (here defined as 2000–2020).

Current  

5 Select the disturbance type, using FAQ 6 as a guide, that in your opinion has the greatest influence on the annual net
carbon impact of anthropogenic disturbance during the present day period (here defined as 2000–2020). Qualitatively
illustrate how this disturbance interacts with anthropogenic disturbance by completing the response flowchart below
(Appendix 1). Use solid arrows to indicate causation and dashed arrows to indicate annotation. Label the arrows ‘+’ or ‘-’
to indicate a positive (+) or negative relationship (-). Label the arrows which represent the processes with the greatest
impact on the annual net carbon impact of anthropogenic disturbance 1–3, where ‘1’ indicates the process with the
greatest impact.

Current  

2.3. Analysis
Answers were collated and inspected to ensure that answers included in the analysis were consistent with the requested units, region, disturbance type, and
directionality of flux, among others. In cases where we suspected a discrepancy between the requested information and the information provided, we
followed up with individual experts for clarification and adjusted units or removed answers as necessary. We calculated the median and standard deviation
across respondents for each of the lower, upper, and median estimates in Q1 and Q3. The median was used rather than the mean to account for skew in the
responses. Summary statistics were not calculated for Q2, as the answers were ordinal rather than numerical. The mean and standard deviation were
calculated for Q4, as the answers did not display a strong skew.

For Q5, we combined individual flowcharts with the same interacting disturbance types into a single summarized flowchart provided there were at least 5
answers with the same interacting disturbance types. Because respondents provided a flowchart for the most important interacting disturbance type, a
greater number of replicates indicates higher agreement that the interaction is an important one. Although the differing number of respondents for each
disturbance type also impacted the number of replicate flowcharts, we settled on an n of 5 as sufficient replication to warrant further analysis. First, we
aligned node terminology (e.g., plant die-off and vegetation mortality represent the same concept) to ensure that the concepts were represented consistently
across respondents. We summed the importance of each relationship (e.g., drought -> vegetation mortality) across respondents. Importance was quantified
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by the number of times each relationship appeared in a flowchart weighted by respondent labels for the top three most important relationships (1:
relationship is included in the flowchart without an importance label, 2: relationship is 3rd most important, 3: relationship is 2nd most important, 4:
relationship is most important). If the same relationship was included with the opposite direction of causality (soil moisture -> permafrost thaw vs.
permafrost thaw -> soil moisture), these relationships were counted separately. The combined flowcharts were visualized utilizing arrows to indicate the
hypothesized direction of causality, line width to represent the summed importance of each relationship and color to represent the sign of the relationship
(all positive, all negative, or mixed across respondents).

3. Results

3.1. Future Trajectory of Disturbances
Experts overwhelmingly agreed that the extent, frequency, range, and severity of all disturbance types would increase over both timescales, commensurate
with the magnitude of warming (Fig. 1). There were no patterns between expert responses and expertise, career stage or confidence (data not shown). In
general, experts expected that the increases in anthropogenic disturbances would be less pronounced (median values ≤ 50% increase across all scenarios)
than the increases in other disturbance types. It is possible this is because anthropogenic disturbances are driven directly by human behavior rather than by
the effects of climate change. For biotic, fire, permafrost, and weather disturbances, the predicted median change in disturbance by 2100 under RCP8.5 was
often ≥ 50%, depending on the metric. Median values for the 1.5°C and 2°C scenarios in these categories never exceeded 50%, showing that experts agree
that more ambitious climate action could mitigate the increase in disturbances in the ABZ. In many cases, the change in disturbances was expected to be
greater by 2300 than by 2100, suggesting that the effects of climate change on disturbances are likely to last for several centuries. Exceptions to this were
seen primarily in the anthropogenic and weather disturbances categories. In the anthropogenic category, extent, frequency, severity, and, to a lesser degree,
range were expected to decrease slightly between 2100 and 2300. Experts attributed this decrease to changes in human behavior (e.g., logging and mining
pressure will peak sometime before 2100). In the weather category, range, severity, frequency, and, to a lesser degree, extent were expected to begin
decreasing between 2100 and 2300 under the 1.5°C and 2°C scenarios. A few experts thought that weather disturbances could fall below current levels by
2300. These decreases were attributed to the recovery of the climate system under more ambitious climate change mitigation scenarios. Additionally, under
RCP8.5, experts thought that fire severity and extent might begin to decrease between 2100 and 2300 due to a combination of depletion of biomass fuels
and vegetation composition changes leading to less fire-prone forests and landscapes.

3.2. Current and Future Carbon Impact of Disturbances
Experts strongly agreed that each of the disturbance types would lead to increased net carbon emissions in the range of 10s to 100s of Tg C yr− 1 from the
ABZ (Fig. 2; Table 2). The sum of the median estimates across all disturbance types was 154 TgC yr− 1 for the 1.5°C scenario, 218 Tg C yr− 1 for the 2°C
scenario, and 427 Tg C yr− 1 for the RCP8.5 scenario. Greater net ecosystem carbon release was expected under scenarios with greater warming, except for
anthropogenic disturbances, where scenarios of greater warming were hypothesized to have slightly less elevated net carbon emissions. Net carbon
emissions were generally expected to be highest from abrupt permafrost thaw (median estimate of 50–190 Tg C yr− 1 depending on scenario) followed by
fire (25–100 Tg C yr− 1), biotic disturbances (24–70 Tg C yr− 1), anthropogenic disturbances (20–40 Tg C yr− 1), and weather disturbances (15–47 Tg C yr− 1;
Table 2). However, there was high variation in net carbon emission estimates among respondents and considerable overlap between disturbance types,
particularly when lower and upper estimates are considered. The carbon impact was primarily attributed to both disturbance-related carbon emissions (e.g.,
combustion during fire or soil respiration during thermokarst) and reductions in gross primary productivity resulting from disturbance to vegetation, although
other disturbance-specific mechanisms for carbon uptake and release were mentioned (e.g., fire-induced succession resulting in less flammable forests,
hydrologic transport of carbon from permafrost disturbances, or inundation during thermokarst leading to increased methane emissions). Experts agreed
that net carbon emissions caused by disturbances will continue well after temperatures begin to decline in the 1.5° C and 2° C mitigation scenarios, but the
timeframe over which these emissions will continue varied by disturbance type. However, a few respondents indicated that disturbance could lead to a
decrease in net carbon emissions relative to current levels. These responses were split between those who thought this would be due to recovery from
disturbance by 2300 and those who thought that increased net carbon uptake might be the direct result of disturbances. For these answers, typically only the
lower bound estimate indicated a decrease in net carbon emissions, while the median and upper bound estimates both indicated an increase in net carbon
release.
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Table 2
Expert opinion on the net carbon impact (Tg C yr− 1) of the five disturbance types. The mean, median, standard deviation (SD), and sample size (n) of the r

estimate, lower estimate, and upper estimate provided for each disturbance type, timescale, and scenario. Positive values indicate net carbon release and ne
net carbon uptake. Note that values for all future scenarios represent changes from current mean annual net carbon budgets. Not all respondents provided a

median, upper, and lower estimates, occasionally resulting in different sample sizes across these components of the questions.
        Mean (Tg C yr− 1) Median (Tg C yr− 1) SD n

Disturbance Timescale Scenario Question Estimate Lower Upper Estimate Lower Upper Estimate Lower Upper Estim

Anthropogenic Current Current 1 50 24 116 60 20 110 37 23 81 7

2100 1.5°C 3a 93 71 176 40 15 90 140 120 201 7

2°C 85 68 181 25 22 125 112 119 171 7

RCP8.5 47 82 184 20 10 85 55 164 208 6

2300 1.5°C 3b 315 267 382 70 2 95 464 461 536 3

2°C 242 201 298 50 3 95 354 346 392 3

RCP8.5 48 1 83 25 0 50 63 2 104 3

Biotic Current Current 1 83 11 145 20 1 25 160 21 305 9

2100 1.5°C 3a 52 25 77 24 9 34 70 35 101 9

2°C 90 37 127 28 11 43 160 63 213 9

RCP8.5 241 -26 512 70 10 70 479 170 1091 9

2300 1.5°C 3b 315 88 332 315 65 195 262 102 416 2

2°C 418 156 435 418 68 203 400 214 585 2

RCP8.5 -175 -642 577 -175 0 225 460 1177 807 2

Fire Current Current 1 46 -5 129 53 9 100 94 134 97 17

2100 1.5°C 3a 52 12 112 25 10 50 75 73 136 19

2°C 82 28 151 50 15 75 111 97 163 19

RCP8.5 165 53 305 100 50 150 259 239 376 19

2300 1.5°C 3b 184 20 462 38 4 55 344 34 1033 8

2°C 325 155 611 60 33 85 683 343 1375 8

RCP8.5 619 253 1119 125 55 160 1440 728 2407 8

Permafrost Current Current 1 45 -1 126 33 4 100 48 29 103 20

2100 1.5°C 3a 72 0 198 50 10 135 75 124 183 20

2°C 119 24 288 80 19 180 103 112 254 20

RCP8.5 330 65 687 190 73 575 324 243 620 20

2300 1.5°C 3b 57 -77 190 30 0 100 78 192 182 7

2°C 118 -31 274 50 10 250 114 179 207 9

RCP8.5 486 -98 1419 200 100 450 827 617 1945 8

Weather Current Current 1 77 48 190 10 2 50 137 104 257 9

2100 1.5°C 3a 81 51 188 15 7 60 135 104 246 9

2°C 110 99 259 35 13 70 194 187 360 9

RCP8.5 179 181 501 47 22 125 266 342 664 9

2300 1.5°C 3b 82 38 120 14 0 38 146 111 188 4

2°C 145 50 183 38 0 63 238 100 281 4

RCP8.5 464 225 615 325 51 525 561 386 696 4

3.3. Disturbance Interactions
There was high agreement on the importance of interactions between (1) fire and abrupt permafrost thaw (8 replicate flowcharts) and (2) fire and weather (9
replicate flowcharts). The flowcharts for the fire and abrupt permafrost thaw interaction had relatively high agreement on the pathways (both nodes and
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relationships) through which the two disturbance types impacted each other. There was general agreement that fire increased the likelihood of permafrost
disturbances, primarily through reductions in biomass, soil organic layer depth, and albedo, which all result in higher soil temperatures conducive to abrupt
permafrost thaw (Fig. 3). For nearly all relationships included in the flowchart, respondents were confident about the sign of the relationship; the one
exception was between vegetation and albedo, for which the respondents were split on whether it was positive or negative. Additionally, the directionality
was consistent across flowcharts, with respondents indicating that fire increases permafrost disturbances, but no effect of permafrost disturbances on fire
was reported. There was relatively low agreement on the interaction pathways between fire and weather, resulting in a flowchart with many relationships that
appeared only once in individual flowcharts (Fig. S8). Despite this, there was some agreement that drought causes an increase in fire through its impact on
fuel moisture and vegetation.

3.4. State of the Research and Knowledge Gaps
Across most disturbance types, knowledge of the direct effects, spatial variability, and temporal variability of disturbances was rated as “established but
incomplete” on average, indicating a fairly low availability of evidence, but fairly high consensus in the evidence that is available (Fig. 4). However, the
temporal variability of biotic disturbances was considered “speculative”, and both the spatial variability of fire and the direct effects of weather disturbances
were considered “well established”. Overall, there was high variability in responses for direct effects, spatial variability, and temporal variability of
disturbances, and mean ratings did not necessarily reflect the quadrant(s) with the largest number of responses. Unsurprisingly, there was high agreement
that knowledge of the indirect effects of disturbances is “speculative” in all disturbance types, indicating low availability and consensus of the evidence.

4. Discussion
The expert assessment showed strong agreement that increasing disturbances across the ABZ will lead to increases in net carbon emissions on the order of
100s of Tg C yr− 1 for all disturbances combined by 2100 compared to current emissions. Due to the small number of responses for the 2300 timescale
across most disturbance types, we focus on changes in the magnitude of fluxes by 2100. Currently, ABZ disturbances are either not included or are
incompletely included in Earth system models (McGuire et al. 2018; Mekonnen et al. 2021; Natali et al. 2021; Schädel et al. 2024). While many vegetation
models do include some types of disturbance, not all disturbance types are included and more work is needed to couple them to Earth System Models
(Koven et al. 2020; Martín Belda et al. 2022; Heffernan et al. 2024). Thus, expert hypotheses provide the best currently-available insight into future net carbon
emissions from these disturbances. Our estimate of 427 Tg C yr− 1 net emissions under RCP8.5 by 2100 represents a significant increase in predicted carbon
emissions from the permafrost region over a previous model synthesis that indicated a slight gain in ecosystem carbon through 2100 and a mean loss of
208 Pg C through 2300 under RCP 8.5 when disturbances are not considered (McGuire et al. 2018). Additionally, our range of 154–427 Tg C yr− 1 summed
across all disturbance types is of the same order of magnitude as recent estimates of ABZ net ecosystem exchange (Hugelius et al., 2024; Ramage et al.,
2024; Treat, Virkkala et al., 2024) and is one to two orders of magnitude smaller than the estimates for gross primary productivity (11,344 Tg C yr− 1) and

ecosystem respiration (10,397 Tg C yr− 1) based on upscaled measurements from undisturbed ecosystems (Virkkala et al. 2021). Based on these
comparisons, we can conclude that the experts’ predictions fall within a reasonable range for carbon exchange in the ABZ. Additionally, this indicates that
disturbances will play a noteworthy role in modifying net carbon emissions from the ABZ over the next one to three centuries, with the potential for
disturbances to flip the region from a carbon sink to a carbon source in the near future.

Experts agreed that net carbon emissions from ABZ disturbances would continue after fossil fuel emissions reach net zero around roughly 2050 (1.5°C
scenario) or sometime in the second half of the 21st century (2°C scenario) (Chen et al. 2021a), suggesting that some other method of carbon sequestration
will be needed to offset ABZ disturbance emissions to meet a net zero emissions goal. Current emissions reduction goals that do not account for ABZ
disturbances are therefore likely to result in significant overshoot without adjustments to account for these additional emissions. Additionally, the few
experts who were willing to make predictions out to 2300 expected that net carbon emissions would continue at levels similar to the period 2020–2100,
reflecting mechanisms that operate on a much longer timescale than atmospheric carbon levels or even temperature. For example, one respondent in the
weather disturbances category highlighted the uncertainty in timescales of vegetation adaptation to new weather conditions, which would in turn closely
dictate ecosystem carbon balance (Schuur et al. 2018).

Permafrost and fire disturbances were expected to contribute larger proportions to the total net carbon emissions compared to biotic, anthropogenic, and
weather disturbances, although there was considerable overlap between disturbance types due to high variability. Despite this variability, the estimates
compare favorably to currently available published values. The estimate of 190 Tg C yr− 1 net emissions due to abrupt permafrost thaw in 2100 under RCP 8.5
was very similar to the modeled loss of ~ 20 Pg C between 2000 and 2100, or ~ 200 Tg C yr− 1, reported in Turetsky et al. (2020). The estimate of 25–100 Tg
C yr− 1 net emissions from wildfire by 2100 are somewhat smaller than recent estimates of direct emissions from fire, with an average loss of 79 Tg C yr− 1

reported for 2001–2019 across a large region in Alaska and northern Canada (Potter et al. 2023), and 647 Tg C lost from the record-setting Canadian fire
season of 2023 (Byrne et al. 2024). The region considered in this expert assessment was much larger than either of those studies, but the expert
assessment also considers the carbon impact of vegetation recovery over the long-term. Additionally, the expert assessment estimates for fire are similar
but somewhat smaller than a recent estimate of net fire emissions in Canada and Alaska by 2050 (Phillips et al., 2022), indicating the expert assessment
results for net fire emissions across the entire ABZ may be somewhat conservative. Making comparisons to published data for the other disturbance types is
less feasible, as anthropogenic, biotic, and weather disturbances each comprise a wider variety of disturbances and mechanisms that are typically only
studied individually.

Respondents did not agree on the exact timing of when ecosystem carbon balance might begin to recover, with varied reasons depending on disturbance
type. While most responses indicated continued net carbon emissions from fire by 2300, one respondent hypothesized a decrease in the carbon impact of
fire by 2300 due to a biome shift from boreal to northern hardwood forests between 2100 and 2300. A shift from fire-prone tree species such as spruce, pine,
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and larch to less fire-prone deciduous species such as aspen and birch has been repeatedly reported as a consequence of increasing burn severity
(Johnstone et al. 2010; Beck et al. 2011; Mann et al. 2012; Mekonnen et al. 2019; Holloway et al. 2020; Li et al. 2021; Mack et al. 2021), but there was
uncertainty among the experts as to how extensively and over what timeframe this might occur. Similarly, three experts thought the carbon impact of
permafrost disturbances would begin to decline by 2300, with two of them hypothesizing large-scale vegetation recovery following abrupt thaw under the
1.5°C and 2°C scenarios and two of them hypothesizing that most areas that are prone to abrupt thaw will already have undergone thermokarst processes by
2300 under RCP8.5. Although abrupt thaw is cyclical, the depletion of near-surface ground ice following abrupt thaw reduces the likelihood of future abrupt
thaw until ground ice can reaccumulate (Turetsky et al. 2020), which is far less likely in the warmer Arctic projected for RCP8.5.

Some identified knowledge gaps were consistent across disturbance types, such as the need for (better) spatial data layers of disturbances and more
measurements of carbon fluxes. Given the highly episodic nature of disturbances, the most commonly identified knowledge gap was the extent and
distribution of disturbances in any given year, highlighting the need for improvements in disturbance mapping. Spatial data layers of disturbances are
incomplete, in development, or non-existent for anthropogenic, biotic, permafrost, and weather disturbances, limiting the feasibility of spatial scaling and
projecting future extent and distribution. Even for fire, for which the most comprehensive spatial data layers (of burned area) are available (e.g. Clelland et al.
2024), many respondents wanted access to better spatial data layers, particularly in Siberia. Methods to automate mapping of abrupt permafrost thaw
disturbances at the circumpolar scale using remotely sensed data are still in development (e.g. Grosse et al. 2008; Nitze et al. 2020, 2021; Lara et al. 2021;
Huang et al. 2022; Yang et al. 2023; Chen et al. 2023). Remote sensing data has also been used to track specific biotic disturbances at the regional scale
(e.g. Jepsen et al. 2009), but the spatial scale, high temporal variability, and challenge of pinpointing the specific disturbance type currently limit mapping
efforts. Another commonly identified knowledge gap across disturbance types was the need for more measurements of post-disturbance carbon fluxes, as
well as direct carbon emissions from fire, in order to better quantify fluxes over the trajectory from disturbance to recovery, understand the timeline of carbon
cycle recovery, and understand underlying mechanisms. While there is a network of carbon flux measurements across the circumpolar region,
measurements that coincide with disturbances are few (Kuhn et al. 2021; Virkkala et al. 2022, 2025; See et al. 2024), limiting understanding of the
environmental factors that control carbon fluxes across disturbance types.

The experts identified many disturbance-specific knowledge gaps as well as uncertainties associated with interactions between disturbance types.
Predicting future land use was a major source of uncertainty for anthropogenic disturbances. For biotic disturbances, key uncertainties included indirect
effects, species interactions, winter processes, and potential changes in forest composition. For fire, key uncertainties included the potential for short-
interval reburns to disrupt recovery, successional trajectories, and interactions with permafrost thaw and soil moisture. For permafrost disturbances,
uncertainties included post-thaw moisture conditions, the balance between vegetation response and heterotrophic respiration, the size and lability of soil
carbon stocks, ground ice distribution, and the interaction with extreme weather events that can initiate thermokarst. Finally, for weather disturbances, key
uncertainties included future changes in weather disturbance regimes, carbon impact of the various types of weather disturbances, vegetation recovery and
compensatory growth following disturbance, and vegetation range shifts.

5. Conclusion
Based on expert assessment, we conclude that increasing ABZ disturbances are likely to result in substantial increases in net carbon emissions (100s of Tg
C yr− 1) over the next one to three centuries. Net carbon emissions for most of these disturbances are missing or very uncertain in current Earth system
models used to project global climate. These deficiencies likely lead to high uncertainty in climate projections and estimates of remaining anthropogenic
carbon budgets. Improving model representations of these disturbances and their impacts on carbon cycling is therefore critical to stay within Paris-aligned
global temperature targets. Future research priorities include 1) improving spatial data products of pulse disturbances, 2) increased measurements of
carbon fluxes during and following disturbances, and 3) improving the representation of disturbance processes in models for future projections. In the
meantime, expert assessment is a useful tool we have available to incorporate the carbon impact of disturbances into global emissions budgets and policy
discussions.
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Figure 1

Expert estimates for future change in disturbance prevalence (separated into extent, frequency, range, and severity) relative to the current time period (2000-
2020) for different disturbance types and emissions pathways.

Figure 2

Expert estimates for carbon impact of disturbances. The current time period represents 2000-2020, while the 2100 and 2300 time periods represent the
average annual change in carbon impact relative to the current period for 2020-2100 or 2020-2300. Points (median estimate) and error bars (lower and upper
estimate) represent individual responses, while the horizontal lines represent median values across respondents. Note the logarithmic scale for y-axes.
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Figure 3

Flowchart of expert-informed interacting relationships between fire and permafrost. Direction of causality is indicated with the direction of the arrows. Blue
arrows indicate a negative relationship, red arrows indicate a positive relationship, and gray arrows indicate disagreement among respondents about the sign
of the relationship. The sign of the relationship is indicative of a specific arrow, not an entire path. For example, fire causes a reduction in the organic layer
thickness and a thicker organic layer keeps soil temperature lower, such that when combined, fire causes an increase in soil temperature. Relationship
importance is indicated by arrow width, reflecting both the number of times the relationship appeared in individual flowcharts and the level of importance
individuals attributed to it.

Figure 4

Expert opinion on the state of the research (mean ± std. dev.) for direct effects of disturbances on net carbon emissions , indirect effects of disturbances on
net carbon emissions, spatial variability, and temporal variability of disturbances. Individual responses and the 80% density regions (multivariate normal
estimation) are shown in the background. Full descriptions of each quadrant are provided in Appendix 1.
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