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Útdráttur
Tilgangur skýrslunnar er að kanna möguleika á sjálfbærri veiðistjórnun lunda (Fratercula arctica) á Íslandi. Matið byggir að hluta 
á stofnmati Johnson o.fl. (2024). Lundi er langlíf tegund með litla viðkomu og hægan náttúrulegan stofnvöxt, jafnvel við hagstæð 
umhverfisskilyrði. Ólíklegt er að sjálfbært veiðihlutfall til langs tíma geti verið meira en 4–5% á ári af þeim hluta stofnsins sem 
er útsettur fyrir veiðum. Líklegt er að nokkur ofveiði hafi átt sér stað frá því seint á 19. öld og að langtímafækkun lundastofnsins 
megi að hluta rekja til uppsafnaðra áhrifa veiða, auk tímabila þegar skilyrði til viðkomu hafa verið óhagstæð. Miðlungs til miklar 
líkur eru á að veiðar hafi átt þátt í fækkun stofnsins síðastliðinn áratug og áframhaldandi veiðar með núverandi veiðiálagi eru 
líklegar til að stuðla að frekari fækkun nema viðkoma batni.

Ýmsar hindranir eru í vegi fyrir sjálfbærri veiðistjórnun. Stærð lundastofnsins er ekki vöktuð reglulega og þótt stærð varpstofnsins 
sé gróflega þekkt liggja takmarkaðar upplýsingar fyrir um yngri aldurshópa, sem eru jafnframt mest útsettir fyrir veiðum. Þá 
ríkir óvissa um umfang veiða. Áreiðanlegar upplýsingar um veiði og stærð varpstofnsins eru nauðsynleg forsenda upplýstrar 
veiðistjórnunar. Auk þess hefur Náttúruverndarstofnun ekki heimild til að stjórna háfaveiðum, sem taldar eru standa undir 
stærstum hluta lundaveiða.

Í skýrslunni er sett fram veiðistefna sem byggir á fyrirliggjandi vöktunargögnum og tekur tillit til áhrifa yfirborðshita sjávar á 
viðkomu og lífslíkur lunda. Veiðiheimildir eru ákvarðaðar út frá stærð varpstofnsins og væntanlegum yfirborðshita sjávar. Við 
útreikning þeirra er jafnframt tekið tillit til þess að aldurshópar hafa mismikið vægi fyrir framtíðarviðkomu stofnsins og miðað er 
við að sami árlegi veiðikvóti gildi í tíu ár. Lágmarksviðmið stofnstærðar er sett við fjórar milljónir varpfugla, eða um tvær milljónir 
varppara, sem er nálægt núverandi stofnmati.

Niðurstöður sýna að möguleikar til sjálfbærra veiða ráðast mjög af yfirborðshita sjávar. Jákvæður stofnvöxtur er aðeins talinn 
mögulegur þegar meðalhiti sjávar er á bilinu 6,2–7,7 °C. Ef gert er ráð fyrir kjörhita, 7 °C, og tveimur milljónum varppara í upphafi 
gefur líkanið árlegan veiðikvóta upp á 185 þúsund lunda. Sú niðurstaða miðast þó við að viðkoma og lífslíkur haldist stöðugar 
innan tíu ára tímabilsins. Þegar gert er ráð fyrir árlegum sveiflum í viðkomu og lífslíkum og varfærni höfð að leiðarljósi lækkar 
árlegur veiðikvóti við sömu skilyrði í 40 þúsund lunda.

Þegar líkanið er keyrt miðað við þróun yfirborðshita sjávar síðustu 100 ára benda niðurstöðurnar hins vegar til þess að veiðiheimildir 
yrðu líklega engar og að varpstofninn myndi engu að síður minnka að jafnaði um 2% á ári. Ef árleg veiði væri 28 þúsund fuglar, 
sem samsvarar meðalveiði síðustu fimm ára, er áætlað að stofninn minnki um 3% á ári. Í ljósi áframhaldandi hlýnunar sjávar í 
Norður-Atlantshafi telja höfundar því að sjálfbærar lundaveiðar á Íslandi séu ólíklegar til að vera raunhæfar í framkvæmd.

Lykilorð
Atlantic puffin (Fratercula arctica), harvest management, population dynamics, sea 
surface temperature, sustainable hunting
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1 INTRODUCTION

The purpose of this report is to explore sustainable harvesting policies for puffin in Iceland. We 
relied in part on the stock assessment by Johnson et al. (2024), and here provide key conclusions 
from that report:

•	 Puffins are unproductive, long-lived species with a low intrinsic population growth rate, even 
under favorable environmental conditions. A long-term sustainable harvest rate is unlikely to 
exceed 4–5% per year of the vulnerable segments of the population.

•	 Modest over-harvesting has likely occurred since the late 1800’s. The long-term decline in the 
puffin population is likely due in part to the slow, cumulative effects of harvests, as well as 
periods of unfavorable reproductive conditions.

•	 There is a moderate to high probability that harvest contributed to the decline in abundance 
over the last decade. Continued harvest at current levels is likely to contribute to further declines 
unless reproduction improves.

Derivation and implementation of any harvest policy for puffins faces several obstacles. First, 
puffin abundance is not routinely observed. The size of breeding population is roughly known 
from recent observations of burrow occupancy, but the abundance of younger age classes is 
largely unobservable. It is these age classes that are the most vulnerable to harvest. Second, recent 
estimates of harvest by the Nature Conservation Agency (Náttúruverndarstofnun) since 2008 are 
suspiciously low relative to earlier estimates from the stock-reduction model in Johnson et al. (2024) 
(efforts are being made to correct a potential negative bias). At a minimum, reliable estimates of 
harvest and breeding numbers are necessary for any informed harvest policy. Finally, the principal 
impediment to sustainable puffin harvests is the fact that the Nature Conservation Agency does 
not have the authority to regulate pole-netting, which likely generates the majority of the harvest 
(Fróði Guðmundur Jónsson, personal communication). 
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2 METHODS

To explore potential harvest policies, we use the pre-breeding, 6-age-class Lefkovitch population 
matrix presented in Johnson et al. (2024). We modified that matrix model to allow both production 
and survival to be a function of sea surface temperatures (SST):

where fecundity rates are in the first row and survival rates of birds aged 1+ years are on the diagonal.

For fecundities, represents the age-specific probability of breeding (b1 = b2 = 0.0, b3 = b4 = 0.067, 
b5 = 0.75, and b6+ = 1) and ), is the maximum chick production per burrow, represents a function 
providing a relative index of production as a function of sea surface temperatures. Division by two 
in in the fecundities is to transform what would be production per breeding pair to production per 
breeding individual (assuming an even sex ratio of young).

To estimate productivity, we used the product of burrow occupancy and nest success that have 
been monitored since about 2010 in major colonies throughout Iceland by Náttúrustofa Suðurlands 
(Erpur Snær Hansen, personal communication). The maximum productivity, , was estimated by using 
the maximum values of chick production observed in each colony, and then averaging them using 
the estimated number of burrows in each colony as weights, such that maximum productivity for 
all of Iceland (i.e., maximum chicks produced per nest) is P = 0.73.

The function relating production to SST was based on Hansen et al. (2021) from the Westman Islands, 
scaled to a relative production for the entire country. The fitted model using a normal kernel is:

ε
 

where εt~Normal(0,σ2 = 0.06). As in Hansen et al. (2021), maximum productivity occurs at a mean 
sea temperature during September of year t to August of year of year t + 1 of Topt = 7.0° (Tsd = 1.0), 
although in our model the mean, relative productivity is scaled on the interval [0, 1] (Fig. 1). The 
error term in the function accounts for misspecification of the fitted model and admits considerable 
uncertainty about annual reproduction.
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Fig. 1. Relative production of puffin chicks as a function of sea surface temperatures (SST) in the Westman 
Islands, Iceland. The solid blue line represents the fitted model and the dashed lines represent the approximate 
90% confidence interval. Adapted from Hansen et al. (2021).

The last parameter needed for fecundity is survival during the first year of life, which is largely 
unknown. Johnson et al. (2024) used a value of S1 = 0.7, which tends to produce population growth 
rates in line with evidence derived from basic life-history characteristics. 

We relied on work by Grosbois et al. (2009) to parameterize survival after the first year as a function 
of sea surface temperature. The relationship reported for the U.K. was dome shaped in a manner 
similar to that of reproduction (Fig. 2). We then scaled that survival function for Iceland by using a 
recent estimate of survival of 0.874 from a colony subject to little or no hunting pressure (Hafnarholm 
on Borgarfjörður Eystra, 2020–2023) and associated with a mean sea temperature of 8.05°. The 
resulting function expresses the logit of survival in Iceland as a linear function of sea temperature:

ε

where εt~Normal(0,σ2 = 0.11). The error term accounts for misspecification of the fitted model and 
admits considerable uncertainty about annual survival. However, we caution that we have no way 
to determine the validity of this survival function for Icelandic waters.



Assessing the Feasibility of a Sustainable Harvest Policy for Atlantic Puffins in Iceland

10

To emulate temporal patterns of SST, we fit a time-series model to sea temperatures from the 
Westman Islands provided by Hansen et al. (2021) (Fig.3). We excluded temperatures prior to 1920, 
as they suggest a very cold period that may not be repeated in the future. The best fitting model 
for 1920–2023 was an autoregressive integrated moving-average model (ARIMA) of order 1, 0, 1:

 

where SST = 7.870 is the mean sea temperature and is a white-noise process with e~Normal(0,σ = 
0.052).

Fig. 2. The relationship between survival of puffins aged 1+ years from Grosbois et al. (2009) at the Isle of May 
(black), and the function rescaled for Iceland (blue) based on a recent empirical estimate of survival from a 
puffin colony exposed to little or no hunting pressure. Dashed lines represent an approximate 90% confidence 
interval on survival.
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Fig. 3. Sea surface temperatures (SST) during September of year to August of year in the Westman Islands, 
Iceland. The thin black line represents annual temperatures, the heavy black line is a loess fit (locally 
polynomial regression, degree = 2), and the blue line represents the fitted values from the time-series model.  

We compared the weighted-average chick production from Iceland 2010–2023 based on burrow 
monitoring (Pobs) against that predicted (Ppred) by our sea temperature model. Fig. 4 reveals 
reasonably good predictions of country-wide production based on sea temperatures in the Westman 
Islands, although perhaps not as good as we might wish.
Part of the reason may rest with our dependence on sea surface temperatures in the Westman Island. 
We know that sea temperatures in northeastern Iceland are colder than in the south, west, and 
northwest due to prevailing oceanic currents (Jónsson 1999) (Fig. 5). But we don’t know whether the 
same multi-decadal pattern of sea temperatures in southern Iceland exists in the northeast, as we 
could not secure a long time-series of sea temperatures for the northeast. For 1987–1996, however, 
there was general synchrony in relatively cold and warm periods around Iceland (Jónsson 1999). 
Chick production shows similar patterns of gradual increase during 2010–2024 from three colonies 
located in the west (Elliðaey), south (Eyjar), and east (Papey), but not in the north (Grímsey), where 
production has been relatively stable (Fig. 6). A better understanding of how local sea temperatures 
affect chick production must await future research.
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Fig. 4. Country-wide production of puffin chicks observed in Iceland (Pobs) and that predicted by 
sea surface temperatures in the Westman Islands (Ppred). The solid diagonal line represents perfect 
correspondence between observed and predicted chick production. The dashed line represents the 
fitted regression using a long transformation of Pobs, with P = 0.02 indicating the probability of 
rejecting the null hypothesis of no relationship if it were true.

Fig. 5. Major ocean currents around Iceland. From Óskarsson 
et al. (2009). 
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Fig. 6. Puffin chick production at three major colonies in the west (Elliðaey), south (Eyjar), east (Papey), 
and north (Grímsey) of Iceland.

To investigate potential harvest policies, we first estimated age-specific vulnerabilities to harvest 
by using the proportion of the total harvest comprised of each age class reported by Hansen et al. 
(2021), divided by the stable-age distribution of the mean population matrix (i.e., based on mean 
SST = 7.9° during 1920). The resulting vulnerabilities, relative to 3-yr-olds were: v1 = 0.00, v2 = 0.43, v3 
= 1.00, v4 = 0.68, v5 = 0.30, v6+ = 0.09, suggesting the highest harvest vulnerability of 3 and 4-year-olds. 

We used the concept of “effective harvest”, in which individuals in the harvest are weighted by their 
relative reproductive values as based on the population matrix (where reproductive values of the 
age classes are measured relative to 6+ year-olds) (Nichols et al. 1976). Thus, we used reproductive 
values of 0.63, 0.70, 0.79, 0.88, 0.97, and 1.00 for ages 1 – 6+, respectively. If we average these values 
weighted by the differential vulnerabilities, , we can estimate the average reproductive value of an 
individual in the harvest as:
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Thus, the reproductive value of an individual in the harvest is less than if each age was harvested in 
proportion to its stable-age abundance (RVHs = 0.90). This is so because breeding-age adults (which 
constitute the majority of the population) are not very vulnerable to harvest. Using the estimated 
RVH, we can now calculate the allowable harvest as:

where Hmax = the maximum acceptable loss of breeding individuals over some time frame. Thus, 
the total allowable harvest over some time frame is more than the acceptable loss of breeders to 
account for the higher vulnerability of sub-adult birds in the harvest.

We calculate Hmax using the expected number of breeders at the end of some time frame without 
harvest, B0, less some minimum acceptable value, Bmin:

To estimate B0, the number of breeders at the end of the time frame in the absence of harvest, 
we used the population matrix provided above, along with an initial number of breeders and an 
anticipated mean SST over some time frame. The acceptable minimum number of breeders, Bmin, 
is a policy choice; we have used 4 million (2 million pairs), which is roughly the current abundance 
of breeding puffins (Johnson et al. 2024). Policy makers may change Bmin to any value desired.

Next, we addressed the issue of determining the appropriate time frame for calculation of harvest 
quotas. Calculating harvest quotas for a multi-year period has several advantages. First, harvest 
effects often are manifested over several years, with this being especially important in species with 
delayed maturity and low reproductive output. Using generation time or a period at least as long 
as expected transient dynamics aligns harvest regulation with biological response time. Second, 
instead of annual harvest decisions (which can overreact to short-term fluctuations), management 
occurs on a multi-year basis, thus averaging risk and allowing population feedbacks to be observed 
before making new decisions. Finally, a multi-year basis for regulating harvest dampens frequent 
changes in regulations, which are typically viewed as undesirable by hunters. On the other hand, 
use of a multi-year quota limits the ability to respond to unexpected changes in demography within 
periods, with the possible exception of prohibiting harvest after the multi-year quota is reached.

Our first consideration was a length of time frame equal to the generation time of puffins. Using 
mean survival and fecundity based on mean sea temperature, we estimated generation time (Caswell 
2001) as 13 years, with a maximum observable age of about 30 years. A maximum age of 31 years 
has been observed in the wild, and there is a record of a puffin surviving 36 years in captivity (ADW: 
Fratercula arctica: INFORMATION). We also estimated decay time of transient dynamics following 
perturbation of matrix entries as 9.5 years.

To set a multi-year harvest quota, we first use a forecast of the mean SST derived from the time-series 
model. Then the population matrix based on that mean and with no harvest is simulated over the 
appropriate time frame, given an initial number of breeding pairs and a stable age distribution of:
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At the end of the time frame, we extract B0, the number of breeding individuals based on age-specific 
breeding probabilities. Using a specified value for the minimum acceptable number of breeders, 
Bmin, we calculate the multi-year quota (i.e., the allowable harvest over the entire time frame) as:

The annual harvest quota is H / t, where is the length of the time frame.

R code and data used in this assessment report are available at: https://github.com/FredJohnson00/
Puffin-harvest-assessment

3 RESULTS AND DISCUSSION

To get a general sense of harvest capacity in Icelandic puffins, we calculated asymptotic population 
growth rates in the absence of harvest, λ, for a range of sea surface temperatures (5.5 – 8.5°C). 
Asymptotic growth rates are those expected over the long term with constant demographic rates. 
Generally, positive growth (λ > 1) is necessary for there to be harvestable surpluses (unless the 
number of breeders far exceeds the minimum goal). Unsurprisingly, asymptotic growth rates are 
very sensitive to sea surface temperature, with positive population growth expected only if sea 
surface temperature is between 6.2°C and 7.7°C (Fig. 7). A sustainable harvest rate on the vulnerable 
segments of the population is unlikely to ever exceed about 3%, which agrees reasonably well with 
the conclusions by Johnson et al. (2024). 
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Fig. 7. Estimated asymptotic population growth rates of Icelandic puffins for a range of mean annual sea 
surface temperatures. The dashed horizontal line represents a stable population.

Hereafter, we use a harvest-quota periodicity of 10 years as it approximates the time required for 
dampening of any transient population dynamics. We examined optimal, annual harvest quotas 
for maintaining a minimum desired breeding-population size of 4 million. Harvest quotas were 
calculated for a range of initial breeding pairs and a range of anticipated sea surface temperatures 
(Fig. 8). We use the number of breeding pairs because this value can potentially be calculated from 
monitoring of the number of burrows and burrow occupancy. If mean sea temperature was expected 
to be optimal at 7° and the initial number of breeding pairs were 2 million, this deterministic annual 
harvest quota is 185 thousand puffins.

Notably, the harvest policy in Fig. 8 is deterministic, in the sense that survival and reproductive 
rates are fixed within harvest periods as predicted by the mean sea surface temperature. However, 
it is well known that population growth rates decline as variability is introduced in survival and 
reproductive rates. Thus, we allowed annual variation in demographic rates by allowing for variation 
in sea temperature around its expected mean within 10-year periods. The resulting quota for a given 
number of breeding pairs and sea temperature is now not a single number, but rather a distribution 
of quotas reflecting potential annual variability in survival and reproduction with a 10-year period. 
Having these state-specific distributions of quotas allows us to explicitly address the risk attitude 
of the decision maker. A risk-neutral decision maker would choose the 50th percentile (or the mean) 
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of the quota distributions. A risk-averse decision maker might choose the 25th percentile of quota 
distributions to help ensure that the minimum acceptable breeding population size is maintained, 
recognizing that this also represents an increased down-side risk of allowing too little hunting 
opportunity (Fig. 9). If mean sea temperature were expected to be optimal at 7° and the number of 
breeding pairs were 2 million, the risk-averse annual harvest quota is 40 thousand.

Fig. 8. Annual harvest quotas for puffin based on a given number of breeding pairs and expected mean sea 
surface temperature (SST) for a time frame of 10 years, using a goal for the minimum number of breeding 
pairs = 2 million. This policy is deterministic in the sense that survival and reproductive rates are fixed within 
the 10-year window based on expected mean sea temperature.
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Fig. 9. Annual harvest quotas for puffin based on a given number of breeding pairs and expected mean sea 
surface temperature (SST) for a time frame of 10 years, using a goal for the minimum number of breeding pairs 
= 2 million. This policy is stochastic in the sense that survival and reproductive rates are allowed to vary within 
a 10-year window based on deviations from those expected under the mean sea temperature. This policy is 
appropriate for a risk-averse decision maker as it uses the 25th percentile of harvest-quota distributions.

The performance of state-dependent harvest policies can be tested using simulation. An initial 
breeding population and anticipated mean sea surface temperature is set, and the initial age-specific 
abundances of puffins are created using a random perturbation of the stable stage distribution. Then 
the annual harvest quota is calculated. A harvest equal to the annual harvest quota is then imposed 
each year. For each 10-year period, we allow sea surface temperature to vary around the anticipated 
mean. Thus, productivity and survival can vary annually. We do this for many sequential 10-year 
periods, with each period’s harvest quota based on the ending population size from the previous 
period and the next expectation for mean sea temperature. Beginning with an initial population of 4 
million breeders and an anticipated mean sea temperature of 7.6°, and using the risk-averse policy 
depicted in Fig. 9, open hunting seasons never occur, yet the population would still be expected to 
decline by about 2% per year on the average (which corresponds with the population growth rate 
in the absence of harvest in Fig. 7 under contemporary mean sea temperature). If annual harvest 
were set to the empirical average of the last five years (28k), we would expect a 3% decline per 
year on the average.
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We therefore suggest that sustainable hunting of puffins in Iceland may not be realistic in any 
practical sense, unless the colder average sea temperature of the late 1800’s could be expected 
again in the future. This seems unlikely given the long-term warming trend in the Arctic, particularly 
in the North Atlantic (von Schuckmann et al. 2024). To emphasize this point, we fit a time series 
model to the entire time series (1878 – 2023) of sea surface temperatures from the Westman Islands. 
The best fitting model is an ARIMA(3,1,0), in which the “1” indicates a long-term trend in mean sea 
temperature. Based on this model, the mean annual temperature is expected to rise about half 
a degree over the next 40 years. If so, the mean sea temperature will likely be well beyond that 
capable of supporting a growing puffin population (Fig. 10).

Fig. 10. Sea surface temperatures (SST) from 1878 – 2023 in the Westman Islands (in black). The solid 
blue line indicates the trend in mean temperature expected for the next 40 years, while the dotted blue 
lines indicate the 80% confidence interval of the mean (as based on the best fitting ARIMA(3,1,0) model). 
The dashed horizontal lines depict the range of temperatures in which we would expect growth of the 
puffin population with no harvesting.
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