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The Threat of Climate Change to Freshwater
Pearl Mussel Populations
Changes in climate are occurring around the world and the
effects on ecosystems will vary, depending on the extent
and nature of these changes. In northern Europe, experts
predict that annual rainfall will increase significantly, along
with dramatic storm events and flooding in the next 50–
100 years. Scotland is a stronghold of the endangered
freshwater pearl mussel, Margaritifera margaritifera (L.),
and a number of populations may be threatened. For
example, large floods have been shown to adversely affect
mussels, and although these stochastic events were
historically rare, they may now be occurring more often as
a result of climate change. Populations may also be
affected by a number of other factors, including predicted
changes in temperature, sea level, habitat availability, host
fish stocks and human activity. In this paper, we explain
how climate change may impact M. margaritifera and
discuss the general implications for the conservation
management of this species.

INTRODUCTION
During the past 100 years, the freshwater pearl mussel,
Margaritifera margaritifera (L.), has declined throughout its
holarctic range to the extent that it is now listed by IUCN as an
endangered species (1). The main causes are considered to be
gross industrial and agricultural (organic) pollution, overexploitation by pearl fishermen, decline of salmonid host stocks
and physical riverbed habitat degradation due to hydroelectric
operations and river management schemes (2). Margaritifera
margaritifera is now protected in Britain under the UK Wildlife and Countryside Act 1981. It is also listed on Appendix III
of the Bern Convention and Annexes II and V of the EC Habitats Directive. Annex II lists species of community interest whose
conservation requires the designation of Special Areas of Conservation (SACs), and Annex V lists species whose exploitation
must be subject to management (although pearl fishing is now
banned completely in most countries). In the UK, it is also listed
under the Biodiversity Action Plan as a ’Priority Species’ requiring the development and implementation of a Species Action
Plan dedicated to its survival.
There is no doubt that remaining populations are now better
protected by widespread bans on pearl fishing, stronger pollution control measures and restrictions on river engineering activity (3). However, in addition to potential problems with
salmonid host stocks (4), it is likely that climate change will pose
a serious new threat to the survival of a number of M. margaritifera populations over a large part of its range.
It is now widely accepted that changes in climate are occurring around the world (5) and that the effects on different ecosystems will vary (e.g. 6–8). In northern Europe, the most recent and conservative estimates predict that annual rainfall will
increase significantly, along with storm events and large-scale
flooding in the next 50–100 years (5). In northwestern Scotland,
there is evidence that significant changes in the hydrological
behavior of rivers occurred during the late 1980s (9). The rivers in this area are a global stronghold of M. margaritifera (2),
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and a number of important populations may be threatened by
these changes. For example, large floods have been shown to
adversely affect mussels (10), and although these stochastic
events were historically rare, there is evidence to suggest that
they may now be occurring more often as a result of climate
change (9). Populations may also be detrimentally affected by a
number of other climatic factors, including changes in temperature, sea level, habitat availability, host fish stocks and human
activity.
In this paper, we investigate the direct and indirect threats
posed by suggested climate scenarios for the present century, and
discuss the general implications for the conservation management of threatened M. margaritifera populations and their habitats.
THE FRESHWATER PEARL MUSSEL LIFE CYCLE
Margaritifera margaritifera is one of the longest-lived invertebrates known, capable of reaching ages > 100 yrs (11). In common with other freshwater bivalves, it is typically dioecious, with
both sexes maturing at age 12–20 yrs (12). An annual cycle of
gametogenesis is apparent (4). Fertilization is external and occurs in early summer; the female mussels inhale sperm by normal filtering action. In mid-late summer, following an incubation period of several weeks, the females discharge their larvae
(glochidia) into the river. Glochidia, which resemble miniature
mussels (measuring 0.06–0.08 mm across: 13), are obligate parasites of fish, usually found encysted on the gills and/or fins of
their hosts. Margaritiferid glochidia are associated with
salmonids; those of M. margaritifera can only complete their development on the gills of Atlantic salmon, Salmo salar (L.) or
brown trout, Salmo trutta (L.). A few glochidia are ingested or
inhaled by host fish and manage to attach to and encyst on their
gills. In M. margaritifera, the parasitic phase lasts for several
months before the glochidia metamorphose into tiny mussels (by
then ~ 0.4 mm across), excyst from the host gills and drop off
and settle onto the riverbed (12). Those that settle in clean, stable sand (recruits) may survive to adulthood. A diagram of the
complete M. margaritifera life cycle is provided in Figure 1.
CLIMATIC FACTORS LIKELY TO AFFECT MUSSEL
POPULATIONS
Temperature
Changes in temperature may influence a number of factors that
are important to survival, including individual growth, longevity and reproductive success (11, 14). Margaritifera margaritifera is a holarctic species that is patchily distributed in northwestern Europe and northeastern North America, between 40°N
and 70°N (1). In Scotland, which is situated well within this latitudinal range (55–60°N), the temperatures of small streams supporting mussel populations can vary from 0–25°C in some years
(unpubl. data), so this species exhibits a considerable degree of
thermal tolerance.
During the 20th century, the global mean air surface temperature warmed by 0.3–0.6°C with Europe experiencing warming
above the global average at 0.8°C (15). Sometime around the
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example, the expected increases in maximum temperatures and
the frequency and duration of exceptionally warm periods in
summer may be detrimental, particularly to mussels in small
streams (which tend to heat up rapidly). At present, the critical
upper thermal limits for survival and normal functioning in this
species are unknown.
A number of studies have indicated that the timing of reproduction in M. margaritifera is influenced by temperature—mussels tend to spawn earlier in warm conditions (22). This has also
been reported for the closely-related M. falcata in North America
(23). According to Ross (24), annual spawnings of M. margaritifera may vary by several months, due to thermal effects. The
timing of mussel and host fish reproductive cycles may be
linked—in Scottish rivers, for example, mussels spawn when
salmon and trout fry are abundant (12). Differential effects of
temperature change may cause problems by uncoupling the timing of mussel and salmonid reproduction. Changes in host fish
availability and other possible indirect effects of climate change
are discussed later.

FERTILIZATION
fertilized eggs develop within female

Figure 1. The freshwater pearl mussel life cycle.
(Quantitative data from ref. 12).

Table 1. Climate change scenarios for Scotland for the 30-yr
periods centered on the 2020s and 2050s with respect to the
1961–1990 average (16), and sea level rise projections for
Scotland (17).
Year

Temperature
(°C)

Precipitation
(%)

CO2
(ppmv)

Sea level
(m)

1990
2020s
2050s

——
+0.5 → +1.2
+0.8 → +2.0

——
+3 → +6
+3 → +5

353
415 → 434
467 → 528

——
——
+0.08 → +0.72

2020s (i.e. 2010–2039) it is possible that Scotland will witness
a 1°C increase in mean air surface temperature and a 2°C rise
sometime around the 2050s (i.e. 2040–2069) (Table 1). These
figures are based on global circulation models published in 1996
(5) that have since been revised upward to predict a global warming of between 1.4°C and 5.8°C (18). How this will affect the
hydrothermal regimes of rivers is not known as there is a dearth
of long-term freshwater temperature monitoring. There is typically a strong relationship between air and surface water temperature across a range of catchment types and sizes (19). Daily
maximum water temperatures in the Girnock Burn, an upland
stream in northeastern Scotland, increased by ~ 2°C over a 30yr period, due to the effect of increased air temperatures (1968–
1997) (20).
There is some historical evidence that elevated water temperatures may enhance recruitment (post-settlement survival) in M.
margaritifera populations. For example, the best recruiting years
(as indicated by peaks in age-frequency profiles) of a population in the River Foyle catchment, Northern Ireland, appeared
to coincide with warmer-than-average summers (21). In the
Czech Republic, Hruska (14) has associated large year classes
with elevated monthly temperatures during the period of
glochidial development. This may be explained by the observations that i) glochidia appear to grow faster (and larger) in warm
conditions (14); and ii) there is a strong positive relationship between initial size and survival of newly-settled mussels (13).
Therefore, it is possible that a slight elevation of mean temperature will actually benefit some M. margaritifera populations.
However, the most significant ecological temperatures are the
minimum and maximum values. Although individual mussels
may acclimatize to a gradual warming of rivers, they are more
likely to be affected by changes in extreme thermal events. For
Ambio Vol. 32 No. 1, Feb. 2003

Precipitation
The consequent increase in evaporation and alterations in air
mass circulation also increases cloud cover. This was most
marked across the west coast of Scotland where the average
mean daily hours of bright sunshine decreased between 1941–
1971 and 1964–1993 by around 16% (25). Although the Northern Hemisphere only saw an increase in precipitation levels of
around 1% (26), Scotland experienced much higher increases.
The most extreme cases of increasing precipitation levels were
in the west during the winter months, increasing by up to 15–
20% between 1941–1971 and 1964–1993 (27). The Loch Rannoch area experienced an increase of 57–58% more rain during
March between 1916–1950 and 1961–1990 (27). Some of this
rain has been experienced as greater storm events (9), which also
alter the habitat structure of mussel beds (10).
A close match between historical precipitation (rainfall) and
M. margaritifera recruitment patterns (1957–1991) was observed
in the River Kerry, northwestern Scotland (Fig. 2). In general,
the mussels appeared to recruit well during wet years and vice
versa. With annual average increases in precipitation expected
to be about 3–6% over the next five decades (Table 1), there is
no evidence to suggest that recruitment in the Kerry population
is threatened by an overall increase in rainfall in this time. On
the contrary, recruitment levels may even rise as a result of more
wet years. Juvenile M. margaritifera have specific microhabitat

Figure 2. Annual precipitation levels (UK Met. Office data, broken line)
and mussel recruitment index values (main stem site, solid line)
recorded for the River Kerry, northwest Scotland during 1957–1991.
The latter, based on a sample of mussel ages (n > 1000), are residuals
above and below an expected decline of numbers-at-age (year of
settlement).
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requirements and tend to recruit only in stable riverbeds that contain very clean, well aerated sand (28). Thus, the higher flows
associated with wet years may help to cleanse the riverbed
sediments and make more suitable microhabitat available for recruitment.
It should be noted that the Kerry is a small, partly regulated
river (overall length < 20 km). In the much larger Foyle system
in Northern Ireland (> 200 km), mussels appear to have recruited
more successfully in drier conditions over the period 1920–1980
(21). Thus, the effects of increased precipitation on the recruitment success of different populations may vary according to the
size and hydraulic characteristics of each parent river.
However, changes in the seasonal pattern may threaten the
mussels in many rivers if springs and summers continue to become drier. By 1961–1990, summers were drier by up to 20%
in some areas (27). During prolonged dry periods, some mussel
beds are at risk of drying out (pers. obs.). Furthermore, the
amount of silt deposits, algal growth, and organic debris on the

(a)

Figure 3. Contour maps
of mussel densities
recorded at a site on the
River Kerry (a) before;
and (b) after a major
flood. Based on visible
numbers per 1 m2
quadrats (n = 445 and
434, respectively)
counted in 36 cross-river
transects.

riverbed may increase considerably as a result of reduced flows.
This process is detrimental to newly-settled mussels living in the
riverbed sediments (13).
Periodic floods are thought to have some beneficial effects.
For example, a mussel bed may be ‘improved’ as potentially
harmful materials, built up during low flow conditions, are
flushed out of the sediments (29). Although some mortality occurs when mussels are dislodged and washed downstream (30),
in most cases this is probably compensated for by the increased
(post-flood) survival of juvenile mussels in the clean sediments.
However, over a number of years, the size and frequency of
floods are likely to be important factors in determining the net
effect on local mussel populations. When exceptionally large
floods occur, the ecological effects can be catastrophic (31).
In Scotland, there is anecdotal and quantitative evidence that
a number of populations have been adversely affected by these
events. For example, ‘great numbers’ of mussels in the River
Avon were apparently destroyed by a huge flood in 1829
(unpubl. letter, Grant 1852). In 1970, a record flood of the River
Spey destroyed several large mussel beds (Suttie, pers. comm.).
In 1998, a 100-yr return flood of the River Kerry killed > 50 000
mussels (≈ 5–10% of the total population) (10). Figure 3 shows
how badly the mussel beds in the lower reaches of the river were
affected. At this particular site, 40% of the visible mussels disappeared from the riverbed. There were major floods throughout northwestern Scotland in 1998, and other M. margaritifera

(b)

10 m

Mussel density (No. m–2)
dry
<1
1–10
11–50
51–100
> 100
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populations were also affected (10), but the effects were not
quantified.
Significant changes in the hydrological behavior of Scottish
rivers occurred in the late 1980s. These included new maximum
flood records, increases in frequencies of high flow occurrence
and greater annual runoffs (9). Record floods occurred in 8 of
the 16 largest rivers in Scotland during the 1990s. Climate
change is thought to be responsible (32), although in some areas, upland drainage schemes have probably contributed (10).
Since it is predicted that Scotland may continue to experience
heavy rain events more frequently with greater winter and annual precipitation levels, and a higher frequency of storms during the next 50–100 years (16), these trends will probably continue. Thus, it seems that Scottish M. margaritifera populations
are now more at risk from catastrophic floods than they were
before.
Similar changes have also been observed in Texas, where the
impact of large-scale flooding on unionid mussel populations (as
a result of overgrazing and land clearance) has been exacerbated
by increased precipitation during the last 20 years (33).
INDIRECT EFFECTS OF CLIMATE CHANGE
Sea Level Rise
Scotland is re-bounding geologically from the loss of ice 10 000
years ago. Despite this, sea level rise is expected to occur around
the Scottish coast within the next 50 years. Estimates vary from
0.12-0.38 m in a UK model (16) to 0.08–0.71 m in a more
detailed assessment of the Scottish coast (17). The extreme
northwest and Northern Isles, where > 90% of surviving M.
margaritifera populations in Scotland occur (2), are expected to
experience the greatest rise (17). Those populations that are distributed in the lower reaches of rivers are at greatest risk of immersion in seawater.
Margaritifera margaritifera cannot tolerate saline conditions.
However, in some rivers, live mussels occur in freshwater below the official high watermark but above the usual upstream
limit of salt/brackish water (34). Although only a few individuals would typically be killed by permanent immersion in
seawater, there are some low-lying rivers where the numbers
may be more significant. Furthermore, greater numbers would
also be affected by sporadic incursions of salt/brackish water that
occurred as a result of extreme conditions (e.g. spring tides,
storm events, onshore winds). It is worth mentioning that storm
surges, which can greatly magnify the maximum tidal level (and
therefore are far more detrimental than the insidious creep of sea
level rise), are expected to have the greatest impact on coastal
habitats, and therefore, by implication, the lowest reaches of rivers (17). If the adjacent reach, 0.5–1.0 m above present sea level,
is considered to be a real ‘danger zone’ in this respect, i.e. where
mussels are at considerable risk, then several populations may

be affected (Table 2). Based on our knowledge of current mussel distributions (34), 16 populations in northwestern Scotland
may suffer significant losses (i.e. > 1% population and/or > 5%
suitable riverbed habitat) as a result of the predicted rise in sea
level during the next 100 years.
Habitat Reduction
At present, a number of Scottish populations are showing signs
of reduced recruitment (35). Small streams in particular have
very few juvenile mussels. This is demonstrated by comparing
the age-frequency profiles of mussels in the main stem and a
small tributary of the River Kerry (Fig. 4). These rivers are in
the same catchment, have identical water quality and similar densities of host fish; so what has affected the mussels in the tributary? We observed that streams that lacked juveniles appeared
to have very little suitable substrata (stable, clean sand) and suggested that recruitment in these populations may be limited by
habitat availability (35). Based on the large numbers of adult
mussels still found in some streams, there must have been substantial amounts of suitable habitat (for recruitment) in these previously. Some populations in Scotland may be threatened by the
progressive reduction of suitable habitat, a phenomenon that has
not yet been quantified (3). Rainfall may influence habitat availability. High flows and increased runoff can lead to significant
changes in patterns of erosion and deposition that degrade the
riverbed habitat (36). Small streams generally respond faster to
hydrological events than large rivers and are, therefore, relatively
less stable (37). As a result, streambeds are often severely
scoured during floods, leaving very little suitable substrata for
juvenile M. margaritifera. Therefore, the apparent loss of suitable habitat in many streambeds may be associated with the increased runoff that has occurred in northwest Scotland. As the
fine sediments are effectively shifted downstream, some populations may eventually be restricted to low reaches that are at
Figure 4. Age-frequency profiles of M. margaritifera
observed in samples from (a) a main stem site; and (b) a
small tributary stream of the River Kerry. Samples were
taken in 1997 and 1998, respectively.

(a) Main stem (n = 801)

Age (yrs)

(b) Tributary (n = 621)

Table 2. Numbers of known Scottish
M. margaritifera populations
expected to be adversely affected by
a 0.5–1.0 m rise in sea level. Not
considered significant unless > 1%
of mussel population and/or > 5% of
suitable riverbed habitat destroyed
by saltwater incursion. Based on
knowledge of current mussel
distributions (34).
Impact

No. populations (%)

No significant effect
Mussels directly affected
Unknown
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33 (57)
16 (27.5)
9 (15.5)

Age (yrs)
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risk from sea level rise. The mussel populations in small streams
certainly seem to be more vulnerable to the effects of climate
change.
Decline in Host Fish Stocks
The larvae (glochidia) of M. margaritifera are very host specific
and can only complete their development on either S. salar or
S. trutta (usually 0+ fish) (12). Although very little is known
about the mussel:host relationship, long-term survival clearly depends on host availability, and there is concern that significant
changes in wild salmonid stocks now threaten mussel
populations (4). Low host densities may be limiting recruitment
in some mussel populations (11, 38). In northwestern Scotland,
several migratory trout stocks have collapsed recently and some
salmon stocks are declining (39). Catches of both species are
now at historical low levels (Fig. 5). The causes for this general
decline have been attributed to a number of factors, including
climate change, overfishing, increased predation, sea lice infestations, pollution (acidification) and physical habitat degradation
(40). Whatever the reasons, the survival of all remaining M.
margaritifera populations in northwestern Scotland is threatened
unless wild salmonid stocks recover (4).
Depleted salmonid stocks may be affected by climate change.
Salmonids are sensitive to temperature rise. Thermal stress resulting from elevated temperatures may exceed critical levels in
some small streams. The critical upper limits for survival of S.
salar and S. trutta are 28–33°C and 25–30°C, respectively, depending on acclimation (41). The upper limits for successful
growth and egg development in these species are much lower
(< 20°C) (41). Dissolved oxygen content is inversely related to
water temperature, and the lowered levels associated with temperature rise may also be an important factor. The oxygen requirements of salmonids are considerably higher than those of
most other fish species (41). Therefore, the host fish populations
may be adversely affected by the expected increase in temperature over the next 50–100 years.
The increased precipitation and associated hydrological
changes may also have serious consequences for host fish. For
example, during the winter, the gravel spawning beds (redds) of
salmon and trout are sometimes completely destroyed by large
floods—a process known as ’redd washout’ (42). Increased
riverbank and riverbed erosion may also adversely affect
salmonids by siltation of redds further downstream (36). Since
large floods are becoming more common in northwestern Scotland (9), it is likely that more ‘washouts’ will occur in future.
As a result, egg survival will be lowered, which in turn may lead
to declines in the numbers of juvenile fish produced in some riv-

N extinctions

Year
Figure 5. The coincidental declines of migratory salmonids and
freshwater pearl mussels in northwest Scotland during 1952–2000.
Presented as annual rod and line catches recorded (Scottish Fisheries
Research Services) and estimated (cumulative) number of mussel
population extinctions (Cosgrove: unpubl. data).
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ers. Butler (42) observed a negative correlation between total
winter runoff and the densities of salmon fry the following summer in a river in northwestern Scotland. In other words, fewer
young salmon hatched successfully after wet winters and vice
versa.
Those that do hatch successfully are also vulnerable to subsequent floods. In 1997, for example, a 100-yr return flood
‘washed out’ large numbers of 0+ fish in the River Oder in Central Europe (43). These observations suggest that, as a result of
the predicted increases in precipitation and associated hydrological changes in Scottish rivers, depleted stocks of host fish may
be further reduced in the next 50–100 years.
Changes in Human Activity
Finally, it is important to consider how the human response to
climate change will impact mussel populations. Two main
themes are dealt with here, i) schemes designed to deal with the
consequences of climate change (remedial schemes); and ii)
schemes designed to reduce further climate change (preventative schemes).
Remedial schemes
In the UK, as a result of recent increases in precipitation and
large-scale flooding, there is political pressure to build extensive flood prevention schemes in a number of catchments. Several studies have identified that physical habitat disturbance by
river engineering can seriously impact M. margaritifera populations (see ref. 3 for review). Engineering works associated
with flood prevention and post-flood (infrastructural) repairs
have caused considerable habitat degradation and high mussel
mortality; up to 50% of suitable riverbed habitat damaged and
10 000 mussels killed in the worst known cases (3). Since river
engineering could become more common as a result of large
floods, some populations may be seriously threatened by this potentially destructive activity in future.
Preventative schemes
Another effect is that people around the world are becoming increasingly alarmed about the perceived global warming process.
Developed countries are now under international pressure to reduce the high levels of greenhouse gas emissions that are thought
to be responsible for this phenomenon. As a result of commitments made at the intergovernmental summits in Rio (1992) and
Kyoto (1997), the UK government has promised to deliver a 20%
cut in CO2 emission by 2010. Greenhouse gases continue to build
up steadily in the atmosphere (CO2 concentrations may double
in this century (18)), and it is vital that governments succeed in
their efforts to reduce emissions. However, this will be extremely
difficult to achieve in the short term and there are likely to be
other environmental costs incurred along the way.
In Europe, various measures have been taken in order to reduce emissions by restricting fossil-fuel burning. For example,
proposed renewable energy generation schemes (e.g. hydroelectric stations) have been actively encouraged. The climate and
much of the topography of Scotland are suitable for hydroelectric generation and many schemes were built in the last century.
During the past 10–20 years, under the Scottish Renewable Obligation (SRO), a large number of hydroelectric schemes were
carried out and some M. margaritifera populations were adversely affected (3). In addition to the disturbance during dam
construction, certain operations such as the increased production
of electricity during periods of high demand (known as ‘peaking operations’) cause rapid alterations of high and low flows.
These often produce short-term near-flood and near-drought conditions which are clearly incompatible with maintaining mussel
populations (44). According to Ziuganov et al. (38), a number
of mussel populations in northwestern Russia disappeared following large-scale hydroelectric schemes.
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IMPLICATIONS FOR CONSERVATION
Global Issues
There is a general awareness that a number of endangered species and ecosystems are threatened by climate change (e.g. 7,
8), but little attention has been paid to the freshwater mussels
(Unionacea) in this respect. On a global scale, they are a highly
threatened group (45). During the past 50–100 years, many species around the world have either become extinct or have declined considerably. The present conservation status, complex life
histories and specific habitat requirements of unionaceans suggest that they may be quite sensitive to climate change, and appropriate research in this area is urgently required.
At present, it is impossible to predict what exactly the overall
impact of climate change on M. margaritifera conservation will
be. If present climatic trends continue, how relevant will the
present list of EU (pearl mussel) candidate SACs be in 50-yrs
time? Will other undesignated rivers with marginal populations gradually become more important? Only time will answer these questions. What does seem likely is that the effects
of climate change will be largely detrimental. Thus, climate
change must be considered to be a real threat to extant
populations. It is, therefore, important that effective conservation management strategies are drawn up to deal with this problem.
The endangered M. margaritifera is likely to be yet another
victim of climate change unless effective action is taken soon.
In the first instance, the issues of tackling climate change and
conserving species that are likely to be threatened must be dealt
with at the international level. The main solution for all species
may ultimately be to encourage governments to drastically reduce greenhouse gas emissions in the hope that current climatic
trends be halted. Unfortunately, owing to economic and political pressure, this is probably the most difficult one to achieve.
Local Issues
The remaining M. margaritifera populations in Scotland appear
to be at considerable risk and it is important that these are monitored. Baseline studies have been carried out recently (2, 35),
thus providing valuable information for future comparisons.
However, in addition to mussel population characteristics such
as adult mortality rates and recruitment success, host fish stocks
and local environmental conditions should also be monitored.
Conservation managers will also have to deal with the expected increase in proposed river engineering projects that are
likely to impact some populations. In Scotland, a number of river
engineering projects (including hydroelectric schemes) have been
carried out on mussel rivers, recently (3). This practice is likely
to continue in the foreseeable future. In theory, M. margaritifera and its habitat are protected under domestic and European law, especially those populations in SACs. Therefore, it
must be ensured that any proposed work affecting mussels is allowed to proceed only if it is unavoidable, and that it is carried
out in a sympathetic manner. A number of Scottish populations
reside in regulated rivers (3). How these rivers are managed may
be critical—although M. margaritifera is legally protected, certain hydrological regimes can threaten its long-term survival (10).
However, there are no clear guidelines because the effects of extreme flows are poorly understood at present. It is clear that further investigations on this subject are worthwhile.
In certain situations, the artificial translocation of threatened
adult mussels may be considered as a conservation tool. However, translocation has not yet been shown to be effective in the
long term, and therefore should be considered experimental and
last resort (3). Valovirta (46) has reported short-term survival
rates of 90% for within-river transfers of M. margaritifera, but
only 50% for between-river transfers. The most sensible approach
would therefore be to limit transfers to those situations where
Ambio Vol. 32 No. 1, Feb. 2003

the threat is unavoidable and particularly severe. For example,
in Finland, ~ 600 mussels were transferred from one river to another prior to large-scale engineering works (46).
It may be necessary to establish new mussel beds in other areas in order to ensure that overall populations persist. For example, hydrological changes may cause different rivers (or
reaches of riverbeds) to become either more or less suitable as
mussel habitats. In some rivers it may be possible to transfer upstream small numbers of mussels that are threatened by sea level
rise. It is worth considering that significant climatic changes are
expected to occur within 50–100 years, whilst natural colonization of new sites by M. margaritifera may take far longer, thus
requiring a ‘helping hand’ via translocation and/or captive breeding.
The culture of endangered freshwater mussels has recently
been attempted, with some success (47, 48). At present, there is
an EU-funded M. margaritifera cultivation project underway in
Scotland. The objective there will be to restore populations depleted by pearl fishing in many rivers where the habitat is still
considered to be suitable. By the end of the century, however,
it is possible that climate change will result in a further reduction of habitat. It may be that future conservation strategies will
only be effective at the international level. For example, it may
eventually become necessary to find more suitable M.
margaritifera sites in Scandinavia and northern Russia.
One of the key opportunities available to offset the effects of
climate change on M. margaritifera lies in the restoration of suitable riparian habitat, especially native woodland. The roots of
riparian tree species such as alder, Alnus glutinosa (Gaertn.), help
reduce erosion by stabilizing river banks (36). In Ireland and
Central Europe, mussel beds are often found in association with
tree cover (49, 50). It is thought that deciduous trees lining the
river bank may benefit mussels by shading the watercourse and
thus reducing hydrothermal fluctuations and preventing excessive algal growth on the riverbed (49). The removal of bankside
trees and subsequent erosion of riverbanks have been implicated
in the decline of some German M. margaritifera populations (1).
Therefore, riparian woodland may act as a countermeasure to
the potential effects of climate change (i.e. by thermoregulation
and erosion/deposition control). In prehistoric times (> 2000-yrs
ago), most of Scotland was covered in forest. Today, only a fraction of this cover remains (36) and most of the surviving Scottish M. margaritifera populations are found in catchments denuded of native riparian and floodplain woodland. This provides
conservation bodies and river managers an opportunity to target woodland restoration towards key populations in denuded
catchments. In the UK, public funding of woodland restoration
projects is possible through the Woodland Grant Scheme and a
number of agri-environment schemes. Any action taken to increase riparian woodland cover for M. margaritifera is also likely
to benefit other species.
CONCLUSIONS
During this century, many of the remaining pearl mussel
populations in Scotland and elsewhere may be seriously threatened by climate change. Although a considerable amount of
work has been carried out on M. margaritifera conservation and
ecology, significant gaps in our knowledge remain that need to
be addressed. Recent developments in statutory protection, habitat restoration, captive breeding, and other areas allow a degree
of optimism. However, it is clear that more research is required
in order to assess the extent to which populations will be affected
and what conservation measures will be appropriate in future.
Whether or not endangered freshwater mussel populations survive the challenge of climate change may depend greatly on how
effectively we can manage and protect them.

© Royal Swedish Academy of Sciences 2003
http://www.ambio.kva.se

45

References and Notes
1. Young, M.R., Cosgrove, P.J. and Hastie, L.C. 2001. The extent of, and causes for, the
decline of a highly threatened naiad: Margaritifera margaritifera. In: Ecology and Evolutionary Biology of the Freshwater Mussels Unionoidea. Bauer, G. and Wachtler, K.
(eds). Springer Verlag, Berlin, pp. 337–357.
2. Cosgrove, P.J., Young, M.R., Hastie, L.C., Gaywood, M. and Boon, P.J. 2000. The
status of the freshwater pearl mussel Margaritifera margaritifera Linn. in Scotland.
Aquat. Conserv. Mar. Freshwat. Ecosyst. 10, 197–208.
3. Cosgrove, P.J. and Hastie, L.C. 2001. Conservation of threatened freshwater pearl mussels: river management, translocation and conflict resolution. Biol. Conserv. 99, 183–
190.
4. Hastie, L.C. and Cosgrove, P.J. 2001. The decline of migratory salmonid stocks: a new
threat to pearl mussels in Scotland. Freshwater Forum 15, 85–96.
5. Houghton, J.T., Meirofilho, L.G., Callander, B.A., Harris, N., Kattenberg, A. and
Maskell, K. (eds). 1996. Climate Change 1995—The Science of Climate Change. Contribution of Working Group I to the Second Assessment Report of the Intergovernmental Panel on Climate Change (IPCC), Cambridge University Press, Cambridge, 571
pp.
6. Melillo, J.M., Prentice, I.C., Farquar, G.D., Schulze, E.-D. and Sala, O.E. 1996. Terrestrial biotic responses to environmental change and feedback to climate. In: Climate
Change 1995—The Science of Climate Change. Contribution of Working Group I to
the Second Assessment Report of the Intergovernmental Panel on Climate Change
(IPCC). Houghton, J.T., Meirofilho, L.G., Callander, B.A., Harris, N., Kattenberg, A.
and Maskell, K. (eds). Cambridge University Press, Cambridge, pp. 449–471.
7. Hill, M.O., Downing, T.E., Berry, P.M., Coppins, B.J., Hammond, P.S., Marquiss, M.,
Roy, D.B., Telfer, M.G. and Welch, D. 1999. Climate Changes and Scotland’s Natural Heritage: An Environmental Audit. SNH Research, Survey, Monitoring Report No.
132. Scottish Natural Heritage, Edinburgh, 117 pp.
8. Hossell, J.E., Briggs, B. and Hepburn, I.R. 2000. Climate Change and UK Nature Conservation: A Review of the Impact of Climate Change on UK Species and Habitat Conservation Policy. DETR, Bristol, 67 pp.
9. Black, A.R. 1996. Major flooding and increased flood frequency in Scotland since 1988.
Phys. Chem. Earth 5, 463–468.
10. Hastie, L.C., Boon, P.J., Young, M.R. and Way, S. 2001. The effects of a major flood
on an endangered freshwater mussel population. Biol. Conserv. 98, 107–115.
11. Bauer, G. 1988. Threats to the freshwater pearl mussel, Margaritifera margaritifera
in central Europe. Biol. Conserv. 45, 239–253.
12. Young, M.R. and Williams, J.C. 1984. The reproductive biology of the freshwater pearl
mussel Margaritifera margaritifera (Linn.) in Scotland I. Field studies. Arch. Hydrobiol.
99, 405–422.
13. Buddensiek, V., Engel, H., Fleischauer-Rossing, S. and Wachtler, K. 1993. Studies on
the chemistry of interstitial water taken from defined horizons in the fine sediments
of bivalve habitats in several northern German lowland waters II: Microhabitats
of Margaritifera margaritifera L., Unio crassus (Philipsson) and Unio tumidus
(Philipsson). Arch. Hydrobiol. 127, 151–166.
14. Hruska, J. 1992. The freshwater pearl mussel in South Bohemia: evaluation of the effect of temperature on reproduction, growth and age structure of the population. Arch.
Hydrobiol. 126, 181–191.
15. Beniston, M. and Tol, R.S.J. 1998. Europe. In: The Regional Impact of Climate Change.
An assessment of Vulnerability. Intergovernmental Panel on Climate Change, Working Group II. Watson, R.T., Zinyowera, M.C. and Moss, R.H. (eds). Cambridge University Press, Cambridge, pp. 149–185.
16. Hulme, M. and Jenkins, G. (eds). 1998. Climate Change Scenarios for the United Kingdom, UK Climate Impacts Programme Technical Report No. 1., Climatic Research Unit,
University of East Anglia, Norwich, 76 pp.
17. Dawson, A.G., Smith, D.E. and Dawson, S. 2001. The Potential Impacts of Climate
Change on Sea Levels Around Scotland. SNH Research, Survey and Development Report No. 178, Scottish Natural Heritage, Edinburgh.
18. Houghton, J.T., Ding, Y., Griggs, D.J., Noguer, M., van der Linden, P.J., Dai, X.,
Maskell, K. and Johnson, C.A. (eds). 2001. Climate Change 2001—the Scientific Basis. Contribution of Working Group I to the Third Assessment Report of the Intergovernmental Panel on Climate Change (IPCC), Cambridge University Press, Cambridge,
881 pp.
19. Smith, K. and Lavis, M.E. 1975. Environmental influences on the temperature of a small
upland stream. Oikos 26, 228–236.
20. Langan, S.J., Johnston, L., Donaghy, M.J., Youngson, A.F., Hay, D.W. and Soulsby,
C. 2001. Variation in river water temperatures in an upland stream over a 30-year period. Sci. Total Environ. 265, 199–211.
21. Mackie, T.G. and Roberts, D. 1995. Population characteristics of Margaritifera
margaritifera in Northern Ireland. In: 11th International Malacological Congress, Siena, Italy. van Bruggen, A.C., Wells, S.M. and Kemperman, Th.C.M. (eds). Backhuys,
pp. 163–169.
22. Wellmann, G. 1943. Fischinfektionen mit Glochidien der Margaritana margaritifera.
Zeitschrt. Fisch. Bd. 41, 385–390.
23. Meyers, T.R. and Millemann, R.E. 1977. Glochidiosis of salmonid fishes. I. Comparative susceptibility to experimental infection with Margaritifera margaritifera (L.)
(Pelecypoda: Margaritiferidae). J. Parasitol. 63, 728–733.
24. Ross, H.C.G. 1992. The reproductive biology of the freshwater pearl mussel
Margaritifera margaritifera (L.) in Co Donegal. Irish Nat. J. 24, 43–50.
25. Harrison, S.J. 1997. Changes in Scottish climate. Bot. J. Scotland 49, 287–300.
26. Nicholls, N., Gruza, G.V., Jousel, J., Karl, T.R., Ogallo, L.A. and Parker, D.E. 1996.
Observed climate variability and change. In: Climate Change 1995. The Science of Climate Change. Contribution of Working Group 1 to the Second Assessment Report of
the Intergovernmental Panel on Climate Change. Houghton, J.T. Meiro Filho, L.G.
Callander, B.A. Harris, N. Kattenberg, A. and Maskell, K. (eds). Cambridge University Press, Cambridge, pp. 137–181.
27. Mayes, J. 1996. Spatial and temporal fluctuations of monthly rainfall in the British Isles
and variations in the mid-latitude westerly circulation. Int. J. Climatol. 16, 585–596.
28. Hastie, L.C., Boon, P.J. and Young, M.R. 2000. Physical microhabitat requirements
of freshwater pearl mussels, Margaritifera margaritifera (L.). Hydrobiologia 429, 59–
71.
29. Gordon, N.D., McMahon, T.A. and Finlayson, B.L. 1992. Stream Hydrology: an Introduction for Ecologists. John Wiley & Sons, Chichester, 526 pp.
30. Roscoe, E.J. and Redelings, S. 1964. The ecology of the freshwater pearl mussel
Margaritifera margaritifera (L.). Sterkiana 16, 19–32.
31. Giller, P.S, Sangpraduh, N. and Towney, H. 1991. Catastrophic flooding and macroinvertebrate community structure. Verh. Int. Ver. Theor. Angew. Limnol. 24, 1724–1729.
32. Foster, M., Werritty, A. and Smith, K. 1997. The nature, causes and impacts of recent
hydroclimatic variability in Scotland and Northern Ireland. Proc. 6th BHS National Hydrology Symposium, Salford 8, 9–17.
33. Howells, R.G. 1995. Losing the old shell game. Info-Mussel Newsletter 3. Texas Parks
and Wildlife Department—Inland Fisheries, Heart of the Hills Research Station, Ingram,
Texas, 6 pp.
34. Cosgrove, P.J. and Young, M.R. 1998. The Status of the Freshwater Pearl Mussel
Margaritifera margaritifera in Scotland. Confidential Contract Report to Scottish Natural Heritage, Edinburgh, 111 pp.

46

35. Hastie, L.C., Young, M.R., Boon, P.J., Cosgrove, P.J and Henninger, B. 2000. Sizes,
densities and age structures of Scottish Margaritifera margaritifera (L.) populations.
Aquat. Conserv. Mar. Freshwater Ecosyst. 10, 229–247.
36. Parrott, J. and MacKenzie, N. 2000. Restoring and Managing Riparian Woodlands.
Scottish Native Woods, Aberfeldy, 36 pp.
37. Gibson, R.J. 1993. The Atlantic salmon in freshwater: spawning, rearing and production. Rev. Fish Biol. Fisher. 3, 39–73.
38. Ziuganov, V., Zotin, A., Nezlin, L. and Tretiakov, V. 1994. The Freshwater Pearl Mussels and Their Relationships with Salmonid Fish. VNIRO, Russian Federal Research
Institute of Fisheries and Oceanography, Moscow, 104 pp.
39. Walker, A.F. 1993. Sea trout and salmon stocks in the Western Highlands. In: Problems with Sea Trout and Salmon in the Western Highlands. Anon. (ed.). Atlantic Salmon
Trust, Pitlochry, pp. 6–18.
40. Marshall, S. 1998. West Sutherland Fisheries Trust (WSFT): Annual Review 1997. West
Sutherland Fisheries Trust, Inverness, 19 pp.
41. Elliott, J.M. 1994. Quantitative Ecology and the Brown Trout. Oxford University Press,
Oxford, 286 pp.
42. Butler, J. 1999. Wester Ross Fisheries Trust (WRFT): Annual Review 1998-1999.
Wester Ross Fisheries Trust, Inverness, 40 pp.
43. Bischoff, A. and Wolter, C. 2001. The flood of the century on the River Oder: Effects
on the 0+ fish community and implications for floodplain restoration. Reg. Rivers Res.
Mgmt 17, 171–190.
44. Layzer, J.B., Gordon, M.E. and Anderson, R.M. 1993. Mussels: the forgotten fauna of
regulated rivers. A case study of the Caney Fork River. Reg. Rivers Res. Mgmt 10,
329–345.
45. Bauer, G. and Wachtler, K. (eds). 2001. Ecology and Evolutionary Biology of the Freshwater Mussels Unionoidea. Springer Verlag, Berlin, 394 pp.
46. Valovirta, I. 1990. Conservation of Margaritifera margaritifera (L.) in Finland.
Colloquim of the Bern Convention Invertebrates and their Conservation. Council of
Europe, Strasbourg T-PVS 89, 59–63.
47. Buddensiek, V. 1995. The culture of juvenile freshwater pearl mussels Margaritifera
margaritifera in cages: a contribution to conservation programmes and the knowledge
of habitat requirements. Biol. Conserv. 74, 33–44.
48. Hruska, J. 2001. Experience of semi-natural breeding programme of freshwater pearl
mussel in the Czech Republic. In: The Freshwater Pearl Mussel in Europe: Population Status and Conservation Strategies. Report of the International Congress on Pearl
Mussel Conservation 2000. Anon. (ed.). Hof, pp. 69–75.
49. Baer, O. 1981. Zur früheren Verbeitung der Flussperlmuschel in der Westlausitz. Veröff.
Mus. Westlausitz 5, 53–70.
50. Lucey, J. 1993. The distribution of Margaritifera margaritifera (L.) in southern Irish
rivers and streams. J. Conch. 34, 301–310.
51. The views expressed in this paper are the authors’ own and do not necessarily reflect
the position of their organizations. The article is dedicated to our colleagues in the UK
and elsewhere who have, in different ways, contributed significantly to the protection
and conservation management of endangered freshwater mussel species all over the
world. Phil Boon (Scottish Natural Heritage, Edinburgh), Mark Young (University of
Aberdeen) and others have worked hard over the years to ensure that M. margaritifera
has a future in Scotland. James Butler (Wester Ross Fishery Trust) and Ross Gardiner
(Scottish Fisheries Research Service) kindly provided information on the effects of climate change on wild salmonid host populations in Scotland.
52. First submitted 5 Dec. 2001. Accepted for publication after revision 15 Feb. 2002.

Lee Hastie is a postdoctoral research fellow at the
University of Aberdeen, investigating the relationship
between pearl mussels and their salmonid hosts. He has
worked on the conservation and ecology of M. margaritifera
for 7 years. His address: University of Aberdeen, Culterty
Field Station, Newburgh, Aberdeenshire AB41 0AA,
Scotland, UK.
E-mail: HastieL@abdn.ac.uk
Peter Cosgrove is the Cairngorms biodiversity officer and
has worked on the conservation management of freshwater
pearl mussels for 7 years. He has been responsible for a
number of river bed surveys and monitoring schemes in
Scotland, including the national mussel surveys in 1998 and
2001. His address: Cairngorms Partnership, 14 The Square,
Grantown-on-Spey, Morayshire, Scotland, UK.
E-mail: petercosgrove@cairngorms.prestel.co.uk
Noranne Ellis is the climate change adviser for Scottish
Natural Heritage (SNH). She manages research projects and
provides advice on the conservation of species and
ecosystems in relation to climate change. Her address:
Scottish Natural Heritage, 2 Anderson Place, Edinburgh,
UK.
E-mail: noranne.ellis@snh.gov.uk
Martin Gaywood has, since 1994, coordinated SNH work on
species listed on the EC Habitats Directive, including M.
margaritifera. At present, he is managing the European
beaver reintroduction project in Scotland. His address:
Scottish Natural Heritage, 2 Anderson Place, Edinburgh,
UK.
E-mail:martin.gaywood@snh.gov.uk

© Royal Swedish Academy of Sciences 2003
http://www.ambio.kva.se

Ambio Vol. 32 No. 1, Feb. 2003

