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A cause-and-effect understanding of climate influences on ecosystems requires evaluation of
thermal limits of member species and of their ability to cope with changing temperatures.
Laboratory data available for marine fish and invertebrates from various climatic regions led to
the hypothesis that, as a unifying principle, a mismatch between the demand for oxygen and the
capacity of oxygen supply to tissues is the first mechanism to restrict whole-animal tolerance to
thermal extremes. We show in the eelpout, Zoarces viviparus, a bioindicator fish species for
environmental monitoring from North and Baltic Seas (Helcom), that thermally limited oxygen
delivery closely matches environmental temperatures beyond which growth performance and
abundance decrease. Decrements in aerobic performance in warming seas will thus be the first
process to cause extinction or relocation to cooler waters.

limate change is projected to affect in-
‘ dividual organisms, the size and structure

of their populations, the species com-
position of communities, and the structure and
functioning of ecosystems. Effects include pole-
ward or high-altitude shifts in the distribution of
ectothermic animals (/). A comprehensive mech-
anistic understanding has so far been lacking (2)
but is needed for prediction of climate change
effects. Physiological studies can address the
mechanisms and reasons for the thermal sensi-
tivity of organisms and their life stages.

to perform aerobically (a drop in aerobic scope)
characterizes the onset of thermal limitation at
both ends of the thermal envelope [pejus thresh-
olds 7}, fig. S1 (3-6)]. The reduction in aerobic
scope is caused by limited capacity of circulatory
and ventilatory systems to match oxygen de-
mand. Such a constraint affects all higher func-

n aquaflc ammals, a decrease 1n the capacﬁ?

tions (muscular activity, behavior, growth, and
reproduction) and might thereby shape the long-
term fate of species. Aerobic scope becomes
minimal beyond low or high critical temperatures
(T). Survival is then passive and time-limited,
supported by anaerobic metabolism and protec-
tion of proteins and membranes by heat shock
proteins and antioxidative defense. Thermal tol-
erance is hierarchical, with narrowing windows
from molecular to cellular to systemic levels (6).
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Temperate species are able to acclimatize and
shift the thermal window through changes in
mitochondrial densities as well as other molecu-
lar to systemic adjustments of functional capaci-
ties (3, 6-10) (fig. S1). Limits to acclimatization
are set by trade-offs at various structural and
functional levels that constrain the width of the
thermal window, for example, through the trend
to minimize energy turnover in relation to climate
variability (9, 10).

We investigated thermal limitation of the
common eelpout, Zoarces viviparus, in its south-
ermmost distribution area, the German Wadden
Sea (part of the southern North Sea) during
summer and thereby tested the ecological rele-
vance of the concept of oxygen- and capacity-
limited thermal tolerance (fig. S1). During the
past 40 years, water temperatures in the German
Bight increased by 1.13°C (at Helgoland Roads).
Cold winters with sea surface temperatures
(SSTs) around —1°C had occurred about once
every 10 years up to 1944 but were experienced
only once since 1960 (11). Models predict further
SST increments for the next 90 to 100 years, by
about 1.6° to 3.0°C in the northern and even by
3.0° to 3.9°C in the shallower southern North
Sea (12), accompanied by rising sea levels (13 to
68 cm by 2050) and an increasing frequency of
storm events (/3).

Comparison of existing data sets indicates
that field observations can be explained by the
eelpout’s physiological responses to warming
(Fig. 1). The relative abundance of the non-
migratory eelpout decreases upon warming
(5-year running means, data from 1954 to 1989,
Fig. 1A) (14, 15), reflecting a higher mortality

in hot summers. Reduced field abundance
coincides with reduced growth of laboratory-
maintained, temperature-acclimated individuals
(Fig. 1B). Individual growth is a key parameter
shaping population growth and depends on

from the exponential rise in net aerobic scope
upon warming, which is counterbalanced by the
concomitant exponential rise in baseline meta-
bolic costs (Fig. 1). Both abundance and growth
begin to fall beyond upper pejus temperatures
(T,) (Fig. 1, C to E), reflecting the species-
specific limits of acclimation capacity.

Pejus temperatures were derived from limi-
tations in circulatory capacity (Fig. 1C), which
occur before ventilatory limitations in eelpout (Z.
viviparus and Pachycara brachycephalum) and
Atlantic cod (Gadus morhua) (4, 16-18). The
loss of acrobic scope can also be derived from the
shift of critical oxygen tensions, P., or concen-
trations, [O,].. P, or [O]. indicate oxygen lim-
itation to the passive organism in hypoxia and the
onset of anaerobic metabolism. Upon warming,

1O, reaches air saturation at /., where anaerobic
metabolism begins in animals exposed to fully
acrated waters (Fig. 1D). Aerobic scope thus
begins to fall when [O,], starts to rise beyond 7,
(Fig. 1E). Warming exacerbates oxygen limita-
tions not only by the forced rise in oxygen
demand, but also by reducing oxygen solubility
(Fig. 1E).

The analysis of ecological responses in re-
lation to 5-year running means of summer max-
ima, albeit improving the signal-to-noise ratio,
may not precisely quantify temperatures and
mechanisms effective in the field. Analysis of
individual summers in long-term data series (/9)
should provide more detailed insight into cause-
and-effect relationships (Figs. 2 and 3). The
limited data set indicates that extreme temper-
atures of previous summers cause reduced
abundance. Sampling took place in July, so the
effects of the hottest season only become visible
in the next year. Thermal limitation of aerobic
scope may also translate into the next year by
reducing the degree of successful fertilization
and reproduction.

Thermal sensitivity is likely to be enhanced
at large body sizes. In contrast to eelpout from
the Baltic or from colder regions like the Russian
White Sea, eclpout of the Wadden Sea only
reach a maximum body length of about 23 cm at
a maximum age of 3 to 4 years (20). A pre-
liminary analysis of seasonal changes in size
frequency distribution (fig. S2) shows that older
specimens (larger than 20 cm) have low overall
abundance and thus high mortality rates. High
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mortality of large fish is probably not associated
with predation, which usually occurs during ear-
ly life stages (21). Rather, the oxygen-limitation
model predicts that temperature-dependent
aerobic limits are experienced earlier by larger
than by smaller individuals (22). In fact, thermal
sensitivity of growth or exercise was found to be

enhanced in large compared with small individ-
uals of various fish species (23, 24). Thermal
limits depicted in Figs. 1 to 3 are valid for
specimens of about 23 cm body length (compare
with fig. S2). Mild summers, with temperatures
regularly beyond T7;, of large fish, can therefore
be interpreted to cause mortality of this size class

Ten
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growth rates at maximum food supply. The first term,
F,(T) = A% + C,, represents the temperature de-
pendence of aerobic processes supporting growth
performance. The second term, Fo(T) = A% + G,
represents the parallel, exponential rise in processes
limiting aerobic scope and thus growth capacity (4; =
0.9901, B; = 0.0667, C; = —0.3953, A, = —0.1942, [ D
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was fitted to [0,](T) = C,T? + G; (C; =433 x 107, Temperature (°C)

C, =5.56, C; = 48.19, r = 0.9764, and P < 0.01).

Reported data are valid for the largest specimens [between 23- and 25-cm body lengths (25)] found in the
Wadden Sea.
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Fig. 2. (A) Daily water temperature (°C) in the Wadden Sea from 1992 to 2004 (DWD, Station
Norderney). Putative upper critical (T.) and pejus (T,) temperatures of large eelpout (Fig. 1) are indicated
by horizontal lines. (B) Total abundance (1/1000 m? of eelpout in the Wadden Sea sampling area
during summers between 1993 and 2005. Data fitted by spline curve [Sigmaplot (33)].
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(Fig. 3 and fig. S2). Because of wider thermal
windows in smaller specimens, these temper-
atures still allow for population growth, seen
especially during the mild summer of 1998
(Fig. 2). The earlier loss in aerobic scopes of
large individuals indicates that specimens do not
grow beyond oxygen-dependent size limits set
by temperature such that this size group displays
low abundance all year round (fig. S2). The
species finally experiences a net reduction in
abundance (Fig. 1A) when smaller individuals
are also affected and population loss during hot
summers exceeds yearly population growth. In
conclusion, harmful effects of warming set in
beyond pejus temperatures. Only summers
hotter than critical temperatures of the larger
specimens (Figs. 1 to 3) entail the full range of
thermal stress phenomena depicted in fig. SI.
The mismatch in oxygen supply versus demand
thus becomes effective at the ecosystem level
before the onset of anaerobic metabolism or of
thermal damage (Td in fig. S1) and also before
critical thermal maxima (C7,,,,) traditionally
determined in thermal biology (25).

Overall, the agreement of thermal limits
operative in the field with the lab-determined
pejus range supports previous studies, which
interpreted thermal limitation in aquatic ecto-
therms to start with limited oxygen supply
capacity (3—6, 16-18) (Fig. 1, C to E). Ac-
cordingly, pejus limits are the earliest limits
experienced by the whole organism in the field.
Decrements in aerobic performance cause re-
duced growth and enhanced mortality first
among larger specimens. A reduction in abun-
dance results when all size groups of a pop-
ulation are affected. Residual variability in the
data suggests that not only the temperature value
itself but also the length of exposure is crucial in
setting mortality. The data did not reveal an
influence of the shift to milder winters. Further-

Abundance (1/1000m?2)
(2]

0 " " n
20 22 24 26

Max. summer temperature of the previous year (°C)

Fig. 3. Abundance of eelpout versus maximum
summer temperature from the previous year (data
from Fig. 2). Data were fitted t0 A(Tynax_q) = ;e
where A(T,a1) is the abundance depending on
maximum temperature of the previous summer
(fitting parameters C; = 1.2 x 107, C, = 240.83,
(3=0.6686, r=0.6599, and P < 0.01). The putative
upper T, (Fig. 1) is indicated by a vertical line.
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more, population growth depends on food
supply, which in turn influences aerobic per-
formance and thermal sensitivity. Potential ad-
ditional components in field tolerance still need
to be identified. However, we suggest that re-
duced aerobic performance beyond pejus limits
enhances sensitivity to other, more obvious
mechanisms eliciting mortality (predation, star-
vation, or disease). These influences would dis-
play their inherent variability and thereby enhance
the variability in the temperature-dependence of
abundance.

smaller (C. helgolandicus) copepod fauna in the
southern North Sea caused reduced food availa-
bility for Atlantic cod (G. morhua) (28). This
regime shift was largely determined by different
thermal windows of the two copepod species

Matching thresholds in field and laboratory
data highlight the ecological relevance of the
concept of oxygen- and capacity-limited thermal
tolerance. Adaptation to climate variability in-

volves adjustments of functional capacity in
general and, specifically, in the components of
aerobic metabolism, of oxygen supply capacity,
and of associated costs. Trade-offs in thermal
adaptation processes and in organismic energy
budget shape the width of thermal windows, with
consequences for biogeography (), growth
performance, development, fecundity, recruitment,
life-styles, and life-history evolution (9, 10, 26, 27).
Widths and locations of tolerance windows on
the temperature scale may change or shift during
ontogeny (26). At the ecosystem level, species-
specific biogeographical ranges differ but overlap
and imply that variable thermal windows and
sensitivities cause variability in distribution shifts
(1), species composition, seasonal timing, and
associated mismatch phenomena in species
interactions as in a food web. For example, the
shift from larger (Calanus finmarchicus) to

(29). Warming-induced reductions of cod abun-
dance are thus caused both directly [via thermal
sensitivity of cod (30)] and indirectly [via the
food web (28)] but based on the same physio-
logical principles. Overall, the concept of oxy-
gen- and capacity-limited thermal tolerance can
provide an integrative framework for developing
a cause-and-effect understanding of the influence
of climate change and variability on marine eco-
systems, including food web structure, recruit-
ment success, and fish landings (30).
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A Hexanucleotide Element Directs
MicroRNA Nuclear Import

Hun-Way Hwang,” Erik A. Wentzel,? Joshua T. Mendell™?*

MicroRNAs (miRNAs) negatively regulate partially complementary target messenger RNAs. Target
selection in animals is dictated primarily by sequences at the miRNA 5’ end. We demonstrated that
despite their small size, specific miRNAs contain additional sequence elements that control their
posttranscriptional behavior, including their subcellular localization. We showed that human
miR-29b, in contrast to other studied animal miRNAs, is predominantly localized to the nucleus.
The distinctive hexanucleotide terminal motif of miR-29b acts as a transferable nuclear localization
element that directs nuclear enrichment of miRNAs or small interfering RNAs to which it is
attached. Our results indicate that miRNAs sharing common 5’ sequences, considered to be largely
redundant, might have distinct functions because of the influence of cis-acting regulatory motifs.

ucleotides 2 to 7 of microRNAs
N (miRNAs), known as “seed” sequences,

are considered the most critical for se-
lecting targets. Within a given species, highly
related miRNAs sharing a common seed se-
quence are grouped into miRNA families, are
predicted to have overlapping targets, and are
considered to be largely redundant (/—5). Never-
theless, loss of function of miRNA family mem-
bers with divergent 3’ end sequences results in

overlapping but distinct phenotypes in Caeno-
rhabditis elegans and in Drosophila (6, 7). These
distinct phenotypes often do not appear to be
due to differences in miRNA expression
patterns, which raises the possibility that distinct
sequences within miRNA family members con-
fer upon them characteristic functional proper-
ties. Here we describe a sequence motif that
dramatically influences the posttranscriptional
behavior of a human miRNA.

Examination of cell-cycle stage—specific
miRNA expression patterns with a previously
described oligonucleotide array (8) revealed
substantial accumulation of miR-29 in mitotic
HeLa cells (9). There are three human miR-29
paralogs: miR-29a, miR-29b, and miR-29¢ (fig.
S1A). A highly specific Northern blot assay (fig.
S1B) demonstrated that each exhibits a distinct
expression pattern. miR-29a is constitutively
expressed in all cell-cycle phases, miR-29b is
present at low levels except in mitotic cells, and
miR-29c is not detectable (Fig. 1A).

Human miR-29 family members are encoded
by the miR-29b-1/miR-29a cluster and the
miR-29b-2/miR-29c cluster (Fig. 1B). A fragment
encompassing the miR-29b-1/miR-29a cluster
was amplified by reverse transcription poly-
merase chain reaction (RT-PCR) after small
interfering RNA (siRNA)-mediated inhibition
of Drosha (which performs the first step in
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University School of Medicine, Baltimore, MD 21205, USA.
2McKusick-Nathans Institute of Genetic Medicine, Johns
Hopkins University School of Medicine, Baltimore, MD
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