Climate-Related, Long-Term Faunal Changes in a
California Rocky Intertidal Community
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Changes in the invertebrate fauna of a California rocky intertidal community between the
period 1931 to 1933 and the period 1993 to 1994 indicate that species’ ranges shifted
northward, consistent with predictions of change associated with climate warming, Of 45
invertebrate species, the abundances of gight of nine southern species increased and the
abundances of five of eight northern species decreased. No trend was evident far cos-
mapolitan species. Annual mean shoreline ocean temperatures at the site increased by
0.75°C during the past 60 years, and mean summer maximum temperatures from 1983
to 1993 were 2.2°C warmer than for the period 1921 to 1831,

Re_spon.ses of natural communities to grad-
ual climate change are expressed as lacicu-

dinal shifts in species’ abundances and mi--

gration of geographic range boundaries.
Such changes are best known for centuries
ar longer from terrestrial plant communities
and pelagic marine systems (I, 2). Few stud-
ies exist concerning the effects of multidec-
adal climate change on coastal marine com-
munirtes where fluctuations in the abun-
dance and distribution of species are related
principally to changes in recruitment and
survival, rather than migration or transport
of adules (1-3). Although coastal commu-
nities respond rapidly to environmental
petturbations [for example, El Nifio-Souch-
e Qscillation (ENSQ) events] (4), the
protracted effects of climate change should
be reflected in concomitant shifts by species
with similar environmental requiremernts.
During periods of warming, species’ ranges
should migrate poleward (5). Because spe-
cies are generally most abundanc in che
center of their range and decline gradually
toward range margins (6}, range migration
in response to climate warming should be
evident by shifts in abundance at ane loca-
tion: Species adapted to cooler conditions
should decline, while warm-adapred species
should increase. Here we repart changes in
the abundances of 45 species of inverte-
brares in a central California intertidal
community between che period 193] two
1933 and the periad 1993 to 1994. We also
report continuous records of shareline
ocean temperatures spanning this period
and consider several hypatheses to explain
faunal shifts.

We replicated observations made by He-
watt {7) iri 1931 to 1933 ac Hopkins Marine
Station (HMS) in Monterey Bay, Califor-
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nia (36°37.3'N, 121°54.3'W), along a
racky intertidal transect 108 yards (38.8 m)
long. Hewatt's transect crosses exposed
granite bedrack and boulders from high to
low intertidal zones at a site semiprotected
from - ocean swells. Brass balts fixed to the
bedrack in 1930 to pasition the transect
were relocated, and the precise locations of
35 of Hewart's original 1 vard by 1 yard
{0.84 m?). plots were resurveyed. Plots were
distributed from low to high intertidal zanes
{—0.2 to +1.2 m), although mast (21 of 35}
were in the middle zone (0.0 to +1.1 m).
Qur results are calculated from direct
counts of all invertebrates identified n
these plots during 1931 to 1933 and 1993 o
1994.

Hewatt's descriptions and photographs,
and contemporary observations by Gislén
(8), indicate that floral and faunal assem-
hlages accupied distinct zones at HMS dur-
ing the early 1930s. On tocks protected
from wave shock, the uppermost or harren
zone “(+1.5 m or higher) was cavered
sparsely by microalgae and littorine snails,
Acarn barnacles (Balanus glandula) and 2
few gastropod mollusks dominated the high
zone (+1.1 to +1.5 m), and there was a
sharp transition between this barnacle zone
and the algal canopy bordering che middle
zane. The upper middle zone was covered
by a dense canopy of large seaweeds (Pelve-
tia fastigata and Fucus distichus) cypical of
cold temperate or boreal regions (8, 9) and
inhabited by a suite of mohile invertebrates.
The low zone {(—0.5 ta 0.0 m) lacked a
conspicuous dominant species and . was
characterized as a diverse complex of red
and brown algae and surfgrasses (Phyllospa-
dix sp.).

We counted and identified over 58,000
individuals from 105 invertebrate taxa in 35
resurveyed plots. We chose 45 species from
109 taxa for further analysis {J0). Each was
assigned to a range category (northem, cos-
mopolitan, ot southern) according to geo-
graphic distributional boundaries (11, 12},

Comparison of invertebrate abundances
from the 1931 to 1933 and 1993 to 1994
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surveys revealed fwo prominent patterns.
First, shifts in population abundance (indi-
viduals per square meter} were widespread
among species. Of the 45 species analyzed,
32 exhibited statistically significant relative
changes in abundance {13}, indicating pto-
found change in community steucture, Sec-
and, the pattemn of community change was
distinet among geagraphic range categories
(Fig. LA) and suggested a northward shift of
species’ ranges during this él-year period:
Abundances of southern species increased,
northern species decreased, and cosmapoli-
tan. species shiowed no trend.

The abundances of eight of nine species
in the southern geographic range group in-
creased significantly. Gastropod mollusks, a
faunal group common at sites with elevated
thermal stress, showed the greatest changes.
Serpulorhis squamigerus, a sessile aggregating
gastropad, was nat reported from HMS by
Hewact, (7) and was rare in the mid-1960s
{14), but it is now a common low to middle
zone species. Two snails, Ocenebra circum-
texta {not reported by Hewatt) and Acan-
thina punctulata, are now common middle to
upper zone predarors on barnacles. The lim-
pet Fissurella volcano, a chiton (Cyanaplax
hartwegii), and two southern anemones
(Corynactis ealifornica and solitary Anthe-
plewva elegantissima) increased-in the low to
middle zones, where they may have bene-
fited from warmer water. The southem rock
barnacle, Tetraclita rubescens, was a com-
mon member of mussels beds and the Pel-
vetia-Fucus canopy during 1931 t0 1933 and
has increased considerably in abundance
thraughout its vertical range.

In contrast with southern species, the
abundances of five of eight narthern species
decreased significantly. Two sea stars (Lep-
tasterias hexactis and Pisaster ochraceus), a
small crab (Petrolisthes cinctipes), an anem-
ane {Anthopleura xanthogrammica), and a
limpet (Tectura scutum) became maore
scarce. Anthopleura xanthogrammica is a low
2o0ne anemone that thrives in cold water,
particularly upwelling sices (12), and may
have decreased owing to warmer summer
water temperature (see below). Petrolisthes
cinctipes occurs in cryptic hahicats, such as
under rocks and algal canopy or within
mussel beds, and was not found in 1993 to
1994. Tectura scutm is an abundant limpet
in the Pacific Northwest and the only lim-
pet to decline in abundance. The abun-
dances of two northern snails (Crepidula
adunca and Calliostoma ligatum) increased.

- Calliostoma ligatum is primarily a subtidal

species of kelp beds but alsa cccurs in low to
middle intertidal zones, Although the over-
all abundance of C. ligatum increased, its
distribution shifted seaward in the inter-
tidal, with increased abundance in the low
zane and decreased abundance in the mid-
dle zane ([3). Crepidula adunca, a common



epibiont of Tegula sp. snails, increased in
abundance averall (P << 0.005), but its fre-
quency on host snails remained constant
(approximately one C. adunca per seven
Tegula sp.; F = 0.02, P > 0.75), because the
ahundance of irs principal host (Tegula fu-
nebralis) also increased (P < 0.01).

In comparison with the southern and
northern species, the pattern of change for
cosmopolitan geographic range group was
balanced. Abundances of more than half
of the cosmopalitan species changed sig-
nificantly {17 of 28 species}, but the num-
ber of species that increased significantly
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Fig. 1. Changes in the abundances of intertidal
invertebrates hetween 1931 to 1933 and 1993 to
1934, (A) Mean abundance of individual speciesin
1993 to 1994 [loglabundance +1}] plotted against
similar values from 1837 to 1933. Red circles,
sauthern species; blue circles, narthern species,
green triangles, cosmopalitan species. Filled sym-
baols indicate statistically aignificant changes;
apen symbiols indicate nonsignificant values. Spe-
cies name abbreviations: Acanthing punctudata
{An), Anthopleura etegantissima (solitary) (Aa), An-
thoplaura xanthogrammica (Ax), Tetrachta rubes-
cens { Tr), Tactura scutum (Ts), Serpudorbis squa-
migerus (Ss), Corynactis californica {Cc), Cyano-
plax hartwegii (Ch), Fissurelia valcano (Fy), Ocene-
bra circumtexta {Cg), Calliostorma ligatum {Cl),
Pisaster ochraceus [Po), Petrofisthes cinctipes
{Pc), Crepidula adunca (Ca), and Lepiasterias
hexacks {Lh). (B) Ratios of abundance {log[1993
abundance + 1%/(1932 abundance + 1Jj}. Abun-
dance is expressed as the number per sguare
meter. Vertical lines indicate standard errar bars.
The horizental bar averlaps statistically similar
groups.

{9 of 28) was nearly equal to the number
thac decreased (8 of 28).

We evaluated the null hypothesis that
the direction aof change in species’ abun-
dance was unrelated to geographic range
groups in two ways. Analyses of frequencies
of significant increase or decrease in species’
abundances indicated that the pattern of
change was not independent of range cate-
gories (row by columns test; G = 11.3, P <
0.003). Analysis of variance (ANOVA)
based on the use of mean ratios of abun-
dance (1994 versus 1933} for each species
indicared significant variation among range
categories. Changes in southern species
were significantly greater than changes in
either cosmopolitan or northern groups
(16) (Fig. 1B). Because peographic ranges
for most species were derived from recent
literature (1], 12), our range designations
ate conservative compared to those based
an chserved or known gecgraphic ranges
from 1931 to 1933, particularly if species’
ranges have shifced northward.

Although Hewatt provided only quali-
tative descriptions of intertidal flora, sev-
eral sources suggese that sweeping changes
also occurred in the macrophyte assem-
blage over six decades. The upper zone
remained dominated by barnacles buc in
1993 to 1994 included moderate cover of
algae (Endocladia muvicata, Mastocarpus
papillata) that graded into a dense middle
zone algal turf (9, 17) rather than the
distinct boundary hetween these zones re-
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Fig. 2. Shoreline acean temperature variation at
Hopking Marine Station during this century. (A)
Annual mean, minimum, and maximum shore
temperatures, including least squares linear re-
gression lines for each parameter. (B} Seasanal
variation in shore temperatures, based on 11-year
averages preceding each survey period. Data are
means * standard errors {SE).
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ported by Hewatt (7). The heavy Pelvetia-
Fucus canapy decreased somewhat by
1947, when T. A. Stephenson and A.
Stephenson (9) noted thac these species
were abundant hut not ubiquitous in the
middle zone. In 1994, Pelvetia fastigata, a
cosmopaliran bur principally cold-temper-
ate species (8, 9), and Pucus distichus, a
northern species, were still common, hut
low-growing turf algae [E. muricata, M.
papiflata, Gelidium coulteri, Rhodoglossum
affine, Gigartina canaliculata (all casmopaol-
itan species)] characteristic of warm-tem-
perate laticudes (8, 9) were the dominant
space holders.

This 60-year period of faunal and floral
change coincided with secular warming of
ocean and air remperatures along the west-
ern. North American coast. Annual mean
shoteline temperature (ST) increased by
0.75°C during the past 60 vears at HMS
{18} {(Fig. ZA). The annual maximum ST
increased slightly faster than the annual
minimum temperature {19), which proba-
bly remained low owing to seasonal wind-
driven coastal upwelling {20}, Comparison
of average monthly ST for the decade pre-
ceding each intertidal survey shows thac
mean winter ST warmed by 0.5°C, and the
average summer 5T maximum was about
2.2°C higher before the recent survey than
before the period 1921 to 1931 (Fig. 2B).
Althaugh continuous records of air temper-
atare or fog and cloud cover ar Monterey
are not available for this 60-year period,
atmospheric warming during this century is
well documented, particularly for the
Northern Hemisphete, including western
Narth America (21).

ENSQO events can also have importanc
transient effecrs on the structure of marine
communicies. These events promote local
shifts in community structure and extend
geographic ranges, at least tempaorarily (4),
with effects that can reverherate over a
decade (22). Six of 10 years preceding
Hewart's study were characterized by mod-
erate ta strong ENSQO events, compared to
5 of 10 years preceding the 1593 to 1994
study (23). Sea-surface remperature was
anomalously high for 2 years preceding
both surveys (considered weak to maoder-
ate events). However, the strong ENSO in
1925 to 1927 preceded Hewatt's sciidy by 5
years, compared to a [0O-year separation
between our survey and the scrong 1982 to
1983 event. Although the 1925 to 1927
ENSQ event was not reflected in elevared
ST at HMS, reports of southern species far
north of their normal ranges along western
North America were comman (2}, similar
to reports during the 1982 to 1983 ENSO
event.

Even though the reported histories of
ENSQ events preceding each study were
similar, oceanic condirions influencing
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larval transport and secclement may have
differed considerably, making ic difficult
to evaluate their role in faunal change.
The hypothesis that northward transport
of larvae and other ENSQ-assaciated ef-
fects were responsible for the ohserved
pattern of community change is not sup-
ported, however, because changes in
abundance were similar for species' with
or without pelagic dispersal phases. Twa
of five species having only local dispersal
potential {no pelagic phase} increased,
and one of five species decreased. Species
with a short-lived pelagic phase {limited
dispersal; 5 of 8 increased, 1 of 8 de-
creased) or long-lived pelagic larvae {wide
dispersal; 10 of 27 increased, 9 of 27 de-
creased) had similar patterns of change
(row hy colurans tes; G = 1.0, P > 0.5).
Thus, although ENSO effects may be
important, the relation between the ob-
served community shifts and ENSQ events
is unclear.

Changes in top predator populations
clearly influenced some intertidal species.
Sea otters {Enhydra lutris) can regulate
intertidal and nearshore invertebrates
{24) and were ahsent from Cabrillo Point
in 1931 o 1933, which was known then
as Mussel Point. Reoccupation of Cabrillo
Point by sea otters in the 1950s (25) re-
sulted in a reduction of mussel (Myeilus
californianus) and urchin (Strangylocentro-
tus purpuratus} populations {26) and prob-
ably led indirectly to declines in species
assaciated with mussel beds (Halasydna
insignis, Pachycheles rudis, Petrolisthes cine-
tipes). Similar effects are expected to be
minimal in this study because none of
the plots surveyed were in mussel beds
during either survey period (27). Otter-
related effects an wave shock and avail-
ability of drift algae in the intertidal zone
were also probably minor, compared to
natural variation in kelp abundance
caused by storms or other factors (28).
Increase in the abundance of black ayster-
catchers (Haematapus bachmani) may have
affected some limpert populations (29), but
changes in the principal prey species (Lot-
tia pelta) were nonsignificant.

Anthropagenic impacts must also be
considered but are expected to be minor.
Before 1907, the site was adjacent to a
Chinese fishing community that likely ex-
erted heavy fotaging pressure {30} on some
invertebrates (for example, abalones, large
limpets, and mussels). Since 1917, the site
has been the property of HMS, with no
public access, and has been fully protected
as an ecological reserve since 1980.

The observed shift in community struc-
ture may also represent random variation.
Because data exist only for the end points
of this 6]-year time series of community
change, we cannot evaluate quantitatively
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the pattern of temporal variation. Howev-
er, reports of intertidal communicy pat-
terns at HMS hetween 1931 and 1993 (7,
9, 14, 17, 25, 26} support a transition
toward a more southern fauna. Further-
more, these dara represent responses to
environmental variabilicy by 45 species
from several invertebrate phyla, from
which it is possible to evaluate the con-
cordance of change in species’ abundances
among nearly the entire invertebrate com-
munity. Given the magnitude of change
hy intertidal populations and the constel-
lation of processes influencing community
structure, it is not surprising that shifts in
abundance were nearly ubiquitous. It is
compelling, however, that amid wide-
spread community change, range-related
patterns of change were prominent.

Although each mechanism proposed to
explain faunal changes may have affected
the HMS intertidal community, only two
of five hypotheses considered {effects of
ENSO events and long-rerm climate
change)} cannot be largely rejected. The
ohserved changes in communicy structure
reflect those predicted from long-term
climate warming (3), and, indeed, ENSO
events are, an integral component of cli-
mate that probably act in conjunction
with gradual warming to establish species
in more northern sites. Climate-related
parameters are also known to be linked
closely to intertidal community patterns.
Sea-surface temperature is correlated
closely with. the structure of interridal
communities {31}, and thermal or desic-
cation stress caused by elevated air tem-
peratures can have strong effects on
intertidal biota, parricularly in the upper
intertidal {32). Furthermore, other studies
at HMS between 1931 and 1993 (9, 14,
17} support the notion of a gradual cran-
gsition toward a more southern flora and
fauna, including reduction of the-Pelvetia-
Fucus canopy and replacement by algal
tutf, and northward expansion of southern
species (Chthamalus  fissus, Serpulorbis
squamigerus).

In addition to decumenting the pattern
of long-term community change, our results
underscore the importance of long-term
studies of natural comrmunities, particularly
those including quantitative estimates of
abundance and distribution of multispecies
assemblages, in evaluating the effects of
global climate change on natural commu-
nities. Shifts in comrmunity structure repre-
sent the integrated response of species as-
semblages to long-term climate change, su-
perimposed on the effects of numerous
shorter term factors. Because the rempo of
coastal marine systems allows for rapid turn-
over and equilibration of species’ discribu-
tions during multi-decadal periods of envi-
tonmerntal variability, these systems are ide-
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al for studies of climate-driven community
change.
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Minor Groove Recognition of the Conserved G-U
Pair at the Tetrahymena Ribozyme Reaction Site

Scott A. Strobel and Thomas R. Cech*

The guanine-uracil {G-U} base pair that helps to define the 5'-aplice site of group lintrons
is phylogenetically highly conserved. In such a wobble base pair, G makes two hy-
drogen bonds with U in a geometry shifted from that of a cananical Watson-Crick pair.
The contribution made by individual functional groups of the G-U pair in the context of
the Tetrahymenaribozyme was examined by replacement of the G-U pair with synthetic
hase paits that maintain a wobble configuration, but that systematically alter functional
groups in the major and minor grooves of the duplex. The substitutions demonstrate
that the exocyclic amine of G, when presented on the minar grocve surface by the
wobble base pair conformation, contributes substantially {2 kilocaloriessmole™ ") to
hinding by making a tertiary interaction with the ribozyme active site. It contributes
additionally to transition state stabilization. The fibozyme active site also makes tertiary
cantacts with a triped of 2'-hydroxyls an the minor groove surface of the splice site
helix. This suggests that the ribozyme binds the duplex primarily in the minor groove.
The alanyl amincacyl transfer RNA (tRNA) synthetase recognizes the exocyclic amine
of an invariant G-U pair and cantacts a similar array of 2'-hydroxyls when binding the
tANAA2 acceptor stem, providing an unanticipated parallel between protein-RNA and

RNA-RNA interactions.

Dacking of the splice site helix of the
Tetrahymena group | intron into the RNA
active site is a model system for studying
helix packing in the formation of RNA
rertiary structure. The splice site helix
{also called the PI helix} contains the
5‘-exon paited to the internal guide se-
quence {IGS) of the intron (1, 2) {Fig. 1).
Following duplex formation, the helix is

Haoward Hughes Medical Institute, Department of Chem-
istry and Bincharmistry, University of Colarado, Boulder,
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docked into the ribozyme active site (3, 4)
where the 5'-exon—intron boundary is
cleaved by nucleophilic atrack by exoge-
nous guanosine (5). The 5'-splice site
is defined by a U ar the end of the 5'-
exon; the U is paired with a G in the IGS
(Fig. 1). While there is a general require-
ment for sequence complementarity be-
rween the 3 -exon and the IGS (I, 2, 8,
7}, the only specific sequence requirement
is at the 5'-splice site where the G'U
pair is highly conserved (7). The evolu-
tionary conservation of this pair provided
the first indication that it plays an impor-
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tant functional role for the ribozyme.
Replacement of the G-U pair with ath-
er combinations of natural bases has dem-
onstrared that no other pair is as reactive
(8, 9), though an A-C pair retains a pot-
tion of the wild-type activity (8). Because
a protonated form of the A-C pair can he
drawn in a wobble configuration, it was
postulated that the shape rather than spe-
cific functional groups of the bases is im-
partant for ribozyme activicy (8). To fur-
ther address the contriburion of the GU
pair to BNA folding, we have undertaken
a systematic examination of the functional
groups within the G-U pair. We substitut-
ed synthetic bases for the G-U pair {(Fig. 2)
in the context of the well-defined Tetra-
hymena L-21 Scal ribozyme (3, 10-13), a
form of the group 1 intron that cleaves

Fig. 1. Diagram of the splice site helix (capital
letters) and catalytic core {solid lines) of the graup
| intran including the position numbers of spacific
bases within the helix (37). The phylogenetically
conserved GU base pair (bax) is the site of base
subsatitution, X-Y.
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