
can be achieved. (ii) Lesion discrimination

seems to result from a kinetic preference to

extrude oxoG residues from the DNA helix,

relative to normal bases. Should the enzyme

occasionally make a mistake and attempt to

present a normal base to the active site, that

poses no danger, as we have shown, in the case

of hOGG1, that the active site has an exquisite

ability to discriminate thermodynamically in

favor of oxoG (8).
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Coherent Sign Switching in Multiyear
Trends of Microbial Plankton
William K. W. Li,* W. Glen Harrison, Erica J. H. Head

Since the 1990s, phytoplankton biomass on the continental shelf of Nova Scotia and in the
Labrador Sea has undergone sustained changes in the spring and fall, which are accompanied
by changes in bacterioplankton that are dampened in amplitude but coherent in the direction
of change. A reversal of trend in biomass change, so-called sign switching, occurs both in time
and in space. Thus, whenever (spring or fall) and wherever (Scotian Shelf or Labrador Sea)
phytoplankton increase or decrease, so also does bacterioplankton. This tandem sign switch
indicates coupling of the trophic levels at a multiyear time scale and contributes to an ecological
fingerprint of systemwide forcing.

S
ustained monitoring of large ocean eco-

systems often reveals systematic changes

in phytoplankton abundance. These have

been ascribed to systemwide influences such as

climate change (1) and removal of top predators

(2). Changes at one trophic level may cascade

up or down the food web, and the effects may

be discerned when other trophic levels are also

monitored (3). A large proportion (about 50%)

of primary production is routed through the

microbial loop in which heterotrophic bac-

terioplankton assimilate or respire the substrates

originating from phytoplankton (4). It might

thus be inferred that a long-term change in

phytoplankton would lead to a concomitant

change in bacterioplankton, but we are not

aware of any direct evidence at the appropriate

time scale.

Here, we show that since the 1990s, phyto-

plankton biomass on the continental shelf of

Nova Scotia and in the Labrador Sea has

undergone sustained changes that are accom-

panied by changes in bacterioplankton, damp-

ened in amplitude but coherent in the direction

of change. A reversal of trend in biomass

change, so-called sign switching (5), occurs

both in time (between seasons) and in space

(among locations), and the two trophic groups

switch sign in tandem. Although heterotrophic

and photoautotrophic plankton interact at the

short scales of microbial generation times and

cellular distances, the ecological relationship

between these two trophic groups (at the large

scales of a decade and ocean shelves) appears

responsive to systemwide forcing.

The Scotian Shelf (SS) has been sampled

every spring (April and May) and every fall

(October) since 1997 along a western (WSS), a

central (CSS), and an eastern (ESS) section, with

seven stations on each section comprising the

core element of the Canadian Atlantic Zone

Monitoring Program (6). Additionally, at a sin-

gle CSS station (HL2, 44.27-N, 63.32-W),

there is supplementary sampling once every 2

weeks to delineate higher frequency events.

The Labrador Sea has been sampled every

spring or early summer (May to July) since

1994 on 28 stations along a section (7) starting

from Hamilton Bank on the Labrador Shelf

(LS), through the central deep Labrador Basin

(LB), and ending at Cape Desolation on the

Greenland Shelf (GS). At each of the 49 hydro-

graphic stations (fig. S1), we monitor chlorophyll

concentration and bacterioplankton abundance

(8) from the sea surface to 100 m and compute

depth-integrated standing stocks of both biotic

components. Semimonthly values of surface

chlorophyll are also computed throughout the

study region with the use of satellite ocean

color imagery (8).

The biweekly record of depth-integrated

chlorophyll concentration at HL2 shows re-

peated cycles of a major bloom in spring and a

minor bloom in fall (Fig. 1A). Over 6 years,

average spring chlorophyll (March to May) has

been increasing at 14% per year while average

fall chlorophyll (September to November) has

been decreasing at –9% per year. The same

directions of change are also evident in the

remotely sensed record of surface chlorophyll

(Fig. 1B), abundance of diatoms (Fig. 1C), and

abundance of dinoflagellates (Fig. 1D), but with

only weak or no statistical significance in all of

them (table S1).
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On the Scotian Shelf as a whole, depth-

integrated chlorophyll has increased in the spring

at about 12% per year and decreased in the fall at

about –6% per year (Fig. 2A). With the excep-

tion of CSS in the fall, the changes in chlo-

rophyll are significant (P G 0.10) at all other

times and places (table S1). Analysis of co-

variance indicates the statistical equality (P 9
0.10) of the rate of change for the stations

within each subregion (table S1).

Independent support of these trends is

provided by high-frequency satellite data. Sea-

son averages calculated from semimonthly

composites of surface ocean color (Fig. 3, A to

C) confirm the spring increases (average 9%

per year) and fall decreases (average –2% per

year) on the Scotian Shelf. Notwithstanding the

weak statistical trends in individual time series,

there is a strong correlation (r 0 0.82, P 0 0.007)

between change indicated by in situ observations

and remote observations (Fig. 4A). This correla-

tion provides some confidence that the multiyear

trends established by low-frequency sampling

are not obscured by aliasing. Although it might

appear remarkable that a semiannual sampling

schedule could yield significant trends over a

relatively small number of years, it should be

noted that each in situ value for a particular

subregion at any year (Fig. 2) embodies a great

deal of environmental averaging by depth and

stations. Depth-integrated station averages are

tantamount to smoothing over vertical and hori-

zontal space. Local contingencies are subsumed

to better reveal any underlying trend. Strong

local forces such as short-term wind-driven up-

welling events (9) can overwhelm a small sys-

tematic trend, but spatial averaging generates

more confidence in purported temporal change.

As a whole, these results point to a shelfwide

trend of Bspring-up and fall-down[ in the in-

tensity of chlorophyll. Historical measurements

extend the springtime pattern backward. For

example, depth-integrated chlorophyll on the

Halifax Line in May 1974 averaged 33 T 16 mg

m–2 (10), a value considerably lower than the

present-day spring average of 153 T 115 mg

m–2. Additionally, data from institutional ar-

chives (2) indicate that at surface depths

(G10 m), springtime chlorophyll on the shelf as

a whole was significantly lower (F
s
0 7.99, P 0

0.0075; fig. S2A) from 1974 to 1981 (0.89 mg

m–3) than from 1996 to 2005 (2.0 mg m–3).

Finally, the green color index from the Con-

tinuous Plankton Recorder (11) also indicates

significantly lower (F
s
0 14.1, P 0 0.0005; fig.

S2B) springtime values from 1961 to 1976 (0.19

units) than from 1991 to 2003 (0.34 units). For

reasons of methodology and the nature of

phytoplankton, the color index cannot reliably

predict chlorophyll concentrations (12, 13). Fur-

thermore, because the quantities are related to

each other differently according to season (13),

any comparison between spring and fall color

indexes would not inform us of seasonal chlo-

rophyll differences.

Fig. 2. Time series of log depth-
integrated plankton variables show-
ing station averages in various
subregions. (A) Chlorophyll concen-
tration. (B) Bacterioplankton abun-
dance. Code for symbols: CSS
spring, gray circle; ESS spring, gray
square; WSS spring, gray triangle;
CSS fall, white circle; ESS fall, white
square; WSS fall, white triangle; LB
spring, gray inverted triangle; LS
spring, gray diamond; GS spring,
gray hexagon. The appropriate or-
dinate for each time series in (A)
and (B) is indicated by matching
symbols on the y axes.
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Fig. 1. Time series of phytoplankton at station HL2 in CSS: (A) log depth-integrated chlorophyll
concentration, (B) log SeaWiFS satellite surface chlorophyll concentration, (C) log diatom cell
concentration, and (D) log dinoflagellate cell concentration. Semimonthly time series are indicated
by fluctuating lines. Annual spring values are averaged from measurements in March to May (gray
circles); annual fall values are averaged from measurements in September to November (gray
squares). Multiyear trends in spring and fall are indicated by linear regression.
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On an annual basis, the opposing seasonal

trends in chlorophyll on the Scotian Shelf largely

cancel each other, yielding only small net

changes (–1 to þ3% per year) that are not

statistically significant (P 9 0.50). Elsewhere in

other coastal oceans, a significant average

increase (10% per year) of annual chlorophyll

in recent years has been recorded and has been

described as a possible response to enhanced

coastal upwelling or anthropogenic influences

(14). In the present regime on the Scotian Shelf,

it can be said that apparent annual stability is

the result of diverging but partially compen-

sating changes in spring and fall. This small

divergence could conceivably lead to an al-

ternate regime if it were sustained for many

years. Altered phytoplankton phenology has

already been shown to affect higher trophic

levels (15, 16).

Turning now to the Labrador Sea subpolar

gyre, we have a slightly longer record of ob-

servations here (1994 to 2005) for the spring,

but none at all for the fall. Only on the GS has

chlorophyll increased (Fig. 2A). Elsewhere in

the gyre, there is a countertrend. Chlorophyll

has undergone a significant springtime decrease

of –13% per year on the LS and –6% per year

in the LB (Fig. 2A). The direction of springtime

change extracted from the high-frequency sat-

ellite record of ocean color matches in situ

chlorophyll change in each subregion (Fig. 3, D

to F, and Fig. 4A).

The opposite trends of chlorophyll in dif-

ferent seasons and subregions provide an op-

portunistic test of the hypothesized long-term

linkage between phytoplankton and bacte-

rioplankton. This is an experiment provided

by nature. On the Scotian Shelf where there

is Bspring-up and fall-down[ of chlorophyll,

the same directional changes appear in bac-

terioplankton (Fig. 2B). The bacterial rates

are modest: neither increasing more than 5%

per year in spring, nor decreasing more than

–5% per year in fall. In the Labrador Sea,

the Bspring-down[ of chlorophyll is accom-

panied by a slight reduction of bacterioplank-

ton (–2% per year) in both LS and LB. On

the GS, chlorophyll and bacterioplankton

have matched increases of about 7% per year

(Fig. 2B).

In comparing bacterioplankton change (y) to

chlorophyll change (x), the observations are

found to lie exclusively in quadrant 1 (x 9 0,

y 9 0) and quadrant 3 (x G 0, y G 0) (Fig. 4B).

Thus, although bacterial change is statistically

weak in individual subregions (table S1), it

bears a strong correlation to chlorophyll change

over a large area of the northwest Atlantic

Ocean (r 0 0.83, n 0 9, P 0 0.006). The reduced

major axis slope of 0.42 T 0.22 indicates that

chlorophyll elicits a significantly dampened

response from bacterioplankton. This is not

surprising because chlorophyll has a much

larger dynamic range than bacterioplankton in

the ocean (17). It is known that marine bac-

terioplankton are highly diverse in phylogenetic

affiliation, such that even the most common

clade SAR11 (Pelagibacter ubique) comprises

subclades or ecotypes that have different niches

(18). Moreover, growth rates can differ greatly

among phylogenetic groups such that group-

specific increases can far exceed the bulk in-

crease of the bacterial assemblage (19, 20). The

modest long-term bulk changes evidenced on

the Scotian Shelf and Labrador Sea may be

obscuring more significant change in the most

active components of the microbial community.

The covariation between bacterioplankton

and phytoplankton has been described as one

of the few undisputed patterns in aquatic mi-

crobial ecology (21). The basis for this lies in

the organic substrates supplied to the hetero-
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trophs from the photoautotrophs. These sub-

strates may be labile photosynthates exuded

by phytoplankters, may be egesta released by

grazers that have consumed phytoplankters, or

may be cytoplasmic materials liberated by viral

lysis or algal autolysis (22). The trophic groups

are linked by a flux of organic matter; there-

fore, trophic covariation would most appropri-

ately be sought from the carbon biomasses (mg

C m–3) of the two plankton groups. We have

not measured carbon directly, choosing instead

to represent the quantities by proxy: numerical

abundance of bacterioplankton (N, cells m–3)

and chlorophyll concentration of phytoplankton

(Chl, mg chlorophyll m–3). A question inevitably

arises: Are these proxies suitable to demon-

strate trophic linkage, or are they inadequate

because carbon biomass varies much more

strongly with other factors such as cell size and

pigment content, which change with physiolog-

ical acclimation and taxonomic composition? On

a seasonal basis, large differences may be evi-

dent in the carbon-to-chlorophyll ratio of phyto-

plankton, as well as in the carbon cell quota for

bacterioplankton. Thus, multiyear analysis of Chl

and N partitioned by seasons (Figs. 1 to 4) can

be expected to be more robust because cellular

parameters are more tightly constrained within

seasons.

Notwithstanding seasonal differences in cel-

lular parameters, extensive cross-ecosystem com-

parisons have repeatedly shown that log N º

0.46 log Chl (17, 21). This is a statistical trend

describing the first-order relationship between

the two proxies. There is much scatter of in-

dividual data about this trend, some of which

can undoubtedly be explained by physiology

and taxonomy. Nonetheless, the macroeco-

logical link between N and Chl through the

exponent of 0.46 is consistent with the large-

scale, multiyear damped response of N to Chl

through the factor of 0.42 between their per-

centage changes (Fig. 4B).

Multiyear trends of Chl discerned from

repeating annual cycles can be meaningfully in-

terpreted in the context of climate variability

(14, 23). Trophic linkage of primary to second-

ary producers propagates the climate signal

systemwide. Pelagic food webs in which phyto-

plankton are of small average cell size tend to

be sustained by regenerated production, where a

large fraction of energy loops through microbial

components. Conversely, food webs in which

phytoplankton are of large average cell size

have a greater potential to transfer primary pro-

duction to higher trophic levels (24). The eco-

system and biogeochemical implications of a

long-term change in Chl depend on how phyto-

plankton biomass is packaged into discrete cells.

Thus, an allometric approach (25) or a taxonom-

ic approach (Fig. 1, C and D) to ecosystem mon-

itoring yields important insights. For example,

in the western subarctic North Pacific, a long-

term decline in annual net community production

is associated with a large springtime decrease in

Chl, which in turn is due to a reduction in a

particular subset of diatoms taxonomically iden-

tified as spring-type species (1).

A seasonal sign switch embedded in a

multiyear phytoplankton trend has been docu-

mented elsewhere (1), but not, to our knowl-

edge, a tandem sign switch in bacterioplankton.

This is a compelling indication of trophic cou-

pling at the temporal and spatial scales appro-

priate to climate change. The standing stock of

chlorophyll is dependent on the stratification of

the water column (fig. S3), implying that the

observed changes are plausibly explained by

changes in the delivery of deep nutrients to the

surface. Within our data set, we are unable to

discern a statistical correlation between the rate

of change in chlorophyll versus the rates of

change in temperature or the stratification in-

dex. However, much longer records of 30 to

40 years are often required to detect such

linkages (1–3). Microbial observatories in the

ocean directed toward long-term, spatially dis-

tributed investigations can be expected to con-

tribute toward an understanding of ecosystem

change.
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Dendritic Cell Apoptosis in the
Maintenance of Immune Tolerance
Min Chen,1* Yui-Hsi Wang,2 Yihong Wang,2 Li Huang,1 Hector Sandoval,1

Yong-Jun Liu,2 Jin Wang1*

Apoptosis in the immune system is critical for maintaining self-tolerance and preventing
autoimmunity. Nevertheless, inhibiting apoptosis in lymphocytes is not alone sufficient to break
self-tolerance, suggesting the involvement of other cell types. We investigated whether apoptosis
in dendritic cells (DCs) helps regulate self-tolerance by generating transgenic mice expressing the
baculoviral caspase inhibitor, p35, in DCs (DC-p35). DC-p35 mice displayed defective DC apoptosis,
resulting in their accumulation and, in turn, chronic lymphocyte activation and systemic
autoimmune manifestations. The observation that a defect in DC apoptosis can independently
lead to autoimmunity is consistent with a central role for these cells in maintaining immune
self-tolerance.

T
he critical role of apoptosis in main-

taining peripheral tolerance is clearly

demonstrated by systemic autoimmune

diseases that result from mutations in the pro-

apoptotic Fas receptor or Fas ligand genes, both

in humans and mice (1–3). Although lympho-

cytes play a central role in these conditions, the

extent to which apoptosis defects in various

immune cell types might also be involved has

yet to be fully characterized. Transgenic mice

REPORTS

24 FEBRUARY 2006 VOL 311 SCIENCE www.sciencemag.org1160


