
dinate females in 13 groups [see (24)]. For each 
3-month period, we scored whether or not each 
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17. Our analysis compares the proportion of subordinate 

females that became pregnant 0 to 3, 3 to 6, 6 to 9, 
and 9 to 12 months after a change in the identity of 
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Variation Among Biomes in 

Temporal Dynamics of 

Aboveground Primary 


Production 

Alan K. Knapp and Melinda D. Smith 

Interannual variability in aboveground net primary production (ANPP) was 
assessed with long-term (mean = 12 years) data from 11Long Term Ecological 
Research sites across North America. The greatest interannual variability in 
ANPP occurred in grasslands and old fields, with forests the least variable. At 
a continental scale, ANPP was strongly correlated with annual precipitation. 
However, interannual variability in ANPP was not related to variability in 
precipitation. Instead, maximum variability in ANPP occurred in biomes where 
high potential growth rates of herbaceous vegetation were combined with 
moderate variability in precipitation. In the most dynamic biomes, ANPP re- 
sponded more strongly to wet than to dry years. Recognition of the fourfold 
range in ANPP dynamics across biomes and of the factors that constrain this 
variability is critical for detecting the biotic impacts of global change 
phenomena. 

Regional and global patterns in aboveground 
net primary production (ANPP) and their de- 
terminants have long interested ecologists ( I ,  
2). More recently, interest has intensified as 
projected global changes in climate, nitrogen 
deposition, and land use (3) threaten to alter 
ecosystem carbon and energy flow. Because 
alterations in ANPP can influence virtually 
all ecosystem processes, detecting directional 
changes in productivity (4) against the back- 
drop of natural variability is important. How- 
ever, a critical limitation to detecting tempo- 
ral change is a lack of knowledge of the 
inherent interannual variability in ANPP in 
biomes. This variation has been quantified 
indirectly (5),  but only now, with the matu- 
ration of the Long Term Ecological Research 
(LTER) network of sites across North Amer- 

Division o f  Biology, Kansas State University, Manhat- 
tan, KS 66506, USA. 

ica, are long-term data available to assess 
temporal dynamics in ANPP for a variety of 
biomes. 

Here we present a synthesis of these long- 
term data to address two questions. First, 
what are the patterns of interannual variabil- 
ity in ANPP for desert, arcticlalpine, grass- 
land, and forest biomes? Previous estimates 
of ANPP were unavoidably based on small 
sample sizes, short time periods, or indirect 
techniques (1,2, 6) with no measure of vari- 
ability. We summarize ANPP data from 11 
sites widely distributed across North Ameri- 
ca, with an average sampling period of 12 
years. These data allow us to calculate more 
robust ANPP estimates as well as to quantify 
temporal variability in ANPP across a large 
productivity gradient. 

The second question is, do established 
climatic predictors of mean ANPP across bi- 
omes [precipitation and temperature (2)]also 
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predict interannual variability in ANPP? 
Mean annual precipitation, for example, is a 
good predictor of ANPP across North Arner-

Site 

Fig. 1. (A) Long-term average (+SE) ANPP for 11 
sites in the LTER network (Table 1; see table for 
site abbreviations).The inset shows the long-term 
average ANPP combined into biome types. A, arc-
tic and alpine sites (ARC and NWT); D, desert sites 
(SEV and JRN); C,grassland sites (SGS, KNZ, and 
CDR); 0,oldfield site (KBS); F, forest sites (HFR, 
HBR, and BNZ). In the grassland and forest bi-
omes, where two similar community types were 
included (KNUCDR and HFWHBR, respectively), 
these were averaged first before calculation of the 
biome average. (0)Range in ANPP for the 11 LTER 
sites. The inset denotes the average range by 
biome. (C) Interannual CV for the 11 LTER sites. 
The inset denotes the average CV by biome. 

Fig. 2. (A) Relationship 
between average annual 
precipitation and aver-
age annual ANPP for 11 
LTER sites (Table 1). [If 
the temperature- and 
nutrient-limited alpine 
(NWT) and arctic (ARC) 
sites are excluded, r = 
0.83, P < 0.001]. (B) Re-
lationship between the 
relative magnitude of 
precipitation maxima 
for individual sites and 
corresponding ANPP 
pulses. 

ica, but is interann~al~variabilityin precipita- related to ANPP (2) ,  and accurate precipita-
tion related to temporal variability in ANPP? tion records are readily available for all 
Within arid biomes, this relationship has been biomes. 
substantiated (7), but at larger scales, evi- Analysis of long-term data compiled from 
dence suggests that no relationship exists (8). 11terrestrial LTER sites (11) (Table 1)yield-
If the latter is true, then projections of eco- ed mean values of ANPP well within the 
system responses to climate change, particu- range of values reported previously (1, 5, 6).  
larly alterations in precipitation (9),may need Forested sites were more productive than oth-
revision. Although actual evapotranspiration er biomes, whereas desert, alpine, and arctic 
(AET) is a strong predictor of patterns of sites were the least productive (Table 1 and 
ANPP across large regions (1,6), we selected Fig. 1). Patterns in interannual variability in 
annual precipitation to address this question ANPP across biomes, however, were in sharp 
(10) because this variable is also strongly contrast to patterns of average ANPP. The 

Table 1. Characteristics of the LTER sites included in the analyses of ANPP. Three-letter abbreviations 
correspond to  those used in the figures. Means for annual precipitation and ANPP were compared with 
analysis of variance and least-square means (Statistical Software, version 6.12, SAS Institute); for 
precipitation, F , , , , ,  = 73.2, P < 0.001; for ANPP, F,o,,,l = 91.6, P < 0.001. Values for precipitation and 
ANPP are expressed as means 2 SE (in parentheses). Means with different superscripts (a through e) in 
the two right columns are significantly different from those of other sites. 

LTER site Vegetation type Length of Precipitation ANPP 
record (mm) (g/mZ) 

Arctic Tundra 
(ARC), AK 

Bonanza 
(BNZ), AK 

Cedar Creek 
(CDR), MN 

Harvard Forest 
(HFR), MA 

Hubbard Brook 
(HBR), NH 

Jornada 
URN), NM 

Kellogg 
(KBS), MI 

Konza Prairie 
(KNZ), KS 

Niwot Ridge 
(NWT), CO 

Sevilleta 
(SEV), NM 

Shortgrass 
Steppe (SCS), 
CO 

Tussock tundra 

Balsam poplar 
forest 

Oak savanna 
grassland 

Mixed deciduous 
forest 

Mixed deciduous 
forest 

Black gramma 
grassland 

Successional field 
(annually tilled) 

Tallgrass prairie 
(annually burned) 

Moist alpine 
meadow 

Mixed desert 
grassland 

Shortgrass steppe 
(swale) 

Precipitation (mm) 

A 

NWT / I 

800 

HFR .HBR 

0.0 
0.0 0.2 0.4 0.6 

. r2= 0.55 HFR 
P < 0.01 HER 
ANPP = 75.34 + 0.37 (Precip) 

Relative precipitation maxima 
(max-meanymean 
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greatest range and coefficient of variation 
(CV) of ANPP occurred in warm, herba-
ceous-dominated sites [grasslands and old 
fields (Fig. I)], whereas ANPP in forested 
sites was distinctly less variable than in the 
other biomes. These results support earlier 
predictions, based on analyses of variability 
in AET, that interannual variability in grass- 
land ANPP is high (5). 

Mean annual precipitation was a strong 
predictor of patterns of average ANPP across 
these 11 sites (Fig. 2). At continental scales, 
precipitation quantity is inversely related to 
relative precipitation variability [(CV) (12)], 
and we predicted that biomes with the most 
variable precipitation patterns (deserts had 
the greatest CV: >30%) or with the greatest 
range in precipitation would also have the 
greatest interannual variability in ANPP. 
However, there was no relationship between 
variation in precipitation (range and CV) and 
variation in ANPP. Thus, climatic variables 
useful for predicting average ecological re- 
sponses across climatic gradients may not 
predict variability in these responses. 

We explored the ANF'P-precipitation rela- 
tionship further by focusing on specific as- 
pects of variability. This included quantifying 
the relative precipitation maxima [(maximum 
- mean)/mean] for the wettest year at each 
site or precipitation minima [(mean - mini-
murn)/mean] for the driest year and assessing 
their relationship with corresponding relative 
ANPP pulses (maxima) or declines (minima). 
Predictions of climate change-related in-
creases in the size and frequency of extreme 
precipitation events and droughts (9, 13) 
prompted this analysis. We found a strong 
positive correlation between the magnitude of 
the relative maxima in precipitation and puls- 
es in ANPP (Fig. 2). For the three grassland 
sites, relative pulses in ANPP were >70%, 
whereas in forests, production pulses were 
<20%. Thus, when grasslands experience 
unusually high precipitation levels, this bi- 
ome has the capacity for large production 
responses. 

Biome-level patterns of ANPP responses 
to wet years were not mirrored by a signifi- 
cant relationship between relative drought 
years and ANPP declines. Consequently, bi- 
omes across this gradient displayed asymrnet- 
ric responses to precipitation extremes, per- 
haps due to buffering mechanisms that re-
duced the impact of drought on productivity. 
Nonetheless, the magnitude of relative ANPP 
pulses was positively correlated to ANPP 
declines across all biomes (Fig. 3). Asymme- 
try was again evident as several herbaceous- 
dominated sites (arctic and alpine, two grass- 
land, and one desert site) exhibited larger 
pulses in ANPP than declines. There are sev- 
eral explanations for asymmetric responses to 
wet versus drought years. Plant physiological 
adjustment to water stress, soil water storage, 

vegetation structural constraints, and plant 
responses related to climatic conditions from 
the previous year (6, 7, 14, 15) all may alter 
responses to drought. More intriguing is the 
absence of any sites (with at least 10% vari- 
ability in ANF'P) falling below the 1:1 rela- 
tionship (Fig. 3). Thus, although pulses in 
ANPP can be dramatic in wet years, perhaps 
due to the release from multiple resource 
limitations (16, 171, no sites exhibited reduc- 
tions in ANPP of a similar magnitude in dry 
years. This constraint on potential ANPP re- 
sponses to precipitation variability should be 
incorporated into projected global carbon 
budgets (4, 18, 19). 

We suggest that interactions among gra- 
dients in precipitation amounts, variability, 
and growth potential of the vegetation are 
responsible for the observed fourfold differ- 
ence (Fig. 1)  in biome-level variability in 
ANPP. As noted earlier, relative precipitation 
variability is thought to vary inversely with 
precipitation amount (12). We used VEMAP 
(Vegetation~Ecosystem Modeling and Anal- 
ysis Project) climate data (20) from >3000 
grid cells across the United States to confirm 
that such a relationship exists and to corrob- 
orate the relationship based on the LTER 
sites (Fig. 4). In both cases (VEMAP and 
LTER data), CVs for precipitation in deserts 
were much higher than in the forest sites, 
with grasslands being intermediate (Fig. 4). 
However, explaining ANPP responses to 
variability in precipitation among biomes re- 
quires a more complex model than those 
developed for individual biomes (14). Such a 
model must include both biotic components 
(vegetation growth potential, plant meristem 
density, and leaf area) and abiotic compo- 

r = 0.92 
P< 0.001 

JRN SGS* 
0.6 


0.2 -
HB 

Relative ANPP decline 
(mean-minymean 

Fig. 3. Relationship between the magnitude of 
relative ANPP pulses (maxima) and declines 
(minima) for 11 LTER sites (Table 1). The 1:l 
line illustrates the asymmetry that occurs be- 
cause pulses in ANPP in wet years are typically 
greater than declines in dry years. Analyses of 
relative precipitation maxima versus minima 
yielded a symmetrical pattern around the 1: l  
relationship, with a different ordering of sites 
(26), suggesting that this pattern does not re- 
flea asymmetry in precipitation variability. 

nents (precipitation variability and ecosystem 
water deficit or surplus), all of which vary 
with precipitation (Fig. 4). Thus, although 
deserts show large relative pulses in ANPP in 
response to wet years, absolute ANPP re-
sponses are biotically constrained because of 
low plant density (meristem limitation) and 

Temporal 

Desert Grassland Forest 

0 
500 1000 1500 

Annual precipitation (rnrn) 
C n 

VEMAP precipitation CV 

.-
4-
m 20 .-4-


.-a 


a 


Desert Grassland Forest 

Fig. 4. (A) Conceptual view of how continental- 
scale gradients in abiotic factors such as the 
amount and variability of precipitation interact 
with biotic factors such as production potential 
to result in maximal temporal variability in 
ANPP in central U.S. biomes dominated by 
herbaceous plants. (B) Relationship between 
annual precipitation and precipitation variabil- 
ity (CV). Two data sets are shown for the range 
of precipitation amounts encompassed by 11 
LTER sites (Table 1). For LTER sites (large open 
circles), r 2  = 0.38, P = 0.04. For VEMAP (20) 
data (small circles), r 2  = 0.36, P < 0.001. (C) 
Relationship (nonlinear) between annual pre- 
cipitation and precipitation CV across a wider 
range of precipitation amounts (50 to 4000 
mm), based on VEMAP data. Also shown are 
mean values (+SE) of the PPTIPET ratio [PET 
calculated from (24)] for desert, grassland, and 
forest biomes (bars). Ratios include data from 9 
desert, grassland, and forested LTER sites com- 
bined with 10 sites ranging from Rock Valley, 
Nevada (164 mm of precipitation), to Andrews 
Forest, Oregon (2592 mm of precipitation); 
from (6). Although precipitation variability in 
forests can be similar to that in grasslands, the 
PPTIPET ratio for forests (2.8) suggests that 
water limitations and ANPP responses to pre- 
cipitation variability will be reduced compared 
to grasslands (with a PPTIPET ratio near 1). 
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leaf area. Forests have potentially faster 
growing species and leaf areas that are sev- 
eral times greater, but ANPP responses are 
abiotically constrained because such biomes 
typically do not experience much precipita- 
tion variability. Or, if variability is substan- 
tial, a water surplus [estimated as the ratio of 
annual precipitation to potential evapotrans- 
piration (PPTPET)] typically exists (Fig. 4). 
Thus, most forests have sufficient moisture to 
meet evapotranspirational demands even dur- 
ing years with below-average precipitation; 
and during wet years, other resources such as 
light or nutrients limit production responses 
in forests. It is in herbaceous-dominated eco- 
systems, such as grasslands and old fields of 
the central United States, that the production 
potential of the vegetation is high, the PPTI 
PET ratio is near or below one, and substan- 
tial precipitation variability occurs (Fig. 4). 
These biomes display the greatest interannual 
variability in ANPP under current precipita- 
tion patterns (Fig. 1) and may be the most 
responsive to future climatic changes. 

Our results have two implications. First, 
assessing temporal variability in primary pro- 
duction is important for quantifying energetic 
constraints on organisms, population dynam- 
ics, and community structure across a range 
of terrestrial biomes (21). Second, the inher- 
ently high climatic variability of the central 
United States has been described as detrimen- 
tal for detecting climate change in this region 
(22). Certainly, there is evidence that long- 
term climate changes have caused dramatic 
shifts in species distributions and biome 
boundaries across North America (23). How-
ever, initial biotic responses to global chang- 
es will not be manifest as biome shifts but 
rather as more subtle changes in ecosystem 
states and processes. Our results provide a 
basis for predicting which biomes will re-
spond most rapidly and strongly to global 
change phenomena, particularly to alterations 
in precipitation. If the sensitivity of ANPP in 
grasslands to precipitation variability por- 
tends responses to alterations in other re-
sources, then these biomes may be especially 
valuable as ecological bellwethers of global 
change. 
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Anti-inflammatory Activity of 
lVlG Mediated Through the 

Inhibitory Fc Receptor 
Astrid Samuelsson, Terri 1. Towers, Jeffrey V. Ravetch* 

The molecular basis for the anti-inflammatory property of intravenous gamma 
globulin (IVIC) was investigated in a murine model of immune thrombocyto- 
penia. Administration of clinically protective doses of intact antibody or mon- 
bmeric Fc fragments to  wild-type or Fcy receptor-humanized mice prevented 
platelet consumption triggered by a pathogenic autoantibody. The inhibitory 
Fc receptor, FcyRIIB, was required for protection, because disruption either by 
genetic deletion or with a blocking monoclonal antibody reversed the thera- 
peutic effect of IVIG. Protection was associated with the ability of lVlG ad- 
ministration t o  induce surface expression of FcyRllB on splenic macrophages. 
Modulation of inhibitory signaling is thus a potent therapeutic strategy for 
attenuating autoantibody-triggered inflammatory diseases. 

Although first introduced for the treatment of 
hypogammaglobulinemia, M G  has since been 
shown to have broad therapeutic applications in 
the treatment of infectious and inflammatory 
diseases (I). The polyclonal specificities found 
in these preparations have been demonstrated to 
be responsible for some of the biological effects 
of M G .  For example, M G  has been used as 
prophylaxis against infectious agents and in the 
treatment of necrotizing dermatitis (2). Inde- 
pendent of these antigen-specific effects, M G  
has well-recognized anti-inflammatory activi- 
ties, generally attributed to the immunoglobulin 
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G (IgG) Fc domains. These activities, first ap- 
plied for the treatment of immune thrombocy- 
topenia (ITP) (3, 4), have been extended to the 
treatment of a variety of immune mediated 
inflammatory disorders including autoimmune 
cytopenias, Guillain-BarrC syndrome, myasthe- 
nia gravis, anti-Factor VIII autoimmune dis- 
ease, dermatomyositis, vasculitis, and uveitis 
(5-10). A variety of explanations have been put 
forward to account for these activities, includ- 
ing Fc receptor blockade, attenuation of com- 
plement-mediated tissue damage, neutralization 
of autoantibodies by antibodies to idiotype, 
neutralization of superantigens, modulation of 
cytokine production, and down-regulation of B 
cell responses (11-14). However, the impor- 
tance of any of these mechanisms to the in vivo 
activity of M G  has not been established. 

To investigate the mechanism by which 
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