
PROJECT SUMMARY 
Scientific Merit: The proposed research will contribute to the Arctic System Science 

program by improving understanding of the broad patterns of vegetation function across the 
Arctic, specifically through research on the relationships among (1) arctic vegetation canopy 
structure, N allocation, and whole-system CO2 fluxes, and (2) ecosystem respiration and its 
main components, plant and soil respiration.  The research represents a continuation of a series 
of NSF-OPP supported research projects, begun in 1995, and designed as a search for the 
general characteristics of vegetation function, resource allocation, and allometry that can be 
used to develop large-scale, long-term predictions of vegetation and ecosystem properties and 
of the role of arctic ecosystems in the Arctic System.   

The proposed sites for new and continued research include Toolik Lake and Barrow, 
Alaska; Cherskii, Siberia; Thule, Greenland; and perhaps other sites in northern Canada. Field 
research at each site will include measurements of the light response of CO2 flux in diverse 
vegetation (Net Ecosystem Exchange, NEE; Gross Primary Production, GPP; Ecosystem 
Respiration, RE; Autotrophic Respiration, RA, Heterotrophic Respiration, RH).  The vegetation 
and soil variables to be evaluated--canopy photosynthetic area and its N content, NDVI, soil C 
and N content, and microclimatic variables like canopy air and soil temperatures--are all key 
components of regulation of the feedbacks and interactions between the terrestrial landscape 
and the cycles of energy, water, and elements in the Arctic System.   The core hypotheses to be 
tested are: 
1. Over the entire Arctic Region, canopy N content will be a better overall predictor of NEE and 

GPP than leaf area because leaf N concentrations will increase in higher, colder latitudes, 
leading to higher GPP per unit leaf area with latitude but similar GPP per unit leaf N.  

2. In the long term RE, RA, and RH must all be related to GPP and its controls because GPP 
determines the total C inputs to the ecosystem.  In the short term, RA, and RH will respond 
differently to environmental variation: RA will be most closely correlated with relatively rapid 
changes in air temperature while RH will change more slowly and in correlation with more 
slowly-changing variables like soil temperature and moisture 

In addition to empirical analysis of results, modeling of NPP, GPP, and RE will test our ability to 
extrapolate from one site to another within the Arctic and will help to determine whether a single 
model parameterization can be developed for the entire Arctic.  A key product will be a data 
base for modeling and extrapolation of vegetation properties and CO2 fluxes across the Arctic 
region. Long-running collaborations with other established modeling groups will continue. 

Broader Impacts:  The potential impacts of this research are much broader than an 
increase in understanding of arctic vegetation, the controls on its broad patterns of growth and 
greenhouse gas exchange, and the potential for future change in response to climate.  The 
major issues of broader interest here are (1) the scaling of ecological understanding from single 
sites and species to larger, regional environmental systems, (2) the effects of individual species 
or plant "functional types" on overall ecosystem and landscape-level processes, and (3) the role 
of vegetation in regulating feedbacks between the arctic land surface and the atmosphere, and 
between the Arctic System and the global environmental system.  Resolution of these issues is 
key to development of sound policies on conservation and management of ecosystems and 
landscapes everywhere.   

The proposed research will also make several contributions to education of future 
professionals and of the general public, by continuing our long-term involvement with training of 
undergraduate REU students, postdoctoral fellows, technicians, and science journalists. If 
appropriate graduate students in the new MBL-Brown Graduate Studies Program are identified, 
the postdoc and/or research assistant positions currently budgeted will be filled by students. 
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INTRODUCTION  
This proposal requests renewed support for research on canopy structure and CO2 

exchange of arctic ecosystems.  The broad theme of this research is the regulation of the 
primary production system in arctic landscapes and especially the controls at the whole-
vegetation level. This theme is important because vegetation is a key regulator of feedbacks 
from the arctic land surface to the regional and global systems, and plays a central role in 
mediating responses of the arctic landscape to disturbance and change of all kinds. Vegetation 
is central because it controls the surface characteristics of the landscape.  Its species 
composition and physical structure are among the principal determinants of the arctic land 
surface energy balance, of the terrestrial water budget, of nutrient inputs to aquatic systems, 
and of the exchanges of carbon dioxide and other trace gases with the atmosphere (ACIA 2005, 
McGuire et al. 2002).  Both the composition and the structure of arctic vegetation are not only 
highly variable across the landscape; they also can change dramatically over periods of years to 
decades, the same time scale over which climate is now changing as a result of human 
activities (Kittell et al. 2000, McGuire et al. 2000, Sturm et al. 2001, Tape et al. 2006).  Changes 
in vegetation composition and structure, over the same time scale as climate change, will 
change the nature of the feedbacks from the terrestrial landscape to rest of the arctic system 
(e.g., Hobbie et al. 2002, Chapin et al. 2005, Cornelissen et al. 2007).  Through its emphasis on 
vegetation as a major control over land surface properties and functions, the proposed research 
is particularly relevant to the emerging “Surface Interactions” Community of Practice within the 
ARCSS program. 
Two general goals have guided the development of this research over the past 12 years:   

1. The first goal is to search for general characteristics of arctic vegetation function and 
allometry that can be used to make broad predictions of the magnitude and trajectory of 
ecosystem response to climate change across the Arctic.   

2. The second goal is to identify the vegetation types and plant species that are most 
sensitive to climate change, and the mechanisms that make them so.    
To meet these goals, the research design is focused on comparative analyses of 

vegetation growth, allocation, allometry, and surface properties like energy and greenhouse gas 
exchange in multiple sites, vegetation types, and long-term field experiments.  Because the 
broad aim of the work is to increase our ability to predict change within the arctic system as a 
whole, major efforts are made to compare vegetation properties and processes among different 
parts of the Arctic, including Alaska, Scandinavia, Greenland, Canada, and Siberia.  The 
research design builds on a long history of research on species-level adaptations to arctic 
environments, but attempts to place the work in the context of its implications for larger-scale 
ecosystem, landscape, and regional processes and feedbacks.  The effects of individual 
species on larger-scale processes are currently a major focus of research in ecology in general, 
as part of the global effort to understand the importance of “biodiversity” to human domination of 
the earth (e.g., Schulze and Mooney 1994, Loreau et al. 2001, 2002, Kinzig et al. 2002).  Within 
ARCSS, the International Tundra Experiment (ITEX) has made important contributions to 
predictions of arctic plant responses to climate across the Arctic (Henry and Molau 1997, Arft et 
al. 1999, Walker et al. 2006, Oberbauer et al. 2007), and much of Shaver’s research over the 
past 12 years has focused on these issues (e.g., McKane et al. 2002, Bret-Harte et al. 2001, 
2002, Hobbie et al. 2005, Shaver et al. 1998, 2001, 2007).  
GOALS FOR THE NEXT THREE YEARS 

The goals for the next three years are derived directly from recent work in which we 
described the light response of net CO2 exchange  (Net Ecosystem Exchange, NEE) and its two 
main components, Gross Primary Production (GPP) and Ecosystem Respiration (RE) in a range 
of ecosystems near Toolik Lake, Alaska; Abisko, Sweden; Longyearbyen, Svalbard; and 
Zackenberg, Greenland.  For the two Low Arctic sites (Toolik and Abisko) we developed a 
model that explains ~80% of the variation in NEE among diverse vegetation types knowing only 
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leaf area, light intensity and air temperature (Shaver et al. 2007; Street et al. 2007).  Toolik Lake 
and Abisko, however, are at virtually the same latitude (68º30’N), with similar summer climates. 
The next step is to test this model in High Arctic ecosystems, leading to a truly PanArctic 
understanding of controls on NEE, GPP, and RE.  We have already begun some of this work, 
with field surveys at Longyearbyen, Svalbard (78º30’ N) and Zackenberg, Greenland (74º30’ N)  
in 2005 and 2006. A key finding of this preliminary work (Shaver et al. unpublished data) is that 
GPP per unit leaf area at the High Arctic sites is consistently greater than at the Low Arctic 
sites, leading to consistent underestimation of CO2 fluxes using the model of Shaver et al. 
(2007).  We also have found  that leaf N concentrations at Svalbard are higher than at Toolik or 
Abisko, so that the High Arctic sites depart from the consistent relationship between canopy leaf 
area and its N content described for the Low Arctic by Williams and Rastetter (1995) and van 
Wijk et al. (2005). This leads to our first goal for the next three years, to answer the question: 
Goal 1:  What is the relationship between canopy N content, canopy photosynthetic area, and 
canopy photosynthesis (GPP) in arctic vegetation including both Low and High Arctic sites? 

a. Does this relationship change predictably with climate or latitude, or in ecosystems that 
are changing in species composition and canopy structure?  

b. Can we develop a single parameterization of this relationship that is useful in predicting 
GPP across the full range of arctic ecosystem types, or must we use different 
parameterizations to predict GPP at different arctic latitudes or climates? 
A second important step is to improve understanding of the respiration component of net 

CO2 exchange, including whole-system respiration (RE) and its two principal components, 
autotrophic and heterotrophic respiration (RA and RH, ≈ “vegetation” and “soil” respiration; 
Randerson et al. 2003, Chapin et al. 2006). We expect RA and RH to respond differently to 
diurnal or to short-term weather changes, for example, because the vegetation component (RA) 
is affected directly by the more variable temperatures in the air and upper soil, while the soil 
environment, affecting RH, is less variable in the short-term (days to weeks).  On longer time 
scales (years to decades), changes in the soil environment may be more dramatic leading to 
large changes in RH that can change the sign of the overall C balance (e.g., Oechel et al. 2000), 
On very long time scales (decades to centuries), changes in vegetation biomass, productivity, 
and species composition will determine long-term change in the quantity and chemical quality of 
organic matter inputs to soils, which will determine changes in RH along with slower changes in 
soil microclimate, but again the changes in RH should lag behind the changes in vegetation 
composition and RA on these long time scales.  Existing landscape-scale models of partitioning 
and changes in RA and RH in arctic ecosystems are primitive and largely phenomenological 
rather than mechanistic, including the model of Shaver et al. (2007).  Thus, our second goal for 
the next three years is to answer the question: 
Goal 2: What is the relationship between RE, RA, and RH, in arctic ecosystems and how does it 
change in space and time? 

a. In relatively stable arctic ecosystems does this relationship vary predictably with climate, 
latitude, vegetation composition, and canopy structure? 

b. Can we predict the changes in RE and its components as weather, climate, and 
vegetation composition change? 

RESULTS OF PRIOR NSF SUPPORT 
NSF-OPP-0352897: "Resource Allocation and Allometry of Plant Growth in the Arctic: Key 
Constraints on Change and Predictability of the Arctic System"; 5/1/04-4/30/07; $870,809 (G.R. 
Shaver, Principal Investigator). The current project is the third in a series that began with NSF-
OPP support in 1995 as part of the International Tundra Experiment (ITEX).  The general aim of 
these projects has been to understand and predict effects of climate change on arctic plant 
species and plant communities, using PanArctic comparisons of similar observations and 
experiments at multiple sites (Henry and Molau 1997, Arft et al. 1999, Walker et al. 2006).  The 
series of projects has been exceptionally productive, responsible in whole or in part for over 80 
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peer reviewed publications with Shaver as author or coauthor, including both multisite 
syntheses and focused site-specific studies; the 33 publications and manuscripts produced 
during the current funding period (since April 2004) are identified with asterisks in the 
REFERENCES section.  Data sets are archived in the Arctic LTER data base at 
http://ecosystems.mbl.edu/arc/, and linked to the ARCSS Data Coordination Center at 
http://nsidc.org/arcss/.  

Since 1995 these projects have also contributed to the training of 24 summer REU 
students (13 female/11 male), funded with supplements to these and related NSF grants; about 
half have gone on to graduate schools (as well as two research assistants).  Five postdoctoral 
fellows have been supported directly by these grants and have gone on to academic jobs. 
Before 2003 the MBL was not a degree-granting institution; we now have an agreement for joint 
graduate training with Brown University, and one student (M. Alexander-Ozinskas) completed a 
Brown University Master’s degree in May 2007 with support from the current grant.  Finally, as a 
part of the strong international collaborations developed in this project at least 8 foreign 
graduate students have been able to complete part of their dissertation research at Toolik Lake 
and other arctic sites, and Shaver has served on 6 Ph.D. examinations in Sweden, the 
Netherlands, and the UK. 
 Since 1995, research on these 
projects has focused increasingly on 
PanArctic comparisons of the primary 
production system in diverse arctic 
vegetation, leading directly to the 
proposed research. The starting point 
for this work was the observation that, 
despite a 1000-fold range in 
productivity among arctic ecosystems 
(Shaver and Jonasson 2001, 
Jonasson et al. 2001), 
production:biomass relationships of 
arctic vegetation types are similar 
throughout the Arctic (Shaver et al. 
1996).   This observation (Figure 1) 
suggests strongly similar controls on 
the production process despite the wide range of productivity and the dramatic variation in plant 
functional types that dominate in diverse arctic ecosystems. A later study by Williams and 

Rastetter (1999) showed that the total 
vascular leaf area of tundra vegetation in 
northern Alaska is very tightly correlated with 
the total amount of N in the canopy (Figure 2).  
This relationship holds across a wide range of 
tundra types, including wet sedge, moist 
tussock, deciduous shrub, and dry heath 
vegetation dominated by very different plant 
types and covering virtually the entire range 
of plant production and biomass that occurs in 
northern Alaska.     
 Our recent work on arctic plant 
canopies has greatly strengthened the 
evidence for a common set of controls over 
canopy-level CO2 exchange in diverse arctic 
ecosystems.  In 2002, we completed a survey 
of LAI-canopy N relationships near Abisko, in 
northern Sweden.  The results were nearly 
identical to what Williams and Rastetter found 
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in Alaska, with the two data sets lying nearly on top of each other and the overall correlation 
between LAI and canopy N content explaining more than 90% of the variance (Figure 2; van 
Wijk et al. 2005). Below LAI values of about 1, the correlation between the two data sets from 
Alaska and northern Sweden was particularly tight,  with some divergence between the Swedish 
and Alaskan results above one m2 leaf per m2 ground.  In both Alaska and Sweden, and indeed 
over most of the Arctic, the land surface is covered with vegetation that has LAI less than 1.0-
1.5 m2 leaf m-2 ground.   
 In 2003-2005, we 
pursued the implications of 
this consistent canopy 
structure (Figure 2) by 
measuring the light 
responses of whole-canopy 
CO2 fluxes in diverse arctic 
plant canopies in Alaska and 
northern Sweden.  In this 
work we showed that canopy 
leaf area alone is an 
excellent predictor of whole-
canopy photosynthesis, 
explaining ~80% of the 
variance in Gross Primary 
Production (GPP) at constant 
irradiance (PPFD=600 µmole 
m-2 s-1) across a wide range 
of plant canopies (Figure 3; 
Street et al 2007).  
Furthermore, for unfertilized 
plots the relationship 
between GPP and leaf area 
is the same at both Toolik 
Lake, Alaska and at Abisko, 
Sweden.  This is a key 
finding suggesting that a 
single model parameterization can be used to predict CO2 flux for whole canopies of diverse 
species composition, at least throughout the Low Arctic region. 
 How can we use this information to “scale up” our predictions of CO2 flux from small, 
homogeneous plots of diverse vegetation to large, heterogeneous landscapes and watersheds? 
There are two fundamentally different approaches available to us: First, we can view the 
landscape as a mosaic of large patches with that differ in leaf area among patch types but are 
homogeneous within patches; we can predict CO2 flux within each patch; and finally we can 
sum the fluxes knowing the areas of each patch.  Second, we can view the landscape as 
varying continuously at a fine scale (e.g., 1 m2, the scale  at which we actually measure canopy-
level CO2 flux); we can estimate leaf area at this fine scale; and we can predict CO2 flux as a 
continuous variable over the landscape.  In our research since 2003 we have used both of these 
methods to predict CO2 flux from the same data set, allowing direct comparisons of the relative 
accuracy and precision of predictions based on different methods. 
 Using the first approach (i.e., viewing the arctic landscape as a mosaic of patches), we  
used a maximum likelihood method to estimate parameters regulating CO2 flux  (both whole-
system respiration in the dark, RE, and canopy photosynthesis, GPP) in relation to light and air 
temperature in the Imnavait Creek watershed, near Toolik Lake (Figure 4; Williams et al. 2006).  
The maximum likelihood method allowed estimation of acceptable parameter spaces for each 
measured CO2 flux response curve, given a known measurement uncertainty (Root Mean 
Square Error, RMSE) of 0.42 µmol CO2 m-2 s-1 estimated by repeated measurement of fluxes 
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Figure 3. (from Street et al. 2007). Upper panels show the relationship between GPP600 and (A) 
NDVI and (B) predicted LAI for 5 vegetation types at Abisko, Sweden. Lower panels show the 
relationship between GPP600 and (C) NDVI or (D) leaf area for control and fertilized plots in 5 
vegetation types at Toolik Lake, Alaska. Filled symbols in  (C) and (D) are fertilized plots.  Gray line 
in (D) is the best-fit linear regression for fertilized plots only (R2 = 0.63) , solid line in (D) is for 
Toolik 2004 control plots only (R2 = 0.89). Dashed lines in (C) and (D) are regression lines derived 
using Abisko data in upper panels. 
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Toolik 2004 control plots only (R2 = 0.89). Dashed lines in (C) and (D) are regression lines derived 
using Abisko data in upper panels. 
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under similar 
conditions at the 
same plots  To 
explain canopy CO2 
fluxes at all sites 
and time periods 
required a minimum 
of 7 distinct, generic 
parameter sets, but 
just one of these 7 
parameter sets 
could explain 23 of 
the measured 43 
curves; all 23 were 
from the most 
common tundra 
type in the Imnavait 
watershed, moist 
tussock tundra.  
Using the 7 generic 
parameter sets 
resulted in a mean 
prediction RMSE of 
0.70  µmol CO2 m-2 
s-1.  Overall, the 
conclusion was that 

CO2 flux in the Imnavait Creek watershed could be modeled with acceptable accuracy as a 
mosaic of 7 different patch types, with most of the area of the watershed as one patch type, 
moist tussock tundra.  
 Using the second approach (continuously variable leaf area at fine scale), we developed 
a new model of Net Ecosystem Exchange (NEE), where:  
 
 

(Equation 1) 
 
 
In this model (Shaver et al. 2007), the first term describes ecosystem respiration (RE) as the 
sum of a constant, basal respiration rate (Rx) and a respiration component (R0) that increases 
with both temperature and leaf area. The second term of the model is adapted from Rastetter et 
al. (1992) and describes canopy photosynthesis (GPP) as a function of a maximum 
photosynthetic rate per unit leaf area (PmaxL), a light extinction coefficient (k), a quantum 
efficiency (E0), leaf area (LAI), and photosynthetically active photon  flux (I).   

To apply the model, we use nonlinear regression to estimate the six parameters (Rx, Ro, 
β, PmaxL, k, and E0) of Equation 1 (Shaver et al. 2007).  We then use the measured values of 
LAI, air temperature (T), and photon flux (I) to predict NEE, substituting using these estimated 
parameters into Equation 1. When we use the entire data set to do this we have a measure of 
the ability of the model to encapsulate the variability in NEE within a single equation. In Figure 
5, we used 1410 individual measurements of NEE in 79 plots of 32 different site/vegetation type 
combinations in Alaska and Sweden to estimate the model parameters and predict NEE.  The 
model explains ~80% of the measured variance in NEE with zero bias (slope =1.000, intercept 
=0.000) across the full range of measured and modeled values.  Only about a dozen of the 
1410 data points might be considered outliers(lower left quadrant of lower panel in Figure 5).  All 
but 4 of these outlying data points represent CO2 fluxes in just 2 individual light response 
curves, both of them measured in willow communities at Abisko.  The willows in these two 
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communities have distinctly silver-grey 
leaves, and we believe the main reason they 
are outliers in Figure 5 is that the leaf color 
affects our estimate of NDVI, and thus LAI.  

The root mean square error (RMSE) 
of prediction in Figure 5 is 1.53 µmol CO2 m-

2 s-1, double the RMSE using the “mosaic” or 
patch-based maximum likelihood method of 
Williams et al. (Figure 4).  One major 
advantage, however, of the “continuous 
variation” approach of Figure 5 is that it uses 
a single model parameterization applied 
everywhere, versus the requirement to 
identify and parameterize separately each of 
the patch types of interest using the 
“mosaic” approach.  

To evaluate our ability to use data 
from one site, vegetation type, or region to 
predict NEE, GPP, or RE in other places we 
use different subsets of the data for 
parameter generation vs. tests of model 
predictions.  For example, we can use the 
data from all Alaskan sites to develop model 
parameters (by nonlinear regression on 
Equation 1), and then use those parameters 
to predict NEE at all Swedish sites and to 
compare predicted with measured NEE.  In 
general the model does extremely well at 
predicting NEE in one place with parameters 
developed from measurements in another 
place.  The r2 of predicted vs. measured 
NEE is almost always >0.75; the slope and 

intercept are very close to 1.00 and zero, respectively; and the RMSE varies from 1.0 to 2.3 
µmol CO2 m-2 s-1. The predictions are most accurate and precise when we use a survey of CO2 
flux in diverse vegetation types within a local region to parameterize the model, as opposed to 
using measurements from just a single vegetation type to develop parameters that are then 
used to predict NEE in very different kinds of vegetation. 

Overall, the primary conclusion of the past three years of work on this project is that all 
of the Low Arctic tundras that we have examined seem to be following the same rules 
with respect to regulation of their canopy-level CO2 exchange.  Because leaf area, and its 
N content, are tightly constrained across diverse kinds of plant canopies, we can parameterize 
the model described in Equation 1 using a survey of CO2 fluxes in one part of the Low Arctic, 
and we can use that parameterization to predict NEE with acceptable accuracy and  precision in 
other parts of the Low Arctic.  To do this we need to know only (1) total canopy leaf area, (2) 
photosynthetically active photon flux, and (3) air temperature, all of which can be sensed 
remotely at the site where NEE is to be predicted.  This is a major step forward in development 
of a PanArctic CO2 flux model, as well as a major step toward confirmation of our overall 
hypothesis that natural selection places very tight constraints on how plant canopies can 
develop in arctic vegetation.  

There is considerable room for improvement, however, in our ability to predict NEE and 
its components, GPP and RE.  We particularly need to know more about how the total 
photosynthetic area and its N content (in both vascular and nonvascular plants) is regulated at 
the level of whole canopies, and how it will change as the climate changes.  We already know, 
for example, that GPP in fertilized plots at Toolik Lake, where the vegetation composition and 
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canopy structure are still changing, has a different relationship to 
leaf area (Figure 3D).  We also know from our surveys of CO2 flux at 
two High Arctic sites, Zackenberg, Greenland, and Svalbard, 
Norway, that GPP per unit leaf area (at a standard PPFD=600 µmol 
photons m-2 s-1) is consistently higher than in the Low Arctic (Figure 
6, top panel).  We believe that this difference is due to consistently 
higher overall canopy N concentrations in the High Arctic sites 
(Figure 6, middle panel; data are available only from Svalbard).  
Because of the higher leaf N concentrations in the High Arctic, GPP 
per unit leaf N (at PPFD=600) is quite similar among sites (Figure 6, 
lower panel).  Additional data are needed for a full test of this 
hypothesis (Goal 1 of the proposed research).  
ADDITIONAL BACKGROUND 
 There isn’t room for a comprehensive review of arctic CO2 
fluxes and canopy structure within the constraints of the NSF 
proposal format.  Instead, we emphasize just two key points: 

First, arctic vegetation and arctic C balance are both 
changing.  Evidence for change in arctic vegetation comes from 
analyses of satellite imagery (e.g., Myneni et al. 1997, Stow et al. 
2003, Jia et al. 2004, Stow et al. 2004, Hinzman et al. 2005) and 
from comparison of photographs taken at different times (Sturm et 
al. 2001, Tape et al. 2006), and is suggested but not yet clear from 
long-term monitoring programs and other studies (Shaver et al. 
2001, Mack et al. 2005). Many of the changes that are occurring 
(particularly the increases in deciduous shrubs) have been predicted 
for many years from both field studies and from modeling (Miller et al. 1984, Chapin and Shaver 
1985, Chapin et al. 2005).   

Changes in arctic vegetation have the potential to cause profound changes in feedbacks 
between the land surface and the atmosphere.  Many of these will be related to species and 
functional type composition of the vegetation.  Changes in the relative abundance of mosses 
and lichens, for example, may have major impacts on soil thermal regimes, surface water 
balance, and nutrient cycling in addition to changes in CO2 exchange (e.g., Cornelissen et al. 
2007, Gornal et al. 2007).  Changes in species composition may affect litter quality and 
decomposability, leading to major changes in C and N turnover rates in the soils (e.g., Hobbie et 
al. 2000, Weintraub and Schimel 2005).   Changes in vegetation canopies also have the 
potential to change the soil thermal regime in both summer and winter, with warmer 
temperatures in winter due to greater snow accumulation beneath shrubs (Sturm et al. 2001) 
and cooler temperatures in summer due to interception of solar radiation by a denser, taller 
canopy (Chapin et al. 1995).  Vegetation also affects the timing of snow and ice cover and melt 
(Sturm et al. 2001, Jia et al. 2004), and a shift to shrub- or tree-dominance is expected to lead 
to a large increase in sensible heat exchange with the atmosphere (Chapin et al. 2005). 

Changes in both climate and vegetation will have major impacts on the regional and 
global CO2 exchange with the atmosphere.  During the last few decades, the shape of the 
seasonal cycle of atmospheric CO2 has changed at CO2 observation stations north of 55°N 
(Keeling et al. 1996, Conway et al. 1994, Manning 1993).  The peak-to-trough amplitude has 
substantially increased and the phase has advanced (Zimov et al. 1999).  The footprint of these 
observation stations consists primarily of arctic and boreal vegetation types (Kaminski et al. 
1996, Goetz et al. 2005), and top-down atmosphere inversion analyses suggest that within 
these  ecosystems, carbon uptake has increased during the first half of the growing season 
(Randerson et al. 1999).   

Annual estimates of NEE are now available for a growing number of arctic sites (ACIA 
2005). It is clear that GPP and RE respond differently to weather and climate changes (e.g., 
Oechel et al. 1998, Corradi et al. 2005, Oberbauer et al. 2007), and that NEE varies among 
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years and shows distinct long-term trends (Oechel et al. 2000, ACIA 2005).  However, the 
mechanisms underlying these changes, and their full extent, are not yet known (Hinzman et al. 
2005).  Intensive observations of carbon, energy, and water fluxes across the PanArctic, 
combined with experimental manipulations, are necessary in order to characterize how changes 
on land feed back to regional and global climate, now and in the future. 

Second, canopy photosynthetic area and light interception are key predictors of 
ecosystem photosynthesis and net CO2 exchange.  The dominant species of arctic vegetation 
are known to differ significantly in their photosynthetic properties, whether expressed per unit 
leaf area or per unit leaf mass (e.g., Chapin and Shaver 1985, Johnson and Tieszen 1976, 
Bigger and Oechel 1982, Oberbauer and Oechel 1989, Oberbauer et al. 1996, Baddeley et al. 
1994).  These species differences often were used in past research as indicators of the relative 
fitness of arctic plants in different microenvironments, and were key components of most of the 
well-known models of arctic photosynthesis and C cycling that were developed during the 1970s 
-1990s (e.g.,  Miller et al. 1984, Tenhunen et al. 1994, Reynolds et al. 1996, Rastetter et al. 
1997, McKane et al. 1997).  At the whole-canopy or ecosystem scale, however, many studies 
have shown that leaf area is both a better predictor and a key unknown in models of C cycling 
(e.g., Williams and Rastetter 1999, Williams et al. 1997, 2001, 2006).  The correlation of CO2 
exchange with NDVI has been explored in  several studies at the landscape and regional level 
in northern Alaska (e.g., Hope et al. 1993, 1995, Vourlitis et al. 2000, 2003), and in satellite 
studies for the boreal and arctic region (e.g., Goetz et al 2005); our proposed research adds a 
more explicit and quantitative analysis of the NDVI-LAI relationship than in this past work. 

Leaf area and mass, leaf N content, leaf longevity, and leaf-level CO2 exchange are all 
related to each other in “The Worldwide Leaf Economics Spectrum” (Wright et al. 2004), and 
much of our ability to explain CO2 exchange of diverse mixed-species arctic plant canopies must 
be related to these fundamental constraints on relationships among leaf traits.  Wright et al. 
(2004) also found only minor effects of climate on leaf trait relationships, suggesting that 
differences in the individual leaf traits we actually observe in different arctic climates (such as 
high N concentrations in the High Arctic) are probably due to tradeoffs among these traits both 
within and among species rather than some specific Arctic-related adaptation.  

The usefulness of canopy leaf area and light interception as predictors of landscape-
level CO2 fluxes has been shown in many studies both within and outside the Arctic (e.g., 
Monteith 1972, Goward et al. 1985, Prince and Goward 1995, Waring and Running 1998, 
Anderson et al. 2000, Turner et al. 2003, Goetz et al. 2005); these two variables are key 
components of most of the current global “big leaf” models of GPP and  NEE (e.g., Running et 
al. 2004). These models typically predict CO2 fluxes as a function of NVDI or the fraction of 
intercepted PAR (FPAR), multiplied by an efficiency measure (“ε”) that varies among vegetation 
types.  One implication of our work is that the value of “ε” should be essentially constant for Low 
Arctic vegetation (e.g., Figure 3).  The most likely reason for this is the generally low LAI in 
arctic vegetation.  “Big leaf” models have been criticized for their unrealistic assumptions about 
light extinction in dense canopies such as forests (e.g. De Pury and Farquhar 1997).  This is 
much less of a problem in the Arctic where LAI is usually less than 1-1.5; however, we do need 
to deal with light extinction in canopies with dense moss cover (Tenhunen et al. 1994, 1996, 
Williams et al. 2001) and this is one of our goals for the next three years.  We also need to 
combine this work with a more extensive analysis of variability in CO2 fluxes within the “footprint” 
of flux towers, similar to past work by Oechel and colleagues (e.g., Oechel et al. 2000). 
HYPOTHESES AND MAJOR RESEARCH TASKS  
Goal 1: What is the relationship between canopy N content, canopy photosynthetic area, and 
canopy photosynthesis (GPP) in arctic vegetation including both Low and High Arctic sites?  
The hypothesis underlying our approach to this question is that canopy N concentrations 
should increase in higher latitudes as summer air temperatures and incident PPFD 
decrease, leading to higher GPP per unit leaf area with latitude but similar GPP per unit 
leaf N.  This is an extension of the hypothesis first advanced by Chapin (1983; see review by 



9 
 

Chapin and Shaver 1985) as an explanation for the frequently high overall metabolic rates of 
arctic plants, especially in photosynthesis at low temperatures.  Chapin’s underlying assumption 
was that to maintain efficient metabolism at predictably low temperatures significant investments 
in enzymes such as Rubisco are necessary.  In the context of the “Leaf Economics Spectrum” 
of Wright et al. (2004), an overall high canopy N concentration in colder, higher latitudes would 
be achieved mainly by correlated shifts in multiple leaf traits, both within and among species, 
between Low and High Arctic.  To test our hypothesis we must:  
a. Extend our survey of the light response of NEE and GPP in both Low and High Arctic 

vegetation while adding estimates of leaf and whole-canopy N content to the data base.  For 
a full test of the Shaver et al. (2007) model we particularly need to characterize the light 
response and N content of moss- and lichen-covered surfaces, both with and without 
vascular canopies (e.g., Douma et al. 2007), and to characterize NEE in systems with large 
proportions of bare ground or small, isolated vegetation patches. 

b. Characterize the light response of NEE and GPP, canopy leaf area, and canopy N content 
in vegetation that we know is changing in its species composition and productivity, including 
the well-documented time series of long-term experimental plots at Toolik Lake.   

c. Substitute measures of canopy N content for canopy leaf area in the model of Shaver et al. 
(2007), and evaluate the ability of the model to explain these results using the data 
subsetting methods and sensitivity analyses as in Shaver et al. (2007). 

Goal 2: What is the relationship between RE, RA, and RH, in arctic ecosystems and how does it 
change?  
Our underlying hypothesis here is that in the long term RE, RA, and RH must all be related to 
GPP and its controls because GPP determines the total C inputs to the ecosystem 
including litter inputs to soil organic matter.  In the short term, RA, and RH will respond 
differently to environmental variation; RA will be most closely correlated with relatively 
rapid changes in air temperature while RH will change more slowly and in correlation with 
more slowly-changing variables like soil temperature and moisture. This means that 
prediction of RE and its components requires a model that incorporates both long-term controls 
related to C pool sizes and GPP (and perhaps a measure of C “quality”) and shorter-term 
controls related to microenvironmental variation.   The tasks required to test this hypothesis 
include: 
a. In a wide range of vegetation types in Low Arctic and High Arctic landscapes, make 

separate measurements of RE and RH, and estimate RA as the difference between these two 
variables, using the method of Johnson et al. (2000).  This should be done as part of the 
continuing survey of the light response of NEE in Low and High Arctic systems, including 
descriptions of canopy structure, N content, species composition and cover, and air and soil 
microenvironmental variables (Shaver et al. 2007).  Additional data required include 
estimates of the total soil C and N pools within the annually-thawed active layer of soil (Mack 
et al. 2004). 

b. In conjunction with the survey of canopy structure, NPP, and GPP in disturbed and 
manipulated ecosystems, also measure RE and its components and describe total C and N 
pools and microenvironmental variation.  

c. Evaluate alternative formulations of the respiration term of the Shaver et al. (2007) model 
including new, separate temperature and moisture responses and explicit separation of RA 
and RH.  

RESEARCH SITES AND SCHEDULE  
Field research sites (Figure 7) will be at Toolik Field Station and nearby Imnavait Creek 

in northern Alaska (http://www.uaf.edu/toolik/), at the Barrow Arctic Science Consortium in 
Barrow, Alaska (http://www.arcticscience.org/), at the  Northeast Science Station, Cherskii, 
Russia (http://www.faculty.uaf.edu/fffsc/station.html), and at Thule, Greenland 
(http://www.thule.af.mil/).  If our Canadian colleague Greg Henry (University of British Columbia) 
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is successful in obtaining Canadian IPY funding to 
establish CO2 flux sites at Alexandra Fjord and Lake 
Hazen, we will also try to visit these extreme High Arctic 
sites (Svoboda and Freedman 1994) as well.  At all sites a 
primary goal will be to expand the range of vegetation 
types included in our data base on canopy structure 
(especially LAI and N content), CO2 fluxes, and production-
biomass relationships, by surveying a wide range of 
systems dominated by different plant forms.  At Toolik Lake 
we will focus on trajectories of change, working in long-
term experimental plots of the Arctic LTER project based 
there (e.g., Shaver et al. 1998, 2001, Hobbie et al. 2005, 
Mack et al. 2004). At Imnavait Creek, Cherskii, and Barrow 
we will also work on upscaling our results, by systematic 
sampling of different patches of vegetation in the footprints 
of established eddy covariance flux towers  

As in the past several summers, we will work at Toolik Lake and nearby Imnavait Creek 
all summer long for all three years, taking a smaller crew on 3-6 week expeditions to the other 
sites in mid-summer (to Barrow in year 1, to Cherskii in Year 2, and to Thule and/or northern 
Canada in Year 3).  Modern laboratories with electric power are available at all of these sites, as 
well as long histories of published research and climatic and other data (described in web sites 
cited above).  Although travel to Cherskii and Thule is logistically difficult, communications are 
excellent; we will work with the OPP Arctic Logistics provider, VECO Incorporated, to make 
these arrangements.  All sites have well-established, well-described research areas in diverse 
vegetation types within walking or driving distance of the labs.  Shaver has long experience 
working at Toolik Lake and Imnavait Creek.  He completed his Ph.D. research at Barrow in the 
1970s and has revisited there three times in the last 10 years.  Shaver is also Principal 
Investigator of a new IPY project to create flux observatories at Imnavait Creek and Cherskii. 

Past experience has also given us a good feel for the data requirements of our proposed 
work.  Reliable analysis using nonlinear regression in 3-7 parameter models will require at least 
250-400 individual flux measurements in light response curves from each site, ideally from 10-
15 different plots per site representing 5-8 contrasting vegetation types. These light response 
curves will include ~40-50 “full dark”  measurements of RE.  To meet our RE/RA/ RH modeling 
needs we will make additional measurements of RH in vegetation-free soil cores (Johnson et al. 
2000) and make diurnal flux measurements of NEE, RE, and RH (Johnson et al. 2000, 
Oberbauer et al 2007). All of this can be done in ~3-4 weeks by 2-3 people in our High Arctic 
campaigns at Barrow, Thule, and Cherskii, including sampling of vegetation for NDVI-LAI 
relationships (van Wijk and Williams 2005, Street et al. 2007) and collection of leaf samples for 
N analysis.  At Toolik Lake we will extend these data sets by measuring fluxes through the 
summer including the early leaf expansion period in late May and June, and leaf senescence in 
August.  In Year 1 of the work we will extend the field season through October to document 
changes in respiration components at low temperatures. 
MEASUREMENTS AND MODELING 
Light response curves and related data: Description of the light response of  NEE and GPP and 
relating them to LAI, N content, and microclimate requires a series of steps. The first step is a 
measurement of the light response of CO2 flux in whole vegetation and soils (Williams et al. 
2006, Street et al. 2007, Shaver et al. 2007, Douma et al. 2007).  To do this we place a square 
metal frame above the plot of interest, with the frame supported by metal rods at the corners.  A 
plastic sheet hangs vertically down from the frame and is sealed to the ground by weighting the 
plastic down with a heavy chain.  A clear acrylic cuvette is placed over the frame, attached to a 
LiCor 6400 photosynthesis system. The initial measurement of CO2 flux is made in full sunlight, 
followed by a series of measurements under increasing shade, with the shading caused by 
using 1-4 thicknesses of mosquito netting (the cuvette is lifted from the frame and ventilated 
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between each measurement).  A final, dark measurement is made by covering the cuvette with 
an opaque tarp. Following the flux measurements we then estimate cover by species within the 
plot, and measure thaw depth, soil temperature and moisture, and the volume enclosed beneath 
the frame.  We have used this method in a wide range of tundras and find that it gives highly 
repeatable, useful results, with a typical root square mean error (RMSE) of measurement of 
~0.49 µmol CO2 m-2 s-1, well within the bounds needed for useful modeling and direct 
comparison (Williams et al. 2006).   We consider these measurements direct measurements of 
NEE, and estimate GPP by subtracting the dark measurement (RE) from NEE.   

The second step is measurement of surface reflectance (including NDVI) of the flux plot, 
accomplished by scanning the plot with a Unispec Spectral reflectance system (Boelman et al, 
2003, 2005, Street et al. 2007).  We can use the NDVI measurement directly as a correlate of 
NEE, GPP, and RE, or we can convert NDVI to LAI knowing the NDVI-LAI relationship (e.g., 
Figure 3; van Wijk and Williams 2005, Street et al. 2007).   

The third step is measurement of NDVI,LAI, and canopy N content.  We do this by 
measuring spectral reflectance (including NDVI) of a smaller, separate plot (usually a 20 cm-
diameter circle) with the Unispec instrument (Boelman et al. 2003, 2005) and then by harvesting 
all leaf area within the field of view of the Unispec.  Leaves are sorted to species, run through a 
scanner to determine leaf area by species, and then dried for later weighing and for analysis of 
N content.  One addition to this routine for the next three years is to estimate cover of 
nonvascular plants and bare ground, and to sample mosses and lichens for N content, so that 
we can add nonvascular cover and N content to vascular LAI and its N content for a more 
complete accounting of photosynthetic area in relation to NDVI .  Again, we have already done 
this in many different tundra types and feel that is give us an excellent measure of leaf area (van 
Wijk and Williams 2005, Street et al. 2007, Shaver et al. 2007).  

In selected plots where NEE and GPP of the whole system are measured, we will follow 
these measurements with an additional description of the light response of GPP of the moss 
and lichen cover only.  Immediately after the whole-system measurements are completed, we 
remove all the aboveground vascular vegetation by clipping and complete another light 
response curve on the exposed moss and lichen cover (Douma et al. 2007).  We finish with a 
new measurement of dark respiration from the clipped surface, which we subtract from net CO2 
flux at various light levels to obtain moss/lichen GPP.  In 2005 and 2006 we experimented with 
this method in a wide range of vegetation at Abisko, Svalbard, and Zackenberg, including the 
use of a range of cuvette sizes and wetting treatments (i.e., measuring the short-term response 
of dry moss surfaces to water addition) and feel that it gives consistent, interpretable results 
(Douma et al. 2007, van Wijk et al. 2007).  
RE, RA, and RH:  We will estimate RE and its components by measuring whole-system CO2 flux 
in the dark (RE) as described above and by removing all or part of the vegetation biomass and 
measuring respiration of the remainder.  We define RH as the respiration of the system from 
which the vegetation biomass has been removed (following a period of 24-48 hours to allow 
initial, disturbance-related respiration to subside).  RA is then the difference between RE and RH. 
In the past we have used this approach successfully by pairing measurement of RE in 
undisturbed plots with vegetation-free soil cores collected from adjacent to the plots and 
incubated in the same holes from which the cores were collected (Johnson et al. 2000).   
 In the proposed research these respiration measurements will be made in close 
association with the measurement of the light response of NEE and GPP described above.  In 
most instances RE data will actually be collected as part of the light response curves and each 
RH core will be linked to a single light response plot.  Because the two sets of measurements 
are linked, we can use all of the associated measurements of vegetation species composition 
and cover, NDVI, LAI, PPFD, air and soil temperature, and soil moisture to help explain 
variation in RE, RA, and RH. To measure respiration over a wider range of temperatures and 
other conditions within the same plot or core, we will occasionally complete diurnal 
measurements in these plots and cores (measurements every 4 hours for 36-40 hours), and we 
will make repeated measurements in the same plots and cores over the summer season. 
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 A key assumption that underlies our approach to separating the components of RE is 
that respiration of recently-fixed C that goes into plant exudates below ground is included 
(implicitly) in our estimate of RA.  The reason for this is that, by measuring respiration of plant-
free soil and calling it RH we are excluding the microbial respiration of labile plant C that is 
exuded into the soil by roots, as well as the respiration of C translocated from roots to 
mycorrhizal fungi (Hobbie and Hobbie 2006).  Thus when we subtract this measure of RH from 
RE, the resulting estimate of RA includes the respiration of labile plant C that is actually 
converted to CO2 by bacteria and fungi.  In moist tussock tundra and wet sedge tundra at Toolik 
Lake, recent research using 14C isotopic tracers of the fate of GPP suggests that this 
“exudation” of C accounts for about 15-25% of GPP (G. Kling, K. Nadelhoffer, and M. 
Sommerkorn, unpublished data).  The problem of accounting for C exudation in partitioning of 
ecosystem respiration across the Arctic is still not completely resolved, and it probably explains, 
for example, why our own laboratory soil incubations (Shaver et al. 2006) failed to predict the 
large net soil C losses with fertilization that we have observed in the field (Mack et al. 2004).  
Nonetheless it is clear that respiration of recently-fixed plant exudates is closely associated with 
vegetation and its GPP, and in this sense it is appropriate to include “exudate” respiration in our 
estimate of RA as “plant-associated” respiration that can be predicted from our measures of 
vegetation structure, composition, and GPP.  We may also be able to estimate the size of this 
labile C pool by monitoring the initial decline in respiration in plant-free soil cores until a stable 
rate is reached and integrating the CO2-C losses over this time (after subtracting estimated RH).      
 Most of our measurements of RE and its components will be focused on the summer 
season because this is when most of the annual respiration occurs. Respiration during the 
winter, however, probably accounts for at least 20% of annual RE although there is great 
variability among estimates (3-50%; Hobbie et al. 2000).  One reason for the great variability in 
“winter” respiration estimates is variation in the definition of when the “winter” starts and ends. It 
is clear, though, that respiration rates (mostly RH) during the coldest parts of the winter are 
extremely low, with most of the cold-season respiration actually occurring during the autumn 
(late September through December) and a smaller portion during the spring (May and early 
June; Schimel et al. 2006).  Although RA has apparently not been measured through the arctic 
winter, there is little reason to expect that  that RA is significant except in the same fall and 
spring periods as RH; in fact it is likely that the aboveground component of RA is very low 
through most of the autumn as air temperatures are colder than soil temperatures in autumn, 
winter, and spring.  For the purposes of this research, we will focus on the estimating RE, RA, 
and RH during the autumn period in Year 2 of this research, when we will extend our survey of 
respiration at Toolik Lake through at least the end of October.  
Modeling NEE and GPP: The first modeling task is the substitution of canopy N mass (g N m-2 
ground) for LAI (m2 leaf m-2 ground) in the NEE model of Equation 1. This requires a change in 
units of the terms k, PmaxL, and R0 (k=m2 ground g-1 canopy N, PmaxL=µmol CO2 g-1 canopy N s-1, 
R0= µmol CO2 g-1 canopy N s-1).  The leaf N data then must be scaled appropriately to provide 
measures of whole-canopy N mass (including green portions of moss and lichen mass).  This is 
done knowing the N concentrations in leaves of the 5-8 most abundant species and each 
species’ leaf mass and area per m2 ground, from the data collected as part of the light response 
curve measurements described above (we assume that less abundant species have the same 
N concentration as the mean for abundant species).  We can also develop predictions of canopy 
N content  from NDVI measurements at individual sites, using the same regression approaches 
described by Street et al. (2006; e.g., Figure 3) and van Wijk and Williams (2005). 
 The second modeling task is to complete a series of analyses similar to Shaver et al. 
(2007), in which various subsets of the data are used to develop model parameters by nonlinear 
regression.  These parameters are then used to predict NEE and GPP in the same sites or 
vegetation types where the data were collected, and also to predict NEE and GPP in different 
sites or vegetation types.  The Root Mean Square Error (RMSE) of prediction is used as the 
measure of the model’s accuracy of prediction, and the slope and intercept of predicted versus 
measured values as measures of model bias.  We consider the predictions useful If the model 
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consistently predicts NEE with an RMSE of no more than about twice the known measurement 
error, and less than 10% of the range of observed NEE. If NEE in any particular subset of the 
data is predicted equally well using parameters generated from different data subsets, we 
conclude that the model has captured the essential controls over NEE and that all sites and 
vegetation types are following essentially the same “rules” with respect to canopy-level CO2 
exchange.   
 Finally, we must compare the performance of the LAI-based model (Shaver et al. 2007) 
with the leaf N-based model to be developed in the proposed research. If the LAI-based model 
requires separate parameterizations for accurate prediction of Low Arctic versus High Arctic 
NEE and GPP, but the N-based model requires only a single parameterization for all sites, we 
can conclude that canopy N is a better predictor of CO2 flux than leaf area for the Arctic region 
as a whole. We will use the same approach to determine whether the control over CO2 fluxes by 
leaf area-canopy N relationships changes in vegetation that is changing in species composition 
and canopy structure. We can also use the maximum-likelihood-based method of Williams et al. 
(2006; Fig 4) to evaluate the relative accuracy and precision of using single versus multiple 
parameterizations of the models.  
Modeling RE, RA, and RH:  To evaluate short and long-term controls on RE, we first need to 
evaluate alternative model structures.  In developing the current NEE model (Equation 1), for 
example, we evaluated three different formulations of the RE term: 
   RE1=R0*eβT*LAI  (Equation 2) 
   RE2=(R0*eβT*LAI)+Rx  (Equation 3) 
   RE3=(R0*LAI+Rx)*eβT  (Equation 4) 
Equation 2 can be thought of as representing an ecosystem in which a single there is a single 
source of respiration (containing both vegetation and soils), in which both RA and RH respond 
identically to temperature and leaf area.  Equation 3, on the other hand, implicitly assumes that 
there are two sources of respiration in the ecosystem, one (R0) responsive to both air 
temperature and leaf area and the other (Rx) that simply respires at a constant rate. Equation 4 
also assumes that there are two sources of respiration, but in this case R0 is related to LAI while 
both R0 and Rx respond identically to temperature. Note that LAI and eβT are both dimensionless 
here (m2m-2 and T-1*T), so the units of the R parameters are all µmol CO2 m-2 s-1. 
 Shaver et al. (2007) used Equation 3 in the overall NEP model (Equation 1)  because it 
gave the best fit to the data for Alaska and Sweden, but it is unsatisfactory as a mechanistic 
explanation for variation in RE throughout the Arctic including High Arctic sites with much lower 
soil C accumulations and large areas of bare ground. In the proposed research we will start with 
an equation that identifies RA and RH explicitly and that makes each responsive to both 
vegetation abundance (LAI or canopy N in this case) and temperature:  
  RE=(RA*α1LAI *eβ1T1)+ (RH*α2LAI *eβ2T2) (Equation 5)  
In this equation the α and β parameters (α1, α2, β1, β2) account for different relationships to LAI 
and to temperature in controlling RA versus RH, and T1 might represent air temperature while T2 
represents a soil temperature.   
 We will evaluate this Equation 5 using the respiration and other data described above 
and the same nonlinear regression and data subsetting and sensitivity approaches as for the 
NEE and GPP modeling described above. Equation 5 is only a starting point, however.  We will 
also substitute canopy N content and perhaps other measures of vegetation for the LAI variable 
(with appropriate changes in units of α1 and α2) and evaluate these variables as predictors of 
our field measurements of RE, RA, and RH. Additional parameters and variables that may be 
evaluated include soil moisture and total soil C and N content. Of course, the overall goal of this 
exercise is to come up a simple equation with as few parameters and measured variables as 
possible that gives us a reliable prediction of RE anywhere within the terrestrial Arctic System.   
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DATA BASE DEVELOPMENT, APPLICATIONS, AND SYNTHESIS 
The data to be collected as part of this research, particularly when combined with 

existing data sets, will provide a rich suite of opportunities for analysis of CO2 flux in relation to 
canopy composition and structure across the Arctic, and for evaluation of scaling relationships 
that can be used for prediction of CO2 flux across vegetation types dominated by a wide range 
of plant species and functional groups, and across a 1000-fold range of productivity (Figure 1).  
Our recent research has laid a strong foundation for meeting these goals, indicating high 
likelihood of success.  The main need now is to expand the scope of the analysis to make it 
more useful to the needs of the central ARCSS program themes of predictability, feedbacks, 
and sustainability at the regional scale, and to the aims of the SEARCH program and the 
International Polar Year to understand the Arctic as a distinct regional environmental system. 

Full exploitation of the data base will also require extensive interactions with existing 
models and future model development.  Based on previous, extensive experience with 
development and testing of several models of arctic ecosystems and biogeochemistry, we feel 
comfortable with the basic formats and organization now used in the Arctic LTER data base 
(http://ecosystems.mbl.edu/ARC/ )--our data have been widely used by others, with an 
increasing number of requests over the past several years.  The main need is to improve the 
data sorting, merging, filtering, and transformation capabilities.  These improvements are 
already underway as part of the development of the next generation network-level LTER data 
base (EML: Ecological Metadata Language).  Another need is to ensure access to the data by 
ARCSS researchers specifically, through the ARCSS Data Coordination Center at 
http://nsidc.org/arcss/; this is done through a hot link to the Arctic LTER data base.  Typically 
our major data sets are freely available within 12-24 months of field collection (or within 6-12 
months after chemical analyses are completed) and can be downloaded directly by anyone, with 
the only request being that investigators notify the Arctic LTER data manager of their interest 
and that use of the data be acknowledged formally in publications.  

Collaborations: An important part of this work is continuation of long-term collaborations 
with Ed Rastetter (MBL), Mathew Williams (University of Edinburgh), and Mark van Wijk 
(Wageningen Agricultural University, Netherlands), including field data collection, modeling, and 
exchanges of visits to field sites by students and postdocs.  Shaver has a long record of data 
sharing, model development, and publication with these first-rate ecologists.  With support from 
NSF-OPP and European agencies, all of us are currently involved in the development of long-
term carbon/water/energy flux observatories at Toolik Lake and Cherskii, and with development 
of a PanArctic carbon/water/energy flux data base including data from Abisko, Zackenberg, and 
other arctic sites as part of the International Polar Year (IPY).  Rastetter is also developing a 
improved model of canopy N allocation for arctic vegetation including light extinction in denser 
canopies (LAI ≥2.0), and we expect to work particularly closely with Rastetter in both field data 
collection and model development. In general, the role of the Shaver project in these 
collaborations is to provide a common data base on canopy-level C and water fluxes, and 
canopy structure and canopy N content, that includes a broad survey of local and PanArctic 
variation.  The Shaver project will also be distinguished from these others in 2008-2010 in its 
focus on (1) vascular versus non-vascular C exchange in whole vegetation, (2) describing the 
long-term trajectory of change in C fluxes in relation to species changes in experimental plots, 
and (3) upscaling from 1 m2 plots to the footprint of eddy covariance towers. 
 For the past 12 years this project has also supported Shaver’s participation in a broad 
range of synthesis and planning activities that will continue with renewed funding.  These 
activities include the ITEX syntheses of species and community responses to experimental 
warming (e.g., Walker et al. 2006), the Arctic Climate Impacts Assessment (Callaghan et al. 
2005 and 10 other papers), the International Conference on Arctic Research Planning (ICARP), 
and the EU CAT-B project on effects of biodiversity on arctic ecosystem function (Wookey et al. 
in prep.).  Since 2002 Shaver has served on the steering committee of SEARCH.  All of these 
activities will continue with renewed funding, with the addition of service on the International 
Study of Arctic Change (ISAC) Council beginning in 2008.  
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SIGNIFICANCE AND BROADER IMPACTS  
Predictability, feedbacks, and sustainability of the Arctic System are three central themes of 

the NSF Arctic System Science program.   The proposed research will contribute significantly to 
development of these themes by improving our understanding of the broad patterns of 
vegetation/soil function and vegetation change across the Arctic, with a specific focus on 
vegetation canopies and ecosystem CO2 fluxes.  The underlying assumption is that adaptation 
to the arctic environment places major constraints on the growth rates, allocation patterns, and 
physiology of arctic plants  and that these adaptations in turn play an important role in regulating 
change and resilience in arctic vegetation and its feedbacks to the arctic system.  The proposed 
research is designed essentially as a search for the general characteristics of plant growth, 
resource allocation, and physiology that can be used to develop large-scale, long-term 
predictions of ecosystem processes and of the role of arctic vegetation in  the Arctic System.  
By comparing a wide range of vegetation types in widely-separated sites, the research will also 
help to identify the relative vulnerability of different vegetation types, plant functional types, and 
species to climate change and other forms of disturbance.  The variables to be evaluated—net 
and gross C fluxes, primary production, N allocation, canopy structure, and NDVI--are all key 
components of the feedbacks and interactions between the terrestrial landscape and the cycles 
of energy, water, and elements in the Arctic System.   

In a broader scientific context, the proposed research is both significant and timely because 
it will contribute to understanding of several issues that are of great current interest and 
research activity in Ecology and Environmental Science.  These include:  

1.) The role of vegetation in determining surface properties of the arctic landscape. How do 
the structural and functional characteristics of arctic vegetation determine the feedbacks 
and interactions between the land surface and other components of the Arctic System? 

2.) The effects of individual species or plant "functional types" on overall ecosystem and 
landscape-level processes:  When and where must we consider the actual species 
composition of the vegetation, and when can we ignore variability in responses among 
species and plant functional types?  

3.) The general issue of scaling ecological understanding from single sites and species to 
larger, regional environmental systems: How can we make predictions of regional 
change when most of our process-level information on a key component of the system, 
the vegetation, comes from fine-scale measurements at a small number of sites? 

The proposed research will also make several contributions to education of both future 
professionals and the general public.  Current plans call for a postdoc and RA support.  Over 
the past 20 years, all of our postdocs and most of our RAs have moved on to full-time jobs in 
ecology teaching and/or research.  At the Ecosystems Center, RA positions are generally filled 
by recent undergraduate or M.S. students who are encouraged to view their time at the Center 
as an opportunity to gain experience and training so as to make informed decisions about future 
careers.  We also provide excellent opportunities for REU students, supporting one or two each 
year through annual supplemental requests.  Usually, REU students are selected through a 
nationally-advertised search but more recently about half of our REU students have come from 
a new undergraduate program at the Ecosystems Center called the Semester in Environmental 
Science (SES). Increasingly, our teaching in the SES course is integrated with results from our 
field research. Finally, every summer the Arctic LTER project supports at least two science 
journalists to come to Toolik Lake for several weeks. These internships have exposed about 30 
journalists over the past 12 years to the details of how ecological research actually gets done, 
leading to numerous newspaper and magazine articles, books, and radio stories. Over 75% of 
our postdocs, RAs, REU students, and journalists over the past 10 years have been women.   

In 2004, the MBL joined with Brown University to create a joint graduate program in 
Ecology and Evolutionary Biology, which currently includes 5 students and is growing rapidly.  If 
appropriate graduate students are found, either or both of the postdoc and RA positions may be 
filled by graduate students. 



BIBLIOGRAPHY 
 
* Asterisk indicates a product of prior NSF support to Shaver on  grant # NSF-OPP-0352897 
 
ACIA 2005. Arctic Climate Impact Assessment. Cambridge University Press, Cambridge, UK. 
Anderson, M.C., J.M. Norman, T.P. Meyers, and G.R. Diak.  2000. An analytical model for 

estimating canopy transpiration and carbon assimilation fluxes based on canopy light-use 
efficiency.  Plant, Cell, and Environment 20: 537-557  

Arft, A.M., M.D. Walker, J. Gurevitch, J. M. Alatalo, M. S. Bret-Harte, M. Dale, M. Diemer, F. 
Gugerli, G. H. R. Henry, M. H. Jones, R. Hollister, I. S. Jónsdóttir, K. Laine, E. Lévesque, G. 
M. Marion, U. Molau, P. Mølgaard, U. Nordenhäll, V. Raszhivin, C. H. Robinson, G. Starr, A. 
Stenström, M. Stenström, Ø. Totland, L. Turner, L. Walker, P. Webber, J. M. Welker, and P. 
A. Wookey. 1999. Response patterns of tundra plant species to experimental warming: a 
meta-analysis of the International Tundra Experiment.  Ecological Monographs 69: 491-512. 

Baddeley, J.A., S.J. Woodin, and I.J. Alexander.  1994.  Effects of increased nitrogen and 
phosphorus availability on the photosynthesis and nutrient relations of three arctic dwarf 
shrubs from Svalbard.  Functional Ecology 8:676-685. 

Bigger, M.C., and W.C. Oechel.  1982.  Nutrient effect on maximum photosynthesis in arctic 
plants.  Holarctic Ecology 5: 158-163.  

*Boelman N.T., M. Stieglitz, K.L. Griffin and G.R. Shaver. 2005.  Inter-annual variability of NDVI 
in response to long-term warming and fertilization in wet sedge and tussock tundra. 
Oecologia, 143: 588-597.  

*Boelman, N.T., M. Steiglitz, H. Rueth, M. Sommerkorn, K.L. Griffin, G.R. Shaver, and J. 
Gamon.  2003.  Establishing Relationships between optical measurements and ecosystem 
level processes across long term warming and fertilization plots in wet sedge tundra.  
Oecologia 135: 414-421. 

Bret-Harte, M.S., G.R. Shaver, J.P. Zoerner, J.F. Johnstone, J.L. Wagner, A.S. Chavez, R.F. 
Gunkelman, S.C. Lippert, and J.A. Laundre.  2001.  Developmental plasticity allows Betula 
nana to dominate tundra subjected to an altered environment.  Ecology 82: 18-32.   

Bret-Harte, M. S., G. R. Shaver, and F. S. Chapin, III.  2002. Primary and secondary stem 
growth in arctic shrubs: implications for community response to environmental change.  
Journal of Ecology 90: 251-267.  

*Callaghan, T, V., Björn, L. O., Chernov, Y, Chapin, III. F. S., Christensen, T. R., Hunt-ley, B., 
Ims, R. A., Johansson, M., Jolly, D., Jonasson, S., Matveyeva, N., Panikov, N., Oechel, W. 
C. and Shaver, G. R. 2004. Rationale, concepts and approach to the assessment. Ambio 
33, 393-397.  

*Callaghan, T, V., Björn, L. O., Chernov, Y, Chapin, III. F. S., Christensen, T. R., Hunt-ley, B., 
Ims, R. A., Jolly, D., Johansson, M., Jonasson, S., Matveyeva, N., Panikov, N., Oechel, W. 
C., Shaver, G. R., Elster, J., Henttonen, H., Laine, K., Taulavuori, K., Tau-lavuori, E. and 
Zöckler, C. 2004. Biodiversity, distributions and adaptations of Arctic species in the context 
of environmental change. Ambio 33, 404-417.  

*Callaghan, T, V., Björn, L. O., Chernov, Y, Chapin, III. F. S., Christensen, T. R., Hunt-ley, B., 
Ims, R. A., Jolly, D., Johansson, M., Jonasson, S., Matveyeva, N., Panikov, N., Oechel, W. 
C., Shaver, G. R., Elster, J., Jonsdottir, I. S., Laine, K., Taulavuori, K., Taulavuori, E. and 
Zöckler, C. 2004. Responses to projected changes in climate and UV-B at the species level. 
Ambio 33, 418-435.  

*Callaghan, T, V., Björn, L. O., Chernov, Y, Chapin, III. F. S., Christensen, T. R., Hunt-ley, B., 
Ims, R. A., Johansson, M., Jolly, D., Jonasson, S., Matveyeva, N., Panikov, N., Oechel, W. 
C., Shaver, G. R. and Henttonen, H. 2004. Effects on the structure of Arctic ecosystems in 
the short- and long-term. Ambio 33, 436-447.  

*Callaghan, T, V., Björn, L. O., Chernov, Y, Chapin, III. F. S., Christensen, T. R., Hunt-ley, B., 
Ims, R. A., Jolly, D., Johansson, M., Jonasson, S., Matveyeva, N., Panikov, N., Oechel, W. 
C., Shaver, G. R., Schaphoff, S. and Sitch, S. 2004. Effects on landscape and regional 
processes and feedbacks to the climate system. Ambio 33, 459-468.  



*Callaghan, T, V., Björn, L. O., Chernov, Y, Chapin, III. F. S., Christensen, T. R., Hunt-ley, B., 
Ims, R. A., Johansson, M., Jolly, D., Jonasson, S., Matveyeva, N., Panikov, N., Oechel, W. 
C., Shaver, G. R., Schaphoff, S., Sitch, S., and Zöckler, C. 2004 . Synthesis of effects in four 
Arctic subregions. Ambio 33, 469-473.  

*Callaghan, T.V., L.O. Björn, F. S. Chapin III, Y. Chernov, T.R. Christensen, B. Huntley, R. Ims, 
M. Johansson, D.J. Riedlinger, S. Jonasson, N. Matveyeva, W.C. Oechel, N. Panikov, G. 
Shaver. 2005. Chapter 7:  Arctic Tundra and Polar Desert Ecosystems In: ACIA, 2005. 
Arctic Climate Impact Assessment. Cambridge University Press. pp. 243-352. 

*Callaghan, Terry V., Lars Olof Björn, Yuri Chernov, Terry Chapin, Torben R. Christensen, Brian 
Huntley, Rolf A. Ims, Margareta Johansson, Dyanna Jolly, Sven Jonasson, Nadya 
Matveyeva, Nicolai Panikov, Walter Oechel, Gus Shaver, Sibyll Schaphoff, Stephen Sitch 
and Christoph Zöckler 2004. Key Findings and Extended Summaries  Ambio 33: 386-392 

*Callaghan, Terry V., Lars Olof Björn, Yuri Chernov, Terry Chapin, Torben R. Christensen, Brian 
Huntley, Rolf A. Ims, Margareta Johansson, Dyanna Jolly, Sven Jonasson, Nadya 
Matveyeva, Nicolai Panikov, Walter Oechel and Gus Shaver. 2004.  Past Changes in Arctic 
Terrestrial Ecosystems, Climate and UV Radiation. Ambio 33: 398-403 

*Callaghan, Terry V., Lars Olof Björn, Yuri Chernov, Terry Chapin, Torben R. Christensen, Brian 
Huntley, Rolf A. Ims, Margareta Johansson, Dyanna Jolly, Sven Jonasson, Nadya 
Matveyeva, Nicolai Panikov, Walter Oechel and Gus Shaver. 2004. Effects on the Function 
of Arctic Ecosystems in the Short- and Long-term Perspectives. Ambio 33: 448-458. 

*Callaghan, Terry V., Lars Olof Björn, Yuri Chernov, Terry Chapin, Torben R. Christensen, Brian 
Huntley, Rolf A. Ims, Margareta Johansson, Dyanna Jolly, Sven Jonasson, Nadya 
Matveyeva, Nicolai Panikov, Walter Oechel and Gus Shaver. 2004. Uncertainties and 
Recommendations. Ambio 33: 474-479.  

*Callaghan, T.V., L.O. Björn, F. S. Chapin III, Y. Chernov, T.R. Christensen, B. Huntley, R. Ims, 
M. Johansson, D.J. Riedlinger, S. Jonasson, N. Matveyeva, W.C. Oechel, N. Panikov, G. 
Shaver. 2005. Chapter 7:  Arctic Tundra and Polar Desert Ecosystems In: ACIA, 2005. 
Arctic Climate Impact Assessment. Cambridge University Press. pp. 243-352. 

Chapin, F. S. III and G. R. Shaver.  1985.  Arctic.  pp. 16-40.  In: B. Chabot and H. A. Mooney 
(eds.), Physiological Ecology of North American Plant Communities.  Chapman and Hall, 
London.  351 pp. 

Chapin, F. S., III and G. R. Shaver.  1985.  Individualistic growth response of tundra plant 
species to manipulation of light, temperature, and nutrients in a field experiment.  Ecology 
66:564-576. 

Chapin, F. S., III, G. R. Shaver, A. E. Giblin, K. J. Nadelhoffer, and J. A. Laundre. 1995. 
Responses of arctic tundra to experimental and observed changes in climate. Ecology 
76:694-711. 

Chapin, F.S. III, M. Sturm, M.C. Serreze, J.P. McFadden, J.R. Key, A.H. Lloyd, A.D. McGuire, 
T.S. Rupp, A.H. Lynch, J.P. Schimel, J.Beringer, W.L. Chapman, H.E. Epstein, E.S. 
Euskirchen, L.D. Hinzman, G.Jia, C.-L. Ping, K.D. Tape, C.D.C. Thompson, D.A. Walker, 
and J.M. Welker.  2005.  Role of land-surface changes in arctic summer warming. Science 
310:657-660. 

Chapin, F.S. III, Woodwell G.M., Randerson J.T., et al. (2006) Reconciling Carbon-Cycle 
Concepts, Terminology, and Methods.  Ecosystems, 9, 1041-1050 

*Clemmensen, K, A. Michelsen, S. Jonasson, and G.R. Shaver.  2006.  Increased 
ectomycorrhizal fungal abundance after long-term fertilization and warming of two arctic 
tundra ecosystems.  New Phytologist 171: 391-404 

Conway, T.J., P. P. Tans, L.S. Waterman, K.W. Thoning, D.R. Kitzis, K.A. Masarie, and N. 
Zhang.  1994.  Evidence for interannual variability of the carbon cycle from the National 
Oceanic and Atmospheric Administration/Climate Monitoring and Diagnostics Laboratory 
global air sampling network. Journal of Geophysical Research. 99 (D11):22831-22855. 

*Cornelissen JHC, PM van Bodegom, R Aerts, TV Callaghan, RSP van Logtestijn, J Alatalo, F S 
Chapin, R Gerdol, J Gudmundsson, D Gwynn-Jones, AE Hartley, DS Hik, A Hofgaard, IS 
Jónsdóttir, S Karlsson, JA Klein, J Laundre, B Magnusson, A Michelsen, U Molau, VG 



Onipchenko, HM Quested, SM Sandvik, IK Schmidt, GR Shaver, B Solheim, NA 
Soudzilovskaia, A Stenström, A Tolvanen, Ø Totland, N Wada, JM Welker, X Zhao, and 

MOL Team.  2007. Global negative vegetation feedback to climate warming responses of 
leaf  litter decomposition rates in cold biomes.  Ecology Letters 10: 619-627. 

Cornelissen, JHC, SI Lang, NA Soudzilovskaia, and HJ During.  2007.  Comparative cryptogam 
ecology: A review of bryophyte and lichen traits that drive biogeochemistry.  Annals of 
Botany 99: 987-1001 

Corradi, C, O Kolle, K Walter, SA Zimov, and E –D Schulze.  2005.  Carbon dioxide and methan 
exchange of a north-east Siberian tussock tundra.  Global Change Biology 11: 1910-1925 

De Pury, D.G., and G.D. Farquhar. 1997. Simple scaling of photosynthesis from leaves to 
canopies without the errors of big-leaf models.  Plant, Cell, and Environment 20: 537-557  

* Douma, J.C., M.T. van Wijk, and G.R. Shaver.  2007. The contribution of mosses to the 
carbon and water exchange of arctic ecosystems: quantification and relationships with 
system properties.  Plant, Cell, and Environment 30: 1205-1215. 

Goetz, SJ, AG Bunn, GJ Fiske, and RA Houghton.  2005. Satellite-observed photosynthetic 
trends across boreal North America associate with climate and fire disturbance. Proceedings 
National Academy of Sciences 102: 13521-13525 

Gornal, JL, IS Jonsdottir, SJ Woodin, and R van der Waal.  2007. Arctic mosses govern below-
ground environment and ecosystem processes.  Oecologia 153: 931-941 

Goward SN, Tucker CJ, Dye DG. 1985. North American vegetation patterns observed with the 
NOAA-7 AVHRR. Vegetatio 64: 3–14. 

Henry, G.H.R., and U. Molau.  1997.  Tundra plants and climate change: the International 
Tundra Experiment.  Global Change Biology 3, Suppl. 1: 1-9. 

Herbert, D.A., E.B. Rastetter, L. Gough, and G.R. Shaver.  2004.  Species diversity along 
nutrient gradients: An analysis of resource competition in model ecosystems.  Ecosystems 
7: 296-310. 

Hinzman, L.D., N.D. Bettez, W.R. Bolton, F.S. Chapin III, M.B. Dyurgerov, C.L. Fastie, B. 
Griffith, R.D. Hollister, A. Hope, H.P. Huntingdon, A.M. Jensen, G.J. Jia, T.  Jorgensen, D.L. 
Kane, D.R. Klein, G. Kofinas, A.H. Lynch, A.H. Lloyd, A.D. McGuire, F.E. Nelson, W.C. 
Oechel, T.E. Osterkamp, C.H. Racine, V.E. Romanovsky, R.S. Stone, D.A. Stow, M. Sturm, 
C.E. Tweedie, G.L. Vourlitis, M.D. Walker, D.A.Walker, P.J. Webber, J.M. Welker, K.S. 
Winker, and K. Yoshikawa. 2005. Evidence and implications of recent climate change in 
northern Alaska and other arctic regions. Climatic Change 72:251-298. 

*Hobara, S., C. McCalley, K. Koba, A.E.  Giblin, M.S. Weiss, G.M. Gettel, and G.R. Shaver. 
2006.  Nitrogen fixation in an arctic tundra watershed: a key atmospheric N source.  Arctic, 
Antarctic, and Alpine Research 38:363-372. 

Hobbie, J.E., G. Shaver, J. Laundre, K. Slavik,  L. Deegan, J. O'Brien, S. Oberbauer and S. 
MacIntyre.  2003. Climate forcing at the Arctic LTER Site. In: D. Greenland, D. Goodin and 
R. Smith (eds.) Climate Variability and Ecosystem Response at Long-Term Ecological 
Research (LTER) Sites. Oxford University Press, New York. pp. 74-91. 

Hobbie, JE, and EA Hobbie.  2006.  15N in symbiotic fungi and plants estimates nitrogen and 
carbon flux rates in arctic tundra.  Ecology 87:816-822 

Hobbie, S, JP Schimel, SE Trumbore, and JR Randerson.  2000.  Controls over carbon storage 
and turnover in high-latitude soils.  Global Change Biology 6: 196-210 

*Hobbie, S. E., L. Gough, and G. R. Shaver. 2005. Species compositional differences on 
different-aged glacial landscapes drive contrasting responses of tundra to nutrient addition. 
Journal of Ecology 93: 770-782  

Hope, AS, Fleming, JB, Vourlitis, GL et al. 1995. Relating CO2 fluxes to spectral vegetation 
indices in tundra landscapes: importance of footprint definition. Polar Record, 31: 245–250 

Hope, AS, Kimball, JS, Stow, DA 1993. The relationship between tussock tundra spectral 
reflectance properties and biomass and vegetation composition. International Journal of 
Remote Sensing, 14, 1861–1874 



Jia, G.J., H.A. Epstein, and D.A. Walker.  2004.  Controls over intra-seasonal dynamics of 
AVHRR NDVI for the Arctic tundra in northern Alaska. Int. J. Remote Sensing  25:1547–
1564. 

Johnson, Loretta, G.R. Shaver, D. Cades, E. Rastetter, K.J. Nadelhoffer, A. Giblin, J. Laundre, 
and A. Stanley.  2000.  Carbon-nutrient interactions control CO2 exchange in Alaskan wet 
sedge ecosystems. Ecology 81: 453-469. 

Johnson DA, and Tieszen LL. 1976. Aboveground biomass allocation, leaf growth, and 
photosynthesis pattern in tundra plant forms in arctic Alaska. Oecologia, 24, 159–173. 

Jonasson, S, F.S. Chapin, III, and G.R. Shaver.  2001.  Biogeochemistry in the Arctic: Patterns, 
Processes, and Controls. In: E.-D. Schulze, S. P. Harrison, M. Heimann, E. A. Holland, J. J. 
Lloyd, I. C. Prentice, D. Schimel (Eds.), Global Biogeochemical Cycles in the Climate 
System.  Academic Press. Pp. 139-150.   

Kaminski, T., R. Giering, and M. Heimann. 1996. Sensitivity of the seasonal cycle of CO2 at 
remote monitoring stations with respect to seasonal surface exchange fluxes determined 
with the adjoint of an atmospheric transport model. Physics and Chemistry of the Earth 
21:457-462. 

Keeling, C.D., J.F. Chin, and T.P. Whorf. 1996. Increased activity of northern vegetation inferred 
from atmospheric CO2 measurements. Nature 382:146-149. 

Kinzig, A.P., S.W. Pacala, and D. Tilman, eds.  2001.  The Functional Consequences of 
Biodiversity:  Empirical Progress and Theoretical Extensions. Princeton Monographs in 
Population Biology 33, 365 pp. Princeton University Press, Princeton. 

Kittell, T.G., W.L. Steffen, and F.S. Chapin, III.  2000. Global and Regional Modeling of Arctic-
boreal vegetation distribution and its sensitivity to altered forcing.  Global change Biology 6, 
Suppl. 1: 1-18. 

*Knapp, A.K.,  J. M. Briggs, S.L. Collins, S.R. Archer, M.S. Bret-Harte, B.E. Ewers, D.P. Peters, 
D.R. Young, G.R. Shaver, E.Pendall, and M. B. Cleary.  2007.  Shrub encroachment in 
North American grasslands: shift in growth form dominance rapidly alters control of 
ecosystem C inputs.  Global Change Biology, submitted. 

*Lambers, H., J. A. Raven, G. Shaver and S. E. Smith. 2007. Specialised nutrient-acquisition 
strategies reflect plant adaptations to changing N and P status as soils change over 
geological time scales.  Trends in Ecology and Evolution, accepted.  

Loreau, M., S. Naeem, and P. Inchausti, eds.  2002. Biodiversity and Ecosystem Functioning: 
Synthesis and Perspectives.  Oxford University Press, Oxford.  294 pp.  

Loreau, M., S. Naeem, P. Inchausti, J. Bengtsson, J.P. Grime, A. Hector, D.U. Hooper, M.A. 
Huston, D. Raffaelli, B. Schmid, D. Tilman, and D.A. Wardle. 2001. Biodiversity and 
ecosystem functioning: current knowledge and future challenges. Science 294: 804-808.  

*Mack, M.C., E.A.G. Schuur, M.S. Bret-Harte, G.R. Shaver, and F.S. Chapin, III.  2004. 
Ecosystem carbon storage in arctic tundra reduced by long-term nutrient fertilization.  Nature 
431: 440-443 

Manning, M.R. 1993. Seasonal cycle in atmospheric CO2 concentrations. The Global Carbon 
Cycle (ed M. Heimann):65-93. Springer-Verlag, Berlin. 

McGuire, A.D., C. Wirth, M. Apps, J. Beringer, J. Clein, H. Epstein, D.W. Kicklighter, J. Bhatti, 
F.S. Chapin III, B. de Groot, D. Efremov, W. Eugster, M. Fukuda, T. Gower, L. Hinzman, 
B. Huntley, G.J. Jia, E. Kasischke, J. Melillo, V. Romanovsky, A. Shvidenko, E. Vaganov, 
and D. Walker.  2002. Environmental variation, vegetation distribution, carbon dynamics and 
water/energy exchange at high latitudes., Journal of Vegetation Science 13: 301–314.  

McGuire, A.D., J.S. Clein, J.M. Melillo, D.W. Kicklighter, R.A. Meier, C.J. Vorosmarty, and M.C. 
Serreze. 2000, Modeling carbon responses of tundra ecosystems to historical and projected 
climate: Sensitivity of Pan-arctic carbon storage to temporal and spatial variation in climate: 
Global Change Bioogy. 6 (Suppl. 1):141–159.  

McKane, R. B., E. B. Rastetter, J.M. Melillo, G. R. Shaver, C.S. Hopkinson, D.N. Fernandes, 
D.L. Skole, and W.H. Chomentowski.  1995.  Effects of global change on carbon storage in 
tropical forests of South America.  Global Biogeochemical Cycles 9:329-350. 



McKane, R. B., E. B. Rastetter, G. R. Shaver, K. J. Nadelhoffer, A. E. Giblin, and J. A. Laundre.  
1997.  Climatic effects on tundra carbon storage inferred from experimental data and a 
model. Ecology 78:  1170-1187. 

McKane, R.B., L.C. Johnson, G.R. Shaver, K.J. Nadelhoffer, E.B. Rastetter, B. Fry, A. E. Giblin, 
K. Kielland, B.L. Kwiatkowski, J. A. Laundre, and G. Murray. 2002. Resource-based niches 
provide a basis for plant species diversity & dominance in arctic tundra.  Nature 415:68-71 

Miller, P.C., PM Miller, M Blake-Jacobsen, FS Chapin, KR Everett, DW Hilbert, J Kummerow, 
AE Linkins, GM Marion, WC Oechel, SW Roberts, and L Stuart.  1984.  Plant-soil processes 
in Eriophorum vaginatum tussock tundra in Alaska.  Ecological Monographs 54: 361-405. 

Monteith JL. 1972. Solar radiation and productivity in tropical ecosystems. Journal of Applied 
Ecology 9: 747–766. 

Myneni R.B., C.D. Keeling, C.J. Tucker,  G. Asrar, and R.R. Nemani. 1997.  Increased plant 
growth in the northern high latitudes from 1981-1991.  Nature 386: 698-702 

Nordin, A., I.K. Schmidt, and G.R. Shaver.  2004.  Nitrogen uptake by arctic soil microbes and 
plants in relation to soil nitrogen supply.  Ecology 85: 955-962 

* Nowinski, N., S. Trumbore, E. Schuur, M. Mack, and G. Shaver 2007. Nutrient Addition 
Prompts Rapid Destabilization Of Organic Matter In An Arctic Tundra Ecosystem.  
Ecosystems, in revision 

Oberbauer, S.F., W. Cheng, C.T. Gillespie, B. Ostendorf, A. Sala, R. Gebauer, R.A. Virginia, 
and J.D. Tenhunen.  1996.  Landscape Patterns of Carbon Dioxide Exchange in tundra 
ecosystems.  In: JF Reynolds and JD Tenhun en, eds.  Landscape Function and 
Disturbance in Arctic Tundra.  Springer-Verlag Ecological Studies Series Volume 110.  
Springer, New York.  Pp. 223-256  

Oberbauer, SF, Oechel, WC. 1989. Maximum CO2 assimilation rates of vascular plants on an 
Alaskan arctic tundra slope. Holarctic Ecology, 12, 213–316. 

Oberbauer, SF, CE Tweedie, JN Welker, JT Fahnestock, GHR Henry, PJ Webber, RD Hollister, 
MD Walker, A Kuchy, E Elmore, and G Starr. 2007.  Tundra CO2 fluxes in response to 
experimental warming across latitudinal and moisture gradients.  Ecological Monographs 77: 
221-238. 

Oechel, WC, GL Vourlitis, J Verfaillie, T. Crawford, S. Brooks, E. Dumas, A. Hope, D. Stow, B. 
Boynton, V. Nosov and R. Zulueta. 2000. A scaling approach for quantifying the net CO2 flux 
of the Kuparuk River Basin, Alaska Global Change Biology 6: 160-173. 

Oechel, WC, GL Vourlitis, S. Brooks, TL Crawford, and E. Dumas.  1998. Intercomparison 
among chamber, tower, and aircraft net CO2 and energy fluxes during the Arctic System 
Science Land-Atmosphere-Ice Interactions (ARCSS-LAII) Flux Study. Journal of 
Geophysical Research 103: 28993-29003. 

Prince SD, Goward SN. 1995. Global primary production: A remote sensing approach. Journal 
of Biogeography 22: 815–835.      

Randerson, J.T., Field, C.B., Fung, I.Y., & Tans, P.P. 1999. Increases in early season 
ecosystem uptake explain recent changes in the seasonal cycle of atmospheric CO2 at high 
northern latitudes. Geophysical Research Letters, 26, 1756-1769. 

Randerson J.T., Chapin F.S. III, Harden J.W., Neff J.C., & Harmon M.E. (2002) Net Ecosystem 
Production: A Comprehensive Measure Of Net Carbon Accumulation By Ecosystems. 
Ecological Applications, 12, 937-947. 

Rastetter, E.B., R.B. McKane, G.R. Shaver, and K.J. Nadelhoffer.  1997.  Analysis of CO2, 
temperature, and moisture effects on carbon storage in Alaskan arctic tundra using a 
general ecosystem model.  In: W.C. Oechel and J. Holten, eds. Global Change and Arctic 
Terrestrial Ecosystems.  Springer-Verlag, New York. Pp. 437-451. 

*Rastetter, E.B., S.S. Perakis, G.R. Shaver, and G. Ågren.  2005.  Dissolved organic nitrogen 
losses could attenuate responses of terrestrial ecosystems to elevated CO2.  Ecological 
Applications 15: 71-86. 

Reynolds, J.F., J.D. Tenhunen, P.W. Leadley, H. Li, D.L. Moorehead, B. Ostendorf, and F.S. 
Chapin, III.  1996.  Patch and Landscape Models of Arctic Tundra: Potentials and 
Limitations. In: JF Reynolds and JD Tenhun en, eds.  Landscape Function and Disturbance 



in Arctic Tundra.  Springer-Verlag Ecological Studies Series Volume 110.  Springer, New 
York.  Pp. 293-324   

Running, S.W., R. R. Nemani, F.A. Heinsch, And M. Zhao, M. Reeves, And H. Hashimoto.  
2004.  A Continuous Satellite-Derived Measure Of Global Terrestrial Primary Production 
BioScience 54:547-560 

Schimel, J.P., C. Bilbrough, and J.M. Welker.  2004. Increased snow depth affects microbial 
activity and nitrogen mineralization in two Arctic tundra communities Soil Biology and 
Biochemistry 36:217-227 

Schimel, JP, J Fahnestock, G Michaelson, C Mikan, C-L Ping, VE Romanovsky, and J Welker.  
2006.  Cold-season production of CO2 in arctic soils: Can laboratory and field estimates be 
reconciled through a simple modeling approach? Arctic, Antarctic, and Alpine Research 38: 
249-256 

Schulze, E.-D., and H.A. Mooney, eds.  1994.  Biodiversity and Ecosystem Function.  Springer 
Verlag, Berlin.  525 pp. 

Shaver, G. R. and F. S. Chapin, III.  1991.  Production/biomass relationships and element 
cycling in contrasting arctic vegetation types.  Ecological Monographs 61:1-31. 

Shaver, G. R., W. D. Billings, F. S. Chapin, III, A. E. Giblin, K. J. Nadelhoffer, W. C. Oechel and 
E. B. Rastetter.  1992.  Global change and the carbon balance of arctic ecosystems.  
BioScience 42:433-441. 

*Shaver, G.R. 2005.  Spatial Heterogeneity Past, Present, and Future. In: G.M. Lovett, C.G. 
Jones, M.G. Turner, and K.C. Weathers, eds.  Ecosystem Function in Heterogeneous 
Landscapes.  Springer-Verlag, New York.  Pp. 443-449  

*Shaver, G.R., A.E. Giblin, K.J. Nadelhoffer, K.K. Thieler, M.R. Downs, J.A. Laundre, and E.B. 
Rastetter.  2006.  Carbon Turnover in Alaskan Tundra Soils: Effects of Organic Matter 
Quality, Temperature, Moisture, and Fertilizer.  Journal of Ecology 94: 740-753 

Shaver, G.R., and S. Jonasson.  2001.  Productivity of Arctic Ecosystems.  pp. 189-210. In:  H. 
Mooney, J. Roy, and B. Saugier, eds.  Terrestrial Global Productivity.  Academic Press, New 
York.  

Shaver, G.R., J. Canadell, F.S. Chapin, III, J. Gurevitch, J. Harte, G. Henry, P. Ineson, S. 
Jonasson, J. Melillo, L. Pitelka, and L. Rustad.  2000.  Global Warming and Terrestrial 
Ecosystems:  A Conceptual Framework for Analysis.  BioScience 50: 871-882. 

Shaver, G.R., J.A. Laundre, A.E. Giblin, and K.J. Nadelhoffer.  1996.  Changes in vegetation 
biomass, primary production, and species composition along a riverside toposequence in 
arctic Alaska. Arctic and Alpine Research 28:363-379. 

Shaver, G.R., L.C. Johnson, D.H. Cades, G. Murray, J.A. Laundre, E.B. Rastetter, K.J. 
Nadelhoffer, and A.E. Giblin.  1998.  Biomass accumulation and CO2 flux in three Alaskan 
wet sedge tundras: Responses to nutrients, temperature, and light.  Ecological Monographs 
68:75-99. 

Shaver, G.R., M.S. Bret-Harte, M.H. Jones, J. Johnstone, L. Gough, J. Laundre, and F.S. 
Chapin, III.  2001.  Species Composition Interacts With Fertilizer To Control Long Term 
Change In Tundra Productivity.  Ecology 82: 3163-3181. 

*Shaver, G.R., L.E. Street, E.B. Rastetter,  M. T. van Wijk, M. Williams. 2007.  Functional 
Convergence In Regulation Of Net CO2 Flux  In Heterogeneous Tundra Landscapes In 
Alaska And Sweden Journal of Ecology 95: 802-817. 

Steltzer, H, and J.M. Welker.  2006.  Modeling the effect of photosynthetic vegetation properties 
on the NDVI-LAI relationship: a High Arctic example.  Ecology, in press. 

Stow, D.A., A. Hope, D. McGuire, D. Verbyla, J. Gamon, F. Huemmrich, S. Houston, C. Racine, 
M. Sturm, K. Tape, L. Hinzman, K. Yoshikawa, C. Tweedie, B. Noyle, C. Silapaswani, D. 
Douglas, B. Griffith, G. Jia,H. Epstein, D. Walker, S. Daeschner,A. Petersen, L. Zhou, R. 
Myneni.  2004.  Remote sensing of vegetation and land-cover change in Arctic Tundra 
Ecosystems.  Remote Sensing of Environment 89: 281-308. 

*Street LE, Shaver GR, Williams M, van Wijk MT. 2007.  What is the relationship between 
changes in leaf area and changes in photosynthetic CO2 flux in arctic ecosystems? Journal 
of Ecology 95: 139-150. 



Sturm, M., C.R. Racine, and K. Tape.  2001. Increasing shrub abundance in the Arctic.  Nature 
411: 546-547. 

Sturm, M., J. Schimel, G. Michaelson, J.M. Welker, S.F. Oberbauer, G.E. Liston, J. Fahnestock, 
and V.E. Romanovsky. 2005. Winter biological processes could help convert arctic tundra to 
shrubland. BioScience, 55:17-26. 

Sturm, M., J.P. McFadden, G.E. Liston, F.S. Chapin, III, J. Holmgren, and M. Walker. 2001. 
Snow-shrub interactions in arctic tundra: A hypothesis with climatic implications. Journal of 
Climate 14:336-344 

*Sullivan, P.F., M. Sommerkorn, H.M. Rueth, K. J. Nadelhoffer, G. R. Shaver, J. M. Welker.  
2007. Climate and species affect fine root production with long-term fertilization in acidic 
tussock tundra near Toolik Lake, Alaska.  Oecologia 153: 643-652. 

Tape, K., M. Sturm, and C. Racine. 2006. The evidence for shrub expansion in Northern Alaska 
and the Pan-Arctic. Global Change Biology 12:1-17. 

Tenhunen, J.D., R. SWiegwolf, and S.F. Oberbauer.  1994.  Effects of phenology, physiology, 
and gradients in community composition, structure, and microclimate on tundra ecosystem 
CO2 exchange.  In: E.-D. Schulze and M.M. Caldwell, eds.  Ecophysiology of 
Photosynthesis.  Springer-Verlag Ecological Studies Series Volume 100.  Springer, New 
York.  Pp. 431-460   

Tenhunen, JD, OL Lange, S. Hahn, R. Siegwolf, and SF Oberbauer.  1996.  The Ecosystem 
Role of Poikilohydric Tundra Plants.  In: F.S. Chapin, III, R.L. Jefferies, J.F. Reynolds, G.R. 
Shaver, and J. Svoboda, eds.  Arctic Ecosystems in a Changing Climate: An 
Ecophysiological Perspective.  Academic Press.  Pp. 213-238. 

Turner DP, Ritts WD, Cohen WB,Gower ST, Zhao M, Running SW,Wofsy SC, Urbanski S, Dunn 
A, Munger JW. 2003b. Scaling gross primary production (GPP) over boreal and deciduous 
forest landscapes in support of MODIS GPP product validation. Remote Sensing of 
Environment 88: 256–270. 

Turner DP, Urbanski S, Bremer D,Wofsy SC, Meyers T, Gower ST, Gregory M.2003a.A cross-
biome comparison of daily light-use efficiency for gross primary production. Global Change 
Biology 9: 383–395. 

*van der Welle, M.E.W.,  P.J. Vermuelen, G.R. Shaver, and F. Berendse.  2003.  Factors 
determining plant species richness in Alaskan arctic tundra.  Journal of Vegetation Science 
14: 711-720. 

*van Wijk, M., M. Williams, and G.R. Shaver.  2005.  Tight coupling between leaf area index and 
foliage N content in arctic plant communities.  Oecologia 142:421-427. 

van Wijk, M.T., and M. Williams.  2005.  Optical Instruments For Measuring Leaf Area Index In 
Low Vegetation: Application In Arctic Ecosystems. Ecological Applications 15: 1462-1470. 

van Wijk, M.T., K. Clemmensen, G.R. Shaver, M. Williams, T.V. Callaghan, F.S. Chapin III, 
J.H.C. Cornelissen, L. Gough, S.E. Hobbie, S. Jonasson, J.A. Lee, A. Michelsen, M.C. 
Press, S.J. Richardson, H. Rueth.  2003.  Long-term ecosystem level experiments in Toolik 
Lake, Alaska, and Abisko, Northern Sweden: generalizations and differences in ecosystem 
and plant type responses to global change.  Global Change Biology 10: 105-123. 

van Wijk, M.T., M. Williams, J.A. Laundre, and G.R. Shaver.  2003.  Inter-annual variability of 
plant phenology in tussock tundra: modelling interactions of plant productivity, snowmelt, 
and soil thaw.  Global Change Biology 9:743-758. 

van Wijk, M.T., M. Williams, L. Gough, S.E. Hobbie, and G.R. Shaver.  2003.  Luxury 
consumption: A possible competitive strategy in above-belowground carbon allocation for 
slow-growing vegetation?  Journal of Ecology 91: 664-676. 

*van Wijk, M.T., L.E. Street, M. Williams, and G.R. Shaver.  2007. Evapotranspiration in the 
Arctic: determining factors and quantification.  Ecosystems, submitted. 

Vourlitis GL, Oechel WC, Hope A et al. 2000. Physiological models for scaling plot-
measurements of CO2 flux across an arctic tundra landscape. Ecological Applications, 10, 
60–72. 



Vourlitis, G.L., J. Verfaillie, W.C. Oechel, A. Hope, D. Stow, and R. Engstrom.  2003.  Spatial 
variation in regional CO2 exchange for the Kuparuk River basin, Alaska over the summer 
growing season.  Global Change Biology 9: 930-941. 

*Walker. Marilyn D., C. Henrik Wahren, Robert D. Hollister, Greg H. R. Henry, Lorraine E. 
Ahlquist, Juha M. Alatalo, M. Syndonia Bret-Harte, Monika P. Calef, Terry V. Callaghan, 
Amy B. Carroll, Howard E. Epstein, Ingibjorg S. Jonsdottir, Julia A. Klein, Borgþor 
Magnusson, Ulf Molau, Steven F. Oberbauer, Steven P. Rewa, Clare H. Robinson, Gaius R. 
Shaver, Katharine N. Suding, Catharine C. Thompson, Anne Tolvanen, Ørjan Totland, P. 
Lee Turner, Craig E. Tweedie, Patrick J. Webber, and Philip A. Wookey.  2006. Plant 
community responses to experimental warming across the tundra biome.  Proceedings 
National Academy of Sciences 103: 1342-1346. 

Waring, R.H., and S.W. Running.  1998. Forest Ecosystems: Analysis at Multiple Scales.  
Academic Press.  370 pp.  

Williams, M. & Rastetter, E.B. 1999. Vegetation characteristics and primary productivity along 
an arctic transect: implications for scaling-up. Journal of Ecology 87 (5), 885-898  

Williams, M., E. B. Rastetter, D. N. Fernandes, M. L. Goulden, G. R. Shaver and L. C. Johnson.  
1997.  Predicting gross primary productivity in terrestrial ecosystems.  Ecological 
Applications 7:882-894. 

*Williams, M., L.E. Street, M. van Wijk, and G.R. Shaver.  2006.  Identifying differences in rates 
of carbon exchange among vegetation types along an arctic toposequence.  Ecosystems 9: 
288-304 

Williams, M., Rastetter, E. B., Shaver, G. R., Hobbie, J. E., Carpino, E. and Kwiatkowski, B. L. 
2001. Primary production in an arctic watershed; an uncertainty analysis. Ecological 
Applications 11:1800-1816 

Williams, M., W. Eugster, E. B. Rastetter, J. P. McFadden and F. S. Chapin III.  2000.  The 
controls on net ecosystem productivity along an arctic transect: a model comparison with 
flux measurements. Global Change Biology Vol. 6, Supplement I:116-126. 

Wright, IJ, PB Reich, M Westoby, DD Ackerly, Z Baruch, F Bongers, J Cavender-Bares,T 
Chapin, JHC Cornelissen, M Diemer, J Flexas, E Garnier, PK Groom, J Gulias,K Hikosaka, 
BB Lamont, T Lee, W Lee, C Lusk, JJ Midgley, M-L Navas,Ü Niinemets, J Oleksyn, N 
Osada, H Poorter, P Poot, L Prior, VI Pyankov, C Roumet, SC Thomas, MG Tjoelker, EJ 
Veneklaas, & R Villar.  2004.  The worldwide leaf economics spectrum.  Nature 428:821-
827. 

Zimov, S.A., S.P. Davidov, G.M. Zimova, A.I. Davidova, F.S. Chapin III, M.C. Chapin, J.F. 
Reynolds. 1999. Contribution of disturbance to increasing seasonal amplitude of 
atmospheric CO2. Science 284:1973-1976. 


