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ABSTRACT

Climate change is altering long-term climatic con-

ditions and increasing the magnitude of weather

fluctuations. Assessing the consequences of these

changes for terrestrial ecosystems requires under-

standing how different vegetation types respond to

climate and weather. This study examined 20 years

of regional-scale remotely sensed net primary pro-

ductivity (NPP) in forests of the northern Lake

States to identify how the relationship between

NPP and climate or weather differ among forest

types, and if NPP patterns are influenced by land-

scape-scale evenness of forest-type abundance.

These results underscore the positive relationship

between temperature and NPP. Importantly, these

results indicate significant differences among

broadly defined forest types in response to both

climate and weather. Essentially all weather vari-

ables that were strongly related to annual NPP

displayed significant differences among forest

types, suggesting complementarity in response to

environmental fluctuations. In addition, this study

found that forest-type evenness (within 8 9 8 km2

areas) is positively related to long-term NPP mean

and negatively related to NPP variability, suggest-

ing that NPP in pixels with greater forest-type

evenness is both higher and more stable through

time. This is landscape- to subcontinental-scale

evidence of a relationship between primary pro-

ductivity and one measure of biological diversity.

These results imply that anthropogenic or natural

processes that influence the proportional abun-

dance of forest types within landscapes may influ-

ence long-term productivity patterns.

Key words: net primary productivity; climate

change; biodiversity; ecosystem function; regional

analysis; remote sensing; land management.

INTRODUCTION

Net primary productivity (NPP) is commonly used

as an integrative measure of ecosystem function

and the capacity to produce and sustain ecosystem

goods and services (Symstad and others 2003;

Hooper and others 2005; Srivastava and Vellend
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2005). The influence of both climatic conditions

and weather fluctuations on spatial and temporal

patterns of NPP in terrestrial ecosystems has long

been recognized (Rosenzweig 1968; Lieth and

others 1975; Potter and others 1999). Less clear,

however, is how the impact of climate and/or

weather on NPP varies among vegetation types,

and by association, how the composition and

abundance of vegetation types influence ecosys-

tem-level NPP response to fluctuating environ-

mental conditions (Cottingham and others 2001;

Symstad and others 2003). Climate change is

anticipated to alter both long-term climatic condi-

tions and increase the magnitude of weather fluc-

tuations (IPCC 2007; Karl and others 2008).

Assessing the consequences of these changes for

productivity at landscape or larger areas require

insight into the differences and similarities among

the plant communities that comprise the landscape.

In particular, understanding how different com-

munities respond to climate or weather is necessary

to recognize how and when the composition and

abundance of communities will impact NPP in a

changing and increasingly variable environment.

The relationship between the ecosystem compo-

sition, often characterized as a component of bio-

logical diversity, and ecosystem function, including

NPP, is an ongoing debate that, despite a long his-

tory in the ecological literature, has received sub-

stantial attention in recent years (Chapin and others

2000; McCann 2000; Loreau and others 2001;

Hooper and others 2005). Ecological theory sug-

gests that variation in life-history traits among

species or functional groups may capitalize on

complementarity in resource utilization or acquisi-

tion that results in enhanced overall ecosystem

function (for example, productivity) and/or stability

(for example, variation in productivity through

time) in systems with higher species or functional

group richness (McNaughton 1977; Ives and others

1999; Naeem 2002; Hooper and others 2005;

Loreau 2010). Although several studies have iden-

tified relationships between biological diversity

and either the magnitude of ecosystem function

(Hooper and Vitousek 1997; Tilman and others

1997a; Hector and others 1999) or the variability in

ecosystem function over time (Tilman and Downing

1994; Naeem and Li 1997; Yachi and Loreau 1999;

Bai and others 2004), those results continue to be

questioned for several reasons including experi-

mental design and interpretation (Pimm 1984;

Givnish 1994; Naeem 2002; Pfisterer and Schmid

2002; Naeem and Wright 2003). Biological diversity

may be progressively more important for sustaining

ecosystem function in the context of increased

environmental fluctuations and intensified distur-

bance regimes that are anticipated over the next

several decades.

Furthermore, these global change processes may

be resulting in widespread alterations to some

aspects of biological diversity (Sala and others 2000;

Novacek and Cleland 2001), moving the diversity-

ecosystem function debate beyond theoretical

ecology into land management relevance (Chapin

and others 2000; Hooper and others 2005; Sri-

vastava and Vellend 2005; Diaz and others 2007).

Because changing climate and disturbance regimes

may reduce diversity, understanding the relation-

ship between broadly defined measures of biologi-

cal diversity and ecosystem function over larger

areas is increasingly relevant to land managers and

policy makers (Chapin and others 2000; Elmqvist

and others 2003; Hooper and others 2005;

Srivastava and Vellend 2005; Diaz and others

2007). However, most previous studies typically fall

short of assessing the consequences of anticipated

reductions in aspects of biodiversity at spatial scales

relevant to land management. For example, evi-

dence for a positive relationship between species

richness and either overall ecosystem function or

stability in ecosystem function is derived primarily

from studies of extremely small-scale manipulative

experiments (Tilman and Downing 1994; Hooper

and Vitousek 1997; Loreau and Hector 2001) or

theoretical models (Tilman and others 1997b; Yachi

and Loreau 1999; Lehman and Tilman 2000). As a

consequence, conclusions from these experiments

are difficult to separate from experimental design

and challenging to relate to un-manipulated sys-

tems (Huston 1997; Naeem 2002; Naeem and

Wright 2003). Consequently, recent reviews have

identified the need for studies over larger spatial

areas (McCann 2000; Cottingham and others 2001;

Loreau and others 2001; Symstad and others 2003;

Srivastava and Vellend 2005) and with more direct

application to land management practices (Chapin

and others 2000; Elmqvist and others 2003;

Srivastava and Vellend 2005).

This study provides one perspective on some of

these challenges by examining how forest type (an

integrated representation of the plant community

that is directly relatable to land management prac-

tices) influences the response of NPP to climate or

weather at regional scales. The overall goal of this

study is to identify how forest type, climatic condi-

tions, and weather fluctuations combine to influ-

ence observed patterns of net primary productivity

in forests of the northern Lake States, USA.

This study provides insight into both the challenge

of spatial scale and the practical application by
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addressing three questions about controls over net

primary productivity. First, how is long-term NPP

mean and variability, as characterized by satellite

remote sensing, related to climatic conditions, and

do those relationships differ among forest types?

Second, how are annual variations in NPP related to

fluctuations in weather conditions, and do those

relationships differ among forest types? Third, does

the composition of forest types within a landscape

impact long-term patterns of NPP mean and vari-

ability?

MATERIALS AND METHODS

Study Region

The U.S. northern Lake States region includes the

northern parts of Minnesota, Wisconsin, and

Michigan (Figure 1). Climate is characterized by

short, mild summers and long, cold winters with a

north-south gradient in mean annual temperature

that ranges from around 2�C in northern Minne-

sota to 8�C in central Michigan and an east–west

gradient in annual precipitation that ranges from

500 mm in central Minnesota to 800 mm in parts

of Wisconsin and Michigan (http://prism.oregon-

state.edu). Soils include a large component of

nutrient-poor sands derived from glacial outwash,

as well as silt loams from moraines and, occasion-

ally, clays in former lake beds (USDA 1989). Forests

in the northern Lake States include four major

forest types: aspen-birch, upland conifer, northern

hardwoods and lowlands and primarily conifers

(Cleland and others 2007). Aspen-birch forests

consist primarily of quaking and big-toothed aspen

(Populus tremuloides and P. grandidentata) and paper

birch (Betula papyrifera), whereas upland conifer

forests are dominated by red pine (Pinus resinosa),

white pine (P. strobus), or jack pine (P. banksiana)

and contain some white spruce (Picea glauca).

Northern hardwoods are dominated by sugar maple

(Acer saccharum), northern red oak (Quercus rubra),

yellow birch (Betula alleghaniensis), basswood (Tilia

americana), and American beech (Fagus grandifolia)

to the east. Lowland forests are dominated by black

spruce (Picea mariana), tamarack (Larix laricina),

and northern white cedar (Thuja occidentalis). Other

prevalent species found in this region include bal-

sam fir (Abies balsamea), bur oak (Quercus macro-

carpa), and eastern hemlock (Tsuga canadensis)

(Delcourt and Delcourt 2000).

Forests of the northern Lake States represent a

particularly appealing region to examine the influ-

ence of plant composition on the relationship

between NPP and environmental conditions

because the region contains a diverse set of forest

types whose distribution and abundance has been

substantially altered since European settlement.

Extensive logging in the late 1800s through early

1900s has impacted the vast bulk of forest area in

the region (Frelich 1995). Region-wide logging,

followed by slash-fueled fires resulted in large

decreases in pine abundance and large increases

in aspen abundance throughout the region (for

example, Friedman and Reich 2005). The current

landscape includes a mix of managed production

forests and reserves and it is becoming increasingly

more patchy at landscape scales (Mladenoff and

others 1993) yet more regionally homogeneous

(Schulte and others 2007).

Net Primary Productivity data

A 20-year (1981–2000) record of annual NPP

based on the global production efficiency model

Figure 1. NPP mean, NPP CV, and evenness in abun-

dance of the four major forest types for all 8 9 8 km2

AVHRR pixels with greater than 70% forest cover (2069

pixels out of 5150 in the U.S. Northern Lake States).
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(GLO-PEM) was accessed from the Global Land

Cover Facility (www.landcover.org/data/glopem with

methodological details at www.landcover.org/

library/guide/GLOPEM_documentation_18Aug03.

pdf) and was derived from Advanced Very High

Resolution Radiometer (AVHRR) images (Prince

1991; Prince and Goward 1995). GLO-PEM esti-

mates aboveground and belowground productivity

and results from GLO-PEM compare favorably

against field-measured NPP observations through

time (Goetz and others 2000) and space (Goetz and

others 1999a, b). NPP estimates from GLO-PEM

have been found to be consistent to other regional

and global ecosystem models in both overall NPP

magnitude as well as temporal and spatial vari-

ability (Kicklighter and others 1999; Ruimy and

others 1999). In addition, GLO-PEM NPP means

and standard deviations are similar to NPP means

and standard deviations from field measurements

in several biomes across the globe (Zheng and

others 2003). The 20-year dataset used in this study

has been used to assess the global patterns in NPP

variability and long-term NPP trends (Franklin

2010; Cao and others 2002, 2003). The work pre-

sented here focuses on the influence of vegetation

composition on NPP patterns within a single for-

ested region.

Forest Type data

Forest types were defined based on vegetation cover

data provided by the GAP analysis programs for

Minnesota, Michigan, and Wisconsin (http://

lc.gapanalysisprogram.com/landcoverviewer/

Downloads.aspx) derived from LANDSAT classifi-

cations, and were reclassified into six broad catego-

ries: aspen-birch, upland conifer, mixed hardwood,

lowland conifer, non-forested land, and water.

These forest-type definitions are based on the dom-

inant trees species at a given site, and do not provide

any insight about tree age structure, successional

stage, underlying soil conditions, or understory

composition.

Climate and Weather Data

Monthly weather data from 1981 to 2000 were

provided in 800-m resolution gridded format by the

PRISM Climate Group (www.prism.oregon-

state.edu). AVHRR data from this period are

8 9 8 km2 pixels, so vegetation cover and weather

data were re-sampled to match the spatial resolu-

tion and pixel locations of the NPP data. Annual and

seasonal climate for each AVHRR pixel were cal-

culated as 20-year mean temperature or precipita-

tion observation, whereas annual and seasonal

weather were expressed as deviations from those

means in each year. Within each AVHRR pixel,

vegetation cover was summarized as the proportion

of the four forest types, non-forest land and water.

Because this analysis focused on the role of different

forest types, analysis was restricted to AVHRR pixels

consisting of greater than 70% forest cover (Fig-

ure 1: 2069 pixels).

Analysis

To address question 1, NPP mean and CV, and

mean annual and seasonal temperature and pre-

cipitation were calculated for each pixel over the

20-year period. NPP mean and CV were related to

each climate variable via linear regression in which

each pixel is a datapoint. Separate regressions were

conducted using pixels for each forest type and

significant differences in NPP-climate slopes among

forest types were determined from t statistics with

n - 4 degrees of freedom as

t ¼ bi � bj
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

s2
bi þ s2

bj

q

where i and j are forest types being compared, bi

and bj are NPP-climate slopes from forest types i

and j, and sbi and sbj are standard errors of bi and bj,

respectively (Ott 1993).

To address question 2, annual NPP, and annual

and seasonal temperature and precipitation obser-

vations were subtracted from the 20-year means of

each variable for each pixel. For each pixel, NPP

deviations were related to annual and seasonal

temperatures or precipitation deviations using lin-

ear regressions (n = 20). NPP deviations were

compared to weather deviations from the current

year, as well as the previous 2 years. Results were

expressed as the proportion of all pixels in each

forest type that display a significant relationship

between NPP and a particular weather variable,

which provides insight into the pervasiveness of a

relationship throughout the region, and the mean

of all statistically significant slopes, which provides

insight into the potential magnitude of the impact

of a weather fluctuation on NPP. Analysis of vari-

ance was used to determine statistically significant

differences in mean NPP-weather slopes among

forest types. The overall strength of the relationship

between annual NPP fluctuations and weather was

assessed as the r2 from a stepwise linear regression

of NPP fluctuations as a function of the first eight

principal weather components. Principal compo-

nents analysis on weather data and regression

of NPP on principal weather components were
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conducted separately for each pixel and results are

summarized as mean r2 in pixels of each forest

type.

To address question 3, evenness in the relative

abundance of each forest type within each

8 9 8 km2 pixel was calculated as
P4

1 pi lnðpiÞ
� �

=
�

lnð4ÞÞ; where i is forest type 1 through 4 above and

pi is the proportion of the pixel occupied by forest

type i. Evenness values (range 0–1) were arc-sin-

square-root transformed to achieve normality. To

remove the effects of regional climate patterns on

NPP mean and CV, a principal components analysis

was performed on the annual and seasonal climatic

conditions and the first eight principal components

(accounting for >95% of the variability in climate)

were included as independent variables in stepwise

regression analysis predicting NPP mean and CV.

Residuals from the best regression models were

used as climate-controlled, dependent variables for

assessing how forest type evenness relates to NPP

mean and CV.

All statistical analyses were conducted in SAS

version 9.2 (SAS Institute, Cary, NC, USA.)

RESULTS

Forest Type and NPP

NPP mean was highest in pixels with greater than

50% upland conifers (731 g m2), intermediate in

pixels with mixed forests or pixels with greater

than 50% northern hardwoods (715 and 719 g m2,

respectively), lower in pixels with greater than

50% lowland conifers (705 g m2) and lowest in

pixels with greater than 50% aspen-birch forests

(688 g m2). However, no differences among forest

types in NPP mean remained significant after con-

trolling for long-term climatic influences on NPP

mean. Mean temporal NPP coefficient of variation

was slightly higher in lowland conifers (58%) than

the other forest types (53–56%). After controlling

for climatic influences, NPP CV was highest in as-

pen-birch, lowland conifer, and northern hard-

wood forests, lower in upland conifers; mixed

forests were not different from any other forest

type.

Climate and NPP

Comparison of long-term climatic conditions with

NPP mean indicates that annual and seasonal

temperatures were positively related to NPP mean

for all forest types except summer temperature for

lowland conifers (Figure 2A). The magnitude of the

temperature-NPP slope varied somewhat among

forest types (Table A1.1 in Supplementary mate-

rial). NPP mean was most strongly related to tem-

perature in aspen-birch and upland conifer forests

and generally less related to temperature in other

forest types. Long-term precipitation conditions

were less consistently related to NPP mean, with

the exception of spring precipitation; NPP mean is

higher for all forest types in areas with high spring

precipitation (Figure 2B). Forest NPP mean in

aspen-birch forests was lower in areas with high

winter and fall precipitation, whereas NPP of other

forest types are either higher or not related. NPP

mean was negatively related to summer precipita-

tion in upland and lowland conifers and mixed

forests. Annual precipitation was positively related

to NPP mean in lowland conifers and mixed forests,

but negatively related to NPP mean in aspen-birch

forests.

The relationship between NPP CV and long-term

temperature varied with season and forest type

(Figure 2C; Table A1.2 in Supplementary material).

In aspen-birch forests, NPP-CV was positively

related to spring and summer temperature, whereas

in northern hardwoods, NPP CV was negatively

related to spring and summer temperature, but

positively related to winter and fall temperature.

NPP CV in lowland conifers was negatively related

to winter, fall, and annual temperatures, but

strongly positively related to summer temperature.

NPP CV in upland conifers was unrelated to tem-

perature. NPP CV was negatively related to precip-

itation in most forest types and most seasons

(Figure 2D), notably winter precipitation and NPP

CV in northern hardwoods and summer precipita-

tion and NPP CV in lowland conifers, which were

positively related.

In general, climatic conditions accounted for

more of the variation in NPP mean than NPP CV

and temperature displayed much more explanatory

power with respect to NPP mean than precipitation

(Figure 2). The notable exception to this was low-

land conifers, where winter, spring, fall, or annual

precipitation accounted for greater than 40% of the

variability in either NPP mean or NPP CV. Across

the entire region, overall climatic conditions (rep-

resented by the first eight principal components)

accounted for 54% of the variability in NPP mean

and 21% of the variability in NPP CV (Tables A3.2,

A3.3 in Supplementary material).

Weather and NPP

Relationships between annual NPP and weather

fluctuations during the year of observation and

previous years indicate significant differences
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among forest types in the relationship between NPP

and weather (Figure 3; Tables A2.1, A2.2 in Sup-

plementary material). Temperature of the current

year, notably spring and fall temperatures, was

strongly related to NPP in 11–78% of all pixels from

forest types, although the slope of the NPP–tem-

perature relation displayed differences among for-

est types. Precipitation in the current year was

more weakly related to NPP and the direction of the

relationship varied across season and forest type.

Annual and fall precipitations during the previous

year were negatively related to NPP in 10–30% of

pixels across all forest types. However, winter pre-

cipitation in the previous year was positively

related to NPP, especially in northern hardwoods

and upland conifers. Across all forest types, NPP in

47–72% of pixels was positively related to winter

precipitation 2 years prior to the growing season

and NPP in 34–61% of pixels were negatively

related to spring temperature 2 years prior to the

growing season. For both of these 2-year lagged

weather conditions, the slope of the NPP–weather

Figure 2. Relationship

between net primary

productivity (mean and

coefficient of variation)

and climatic conditions

for forested pixels in the

U.S. northern Lake States.

Gray-scale bars correspond

to left y-axis and indicate

the slopes of significant

relationships between

NPP mean (A, B) or NPP

CV (C, D) and annual and

seasonal temperatures (A,

C) or precipitation (B, D).

Letters indicate significant

differences in slopes

among forest types.

Narrow white bars with

black border correspond to

the right axis and indicate

the proportion of

variation in NPP mean or

CV that can be explained

by each climate variable

(only positive values).

Bars are grouped by

season with each group

containing, from left to

right, aspen-birch,

lowland conifer, northern

hardwoods, upland

conifer, and mixed

forests. Additional details

available in Appendix 1 of

Supplementary material.
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relationship varied significantly among forest types.

Across all pixels, overall weather conditions (rep-

resented by the first eight principal components)

accounted for 54% of interannual NPP variation. In

pixels comprised primarily by an individual forest

type, weather conditions accounted for 43, 49, 54,

and 60% of NPP fluctuations in lowland conifers,

aspen-birch, upland conifers, and northern hard-

woods, respectively.

Evenness and NPP

After controlling for relationships between regional

climate patterns and both NPP mean and CV,

evenness in the abundance of forest types was

positively related to NPP mean and negatively

related to NPP CV (Figure 4). This indicates that,

even after accounting for the influence of climate,

NPP in pixels with greater forest type evenness is

both higher and more stable through time.

DISCUSSION

These GLO-PEM NPP estimates are generally con-

sistent with field measurements of NPP for the

northern Lake States. Gower and others (2001)

compiled field observations of NPP from boreal

ecosystems across the globe and generated a range

of 100–600 g m-2 y-1. By comparison, the mean

GLO-PEM NPP values from the northwest part of

the region, which is on the southern edge of the

boreal forest, were approximately 500 g m-2 y-1

(Figure 1), essentially identical to the estimates for

southern Ontario developed by Liu and others

(2002). The higher GLO-PEM NPP estimates of

600–800 g m-2 y-1 in the warmer and wetter

conditions of the central and eastern side of the

region are similar to field measurements for

deciduous forests in that area (Curtis and others

2002). Although differences in NPP among forest

types have been observed in previous studies (for

example, Gower and others 1997), the large pixels

examined in this study always encompassed mul-

tiple forest types, effectively minimizing the per-

ceived differences among forest types, which were

defined here as pixels with greater than 50% of a

single forest type.

This examination of NPP response to both long-

term climatic conditions and short-term weather

fluctuations suggests some insights that are easily

Figure 3. Relationship between weather conditions and annual NPP fluctuations for forests of the Northern Lake States.

Weather is shown as annual (Ann) and seasonal (W = winter; Sp = spring; Su = summer; F = fall) values for the current

and previous 2 years. Shading and underlining indicates mean slope between weather and NPP (with brown and underlined

indicating negative slopes and green indicating positive slopes) for pixels with statistically significant relationships and

values indicate the percentage of pixels with significant slopes in each forest type. *Statistically significant differences

among forest types, even after accounting for the impact of long-term climatic conditions on NPP response to weather.

Additional details available in Appendix 2 of Supplementary material. (Color figure online).
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anticipated and others that are less intuitive.

Encouragingly, many of the results about the

relationship between either climate or weather and

NPP apparent in these satellite-derived datasets are

supported by field investigations with more direct

measurements of NPP. For example, consistent

with previous studies, these results underscore the

overall positive relationship between temperature

and productivity in northern forests (Potter and

others 1999; Cao and others 2002; Boisvenue and

Running 2006; Gough and others 2008; Chuixiang

and others 2010). In particular, the importance of

spring temperature in northern forests is supported

by micrometeorological studies which demon-

strated a positive relationship between net ecosys-

tem productivity and spring temperatures,

suggesting that warm spring conditions lead to

longer growing seasons and overall positive pro-

ductivity response (White and others 1999; Barr

and others 2004; Baldocchi and others 2005;

Gough and others 2008; Richardson and others

2009). Also consistent with previous work, these

results suggest that, even within a relatively small

region, climate exerts substantial influence over

spatial patterns of primary productivity (Bradford

and others 2006). Further, the lack of significant

differences in NPP mean among forest types after

controlling for climate indicates that, at the

regional scale, observed differences in productivity

among forest types can be explained entirely by

climatic conditions. Widespread forest manage-

ment may have contributed to minimizing appar-

ent productivity differences among forest types,

possibly by adding amendments to enhance soil

fertility in low productivity soils. In addition,

although climatic conditions exert clear influence

over the magnitude of primary productivity, the

variability of NPP is generally less related to climate

(Figure 2).

One potentially surprising result is the lack of

relationship between summer weather or climate

conditions, either temperature or precipitation, and

NPP (Figures 2, 3). This is likely a consequence of

the strongly continental climate in the northern

Lake States, which includes dramatic seasonal

temperature fluctuations that make spring and fall

conditions very influential over growing season

length and annual productivity. Also somewhat

surprising was the strength and consistency of

relationships between NPP and weather conditions

that occurred 2 years prior to the growing sea-

son (Figure 3). The strong positive relationship

between NPP and winter precipitation 2 years be-

fore the growing season and the strong negative

relationship between NPP and spring temperature

2 years before the growing season both appear to

suggest that the length and/or severity of that

winter can influence current productivity. Because

it is unlikely that water availability in the current

year is strongly impacted by these distantly lagged

winter–spring conditions, these consistent rela-

tionships may be a consequence of delayed positive

physiological responses to high snowpack in pre-

vious years. This delayed growth response may be a

consequence of trees storing and subsequently

mobilizing carbohydrate reserves, thus delaying the

apparent utilization of photosynthetic products.

Such lagged growth response to weather has been

identified in previous work and is commonly

explored through dendrochronological methods

(Fritts 1971, 1976). For example, Chhin and others

(2008) found that growth of lodgepole pine,

although only weakly related to conditions in the

current growing season, was negatively related to

previous growing season temperature and precipi-

tation in the preceding winter/spring and positively
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related to previous growing season precipitation

and temperature in the preceding winter/spring.

Essentially all the weather variables that appear

most influential over NPP also displayed signifi-

cantly different relationships with NPP among for-

est types. Overall response to weather fluctuations

was lowest in lowland conifers and aspen-birch,

although this may be a consequence of those sys-

tems existing in higher proportions in the western,

colder, and drier part of the region. Although the

impact of drought on growth and mortality may be

partially moderated by increasing atmospheric CO2

concentrations (Soule and Knapp 2006; Wyckoff

and Bowers 2010), increasing variability in

weather conditions is still likely to have a sub-

stantial impact on primary productivity. Previous

study has identified consistent patterns among

forest types in NPP response to weather fluctua-

tions and, in some cases, demonstrated that

weather response can depend on overall climate

(Carrer and others 2007; Chhin and others 2008;

Lo and others 2010). Examining sites from south-

ern Wisconsin to northern Michigan, Graumlich

(1993) found that growth of pines was positively

related to warm spring conditions and cool summer

conditions and only weakly related to growing

season precipitation. By contrast, growth of hard-

woods appears positively related to growing season

precipitation, but response to temperature fluctu-

ation depended on climate: growth of hardwoods

in xeric sites was negatively related to summer

temperature, whereas growth of hardwoods in

mesic sites was negatively related to April temper-

ature and positively related to May temperature

(Graumlich 1993; Wyckoff and Bowers 2010).

In boreal aspen forests, productivity is positively

related to growing season length (influenced lar-

gely by spring temperature), except under severe

drought conditions (Hogg and others 2002, 2005;

Barr and others 2007).

These differences among broad forest types in

response of NPP to weather conditions appear

dramatic enough to facilitate higher productivity in

areas comprised of more even mixtures of forest

types. Although such complementarity among

plant species or functional groups has been dem-

onstrated in plot-level field studies (Hector and

others 1999; Loreau and Hector 2001; Bai and

others 2004; Cardinale and others 2007), evidence

for complementarity over large areas and in broad

functional groups has remained elusive. Top-down,

regional examinations, especially those utilizing

large pixels like this study, are fraught with

uncontrollable sources of variation, notably natural

disturbances, land-use practices, and variability in

soil conditions. These multiple sources of variability

likely contribute to the relatively modest magni-

tude of change in NPP or NPP CV that can be

attributed to forest type evenness. After accounting

for climatic conditions, predicted NPP mean and

NPP CV across the range of forest type evenness

examined changed only approximately 15 g m-2 y-1

and 0.6%, respectively (Figure 4). Nevertheless,

the significant relationships between forest type

evenness and both NPP and NPP CV suggest that

the landscape-scale distribution and abundance of

broadly defined forest types may impact ecosystem

function over large areas.

The positive relationship between evenness and

NPP mean and the negative relationship between

evenness and NPP CV are consistent with previous

plot-level manipulative studies which found that

experimental treatments with higher diversity tend

to have high productivity (Hooper and Vitousek

1997; Tilman and others 1997a; Hector and others

1999) and generally higher stability in productivity

over time (Tilman and Downing 1994; Naeem and

Li 1997; Bai and others 2004). However, the inter-

pretation of a mechanism linking higher mean NPP

and forest type evenness may be more challenging

than the plot-scale results, because the forest types

are, by definition, separated in space. Thus, greater

forest-type evenness within the landscape cannot

directly lead to greater resource utilization

(assuming that resources cannot be shared across

space). Although divergent responses to weather or

climate may allow some forest types to compensate

for others during environmental fluctuations

(Tilman and Downing 1994; Naeem and Li 1997;

Yachi and Loreau 1999; Bai and others 2004),

potentially leading to greater NPP stability in more

even landscapes, this mechanism cannot account

for higher mean NPP in more even landscapes. One

potential explanation for the relationship between

NPP mean and forest-type evenness is that pixels

with greater forest-type evenness may have more

diversity within individual forest types (that is,

greater alpha diversity). Such links between mea-

sures of biological diversity across spatial scales

remain a research priority (Loreau and others 2001;

Symstad and others 2003).

Regardless of mechanism, the significant rela-

tionships between forest-type evenness and NPP

presented here complement previous studies in

three important ways. First, the sampling units of

this study for both forest type and NPP are

8 9 8 km2 pixels, dramatically different from the

small experimental plots examined in most studies.

This is perhaps the first direct evidence that bio-

logical diversity impacts ecosystem processes over

Forest Types Impact Regional NPP Patterns 983



such large areas and suggests that processes,

anthropogenic or natural that modify the propor-

tional abundance of forest types within landscapes

may influence long-term productivity patterns.

Second, the composition of forest types within the

pixels have not been intentionally manipulated to

include highly divergent states of diversity, sug-

gesting that even relatively modest variation in the

abundance of forest types may impact the magni-

tude and stability of NPP. Finally, the relationship

between forest-type evenness and NPP was signif-

icant in spite of the fact that the categories of plant

diversity were broad forest types, as opposed to the

species or functional group level categories com-

monly used in other studies. The definition of forest

types as implemented in this study is extremely

broad—lumping all forests in the region into four

general types. Nevertheless, the relationship

between evenness and NPP was significant despite

the substantial intra-type variation created by these

broad forest types. By necessity, land management

often focuses on broad vegetation categories rather

than individual species. These results suggest that

variations in even those broad categories may

influence ecosystem functioning.

This study represents a top-down approach to

assessing how NPP is influenced by climate, weather,

and forest types and compliments studies examining

these patterns over smaller spatial areas. The result

that forest types respond differently to variations in

both climate and weather can be further explored via

repeated plot measurements or dendrochronology.

Likewise, further examinations of NPP and evenness

at site to landscape scales are needed to determine

how this relationship depends on spatial scale.
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