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ABSTRACT 

The tallgrass prairie ecosystem is one of the most endangered ecosystems in North 

America.  Interest in restoring prairie is growing because of the potential for increasing soil 

organic carbon (SOC) sequestration when degraded soils and ecosystems are restored. Also, 

finding long-term C storage in terrestrial ecosystems is being promoted as a key part to 

climate stabilization as greenhouse gases (GHG) continue to accumulate in the atmosphere. 

Re-introducing warm-season grasses (C4) to cool-season (C3) pastures has the potential not 

only to increase forage production, but also improve wildlife habitat, soil organic matter, and 

resilience to drought. While much is known about C4 prairie grasses and C3 pastures, there is 

a paucity of information about mixed C4-C3 grasslands in the upper Midwest. We conducted 

a mensurative experiment in two restored prairies in southern Wisconsin to assess their 

carbon sequestration potential under a gradient of C4-C3 grass ratios.  We identified areas of 

naturally occurring C4-C3 gradients in two restorations (10 and 17-year-old) that have been 

recolonized by C3 grasses and quantified above- and below-ground net primary productivity 

and soil respiration for two years. Across both sites and years, we found a weak but positive 

relationship between NEP and C4 grass cover.  However, this relationship was driven by the 

abundance of a particular species, Andropogon gerardii.  Also, the relationships between the 

major components of the C cycle (ANPP, BNPP, and Rs) and C4 grass cover and A. gerardii 

cover were modified primarily by site, indicating that aboveground dynamics were driving C 

balance at the high-productivity site and belowground processes controlled the site with 

lower productivity.  These results have important implications for land managers and 

policymakers seeking to promote C sequestration.   
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INTRODUCTION 

The grasslands of the world occupy about 40% of the total land area (White et al., 

2000) and provide important ecosystem services that have been categorized by the 

Millennium Ecosystem Assessment into four main areas (Farber et al., 2006): 1) supporting 

services such as conversion of solar energy into biomass that supports all the other trophic 

levels, 2) regulating services such as carbon storage, prevention of soil erosion and 

maintenance of water quality, 3) provisioning services such as production of food, forage, 

fiber and fuel, and 4) cultural services such as ecotourism, bird watching, and education.  

Among all of these services, temperate grasslands are known for a high stock of carbon 

mainly allocated belowground in roots, which lead to formation of the characteristic dark soil 

of the North American prairie (Jones and Donnelly, 2004).  However, of all the grasslands, 

the temperate grasslands are the least protected (Henwood, 1998 as cited by Gibson, 2009) 

and the tallgrass prairie ecosystem is one of the most endangered ecosystems in North 

America (Samson and Knopf, 1994).  Only 9.4% of the original tallgrass prairie remains with 

most being highly fragmented increasing the edge-to-area of the remaining prairies, which 

compromises their capacity to protect the soil from erosion, maintain watershed functions for 

drinking and irrigation water, and provide wildlife habitat, bioenergy crops, and carbon 

sequestration (Burke et al., 1995; Knops and Tilman, 2000; Tilman 2006; Gibson 2009). 

The tallgrass prairie, which is dominated by warm-season (C4 photosynthesis) 

grasses such as Andropogon gerardii Vitman (big bluestem), Panicum virgatum L. 

(switchgrass), and Sorghastrum nutans (L.) Nash (indiangrass) has been transformed mainly 

into grassland/agricultural mosaics if not totally converted to annual crops (Rhemtulla et al., 
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2007).  Interest in restoring the native prairie has increased at the same time that the potential 

for increasing soil organic carbon (SOC) sequestration when degraded soils and ecosystems 

are restored have been touted (Lal, 2003).  Finding long-term C storage in terrestrial 

ecosystems is being promoted as a key part to climate stabilization as greenhouse gases 

(GHG) continue to accumulate in the atmosphere (Bruce et al., 1999; Smith, 2004).  Much 

emphasis has been placed on the adoption of best management practices and restoration to 

perennial vegetation in agricultural systems (Smith et al., 2008; Johnson et al., 2005) because 

soil carbon increases the most after a carbon enhancing land-management change is adopted 

(Smith, 2004; McLauchlan et al., 2006; Matamala et al., 2008).  Indeed, studies have 

reported that the restoration of tallgrass prairie has the potential to accumulate soil organic 

carbon (SOC) on the order of 40 to 60 g C m-2 yr-1 (Baer et al., 1992; McLauchlan et al., 

2006; Mahaney et al., 2008).  A successful example of unification of food production and 

conservation is the conservation reserve program (CRP), whose primary goal is to protect 

erodible land with the establishment of perennial grasslands, but it also has been adopted 

because of the reported potential to increase SOC levels decreasing atmospheric CO2 

(Gebhart et al., 1994; Reeder et al., 1998; Follett et al., 2001; Baer et al., 2002; Post et al., 

2004).   

Working grasslands, such as sown pastures, tend to be dominated by European 

species that are highly productive in the spring and fall since they are mostly cool-season (C3 

photosynthesis) grasses (Paine et al., 1999).  These pastures sustain the profitable dairy 

(Taylor and Foltz, 2006) and beef industry (CIAS, 2008) in Wisconsin. Combining the 

challenges of food production and the need for environmental conservation on such working 
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lands have the potential to positively impact a large part of the landscape since in the U.S. 

alone, over 50% of US is cropped or grazed (Robertson and Swinton, 2005).  The 

reintroduction of C4 prairie grasses into working lands offers a compromise between the 

complete restoration and the complete eradication of the native prairie (Woodis, 2008; 

Nelson and Burns, 2006) and simultaneously promotes the multifunctional use of the rural 

landscape (Buttel, 2003; Western, 2001; Hilderbrand et al., 2005).   

While much is known about C4 prairies and C3 dominated pastures ecosystems, there 

is a lack of information about mixed C3-C4 grasslands in the upper Midwest.  Most of the 

recent studies evaluating the effects of photosynthetic pathway on ecosystem services focus 

on the effects of totally converting agricultural lands to prairie or to CRP (Camill et al., 2004; 

McLauchlan et al., 2006).  Only a few studies have recognized the need to understand how 

ecosystems are affected by the reintroduction of C4 native grasses into C3 grassland (sensu 

Hooper et al., 2005); but even then, the comparisons are made between C4 dominated and C3 

dominated communities (Mahaney et al., 2008), not mixed C3-C4 grasslands per se. Little is 

known about how the C3 dominated grasslands may change as C4 prairie grasses are 

reintroduced to working lands—this information will assist land managers in decision-

making on issues such as: How much prairie grass is needed to boost productivity? Is the 

ecosystem storing carbon? How does the seasonality of production change with various 

rations of C3 and C4 grasses?  

To address these questions, we compared how net ecosystem production (NEP) and 

the major components of this metric, net primary production (NPP) and soil respiration (Rs), 

were influenced by the relative abundance of C3 and C4 grasses in restored tallgrass prairie 
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of southern Wisconsin over two years.  We expected that NEP would increase as C4 grass 

abundance increased because C3 and C4 grasses differ in important functional traits such as 

quantity and quality of below- and above-ground biomass that can directly and indirectly 

alter soil processes (Dijkstar et al., 2006). We also expected that the major components of the 

C cycle, ANPP, BNPP, and Rs would be influenced by the increase in C4 grasses in opposite 

directions (i.e., net primary production would increase, while soil respiration would decrease)  

because C4 grasses typically produce more below- than  above-ground biomass and are more 

productive overall than C3 grasses (Wedin and Tilman, 1990; Baer et al., 2002; Camill et al., 

2004) and that 2) and C4 grasses tissues are more resistant to decay (Luo et al., 1996; Craine 

et al., 1998).    

METHODS 

Study site 

This study was conducted at two Wisconsin prairie restoration sites, Bison Ridge 

Ranch (BR Ranch) in Marquette County (89° 27' W, 43° 44' N) and the Wisconsin Integrated 

Cropping Systems Trial (WICST) at the University of Wisconsin–Madison’s Arlington 

Agricultural Research Station in Columbia County (89° 19' W, 43° 18' N).  At both locations 

the climate is temperate-continental with cold winters and warm summers. Annual total 

precipitation during the study period (2007 and 2008) was 727 and 738 mm, respectively 

(AWON-WI).  Historical average annual precipitation is 803 mm and the average mean 

temperatures in July and January are 21 ºC and -11 ºC, respectively (NOAA).  

The soils of BR Ranch were classified as Gotham loamy fine sand and Metea fine 

sandy loam on 2 to 6 % slope (NRCS).  Both series consist of very deep, well-drained soils 
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with rapid permeability.   The 4-ha pasture at BR Ranch was seeded with a diverse prairie 

mix in 1990 and subsequently harvested for hay annually at summer’s end.  The hay harvest 

during our study occurred on August 31, 2007 and September 1, 2008.  The grass community 

is comprised of Elymus repens (L.) Gould (quackgrass), Andropogon gerardii Vitman (big 

bluestem), Bouteloua curtipendula (Michx.) Torr. (side oats grama), Bromus tectorum L. 

(downy brome), Digitaria cognata (Schult.) Pilg. (fall witchgrass), Panicum virgatum 

L.(switchgrass), Poa pratensis L. (Kentucky bluegrass), Schizachyrium scoparium (Michx.) 

Nash (little bluestem) and Sorghastrum nutans (L.) Nash (indiangrass) (Table 1). 

Soils at WICST were classified as Plano silt loam on 0 to 2% slopes (NRCS).  Annual 

total precipitation in 2007 and 2008 was 892 and 938 mm, respectively (AWON-WI). 

Historical average annual precipitation in Arlington, Wisconsin is 833 mm and average 

temperatures in July and January are 21 ºC and -9 ºC, respectively (NOAA).  At WICST, our 

experiment was conducted on six plots, each 0.33 ha in size.  In 1999 these plots were seeded 

with one of two mixtures (high and low diversity seed mixes); prior to that it was plowed and 

planted with soybeans in 1998.  The low diversity prairie seed mix contained six species and 

the high diversity seed mix contained 25 species comprised of forbs, legumes and grasses 

(Simonsen, 2004).  
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   TABLE 1 - List of species found at BR Ranch and WICST in 2007 and 2008. 

†Nomenclature followed USDA Plants Profile at http://plants.usda.gov/index.html 

FUNCTIONAL 
GRASS 
GROUP 

SCIENTIFIC NAME † COMMON NAME BR.RANCH│WICST 

PERENNIAL 
C4 GRASSES Andropogon gerardii Vitman Big bluestem         
 Bouteloua curtipendula 

(Michx.) Torr. Side oats grama        □ 
 Digitaria cognata (Schult.) Pilg. Fall witchgrass        □ 
 Panicum virgatum L. Switchgrass        □ 
 Schizachyrium scoparium 

(Michx.) Nash Little bluestem        □ 
 Sorghastrum nutans (L.) Nash Indiangrass         

ANNUAL 
 C3 GRASS Bromus tectorum L. Downy 

bromegrass        □ 
PERENNIAL 
C3 GRASSES Bromus inermis Leyss. Smooth 

bromegrass         
 Dactylis glomerata L. Orchardgrass         
 Elymus canadensis L. Canada wildrye □        
 Elymus repens (L.) Gould Quackgrass         
 Phleum pretense L. Timothy □        
 Poa pratensis L. Kentucky 

bluegrass         
  

The prairie plots in WICST were burned approximately every three years since the 

spring of 2003, including a burn in 2007 but not 2008.  Today the grass community is mainly 

comprised of Elymus repens (L.) Gould (quackgrass), Andropogon gerardii Vitman (big 

bluestem), Bromus inermis Leyss. (smooth brome), Dactylis glomerata L.(orchardgrass), 

Elymus canadensis L. (Canada wildrye), Phleum pratens L. (timothy), Poa pratensis L. 

(Kentucky bluegrass), and Sorghastrum nutans (L.) Nash. (indiangrass) (Table1). 
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 At each site, we chose thirty ~100-m2 plots (15 in 2007 and 15 in 2008) for their 

respective C3:C4 grass ratio.  At each plot, a centralized 1-m² quadrat was permanently 

marked to monitor soils, environmental conditions, nutrient content, and respiration over 

time (Figure 1).  Plant species cover was estimated with the line-point method performed on 

permanently marked soil monitoring stations, root ingrowth core areas, and transient biomass 

harvest areas that were located within each 100-m2 experimental unit (Figure 1).  The quadrat 

area to be sampled was divided by 5 horizontal and vertical lines forming 25 intersections 

where the first intercept of a sharpened rod with any part of herbaceous vegetation at each 

intersection was recorded (Heady, 1959).  During the months when two distinctly vertical 

layers of different vegetation could be observed, we recorded the first hit with the taller 

herbaceous vegetation and the second hit with the herbaceous vegetation in the layer below 

the first one totaling for 50 hits per quadrat.  

 For each sampling event, total species cover was calculated as total species hits 

divided by the total possible hits for each quadrat.  Plants were identified to the species level 

and grouped into functional groups.  The classification of plants into groups can be based on 

different traits such as taxonomy (graminoids or forbs), ability to host bacteria nitrogen 

fixing (leguminous or not), the dominant photosynthetic pathway (C4, C3 or CAM), and the 

origin (native to the area or introduced).  We mirrored the classification method used in 

previous prairies studies (Kindscher and Wells, 1995; Tilman et al., 1997).  All the species 

found in our plots, and the group to which they were assigned can be found in Table 1.   
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 Plant cover data per species and functional groups were taken three times during the 

season and aggregated to calculate an annual average of cover for each experimental unit.  

The sampling events were mid-season (July), peak of standing biomass (end of August, 

beginning September) and fall (end of October, beginning November). The mid-season, peak 

of standing biomass, and fall cover were calculated by averaging the total cover estimated in 

each individual sampling event from the permanent and transient sample stations noted 

above.  We also calculated the average and maximum number of species for each 

experimental unit for each year. 

The annual average of C4 grass cover ranged from 0 to 74% in the first year and from 

8 to 52% for the second year at BR Ranch.  At WICST, the annual average C4 grass cover 

varied from 0 to 86 % in 2007 and 0 to 76% in 2008.  The average number of species for 
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each experimental unit was similar for both sites, averaging 6.18 ± (0.14)†

Net ecosystem production 

 species per square 

meter.  Therefore, most plots had not only similar functional richness but also similar species 

richness.  The two main dominant C4 grass species were the same for both sites, e.g. 

Andropogon gerardii Vitman and Sorghastrum nutans (L.) Nash; however, there were 

differences in the plant communities worth noting.  For instance, BR Ranch had other species 

of C4 grasses present such as Panicum virgatum L., Schizachyrium scoparium (Michx.) Nash 

and Bouteloua curtipendula (Michx.) Torr.  The dominant C3 grass species in both sites were 

also quite similar.  Yet, only BR Ranch had the winter annual Bromus tectorum L. and only 

WICST had Elymus canadensis L. and Phleum pratense L. present (Table 1). 

Annually, SOC storage or loss is the net balance between inputs and outputs of C (Six 

et al., 2002).  Carbon sequestration is calculated as the difference between C inputs as NPP 

and C outputs as heterotrophic respiration (Rh), harvest, and fire.  Net primary production is 

the sum of aboveground net primary production (ANPP) and belowground net primary 

production (BNPP).  Soil respiration (Rs) is a combination of autotrophic (i.e., root 

respiration, Ra) and heterotrophic respiration (i.e., microbial respiration, Rh).  Because 

separating these forms of respiration is quite difficult (Kuzyakov and Larionova, 2006), we 

used literature estimates of Ra and calculated Rh from Rs measurements. We estimated 

potential carbon sequestration in grams of carbon per unit area by measuring the major fluxes 

of C such as ANPP, BNPP, and Rs of each experimental unit (Chapin et al., 2002).  Because 

                                                 

† mean ± (s.e.) 
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our intention was to compare the potential in C sequestration of different areas along the 

C3:C4 gradient for each year, we did not estimate C loss from burning, which occurred 

intermittently (i.e., every 3 years or so).  

Net primary production 

Within each delineated 100-m2 experimental unit, we clipped available biomass 

within a single 50 × 50-cm randomly placed quadrat to ~3 cm residual stubble height (Figure 

1). Biomass was bagged, dried to constant weight at 60°C, and weighed.  Prior to each 

clipping event, we estimated leaf area index (LAI) on the 50 × 50-cm quadrat ,which was 

calculated from intercepted photosynthetically active radiation readings (Accupar LP-80, 

Decagon, Inc., Pullman, WA) made above and below the leaf canopy at four points along 

each quadrat.  Clipping dates at BR Ranch were: May 9, Jun 27, July 11, August 14, and 

August 31 in 2007; June 10, June 24, July 3, August 26 and November 14 in 2008.  The 

clipping dates at WICST were: June 21, July 25, September 5 and October 24 in 2007; May 

22, June 23, July 24, August 29, September 25, and October 30 in 2008. Biomass was never 

clipped after the August 31 harvest at BR Ranch in 2007. 

Because the focus of our study was to capture differences along the C3:C4 grass 

gradient, we estimated ANPP not by simply harvesting the biomass at peak standing 

biomass, as is normally done to estimate ANPP in prairie, but by summing the biomass 

increments between clipping events throughout the season to account for the simultaneous 

and overlapping production and mortality of both plant functional groups (Vogt et al., 1986).  

In each experimental unit, annual ANPP was calculated as the sum of monthly aboveground 

production values for a growing season (approximately May through October).  The 
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aboveground biomass monthly production was calculated as the difference in biomass 

measured at one month from biomass at an earlier month.  Since we did not measure the 

biomass production after the harvest in August 2007 at the BR Ranch, we estimated the fall 

biomass with an allometric equation. The allometric equation (r² =0.69) was developed from 

the relationship between LAI and biomass weight measurements taken from both sites and 

both years.  In the same way, we estimated the amount of biomass left on the pasture after 

harvesting events. 

Belowground NPP was estimated using root ingrowth cores in each experimental unit 

(4 subsamples per experimental unit in 2007 and six subsamples per experimental unit in 

2008).  Soil cores were removed prior to the growing season (~ end of May, beginning of 

June) with a hammer-core and sieved to remove rocks, roots, and debris (Fahey et al., 1999).  

Cores were made of 2-mm plastic mesh (5 cm diameter × 15 cm long) and were filled with 

the sieved soil: sand (1:1).  These mesh cylinders were inserted back into the original holes 

and two cores were harvested at each of the following time periods: in 2007, peak of standing 

biomass and fall and in 2008, mid-season, peak of standing biomass and fall.  The root 

biomass of each core was bagged, refrigerated until washing, dried to constant weight at 

60°C, and weighed.  We did not attempt to separate live to dead roots assuming that only a 

very small fraction was dead (Fahey and Hughes, 1994).  For each experimental unit, we 

averaged the two root biomass weights to estimate root biomass per unit area for each 

harvest.  We calculated the belowground biomass production as the difference in root 

biomass harvested at one time from the root biomass of an earlier harvest.  The root net 

production was calculated as the sum of positive production values.  Since the root ingrowth 
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cores do not account for the amount of roots that are produced and die during the period 

when the cores are deployed (i.e., fine root turnover (FRT)), we corrected the net root 

production using the FRT rates using equation 2 from the literature (Gill and Jackson, 2000; 

Fahey et al.,1999).  

FRT = 0.2884  (0.046 * (Mean Annual Temperature))      (2) 

 The rate obtained by this equation is within the range that had been published for 

temperate grasslands, 30% to 65% (Jackson et al., 1997).   We also estimated the 

belowground root stock of C4 and C3 grasses at the end of April, August, and November of 

2008 using soil coring (Fahey et al., 1999). Soil cores were 5 cm in diameter and taken to a 

60-cm depth immediately above six C4, and six C3 individual grasses totaling 12 randomly 

chosen plants in each site.  The 60-cm soil cores were divided into four 15-cm sections, 

sieved in 2-mm mesh, washed out of debris, rocks and soil, dried to constant weight at 60°C, 

and weighed.  No attempt was made to separate living from dead roots.  For each functional 

group of grasses, the six root weight values per segment were averaged to access the vertical 

distribution of root stock biomass.  We used the percent average of biomass found in the first 

15 cm of the soil profile to later extrapolate BNPP to 60-cm depth.  

Above- and below-ground production was calculated by multiplying shoot and root 

biomass estimates by a constant C concentration of the prairie plant tissues as 50% (studies 

in restored and remnant prairies found 40 to 50% C in shoot and root tissues, i.e. Brye et al., 

2002 and Matamala et al., 2008).   
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Soil Respiration  

Soil respiration was measured once monthly between 0900 to 1500 hours with a soil 

respiration chamber linked to an infrared gas analyzer (LiCor 6400-09, Li-Cor Biosciences, 

Lincoln, NE) (Norman et al., 1992).  The efflux chamber was used in conjunction with 

polyvinyl chloride (PVC) thin-walled collars that were inserted 2 cm into the soil surface at 

least 30 min prior to conducting measurements.  There were three collars per 1-m² quadrat, 

which were repositioned in a random manner within each experimental unit every month.  At 

BR Ranch, soil respiration measurements were taken on May 9, Jun 12 & 20, July 12, August 

14, September 19 & 26, and October 24 in 2007 and May 16,  June 24, July 16, August 25, 

September 23 and October 12 in 2008.  In the WICST, sampling dates were June 18, July 25, 

September 5 and October 5 of 2007 and May 13, June 17, July 15, August 21, September 25 

and October 11 of 2008. We estimated the soil CO2 efflux (µmol CO2 m-² s-¹) in each 

experimental unit by averaging the three measurements taken in each of the three collars.  

Because shoots were clipped prior to measuring soil CO2 fluxes, the efflux of soil CO2 

measured excludes shoot respiration.  Annual soil CO2 efflux, the mass of C per unit area 

respired annually was estimated for each experimental unit by summation of daily 

interpolations of the monthly measurements (Brye et al., 2002; Chou et al., 2008).  In the 

winter, when soil temperature at the upper 4 cm was consistently below 0ºC for at least a 

week, we assumed that soil respiration was zero (Brye et al.,  2002). The weather data from 

Hancock and Arlington weather stations showed that the upper 4 cm of soil layer reaches 

consistently zero 0ºC between the day of the year 10 to 71 and 14 to 77 in BR Ranch and 

Arlington area respectively (AWON-WI). 
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Soil temperature was measured at the same time as soil respiration with a 15-cm 

probe attached to the LiCor 6400.  Soil moisture measurements were taken at the same time 

when possible.  In 2007, soil cores 5 cm in diameter and 10 cm long were extracted from 

three random locations near each permanent quadrat for each experimental unit in order to 

estimate gravimetric water content (GWC).  These cores were aggregated and sieved through 

2-mm mesh to remove vegetative and mineral materials.  Approximately 15 g of soil was 

weighed, dried at 105°C to constant weight, and reweighed to calculate GWC (Jarrell et al., 

1999).  Soil moisture content in 2007 was measured on Jun 12 & 20, August 14 and 

September 19 at the BR Ranch and July 25 at WICST.  In 2008, soil moisture was measured 

using a time domain reflectometer (TDR) (Jarrell et al., 1999, FIELDSCOUT - TDR 300 soil 

moisture meter–Spectrum Technologies, Inc., IL) The TDR was inserted in three random 

locations in the permanent 1-m² quadrat to a 12-cm depth to determine the average 

volumetric moisture content of the soil layer.  The dates of soil moisture content 

measurements in 2008 were: June 24, July 28, August 25, September 23, and October 12 at 

the BR Ranch and June 17, July 15, August 21 and October 11 at the WICST.  Soil 

temperature and moisture had no relationship to soil CO2 daily efflux. 

In the fall of 2007 and spring of 2009, we used the hammer-type core sampler when 

the soil was not too wet or dry to minimize compaction and extracted one soil core (5 × 15-

cm) per experimental unit. To determine soil texture we used the hydrometer (Bouyucous) 

procedure and bulk density was calculated as oven-dried mass of dry soil per unit volume of 

soil. We discounted the weight and volume of pebbles that were > 2mm. Volume was 

calculated using volumetric displacement in water (Elliot et al., 1999).    
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Soils were sent to The University of Wisconsin Soil & Plant Analysis Lab to 

determine soil total carbon (TC) and total nitrogen (TN), potassium (K), phosphorus (P), and 

organic matter (OM).  Percent of TC and TN were determined by dry combustion using a 

Leco CNS-2000 analyzer (Organic Carbon Dry Combustion method, Leco CN-2000, FP 

2000, or CNS-2000).  Plant available K and P were estimated using the Bray P method.  Soil 

organic matter was estimated by the loss of weight in a sample heated at a temperature high 

enough to burn organic matter but not so high as to decompose carbonates (Weight Loss-on-

Ignition - LOI 360o).  Soil pH was measured in water using a 1:1 soil: solution ratio and in a 

buffer solution with a 1:1:1 of soil: water: buffer ratio.  

Data analysis and calculations 

First, we used linear regression to address potential relationships between NEP and 

vegetation cover by functional group, by plant species cover, and then by plant species 

richness.  Cook’s distance test, which measures the influence of individual observations on 

the regression coefficients, was assessed to identify potential outliers. Furthermore, the fit of 

a quadratic function was compared to a linear fit using the generalized least squares 

algorithm in S-plus (S-Plus 8.0, Insightful Corporation Seattle, WA).  Models were compared 

with likelihood ratio tests.  When significant differences were determined (p < 0.05) the 

model with the lowest AIC values were chosen, otherwise the simpler model was determined 

to be the better fit.  

We built regression trees (S-Plus 8.0, Insightful Corporation Seattle, WA) to explore 

how groupings of potential predictor variables (Table 2) related to soil and cover 

characteristics might explain variability in NEP. Because site differences were obvious, 

TABLE 2. Variables used in regression trees as potential predictors of NEP.  
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regression trees were also constructed for each site using the same set of potential predictors 

of NEP described in Table 2 plus ANPP, BNPP, Rs.  

 

Regression trees are nonparametric models used to explore dependencies among 

continuous and/or categorical variables.  The predictor variable that explains the greatest 

amount of the deviance in the response variable is chosen.  They are constructed by splitting 

a dataset into smaller and smaller groups, where each split depends on a single variable 

(Gotelli and Ellison, 2004).  The splitting process continues until there is only one 

explanatory variable at the end of a “branch” and no further improvement in the fit of the 

model is obtained relative to the number of split ends, also called nodes (Gotelli and Ellison, 

2004).  The means of the groupings from the same split were further compared using the 

Welch Modified Two-Sample t-Test (S-Plus 8.0, Insightful Corporation Seattle, WA) If 

groupings were not significant, the tree was pruned meaning the data was not longer divided. 

 

 

TYPE VARIABLE 
CATEGORICAL Site and year 
NUMERICAL Soil pH, O.M %, and bulk density 
 Soil P (ppm),soil K (ppm), soil TC, TN, C:N 
 June, July, peak of the season and fall C3 and C4 grass cover (%) 
 Average of C3 and C4 grass cover (%) 

 Average and maximum  species richness and of individual species 
cover (%) from table 1, and forb cover 

TABLE 2. List of potential predictors variables of NEP. 
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RESULTS  

Net ecosystem production and C4 grass cover (%) were better described by a 

quadratic than a linear function (p < 0.01, Figure 2A).  Net ecosystem production was not 

related to C3 grass cover, species richness, or cover of any of the individual species with the 

exception of Andropogon gerardii.  A quadratic fit best represented the relationship between 

NEP and Andropogon gerardii cover (p = 0.0001, Figure 2B). 

 

 Total NPP was not significantly correlated to C4 grass cover (Figure 3A).  While 

ANPP increased significantly with increasing C4 grass cover (Figure 3B), no relationship 

was found between C4 grass cover and BNPP (Figure 3C).  Warm-season grass cover 

explained 17% of the annual variability in soil CO2 efflux (Figure 3D). 
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 While we did not find a correlation between BNPP and plant cover, we did find 

significant differences in root stock biomass found immediately below C4 and C3 grasses at 

both sites (Figure 4).  
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According to the regression tree results, the best predictor for NEP was Andropogon 

gerardii cover.  If Andropogon cover was lower than 42%, soil K was the next variable used 

to split the data (Figure 5).  In plots with soil K lower than 90.5, the next predictor chosen by 

the model did not split the data in significantly different groups at the 5% level so the tree 

was pruned to four terminal nodes. In the experimental units with soil K higher than 90.5, the 

best predictor was C4 grass cover in July.  Plots with a higher C4 grass cover than 32% were 

grouped into a terminal node that in average had a higher NEP than the group with lower C4 

grass cover. It is important to note that the soil K splits effectively separated the dataset by 

site.  Soils were very different at each site for all variables (Table 4), so we explored the 

linear relationship between NEP and the C cycle components to C4 grass cover (%) and 

Andropogon gerardii cover (%) for each site separately (Table 5). 

FIGURE 4. Average of root stock biomass (0-15 cm). 
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FIGURE 5. Regression tree predicting response variable (NEP) to the explanatory variables 
listed in table 3.  The value in each terminal node is the NEP average for the respective group 
and n is the number of experimental units grouped under that node. The first and best 
predictor of NEP is Andropogon cover. After that the data was separated into experimental 
units with higher and lower K than 90.5 ppm. Units with higher K than 90.5 ppm were 
further separated into units with higher and lower than 32% of C4 grass cover in July.  
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CHARACTERISTIC BR RANCH 
  mean ± s.e. 

WICST 
  mean ± s.e. 

SOIL PHYSICAL PROPERTIES    
   Sand (%) † 89 ± 0.72 31.7 ± 2.21 
   Silt (%) † 5 ± 0.49 37.5 ± 2.34 
   Clay (%) † 5.7 ± 0.38 30.7 ± 0.67 
   Bulk density (g cm⁻³) † 1.43 ± 0.01 1.17 ± 0.02 
SOIL CHEMICAL PROPERTIES ‡   
   Total soil C (%) 0.78 ± 0.02 2.65 ± 0.03 
   Total soil N (%) 0.06 ± 0.002 0.22 ± 0.005 
   C:N 12.45 ± 0.23 12.20 ± 0.24 
   pH 6.59 ± 0.07 6.74 ± 0.04 
   K(ppm) 64.1 ± 2.84 150.06 ± 7.90 
   P(ppm) 76.73 ± 6.35 53.16 ± 2.21 
   Organic matter (%) 1.31 ± 0.04 4.49 ± 0.08 
CLIMATE    
   Annual mean maximum temperature (ºC) 11.77 12.33 
   Annual mean minimum temperature (ºC) 0.88 2.38 
   Annual mean temperature (ºC) 6.33   7.38 
   Annual precipitation (mm) 803.25  833.12  

 

 

 

 

 

 

 

 

 

 

† Averaged values from 2007 (n=15) on 0-15 cm soil depth 
‡ Averaged values from both years (n=30) on 0-15 cm soil depth 
 

 

         

  

 

TABLE 4. Climate and soil characteristics at Bison Ridge Ranch, Marquette  
County, WI and Wisconsin Integrated Cropping Systems Trial, Columbia County, WI. 
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TABLE 5. Kind and magnitude of the linear relationships between NEP and the  
C cycle components and C4 grass cover (%) and Andropogon gerardii cover (%)  
for each site. 

 
 

When NEP data were analyzed separately by sites with the regression tree, we found 

that at WICST, the best predictor of NEP was ANPP—calculated as peak standing 

biomass—and that at BR Ranch, the best predictor of NEP was BNPP.  At WICST, 73% of 

the deviance was reduced by the split of the database by ANPP estimated as peak standing 

biomass and at BR Ranch, 76% of the deviance was reduced when the database was split by 

BNPP (trees not shown). Clearly, the aboveground parameters were most important at the 

more productive site which was reflected in NEP, ANPP, and BNPP estimates (Table 6).  



24 

 
T

A
B

L
E

 6
. T

ab
le

 su
m

m
ar

iz
in

g 
th

e 
va

lu
es

 o
f C

3 
an

d 
C

4 
gr

as
s c

ov
er

 (%
), 

C
 c

yc
le

 c
om

po
ne

nt
s a

nd
 n

et
 e

co
sy

st
em

 p
ro

du
ct

io
n 

(N
EP

) p
er

 e
xp

er
im

en
ta

l u
ni

t (
EU

) p
er

 y
ea

r (
Y

). 
Th

e 
C

 c
yc

le
 c

om
po

ne
nt

s a
re

 th
e 

ab
ov

eg
ro

un
d 

pr
od

uc
tio

n 
es

tim
at

ed
 a

s t
he

 
bi

om
as

s h
ar

ve
st

ed
 a

t t
he

 p
ea

k 
of

 th
e 

se
as

on
 p

er
io

d 
(p

ea
k 

bi
om

as
s)

, a
nd

 a
s n

et
 p

rim
ar

y 
pr

od
uc

tio
n 

(A
N

PP
), 

th
e 

be
lo

w
gr

ou
nd

  
ne

t p
rim

ar
y 

pr
od

uc
tio

n 
(B

N
PP

), 
an

d 
th

e 
so

il 
re

sp
ira

tio
n 

(R
s)

.  
 



25 

 



26 

DISCUSSION 

Net ecosystem production increased as C4 grass abundance increased, but the results 

indicated that species composition was more important than functional groupings for C 

dynamics. The relationships between the estimated major components of the C cycle (ANPP, 

BNPP, and Rs) to functional group and plant species cover followed the predicted directions 

but were modified primarily by site productivity.  One of the caveats of a mensurative 

experiment such as this is that it is set in a natural setting where consistently representing all 

possible variations of species composition may be impossible.  While, field experiments may 

improve ecosystem representativeness, it also may increase the chances of randomly picking 

combinations of species that are dominated by one or more highly productive species that 

drive the system.  We found a clear dominance of Andropogon gerardii, which was highly 

productive in all the experimental units at the higher end of the C4 grass cover gradient in 

our study.  In addition, all the plots that on average were covered with more than 55% of A. 

gerardii yielded two to three times the average of all the other plots.  Simultaneously, of all 

the species from either functional group, only one of the C4 grasses (A. gerardii) was 

correlated positively to NEP, ANPP, and BNPP. Hence, our study indicates that increasing A. 

gerardii cover can positively affect NEP and that the composition drives changes in C 

dynamics more that the functional groupings.  Similarly, comparing soils under three C4 

grasses to soils from adjacent C3 dominated fields, Mahaney et al. (2008) found that the 

identity of the C4 species influenced the magnitude of the effects on soil carbon and nitrogen 

cycling, particularly A. gerardii cover. Other studies that had manipulated the functional 

diversity and species richness in Minnesota found that only C4 grasses and legumes 

significantly affected productivity and they suggest that the increase in productivity with 
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diversity was partially caused by high yielding C4 species in high-diversity plots (Tillman 

and Downing, 1994).   Inferences beyond those 2 sites should be carefully drawn (Hurlbert, 

1984) and a more complete representation of the C3:C4 grass gradient with replicated plots 

can help to clarify if the observed quadratic fit suggesting that there might be a threshold of 

C4 grass cover above which the ecosystem responds in a non-linear fashion is general. Also, 

a manipulative experiment could help determine if our results were driven by coincidentally 

selecting very productive sites in the high end of the gradient or if compositional identity of 

the C4 group really drives the system.   

We predicted that net primary productivity should increase with higher abundance of 

C4 grass cover and that soil respiration would decrease. Our study supports the prediction 

that soil respiration decreases with increasing C4 abundance and that ANPP increases as 

documented in several prairie studies (Seastedt et al., 1994; Tilman et al., 1997; Mahaney et 

al., 2008).  However, despite differences in root stock biomass found under C4 and C3 

grasses, we did not find a correlation between BNPP and plant cover. This result runs counter 

to our prediction and it is inconsistent with other studies that report positive changes in 

BNPP when community composition shifts to C4 dominance in restored prairies (Baer et al., 

2002; Camill et al., 2004; Mahaney et al., 2008) and CRP lands (Kucharik et al., 2001).   

This result may not be surprising considering that aboveground functional cover may not 

translate directly into belowground functional cover. One possible explanation is that spatial 

variability under bunch and sod forming grasses is high enough that estimates of 

aboveground cover do not match well belowground composition. Another point to consider 

is that most of the studies mentioned above compared cool-season pastures or agricultural 
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lands that were restored into grasslands highly dominated by C4 grasses (60-80%).  An 

efficient and productive technique to separate roots by functional groups is necessary to 

access the belowground responses along a C3:C4 grass gradient. Because BNPP provides 

most of the carbon to the soil in grassland systems (Jobbagy and Jackson, 2000; Gill et al., 

2002), we need a more precise estimate of BNPP along the C3:C4 gradient to evaluate the 

potential carbon sequestration in either working lands that intend to reintroduce warm-season 

grasses to pastures or in restored prairies recolonized by introduced C3 grasses.  

Our result indicating that the effect of C4 grass annual cover on NEP, ANPP and 

BNPP was inconsistent across sites suggests that changes in C dynamics may depend not 

only on the functional composition and the identity of the dominant species in the mix, but 

also on the abiotic factors such as nutrient availability, climatic conditions and soil type.   

Indeed, when we used the tree model to explore which variable most influenced NEP in our 

study, it was clear that soil parameters like K concentration were splitting the database along 

sites. Comparing both sites, WICST has more resources available for plant growth (soils with 

higher O.M., TC and TN content as well as higher water holding capacity) and these 

differences help explain the stronger  relationship of the major components of the C cycle to 

increasing C4 abundance at that site.  While our study did not reveal a relationship between 

BNPP with plant cover at BR Ranch, a higher proportion of biomass was allocated 

belowground at the Ranch than at WICST.  Using regression trees we can clearly see that 

aboveground production drives C dynamics at WICST, while at BR Ranch the driver was the 

belowground production. Others have shown that belowground resource limitation causes 

plants to invest a higher proportion of their biomass belowground (Reich et al., 2001).  
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Soil resources may not be the only limiting factor for a higher NEP at BR Ranch.  It 

is known that the amount of SOM retained by grassland soils is highly influenced by 

management (Jones et al., 2006).  Cutting for hay exports a large part of the primary 

production from the pasture and nutrient removal has to be compensated since net 

sequestration is a matter of balancing C inputs and outputs. For instance, Franzluebbers et al. 

(2009) estimated that the removing and redistributing the forage on the land to feed the cattle 

elsewhere could result in a total of 0.1 Mg of C per hectare per year that is lost from the 

original land (this was not a complete life cycle analysis where CO2 emissions resulting from 

cutting, baling, and transporting operations were discounted).   

Conclusions 

Several quantitative observations in this study reveal that NEP and ANPP has the 

potential to positively change with increasing C4 grass cover, but these relationships 

appeared to be driven by a single species, Andropogon gerardii.  The relationships between 

C parameters (NEP, NPP, and Rs) and C4 cover were modified by site, where C dynamics 

were driven by BNPP at the low-resource site and ANPP at the high-resource site, but more 

replication along a gradient of resources availability is needed to determine whether this 

effect is general.   

There are several conclusions in this project that can guide land managers and policy 

makers regarding mixed C4-C3 grasslands. At the management level, the July C4 grass cover 

can guide the land managers in assessing the productivity of the grassland before the end of 

the season when the grasses are very tall and the heat strong. It seems also that low-diversity 

grasslands that are mainly dominated by productive warm-season grasses, such as the CRP 
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lands, may prove to be a great alternative to improve SOC. At the same token, a low cover of 

cool-season grasses in restored prairies may not threaten the potential of the restoration to 

rebuilt SOC if the C4 grasses still the dominating grass. Our results also show that the higher 

C sequestration in consequence of a higher cover of warm-season grasses is not general 

across sites and nutrient-poor permanent grasslands may need to be moderately intensified 

either by increasing organic carbon input or moderate fertilization (Soussana et al., 2004).  In 

a positive note, many forage species such as Panicum virgatum L. have been studied as good 

sources of bioenergy and according to our study, more attention could also be given to the 

potential of Andropogon gerardii. This project shows that research at the farm level, across 

various soil types and management still necessary if the C sequestered by mixed C4-C3 

grasslands is to be considered as an effective strategy to long-term C storage and a key part 

to climate stabilization.  
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