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ABSTRACT 

Rising atmospheric CO2 concentration will affect deep and shallow soil (P = 0.04). Survivorship 

belowground processes and forest function. How- results for fine roots and rhizomorphs varied be-

ever, the direction and magnitude of change for tween soil depths. Fine root survivorship was likely 

many soil processes are unknown. We used mini- influenced more by changes in community com

rhizotrons to observe fine root and fungal dynamics position and species interactions driven by elevated 

in response to elevated CO2 in a model regenerat- CO2 rather than by direct effects of elevated CO2 on 

ing longleaf pine community in open-top cham- the fine roots of individual species. In this system, it 

bers. The model community consisted of five plant appears that elevated CO2 led to a greater reliance 

species common to xeric sandhills longleaf pine on fungal symbionts to meet additional nutrient 

stands: Pinus palustris, Quercus margaretta, Aristida requirements rather than substantially increased 

stricta, Crotalaria rotundifolia, and Asclepias tuberosa. root growth. 

Elevated CO2 significantly increased both fine root 

and mycorrhizal tip standing crop by more than Key words: elevated CO2; fine roots; mycorrhizal 

50% in the deeper soil horizon (17–34 cm). Rhi- fungi; longleaf pine; wiregrass; minirhizotron. 

zomorph standing crop was nearly doubled in both 
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INTRODUCTION 

Fossil fuel emissions and land-use change have 

driven significant increases in atmospheric CO2 

over the past century (Meehl and others 2007). 

During this time, temperate trees and forest soils 

have played a key role in the global C cycle acting 

as a large C sink (Dixon and others 1994; Goodale 

and others 2002; Lal 2005). However, the potential 
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for temperate forests and forest soils to sequester C 

in the coming decades is a major source of uncer

tainty in most models addressing future climate 

scenarios (Friedlingstein and others 2006; Schimel 

and others 2001). 

Globally, soil organic C pools hold approximately 

three times more C than the atmospheric pool and 

four times more C than is contained in biota (Lal 

2004). Acting as a dynamic biogeochemical cou

pler, fine roots and mycorrhizal fungi are the major 

conduit by which water and nutrients are taken in 

by plants and represent a major pathway by which 

C moves into the soil (Vogt and others 1990; 

Richter and others 1999). Changes in the standing 

crop, production, mortality, and survivorship of 

both fine roots and mycorrhizal fungi can, there

fore, directly affect the function and net primary 

productivity (NPP) of an ecosystem as well as 

moderate its potential for long-term C storage 

(Norby and Jackson 2000). Understanding the 

belowground response to global change factors, 

particularly properties such as fine root and soil 

fungal turnover rates, which are notoriously diffi

cult to measure, will be critical if we hope to predict 

responses of ecosystems to continued atmospheric 

CO2-enrichment. 

Using a cost:benefit approach, Eissenstat and 

others (2000) hypothesized that elevated CO2 

would result in an overall increase in fine root 

lifespan for a single species. Increased longevity 

might be expected to follow from the increase in 

carbohydrates available to support root mainte

nance and protection, for instance, or from the 

reduction in tissue N concentration in fine roots 

grown under CO2-enriched conditions. Further

more, exposure to atmospheric CO2-enrichment 

has also been shown to increase fine root diameters 

(Milchunas and others 2005) and to preferentially 

stimulate fine root proliferation in deeper soil 

(Norby and others 2004). Fine root diameters, 

depth of roots in soil, and carbohydrate content are 

all predicted to correlate positively with fine root 

longevity (for example, Guo and others 2008). In 

spite of frequent conjecture about the likely effects 

of CO2-enrichment on fine root longevity, few data 

on this aspect of plant function have been reported. 

And within intact forests or model ecosystems 

where plants must compete with one another for a 

common pool of soil resources, predictions become 

more tenuous and acquiring relevant empirical 

data even more difficult. In one of the few studies 

to quantify fine root dynamics in an intact forest 

Norby and others (2004) found little evidence of a 

CO2 effect on root lifespan in a sweetgum forest. 

Pritchard and others (2008a) observed a moderate 

decrease of median lifespan from 574 days in 

ambient plots to 500 days in CO2-enriched plots 

within an intact loblolly pine forest. Although both 

sites are well characterized, it would be difficult to 

attribute changes in root dynamics to a single spe

cies, or to a shift in species composition, due to the 

scale of the design and species diversity within 

plots. 

To our knowledge, no experiments have char

acterized both fine roots and associated fungi in a 

forest community in a single effort. However, 

evaluating each group separately can lead to lim

ited or incorrect interpretations regarding forest 

potential for nutrient and water uptake. For 

example, Rillig and others (1999) found differing 

patterns of allocation to fine roots and arbuscular 

mycorrhizal fungi in two separate grasslands 

exposed to elevated CO2. One grassland responded 

by increasing fine root production, while the pro

duction of mycorrhizal fungi remained static. In 

the second grassland, fine roots showed little 

response to elevated CO2, while production of 

mycorrhizal fungi increased significantly. As fine 

roots and mycorrhizal fungi may respond differ

ently depending on several factors, including spe

cies composition and soil fertility, it is important to 

assess both of their responses in tandem in an effort 

to better gauge whole-system response to elevated 

CO2. 

Our goal in this study was to quantify CO2 

induced changes in production and longevity of 

fine roots and soil fungi including mycorrhizae and 

extraradical rhizomorphs. This was done in a sys

tem where competitive interactions were allowed 

to take place and the competitive success of indi

vidual species could be inferred based on whole 

plant growth and individual mortality reported 

previously from this study site (see Davis and oth

ers 2002; Runion and others 2006). In the end, 

changes in species assemblages that follow from 

exposure to CO2-enrichment may have a greater 

effect on fine root and soil fungal dynamics than 

might be predicted based on effects of CO2

enrichment on fine roots of individual species and 

their associated soil fungi grown in isolation. 

We conducted our study using a model regenerat

ing longleaf pine-wiregrass community grown under 

ambient (365 ll l  -1) and elevated (720 ll l  -1) CO2 in 

open-top chambers (OTC) for 3 years. Our commu

nity consisted of longleaf pine (Pinus palustris Mill., 

evergreen), wiregrass (Aristida strictaI Michx., C4  

grass), sand post oak (Quescus margaretta Ashe, 

deciduous tree), rattlebox (Crotalaria rotundifolia 

Walt. ex Gemel, C3 perennial herbaceous legume), 

and butterfly weed (Asclipias tuberosa L., herbaceous 
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C3 dicotyledonous perennial). Fine root ( £ 2 mm  

diameter), rhizomorph, and mycorrhizal tip dynam

ics were recorded for 2.5 years using minirhizotrons. 

MATERIALS AND METHODS 

Model Longleaf-Wiregrass Community 

Community construction has been previously 

described (see Davis and others 2002; Pritchard and 

others 2001). Briefly, a model regenerating longleaf 

pine-wiregrass community was constructed at the 

National Soil Dynamics Laboratory in Auburn, 

Alabama, United States. An outdoor soil bin (2 m 

deep 9 6 m wide 9 76 m long) was filled in 1970 

with a Blanton loamy sand (loamy, siliceous, 

thermic Grossarenis Paleudults) taken from a typ

ical Southeastern Coastal Plains longleaf pine area 

(Tuskegee National Forest in Macon County, 

Alabama). During early spring, 1998, the soil bin 

was divided into 0.75 m2 quadrats containing 16 

equally spaced planting positions. Individuals of 

five plant species common to a xeric sandhills 

longleaf pine ecosystem were randomly located in 

10 of the 16 planting positions reflecting natural 

densities of each species within the community: 

three longleaf pine (Pinus palustris Mill.), an ever

green; three wiregrass (Aristida stricta Michx.), a C4 

grass; two sand post oak (Quercus margaretta Ashe), 

a deciduous tree; one rattlebox (Crotalaria rotundi

folia Walt. ex Gmel.), a C3 perennial herbaceous 

legume; and one butterfly weed (Asclepias tuberose 

L.) an herbaceous C3 dicotyledonous perennial. 

Beginning in June 1998, 12 open-top chambers 

3 m in diameter were used to deliver ambient 

(365 ll l  -1) and elevated (720 ll l  -1) levels of CO2 

using a delivery system described by Mitchell and 

others (1995). The soil bin was divided into six 

blocks and CO2 treatments were randomly assigned 

within each block. During the summer of 1998 

plants were regularly irrigated using a drip irriga

tion system to encourage plant establishment. Any 

plants that died during the first 2 months were 

replaced to compensate for losses due to trans

planting. Afterwards, plants that died were not 

replaced and it was assumed death was not due to 

transplanting. Beginning in August 1998, irrigation 

ceased and plots received only ambient rainfall to 

more accurately mimic conditions of a xeric sand-

hills longleaf ecosystem. 

Minirhizotron Images 

Minirhizotron tubes were installed in May 1998. 

Two tubes were oriented with the tube opening 

facing the chamber door (24 tubes total). Each tube 

was installed at a 45° angle to a vertical depth of 

approximately 34 cm. The tubes were placed so 

that the point where they entered the ground was 

1.2 m away from the sides of the chamber ring and 

the maximum distance of the tubes away from the 

chamber edge was approximately 1.35 m. At the 

termination of the experiment, some of the long-

leaf pine seedlings were near the top of the 

chambers (that is, a maximum height of <2.4 m). 

It is unlikely that seedlings from outside the 

chambers contributed significantly to root coloni

zation along the minirhizotron tube/soil interface. 

The aboveground portion was covered with a 

closed-cell polyethylene sleeve and sealed with a 

rubber cap to prevent light intrusion and minimize 

heat exchange between aboveground air and 

belowground portions of the tube. A PVC cap was 

then installed over the rubber cap and sleeve to 

protect the tube and act as further insulation. To 

prevent shifting of minirizotron tubes they were 

attached to aluminum clamps and anchored in the 

ground using 40 cm steel rods. Tubes were installed 

at the same time plants were transplanted into the 

plots. Images were not collected for 4 months after 

installation to allow sufficient time for roots of re

cently transplanted species to contact the tube 

surfaces. 

Image collection began in September 1998, using 

a BTC-1009 microvideo camera (Bartz Technology 

Corp., Carpinteria, CA). The camera was equipped 

with an indexing handle and allowed for repeated 

imaging of precise locations within the tubes 

(Johnson and Meyer 1998). Video frame images 

were taken at approximately 4-week intervals a 

total of 33 times between September 1998 and 

March 2001. Video frames were later replayed and 

every other frame was digitized in the laboratory. 

Data were recorded (number of roots/rhizomorphs, 

length, diameter, and color) for all live and dead 

roots and rhizomorphs in each frame (18 frames 

per tube) within each tube and for all sessions 

(>12,000 images total) using RooTracker software 

(Dave Tremmel, Duke University Phytotron). 

Standing crop was quantified as the total number/ 

length of a given structure that was considered live 

at a given sampling point. Production was quanti

fied as the length/number of structures that 

developed since the preceding sampling date and 

mortality was the length/number of structures that 

disappeared or appeared to become nonfunctional 

during a given sampling interval. These same cri

teria were applied to mycorrhizal root tips and 

rhizomorph structures. We assumed that all root 

and fungal structures we observed originated from 

within each treatment plot. However, because 
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there were no physical partitions in the soil bin 

separating plots it is possible that there was some 

intrusion of roots and soil fungi that originated 

from areas outside the OTCs. 

Roots were classified as dead when they became 

structurally fragmented, shriveled to approximately 

half original diameter or disappeared. Rhizomorphs 

were classified as dead when they shrank to less 

than half the original diameter or disappeared, but 

were left classified as alive when minor fragment

ing occurred. Due to difficulties inherent in classi

fying roots and rhizomorphs as alive or dead using 

visual cues alone it is possible that some roots and 

rhizomorphs may have been classified as alive 

when they were functionally dead and vice versa. 

The overall error is likely to be small but should not 

impact differences observed between treatments. 

To investigate potential differences associated 

with root and rhizomorph diameter, we divided the 

fine root pool into two diameter classes (<0.5 mm 

and > 0.5 mm) and rhizomorphs into two diam

eter classes (<0.2 mm and >0.2 mm). Maximum 

diameter of a given structure during its lifespan was 

used in this analysis. We then analyzed the effects 

of elevated CO2 and different soil horizons on the 

different diameter classes. 

Ectomycorrhizal tips, which are visually distinct 

from non-mycorrhizal root tips, were also counted 

in each image and followed through time from 

which standing crop, production, and survivorship 

data were calculated. Tips were classified as alive at 

first appearance and as dead once they shriveled to 

approximately half of their original size, turned 

black and faded until they were no longer recog

nizable, or disappeared. Production and standing 

crop of ectomycorrhizal root tips were quantified as 

described above for fine roots and rhizomorphs. 

Statistics 

The experimental design was a split block with two 

CO2 treatments (elevated and ambient) randomized 

with six replications. Each of the 12 chambers 

contained two subsample minirhizotron tubes. In 

all cases, plot means were used for statistical anal

yses. During the analysis the soil profile was broken 

into two classes. The ‘‘shallow’’ horizon represented 

images from an approximate depth of 0–17 cm, or 

the upper half of the total depth of our minirhizo

tron tubes. The ‘‘deep’’ horizon represented images 

covering the lower half of the minirhizotron tubes 

(that is, a depth of 17–34 cm). Data were analyzed 

using a linear mixed model repeated measures ap

proach with time as the repeated variable (proc 

mixed, SAS Corporation, Inc., Cary, NC, USA); CO2 

treatment and depth were treated as fixed effects 

and block was the random effect. We used the 

compound symmetry covariance structure because 

it yielded the best fit with respect to Akaike’s 

Information Criterion (AIC). In addition to this time 

series approach, we also summed production and 

mortality for the entire experiment duration to 

determine treatment effects on cumulative pro

duction/mortality. 

To characterize and compare root and fungal 

(rhizomorph and mycorrhizal tip) longevity, we 

used the Kaplan–Meier method to estimate survi

vorship for each treatment combination and Cox’s 

proportional hazards model to test for main effects 

of treatment, depth, and diameters as well as their 

interactions (Kaplan and Meier 1958). Log-rank 

and Wilcoxon’s tests were further used to compare 

homogeneity of survivorship curves between 

groups of interest identified from Cox’s test. All 

root and fungal structures that were present at the 

beginning of the study and those that remained at 

the end were considered censored. All statistical 

analyses of survivorship were conducted using 

JMP version 7.0 (SAS Institute, Cary, NC, USA). 

Due to variability inherent to minirhizotron stud

ies, significant differences were designated when 

P < 0.05 and statistical trends when 0.05 < 

P < 0.15 (Steel and others 1997; Pritchard and 

others 2008a, b). 

RESULTS 

Fine Root Dynamics 

Fine root production and mortality in the shallow 

soil horizon (0–17 cm) exceeded that in deeper soil 

(17–34 cm) (Tables 1 and 2). Although we observed 

no main effect of CO2-enrichment, there was a sig

nificant CO2 9 depth interaction with elevated CO2 

increasing standing crop, production, and mortality 

by 59, 77, 81% in the deep horizon and decreasing 

them by 32, 18 and 16% in the shallow horizon 

(Table 2; Figures 1 and 2). The increased fine root 

standing crop in deeper soil tapered off during the 

last 6 months of the experiment due primarily to 

higher mortality during the final winter and spring 

of the study in CO2-enriched plots (Figure 2). 

There was a trend indicating that fine roots in 

ambient plots lived longer (median longev

ity = 562 days) compared to those in elevated plots 

(median longevity = 477 days) (P = 0.13; Table 3, 

Figure 3). Median longevity was 29 and 6% lower in 

CO2-enriched compared to ambient plots in shallow 

and deeper soil horizons, respectively (data not 

shown). However, there was not a significant 
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Table 1. Summary of Repeated Measures Analyses (P Values Shown) for Effects of Session, CO2 (Elevated 
or Ambient), and Soil Depth (0–17 vs. 17–34 cm) on Fine Root Length, Production, Length Mortality, and 
Length Standing Crop; Rhizomorph Length Production, Length Mortality, and Standing Crop Length; and 
Mycorrhizal Root Tip Production and Standing Crop over a 2.5 Year Period 

Source Production Mortality Standing crop 

Fine root length (m m -2) 

CO2 NS NS NS 

Depth 0.02 0.07 NS 

CO2 9 depth 0.04 0.05 0.0001 

Session 0.0001 0.0001 0.0001 

CO2 9 session NS NS NS 

Depth 9 session 0.0001 NS NS 

CO2 9 depth 9 session NS NS NS 

Rhizomorph length (m m -2) 

CO2 NS NS 0.04 

Depth NS NS 0.003 

CO2 9 depth NS 0.09 NS 

Session 0.0001 0.0001 0.0001 

CO2 9 session NS 0.09 NS 

Depth 9 session NS 0.07 NS 

CO2 9 depth 9 session NS NS NS 

Mycorrhizal root tips (# per frame) 

CO2 0.056 – 0.131 

Depth NS – NS 

CO2 9 depth 0.010 – 0.005 

Session 0.0001 – 0.0001 

CO2 9 session NS – NS 

Depth 9 session 0.116 – 0.067 

CO2 9 depth 9 session NS – NS 

Table 2. Mean (±SE) Standing Crop, Production, and Mortality for Fine Roots, Rhizomorphs, and 
Mycorrhizal Root Tips Observed in Control and CO2-enriched Plots at Two Soil Depths 

Ambient [CO2] Elevated [CO2] 

0–17 cm 17–34 cm 0–17 cm 17–34 cm 

Fine root length1 

Production 1.90 (0.31) 0.85 (0.31) 1.61 (0.31) 1.50 (0.31) 

Mortality 1.52 (0.29) 0.75 (0.29) 1.32 (0.29) 1.36 (0.29) 

Standing crop 731 (179) 510 (179) 553 (179) 813 (179) 

Rhizomorphs 

Production 1.10 (0.33) 1.78 (0.29) 1.65 (0.29) 1.61 (0.29) 

Mortality 0.66 (0.22) 1.21 (0.22) 1.15 (0.22) 0.93 (0.22) 

Standing crop 251 (79) 362 (79) 538 (79) 600 (79) 

Mycorrhizal root tips2 

Production 0.71 (0.13) 0.54 (0.13) 0.76 (0.13) 1.18 (0.13) 

Standing crop 0.41 (0.07) 0.42 (0.07) 0.43 (0.07) 0.69 (0.07) 

1Production values for fine roots and rhizomorphs are in units of length (m m -2 day -1).
 
2Units for root tips are numbers of new tips per frame per sampling interval (production) and average number of mycorrhizal root tips per frame over the course of the
 
experiment (standing crop).
 

CO2 9 horizon interaction. As expected, there was a (>0.5 mm) had a 36% longer median lifespan than 

strong effect of root diameter and soil depth on sur- smaller diameter roots. The median lifespan of fine 

vivorship (Table 3; Figure 3). Larger diameter roots roots in the deep horizon was 32% greater than 
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Figure 1. Fine root 

production (A), mortality 

(B), and standing crop 

(C) in the upper soil 

horizon (0–17 cm) across 

33 image collection dates 

between September 1998 

and March 2001. 

those produced in the shallow horizon. There was 

also a significant effect of depth (P = 0.003) and a 

CO2 9 depth interaction for median fine root 

diameter (P = 0.09; Figure 4). Roots tended to be 

coarser in shallow compared to deep soil but this 

Figure 2. Fine root 

production (A), mortality 

(B), and standing crop 

(C) in the lower soil 

horizon (17–34 cm) 

across 33 image collection 

dates between September 

1998 and March 2001. 

effect was only significant in control plots because 

CO2-enrichment resulted in finer roots in shallow 

soil (Figure 4, inset). In general, variance of fine 

root diameters was greater in shallow than deep 

soil. 
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Table 3. Summary of Proportional Hazards Fit for Effects of CO2 (Elevated vs. Ambient), Soil Horizon (0–17 
vs. 17–34 cm), and Diameter on Rhizomorph, Fine Root, and Mycorrhizal Root Tip Survivorship 

Source Rhizomorphs Fine roots Mycorrhizal tips 

2 2 2 2 2 2df v P > v df v P > v df v P > v 

CO2 1 0.01 NS 1 2.34 0.13 1 7.12 0.008 

Horizon 1 3.24 0.07 1 12.7 0.0004 1 10.7 0.001 

Diameter 1 4.92 0.03 1 11.3 0.0008 – – – 

CO2 9 horizon 1 0.07 NS 1 0.21 NS 1 1.11 NS 

CO2 9 diameter 1 8.06 0.005 1 0.11 NS – – – 

Horizon 9 diameter 1 4.24 0.04 1 1.93 NS – – – 

CO2 9 horizon 9 diam 1 0.89 NS 1 0.52 NS – – – 

Significant interactive effects were further explored with Log-Rank and Wilcoxon’s tests derived from Kaplan–Meier survivorship estimates. These results are presented in 
Figures 3, 7, and 10. 

Rhizomorph and Mycorrhizal Tip 
Dynamics 

Overall there was significantly greater rhizomorph 

standing crop in deeper soil than in shallow soil 

(P = 0.003, 21% greater) along with non-signifi

cant 24 and 18% increases in production and 

mortality, respectively (Tables 1, 2). CO2-enrich

ment increased rhizomorph standing crop by 90% 

(P = 0.04) compared to ambient plots. This result 

was generally conserved throughout the experi

ment and at both soil depths (Figures 5C and  6C). 

There was an interesting difference in how elevated 

CO2 impacted rhizomorph dynamics in the two soil 

horizons. A trend was detected indicating a CO2 9 

depth interaction for rhizomorph mortality with an 

overall decrease of 29% in the deep horizon and 

increase of 73% in the shallow horizon with ele

vated CO2 (P = 0.09; Figures 5, 6). Although not 

significant, rhizomorph production in the deep soil 

horizon was also generally lower with elevated CO2 

(-10%, NS) and greater (+51%, NS) in the shallow 

horizon. Restated, there was decreased mortality 

and little change in production in deeper soil, 

whereas there was increased mortality and in

creased production in shallow soils. Both strategies 

resulted in higher standing crop with elevated CO2 

in the shallow and deep soil horizons. However, 

the differences in mortality and production in 

shallow and deep soils suggest functional differ

ences in the rhizomorphs at each depth. Due to the 

contrasting responses of each soil horizon the end 

result was only moderately increased production 

and mortality overall, 13 and 11%, respectively 

(NS, Table 2). 

We observed a significant CO2 9 diameter effect 

on rhizomorph survivorship (P = 0.005; Table 3). 

Smaller diameter rhizomorphs had significantly 

lower survivorship under elevated CO2 than under 

ambient conditions (Figure 7A). Conversely, larger 

diameter rhizomorphs generally lived longer under 

elevated CO2 relative to ambient conditions (Fig

ure 7B). Longevity was greater in shallow soil for 

larger diameter rhizomorphs (horizon 9 diameter, 

P = 0.04), whereas survivorship for the smallest 

diameter rhizomorphs (that is, <0.2 mm) did not 

vary with soil depth. Median longevity of rhizo

morphs was negatively related to diameter (Fig

ure 8, R2 = 0.65). We observed no effect of CO2 or 

horizon on mean and median rhizomorph diameter 

(data not shown). 

Elevated CO2 increased mycorrhizal tip standing 

crop and production by 47 and 63%, respectively 

(P = 0.06 and P = 0.13; Table 1). Mycorrhizal tip 

production in elevated CO2 plots was characterized 

by more frequent production events that were typi

cally greater in magnitude with more tips producedat 

a given time and location than those in ambient plots. 

This was particularly true in deeper soil (Figure 9). 

The overall increases in mycorrhizal tip standing crop 

and production with elevated CO2 was the result of a 

larger increase in mycorrhizal tip production in 

deeper soil. Here, the standing crop and production 

increased by 101 and 159%, respectively (Table 1 

and 2). Finally, survivorship of mycorrhizal tips was 

significantly lower in shallow soil compared to deep 

soil. There was also a significant effect of elevated 

CO2 in deeper soil which decreased survivorship of 

mycorrhizal tips by 25% (Figure 10). Overall, tips in 

deep soil turned over more slowly than those 

in shallow soil (172 vs. 137 mean days) and tips in 

ambient plots turned over more slowly than those in 

elevated plots (185 vs. 139 mean days). 
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Figure 3. Kaplan–Meier survivorship curves for fine 

roots displaying main effects of elevated CO2 (A), soil 

depth (B), and root diameter (C) on fine root longevity. 

Results of Log-Rank and Wilcoxon’s tests are shown. 

DISCUSSION 

Survivorship and Community 
Interactions 

In this study CO2-enrichment resulted in an 18% 

decrease in fine root survivorship. However, this 

was likely not a direct result of CO2-enrichment on 

specific metabolic processes controlling fine root 

longevity. Rather, this observation is more likely 

attributable to increased mortality and decreased 

dominance of wiregrass in CO2-enriched plots 

Figure 4. Proportion of fine roots produced at a given 

diameter under ambient and elevated CO2 in shallow soil 

(A) and deep soil (B). Inset shows median root diameter 

in shallow and deep soil under ambient and elevated 

CO2. 

during the experiment (Runion and others 2006). 

Mortality of wiregrass was 97% higher during the 

course of the experiment in elevated compared to 

ambient plots. Furthermore, at the plot level, 

Runion and others (2006) found a 10% increase in 

total belowground fine root biomass in CO2

enriched plots, but no change in the biomass of 

wiregrass fine roots, suggesting a decrease in the 

proportion of total fine root mass attributed to 

wiregrass. Furthermore, considered as a proportion 

of the total root biomass pool, pine roots accounted 

for 74 and 85% of total belowground biomass in 

ambient and elevated CO2 plots, respectively. 

Allocation to wiregrass roots, on the other hand, 

decreased from 15% in ambient plots to 6% in 

CO2-enriched plots. West and others (2003) 

examined fine root longevity in wiregrass and 

reported a lifespan of 777 median days. More 

recently, Guo and others (2008) reported a median 

lifespan for longleaf pine of less than 365 days for 

first-order roots (our most commonly observed root 

order) and less than 700 days for second-order 
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Figure 5. Rhizomorph 

production (A), mortality 

(B), and standing crop 

(C) in the upper soil 

horizon (0–17 cm) across 

33 image collection dates 

between September 1998 

and March 2001. 

roots. These results suggest that a lower density and 

biomass of wiregrass would tend to decrease the 

average longevity of the fine root pool. 

Changes in plant community structure may also 

have affected the dynamics of soil fungi under 

elevated CO2. In particular, the standing crop of 

rhizomorphs and mycorrhizal tips in the deeper soil 

horizon increased by 66 and 101%, respectively. 

Figure 6. Rhizomorph 

production (A), mortality 

(B), and standing crop 

(C) in the lower soil 

horizon (17–34 cm) 

across 33 image collection 

dates between September 

1998 and March 2001. 

These increases can be tied to the concomitant in

crease of fine root standing crop in the deeper soil, 

which likely resulted from increased growth of 

longleaf pine with elevated CO2 (Runion and oth

ers 2006). The large response by longleaf pine also 

suggests that increases in rhizomorph and mycor

rhizal tip standing crop in deeper soil are attribut

able to a general increase in mycorrhizal fungi and 
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Figure 7. Kaplan Meier survivorship curves displaying interaction of CO2 on small diameter rhizomorphs (A) and large 

diameter rhizomorphs (B) as well as the interaction of depth in soil with small diameter rhizomorphs (C) and large 

diameter rhizomorphs (D). Results of Log-Rank and Wilcoxon’s tests are shown. 

not saprotrophic fungi. Conversely, there was no 

increase in mycorrhizal tip standing crop or pro

duction in the shallow horizon even though rhi

zomorph standing crop increased significantly. This 

suggests an increase in the activity of saprotrophic 

fungi rather than mycorrhizal fungi, perhaps in 

response to an increase in available litter resulting 

from the dying leaves and roots of wiregrass, which 

experienced higher mortality under elevated CO2. 

Alternatively, such a shift could also be linked to 

altered litter quality and/or rhizosphere chemistry 

in CO2-enriched plots. An increase in saprotrophic 

fungi reported here may also partly explain the 

higher N mineralization rates in elevated CO2 plots 

found previously at this site by Torbert and others 

(2004). 

Few studies have addressed rhizomorph survi

vorship under field conditions (Pritchard and oth

ers 2008b; Treseder and others 2005; Vargas and 

Allen 2008). Overall, results presented here are 

similar to those reported by others. Separate from 

previous studies, we also observed an interesting 

relationship where rhizomorph survivorship was 

negatively correlated to diameter (Figure 8). This is 

contrary to patterns typically observed in fine roots 

(Wells and Eissenstat 2001). Although it is not 

surprising that rhizomorphs would exhibit different 

life history characteristics from fine roots, increas

ing longevity with decreasing diameter seems 

counterintuitive from a cost:benefit perspective. As 

larger diameter rhizomorphs require more C to 

construct, we expect them to survive longer in 

order to maximize function while minimizing 

construction costs. On the other hand, larger 

structures may cost more to maintain during peri

ods of inactivity or stress. Soil fauna may feed 

preferentially on rhizomorphs of larger diameter 

leading to their apparent faster turnover. It may 

also be that larger diameter rhizomorphs are more 

common in different species or functional groups of 
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Figure 8. Correlation between rhizomorph diameter and 

median rhizomorph longevity. Best linear fit (R2 = 0.65). 

belowground fungi (for example, mycorrhizal vs. 

saprotrophic) which may then exhibit different 

patterns of rhizomorph survivorship, regardless of 

diameter. 

Similar to rhizomorphs, few studies have quan

tified the survivorship of mycorrhizal tips. We ob

served a mean mycorrhizal tip survivorship of 

159 days across all treatments, which is consistent 

with other reports (Pritchard and others 2008b). 

This confirms the common conception that mycor

rhizal tips are ephemeral and that their dynamics 

are likely missed with less frequent sampling. 

Elevated CO2 significantly decreased mean 

mycorrhizal tip survivorship from 185 to 139 days 

(P = 0.008). Mechanisms to explain this effect in

clude greater flow of carbohydrates belowground, 

accelerated rate of foraging by mycorrhizal hyphae 

in nutrient-rich microsites, or possibly increasing 

production of proteolytic enzymes by the mycor

rhizal fungi. Each of these pathways could increase 

the metabolic activity of the mycorrhizae resulting 

in faster aging, or increase depletion of nutrient 

patches. Following patch depletion existing 

mycorrhizal tips may be abandoned in favor of 

producing new fungal structures in less depleted 

patches. Regardless of the driving factors the ob

served decrease in longevity with elevated CO2 is 

consistent with observations from a loblolly pine 

forest (Pritchard and others 2008b). 

Beyond changing uptake and turnover patterns 

for particular species of soil fungi, increasing the 

flow of C belowground will also change the func

tion and community composition of fungi. Several 

studies have demonstrated shifts in fungal com

munities following tree and whole forest exposure 

to elevated CO2 (Godbold and others 1997; Frans

son and others 2001; Parrent and Vilgalys 2007). 

Furthermore, shifts in species composition will 

impact decomposition rates of fungal tissues, 

respiratory response to increasing temperature, as 

well as the ability of soil fungi to utilize C substrates 

(Fransson and others 2007; Malcolm and others 

2008; Koide and Malcolm 2009). However, each of 

these studies was limited to species that could be 

readily cultured in the lab under asymbiotic con

ditions which only represents a small portion of soil 

fungi. Clearly, the potential for increased quantity 

and quality of carbon inputs under CO2-enriched 

conditions to significantly alter fungal community 

composition deserves further study, especially 

considering the importance of soil fungi for bio

geochemical cycling and forest function. 

Belowground Productivity 
and Implications for Nutrient 
Uptake and Carbon Storage 

Elevated CO2 has been shown to increase standing 

crop, production, and mortality of fine roots in 

most tree species and forested ecosystems (Kimball 

and others 2007; Kubiske and others 1998; Norby 

and others 2004; Pritchard and others 2008a; 

Thomas and others 1999; Wan and others 2004) as  

well as increase mycorrhizal colonization and rhi

zomorph production (Pritchard and others 2008b; 

Runion and others 1997; Treseder 2004). Effects of 

elevated CO2 may, however, vary with species, 

study duration, and background soil fertility 

(Kasurinene and others 1999; Lukac and others 

2003; Oren and others 2001). In this study, we 

observed moderate overall increases in fine roots 

and larger increases in mycorrhizal tip production 

with greater increases occurring in deeper soil. 

Rhizomorph production was increased in both soil 

horizons. 

Plants grown under elevated CO2 fix more C and 

can allocate a larger proportion of their carbohy

drate budget belowground which facilitates addi

tional soil nutrient uptake. Whether increases in 

belowground production observed with elevated 

CO2 in the current study were proportional to 

aboveground increases in the current study is 

equivocal. For example, Runion and others (2006) 

conducted a destructive harvest at the end of this 

experiment and found that increases in fine root 

biomass roughly mirrored increases in aboveground 

biomass. Similarly, our minirhizotron observations 

suggested increased allocation to roots early in the 

study but a dampening of this effect by the end of 

2.5 years. On the other hand, significant increases 

in mycorrhizal tips and rhizomorphs suggest that 

proportional C allocation belowground exceeded 
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Figure 9. Mycorrhizal tip 

production and standing 

crop in shallow soil 

(0–17 cm) and deep soil 

(17–34 cm) across 33 

image collection dates 

between September 1998 

and March 2001. 

that to aboveground biomass during much of the 

experiment. Our inability to accurately quantify C 

allocated to mycorrhizal tips, rhizomorphs, and 

particularly hyphae represents a significant gap in 

our knowledge of nutrient cycling, C allocation, and 

ecosystem functioning that must be addressed in 

future studies. 

Fine root, rhizomorph, and mycorrhizal tip pro

duction represents a major pathway for C input to 

soils and has implications for both short- and long-

term C storage in forest soils (Harley and Smith 

1983; Hobbie and Hobbie 2006; Jackson and others 

1997; Marschner and Dell 1994). In this study, we 

observed significant increases in fine root and 

mycorrhizal production with an apparent shift into 

deeper soils with elevated CO2. This result is con

sistent with a number of other forest studies that 

have also reported higher root density in deep soil 

with elevated CO2 (Iversen and others 2008; Norby 

and others 2004; Pritchard and others 2008a, b; 

Thomas and others 1999). Shifting allocation to 

deeper in the soil profile could impact long-term C 

storage as C in deeper soil turns over (decomposes) 

more slowly than litter nearer the soil surface 

(Schöning and Kögel-Knabner 2006; Trumbore 

2000). However, more work is needed to determine 

what proportion of that C simply remains as labile 

C, with the potential for swift decomposition, and 
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Figure 10. Kaplan–Meier survivorship curves for 

mycorrhizal root tips in elevated and ambient plots in 

shallow (A) and deep (B) soil. Also shown is the main 

effect of depth on survivorship (C). Results of Log-Rank 

and Wilcoxon’s tests are shown. 

how much C will enter a more recalcitrant soil C 

pool. Regardless, if such a response proves to be 

consistent across forest types and ages, then greater 

biomass production in deeper soils in the coming 

decades has the potential to contribute to greater C 

storage in forest soils and has similarly important 

implications for nutrient cycling (Iversen and oth

ers 2008). Furthermore, fungal tissues consist lar

gely of chitin, a potentially recalcitrant compound 

that may build up SOM and persist for long periods 

of time relative to more labile C containing com

pounds such as root exudates and fine roots them

selves (Langley and Hungate 2003). Colonization by 

ectomycorrhizal fungi may also retard decomposi

tion of fine roots as they are somewhat shielded 

from outside decomposers by the dense fungal 

mantle and the hartig net. Finally, ectomycorrhizas 

may also reduce the ability of saprotrophic fungi to 

decompose SOM via the Gadgil effect whereby 

ectomycorrhizal fungi compete with saprotrophic 

fungi for soil resources (Gadgil and Gadgil 1975; 

Koide and Wu 2003; Langley and others 2006). 

Alternatively, increased production of roots and 

fungi may accelerate the breakdown of recalcitrant 

soil organic matter (SOM) leading to greater nitro

gen uptake but less soil C retention (Read and Perez-

Moreno 2003). Such a ‘‘priming’’ effect is likely 

responsible for the increase in mineralization rates 

and lack of C storage noted in other CO2-enrichment 

experiments (Kuzyakov and others 2000; Carney 

and others 2007). Unfortunately, without knowing 

how local environmental and climatic factors will 

change over the next decades it is difficult to predict 

exactly how mycorrhizal fungi will affect long-term 

soil C storage (Talbot and others 2008). 

CONCLUSIONS 

Our findings suggest that regenerating longleaf 

pine-wiregrass systems may act as a C sink as 

atmospheric CO2 rises in the coming decades 

through increased biomass production and poten

tially through directed allocation of C to deeper 

soils. This will be of particular importance as eco

logical restoration efforts return more land to 

longleaf habitat and these systems play a larger 

role in the overall C budget of the Southeastern 

United States (Van Lear and others 2005). The 

results presented here are also consistent with the 

recent assertion that greater allocation of forest C to 

deeper soil is a general response to atmospheric 

CO2-enrichment (Iversen 2010). The stimulation in 

production and shift of fine roots and mycorrhizae 

into deeper soil will increase the total input of C to 

the deeper soil horizons, although the fate of that C 

is still largely unclear and will depend in part on 

whether mycorrhizal fungi and other soil microbes 

significantly increase the breakdown of SOM 

throughout the soil profile. 

Our results emphasize the importance of con

sidering the role of both fine roots and associated 

fungi in mediating tree and forest response to 

atmospheric CO2-enrichment. Results of this 

experiment indicated that soil fungi were influ

enced more by elevated atmospheric CO2 than 

were fine roots. It is not known if this represents a 

general ecosystem response to elevated CO2 be

cause fine roots and associated fungal structures 
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have rarely been considered within the same 

experiment. The extent to which roots and differ

ent functional groups of soil fungi respond to global 

changes are likely to influence the capacity of 

ecosystems to exploit additional atmospheric CO2 

in both the short- and long-term. For instance, 

significant increases in mycorrhizae and rhizo

morphs as reported here may explain why the 

magnitude of the increase in forest NPP caused by 

elevated CO2, in several long-term demonstrably 

N-limited FACE (Free Air CO2-Enrichment) 

experiments, has not decreased after nearly a dec

ade (Finzi and others 2007). 

We caution, however, that results from studies 

on simplified ecosystems, particularly those in the 

early stages of development, may not apply to 

natural, more mature forest stands. Projections of 

the fate of ecosystems dominated by longleaf pine 

and wiregrass are further complicated by the 

important role played by fire in influencing bio

geochemistry and shaping plant species composi

tion. Finally, it is also important to recognize that 

the relative importance of roots and soil fungi in 

mediating ecosystem response to rising atmo

spheric CO2 will likely depend on other global 

change factors such as increasing temperature and 

changing precipitation regimes. As such more long-

term studies investigating interactions between 

different global change factors with particular 

emphasis on belowground dynamics in different 

ecosystems are needed. 
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