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ABSTRACT 

 

Fine root longevity, measured using minirhizotrons, range from days to years (Hendrick 

& Pregitzer, 1992; Eissenstat et al., 2000). Although there are several hypotheses that 

relate to root tissue lifespan (Ryser, 1996), very few long-term studies have examined the 

factors that may be directly related to survivorship of individual roots. It is known that 

atmospheric CO2, which is the major greenhouse gas, directly affects plant 

photosynthesis and water use. As an important plant tissue that acquires water and 

nutrients, fine roots may limit the forest productivity by limiting plant absorptive capacity 

under the enriched atmospheric CO2 concentration. Moreover, the turnover time of fine 

roots, which are the major component of carbon input to the soil carbon pool, may 

respond to this enriched CO2 effect and thus have impact on belowground carbon 

balance. Free air CO2 enrichment (FACE) facilities enable research on the effects of 

elevated atmospheric CO2 concentrations over extended periods of time at ecosystem 

scale. By using a hierarchical Bayesian model with covariance variable estimates, we 

were able to identify this CO2 effect as well as several other covariates that correlate with 

fine root persistence. According to our result, enriched CO2 did not have an immediate 

effect on fine-root longevity; rather, it increased longevity with time over the 8.2-year 

study period. Furthermore, fine root longevity increased with soil depth, yet the effects of 

CO2-enrichment on longevity decreased with increasing depth. Coarser roots and roots 

grown in plots with higher N-mineralization rate had longer life spans. Nitrogen 

fertilization enhanced fine-root lifespan only in CO2-enriched plots.  

 



Introduction 

 

Atmospheric CO2 is the most important greenhouse gas as well as the substrate of 

photosynthesis.  Consequently, understanding carbon cycling has become a vital research 

topic in forest ecology. Forest ecosystems have the potential to slow further increase in 

atmosphere CO2 because they account for around 50% of global net primary production 

(NPP) and around 80% of terrestrial NPP (Field et all, 1998). Understanding the extent to 

which forest ecosystems could diminish the rate of [CO2] increase, and therefore alleviate 

climate forcing, will inform forest management and policy decisions.  

 

Quantification of belowground biomass, especially fine roots, is difficult compared to 

characterizing aboveground tissues in forest ecosystems. Although fine roots may 

account for a large portion of global annual net primary productivity (Jackson et al. 1997), 

there are fewer studies conducted on belowground processes and the results vary greatly 

with experimental methodology. For example, root length recovery could vary up to one 

order of magnitude as a result of different recovery techniques (Pierret et al. 2005). Also, 

even using the same techniques, estimated fine root longevities are different using 

different models, and they could range from days to years under various correlated 

factors. Accurate quantification of root growth in terms of addressing variability among 

analysis methods as well as determining correlated factors will be needed to improve 

understanding of belowground carbon allocation to climate change.  

 



Minirhizotron technology enables the direct observation of individual roots. This makes it 

possible to continuously track every root from its birth to death. However, depending on 

the study duration, there could be a proportion of unknown-age individuals because of 

either the unknown date of birth when a study starts or the unknown date of death from 

the last session. Traditional models that have been used analyzing fine root survivorship, 

especially for the short-term studies, usually exclude either all the unknown-age 

individuals or individuals with unknown date of birth. This may cause an overall 

underestimate of the longevity or at least a deflated longevity for roots initiated from the 

beginning period of a study.    

 

In this paper, I applied an innovative hierarchical Bayesian model with design factors to a 

dataset generated from a nine-year minirhizotron study at Duke FACE site. This model 

facilitates the use of all individuals in the dataset including the ones with unknown date 

of birth or death. By modeling hierarchically, it is possible to use the information brought 

up by known-age individuals to estimate days of birth and death of unknown-age 

individuals. This not only considerably reduces the errors in parameter estimation but 

also allows reconstructing entire cohort histories. Mean and median longevities were 

estimated from this model. Potential design factors were tested to determine the ones with 

significant impact on fine root survivorship.    

 

 

 

 



Site Description 

 

The DukeFACE experiment was initiated to evaluate effects of elevated CO2 at the 

ecosystem level. The Forest-Atmosphere Carbon Transfer and Storage (FACTS-I) facility 

is in the Blackwood Division, Duke Forest, Orange County, NC. It is an even-aged 

Loblolly pine plantation, established from seedlings in 1983. CO2 enrichment studies in 

the loblolly pine forest type are expected to provide insight into possible ecological 

feedbacks affecting whole-ecosystem carbon storage and other responses to elevated CO2. 

A Natural regeneration added numbers of subcanopy and understory species such as 

sweetgum (Liquidanbar styaciflua), elm (Ulmus alata), red maple (Acer rubrum), 

dogwood (Cornus florida) and oak-hickory species. The system has been operated 

starting with the prototype plots in 1994. The purpose of the forest FACE prototype (FFP) 

was designed to offer research platforms for stands of forest trees under elevated 

atmospheric [CO2] (Hendrey et al., 1999). 

 

The climate for this site is warm and humid in summer and moderate in winter with a 

mean annual temperature of 15.8 ° C Precipitation is about evenly distributed throughout 

the year, with an average value around 1117.6 mm annually. Much of this Forest stand 

exhibits rolling terrain. The soils are mainly acidic clay-loam (Enon Series). They are 

moderately low in fertility and also seasonally poorly drained.  

 

The FACE facility started running continually since August 1996. It consists of four 

fumigated plots (Plots 2, 3, 4 and 7) and 4 control plots (Plots 1, 5, 6 and 8). This system 



provides spatial and temporal control of [CO2] without enclosing the vegetation. Among 

the 8 plots, seven of them are equipped by an array of vertical vent pipes. Four treatment 

plots are receiving elevated CO2 (ambient +200ppm) while the other three are receiving 

ambient air. After providing enriched CO2 24 hours per day since 1996 (except for the 

prototype plots), in 2003, this was changed to daytime-only enrichment, and ceased when 

air temperature is <5° C and wind speed is >5 m s-1. The whole system has a high 

reliability of 99%.  

 

In 1998, Plots 7 and 8 were each halved with a barrier inserted in the soil and one half of 

each received yearly nitrogen fertilization (11.2 g N m-2 yr-1). The rest of the plots were 

partitioned in early 2005 and incorporated into the CO2 X nutrient experiment. Each of 

these plots plot was split into two halves and one half was fertilized with pellet 

ammonium nitrate at a rate of 11.2 g N m-2 yr-1. A narrow trench was dug to a depth of 70 

cm (more than twice the depth of the fine roots at the site), and an impermeable sheet was 

inserted in the trench. Statistic tests showed that the split generated similar initial 

production in both the ambient and elevated CO2 subplots. Thus, any differences that 

would appear after the implement of nitrogen fertilization should indicate treatment 

effects (http://face.env.duke.edu/face.cfm). 

 

In the year of 1999, canopy leaf area reached a quasi-equilibrium with pine leaf area 

averaged 2.51 m2 m-2 under ambient [CO2], and 2.90 m2 m-2 under elevated [CO2] while 

the overall leaf areas are 3.34 m2 m-2 and 3.90 m2 m-2 on average under ambient and 



elevated [CO2] plots, respectively. Leaf area was the highest in 2001, before declining 

due to following droughts and storms.  (McCarthy et all, 2007)  

 

Results Review From FACE Studies 

 

A number of large scaled projects on forest ecosystems have shown that forests do 

sequester C in a CO2-enriched world. By analyzing the response of net primary 

productivity (NPP) to elevated CO2 in four FACE experiments (i.e. POP-FACE, Aspen 

FACE, Oak Ridge, Duke forest) in forest stands, Norby et al found a conserved 

stimulation across a broad range of productivity (Norby et al., 2005). At the Duke FACE 

site specifically, the stimulation of NPP has also persisted after more than 8 years with a 

18-24% higher NPP in elevated CO2 plots during 1996 through 2002 (Lichter et al., 

2005).   

 

The positive correlation between forest productivity and the increased atmospheric [CO2] 

is undeniable. However, several previous studies also indicated a lessening of the CO2-

induced increase of forest growth over the long term due to the limitation of the soil 

nitrogen concentration (Oren et al. 2001; Körner, 2003; Luo et al. 2004; Finzi et al., 2006; 

Johnson 2006). Elevated [CO2] has the potential to diminish soil nutrients, and then cause 

a negative feedback to forest growth. Following fertilization of half of the prototype in 

1998 at Duke FACE, the CO2-induced growth enhancement was reestablished. 

 



A six-year-minirhizotron study at Duke FACE showed average fine root standing crop 

was increased 23% by CO2 enrichment. However, CO2 effect lacked of consistency with 

time. Also, the effect has a small magnitude, suggesting only modest potential for fine 

root processes to directly contribute to soil C storage in southeastern pine forests 

(Pritchard et al, 2008). Data from four FACE experiments (including Duke FACE) also 

showed an elevated [CO2]-induced enhancement of total belowground carbon allocation 

(TBCA) (Palmroth et al, 2006).  

 

Leaf area may be another factor that can affect TBCA. Palmroth et al (2006) analyzed 

data from the four sites and found an overall decrease in TBCA with increasing leaf. Leaf 

area was believed to be the major factor, if not the only one, that has a significant 

relationship with TBCA.  

 

Method  

 

We used Minirhizotron technique as our study method at Duke FACE site. This 

technique provides the most direct observation over individual fine roots over time. 

Minirhizotrons are clear plastic tubes that were installed below ground, at an angle of 45° 

from vertical to a vertical depth of 32.5 cm. A microvideo camera was inserted into 

minirhizotron access tubes about every month, taking images of fine roots growing 

against the clear plastic tubes. A handle that provides precise and consistent camera 

placement is appended to the microvideo camera. The aboveground portion of each 

minirhizotron tube was covered with a closed-cell polyethylene sleeve, a rubber cap and a 



PVC cap. They are installed to minimize disturbances from light, heat and UV damage on 

root growth against the tubes (More detailed information on Minirhizotron technique was 

described by Pritchard et al., 2001a).  

Data collection started in September 1998, 4 months after tube installation, which 

allowed time for root colonization on tube surface and adjacent soil equilibrating with 

bulk soil. Video images of roots were digitized and data for individual roots were 

extracted from images using RooTracker software (Dave Tremmel, Duke University 

Phytotron). For the first 62 sessions, a total of 17 frames representing depths from 0 to 

32.5 cm were analyzed from all tubes; for the later 25 sessions, up to 37 frames 

representing the same depth were analyzed.  

 

Survivorship Analysis Under CO2 Enrichment and Nitrogen Fertilization 

  

Understanding fine root dynamics is important for both exploring belowground C pools 

and uncovering the mechanism of plant water and nutrient acquisition. Fine root turnover 

has been reported to transfer 33% of global annual net primary productivity into the soil 

C pool (Jackson et al., 1997). Fine roots turnover is also highly related to plant absorptive 

capacity, thus potentially constraining plant productivity.  

 

The enriched CO2 has been a major concern in terms of analyzing forest response to 

climate change. It was believed too few data existed to make any confident 

generalizations concerning the impact of elevated atmospheric CO2 on fine root longevity 

(Arnone et al., 2000; Tingey et al., 2000). Previous studies within the past decade still 



have reported inconsistent results regarding impacts of CO2 enrichment on fine root 

longevity. Although some models have suggested that CO2 enrichment is most likely to 

increase fine root longevity (Eissenstat et al., 2000), that idea has not yet been fully 

confirmed by empirical studies.  

 

Nitrogen is hypothesized to limit forest productivity under elevated atmospheric CO2 

concentration. Although nitrogen fertilization has the potential to sustain a high rate of 

forest NPP under free-air CO2 enrichment, its impact on fine root dynamics that might 

result in the change of carbon allocations to below-ground and above-ground systems are 

not clear. By learning the influence of environmental controls over fine-root turnover rate, 

nutrient cycling for individual plants as well as ecosystem carbon and nitrogen cycling 

would be better informed.    

 

Problems  

 

Published estimates of fine root turnover time show large discrepancies. The reasons for 

this variability may include variations in climate (Tierney et al., 2003), resource 

availability (Burton et al., 2000), species (Matamala et al., 2003) and differences in 

modeling methods (Tierney and Fahey, 2002).  

 

Study duration may also affect on estimates of fine root longevity. Strand et al., (2008) 

found a significant positive correlation between study period and longevity estimates 

using minirhizotron technology (Fig 1.) 



 

 

Fig. 1. Estimates of fine-root longevity from root turnover measurements as a function of the number 

of years since the initiation of the minirhizotron study. Turnover values were derived from annual 

production divided by average annual standing crop. Analysis of covariance supports the hypothesis 

that longevity estimates increase over time (P < 0.001) and that there is little support for the 

hypothesis that this slope differs among studies (P = 0.97). This analysis explains 81% of the 

variation in longevity estimates. The solid line represents a best linear fit to these data overall (y = 

0.51 + 0.17x). Numbers in parentheses are reference numbers. (Strand et al., 2008) 

 

However, the reason for this relationship was not satisfactorily explained. One of the 

potential causations could be that short-term studies usually lead to small proportion of 

the known-lifespan individuals. The shorter the studies are the higher the proportion of 

censored roots with unknown life spans, and roots with known life spans tend to be 



dominated by short-lived individuals. Estimates from survivorship models could be 

biased by these short-lived individuals. Thus, short-term studies are likely to cause an 

underestimation of fine-root longevities. A model that considers the unknown aged data, 

which includes both the unknown date of birth and death, provides another option in 

terms of short-term survivorship analysis.  

 

Moreover, completely intact datasets that have no discontinuities or interruptions are hard 

to obtain.  Taking our dataset for instance, although the duration of the study, which is 

8.2 years, is good enough for fine root longevity estimation, there is a discontinuity 

during the study period when equipment was replaced. Although efforts were made to 

identify the same roots from the two sets of digitization, it may have still caused 

unknown date of birth and death for many roots and thus caused inaccurate survival 

analysis.   

 

Here we introduce a new approach, demonstrating how hierarchical modeling can be 

used to include left and right censored roots to obtain more accurate population level 

estimates of survival. Traditional survival analysis recognizes two types of observations, 

‘uncensored’, or individuals of known time of death, and ‘censored’, or individuals of 

unknown time of death, but having a known age at censoring.  By applying different 

likelihoods, this treatment recognizes that both types of observations need inclusion and 

that each contributes different information.  The innovation here involves a third type of 

observation, ‘truncated’, or individuals having unknown birth days and, thus, unknown 

age, a category of observations that can dominate many data sets, but are seemingly 



unusable for estimating age-specific mortality rates. In our case, the “truncated” data are 

for roots already present at the beginning of the study as well as those present when 

equipment was replaced in November 2004. The “censored” data represent roots that still 

present when analysis ceased in October 2004, and the ones still present at till the end of 

this study period. By modeling both (past) birth days and (future or unknown) death days 

as latent variables, we can readily admit partial observations on individuals of unknown 

age, extending the types of observations (personal communication with Fernando 

Colchero).  

  

Model 

  Data 

 

From 21 Oct 1998 through 10 Jan 2007, a BTC-100x microvideo camera (Bartz  

Technologies, Santa Barbara, California) was used to record images of roots growing 

along the soil/minirhizotron tube interface. Roots were imaged approximately every 

month during the 8.2-year period (86 sessions). Video images of roots from up to 37 

frames for each tube were digitized. 

 

Root data include time of birth, time of death, time when each root information was 

recorded. Variable recorded for each minirhizotron frame at each date include the number 

of live roots, number of dead roots, length of live roots, length of dead roots, total 

diameters of live roots, total diameters of dead roots, CO2 treatment, N treatment and root 

depth. Root species were not separated from each other because the difficulty of 



specifying species using RooTracker program. Roots were recorded dead when they 

either disappeared or when they lost their integrity of root margins. (Prichard et al., 

2001a). Some of the nonfunctional roots may have been classified as alive as long as 

they remained present and intact. In other cases, roots could move in or out from the 

video camera capture window and were called newborn roots or dead roots. Both of these 

two circumstances would be the potential sources of errors for fine root longevity 

estimation.  

 

Since nitrogen fertilization was not applied until the spring of 2005, we used data from 

the time after November 11th, 2004 to analyze design factors that include nitrogen effect. 

For the analysis that has no nitrogen effect incorporated, we used the entire study period 

with the individuals from fertilized sectors excluded.   

 

  Notation and structure 

 

We use an unknown-age Bayesian model (UAB) that allows unknown-age individuals to 

be used. We propose both birth and death days (bi and di) in this model, and all 

individuals in the dataset are used.  

 

This model is based on Weibull survivorship function.  Let a be the age (in days) and Ai 

be the age at death; a is calculated using di – bi, the two of which are time of death (di) 

and time of birth (bi) respectively. The age distribution is assumed to follow the Weibull 



distribution, with a hazard function h(a) = Pr{a ≤ Ai < a + da | a ≤ Ai}, where da = 1 day. 

This function is described by 

                                                (1) 

λ and c are the rate and shape parameters, respectively. Therefore, the likelihood for the 

survivorship function l(a) and the pdf  f(a) for death at age Ai are 

   (2) 

  (3) 

 

Covariance is also considered in this model. They are depth, blocks, diameter, time, CO2 

treatment, CO2 by time, CO2 by depth and nitrogen fertilization. Let β be the design 

parameters, and x be the design matrix. The way those design factors affect λ can be 

explained by the following equation 

             λ = λ 0 exp(βX)                                            (4) 

 To include the covariance, I simply plug the above Eq. 4 into Eq. 2 and Eq. 3. 

 

Basic structures for this model are as follows: 

                          (5a) 

                  (5b) 

Where Eq. 5a is applied to uncensored individuals, while Eq. 5b is used for all the other 

cases (see Figure 2). The outputs for this model are estimates for the parameters 0,λ̂  and 

s, and for the birth and death days ( and ), all with 95% credible intervals.  ib̂ id̂

 



T1 

 

Figure 2. Illustration of the four types of data: a) uncensored; b) censored; c) truncated uncensored; 

and d) truncated censored. The black vertical lines represent the start, T1, and the end, T2, of the 

study. The solid grey lines include the years of birth bi and death di, while the dashed grey lines 

represent the unknown fates. The occasions ti and Ti (shown only for case d) represent the first and 

last time the individuals were detected, respectively. 

 

Priors for Bayesian models 

 

For this UAB models, we construct joint posteriors for all unknown parameters and 

variables by decomposing them into products of univariate conditional posteriors. These 

are informed by priors for the unknowns. Thus, we use a fixed prior 806.65 days (Strand 

et al, 2008) for the expected age at death (μp), and normally distributed priors for the rate 

and shape parameters of the Weibull distribution (  and ). The 

mean prior for the shape parameter (μλ) is calculated by solving the equality 

 for λ.  
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Computation 

 

Posterior distributions for the parameters are obtained by sampling using a MCMC 

scheme (Gelfand and Smith, 1990). In our case, the posteriors are non-conjugate 

conditional posteriors. A Metropolis algorithm is used to sample the parameters (Clark, 

2007).  

 

We ran the sampling algorithms for 50,000 steps and discarded the initial 10,000 steps 

(i.e the “burn in”) in order to keep only the converged sequences. We thinned the 

remaining chains to avoid serial autocorrelation keeping 100 values to build posterior 

densities and to estimate credible intervals for the parameters. 

 

 Result 

 

  Longevity estimation with no nitrogen treatment 

 

Survivorship analysis derived from individual roots with no nitrogen fertilization from 

our 8.2-year minirhizotron images suggests a mean life span of 584.4 days and 442 days 

for the median life span. Survivor curves generated from our hierarchical unknown-age 

Bayesian model show the survival dynamic of individual roots (Fig. 3).  



 

Fig. 3 Age distribution including estimated ages with proposed date of birth or death. Red curve 

represent Weilbull estimates of survival density derived from individual roots using the hierarchical 

Bayesian model. Green and blue vertical lines represent the mean and median life span in days, 

respectively.  

 

Using this unknown-age Bayesian model, I tested the potential design factors. Our result 

shows covariance that can significant influence fine root longevity are depth (4 levels 

from 0 to 30 cm deep), blocks (1 out of the 3 blocks is significantly different from the 

other two), diameter, time, CO2 treatment and its interactions with time and depth (Table 

1). Except for diameter, all the other covariance data are categorical data. Time has two 

levels that include years before leaf area index reached its maximum value at Duke 



FACE (1998-2001), and years after leaf area reached maximum value (2002-2007). The 

threshold time, year of 2001, was the year when LAI reached the peak value at 

DukeFACE reported previously (McCarthy, Oren, Finzi, 2007). 

 

Table 1. 2.5%, 50% and 97.5% quartile values for significant covariance parameters. Depth has four 

levels; block1 is one out of the total three blocks; CO2 is elevated CO2 treatment and control; time is 

1998-2001 and 2002-2007 when roots were initiated.   

 

Covariance 

Parameters 

depth block1 diameter time CO2 X time CO2 X depth 

2.5% 0.0203 -0.0238 0.0208 -0.0472 0.0081 -0.0089 

50%  0.0244 -0.0149 0.0315 -0.0329 0.0229 -0.0047 

97.5% 0.0294 -0.0051 0.0457 -0.0232 0.0398 -0.0002 

 

Longevity estimation after 2005 when nitrogen were applied 

 

Mean and median fine-root lifespan are 629.3 and 554.0 days during the time when 

nitrogen fertilization was applied. High nitrogen concentration contributed to this slow 

turnover rate compared to that from the study with no nitrogen effect considered. Besides 

the larger estimated mean lifespan, Weilbull estimates of survival density from the 

hierarchical Bayesian model follow the same trend as the estimate with no nitrogen effect 

considered.  

 



Effects of depth and block1 are consistent with the previous result (Table 2.). Diameter is 

no longer a significant factor. Both CO2 and nitrogen treatments are strongly correlated 

with fine-root longevity, though nitrogen alone is not a significant factor (Fig 6).  

 

Table 2. 2.5%, 50% and 97.5% quartile values for significant covariance parameters after nitrogen 

(N) fertilization was applied.  

 

Covariance 

Parameters 

depth block1 CO2  CO2 X N 

2.5% 0.0146 -0.0501 -0.0323 0.0290 

50%  0.0222 -0.0342 -0.0184 0.0461 

97.5% 0.0293 -0.0210 -0.0031 0.0635 

 

Interpretation and discussion 

   

Depth: A total of up to 37 frames (37cm) were divided into four levels: Top (0-8cm), 

Mid-shallow (8cm-16cm), Mid-deep (16cm-24cm) and Bottom (24cm-32cm). The 

estimated parameter (Table 1) for depth shows it has a positive effect on fine root 

longevity. Fine roots tend to have longer life spans as they go deeper in the soil (Fig 5). 

Depth effects could be a combination of several environmental effects such as soil water 

content, nutrient availability, temperature variability, oxygen availability, and so on. 

Besides these combined environmental effects, longer life spans in deeper soil may also 

be a result of the experimental error. Shallower soil layer generally contains more debris 

from leaf litter fall and roots, which leads to a relatively low visibility of video images 



and fine roots. Failing to track an individual root over time may occur more often in 

shallow depth than that in deeper soil.      

 

Block1: The FACE experiment design has three blocks for ring1 through ring 6. These 

blocks were determined according to differences in topographies, soil structure and 

nutrient availability. Among these three pairs, our result indicates that block1 differs from 

the other two. This agrees with the leaf area conditions in these 3 blocks. Block2 and 3 

have similar leaf area index (LAI) while LAI in block1 is much lower than those in block 

2 and 3 (personal communication with Heather R McCarthy). Since LAI may reflect 

carbon assimilation, this block effect may also demonstrate that carbohydrate availability 

is likely to decrease fine-root longevity. 

 

Diameter: Continuous diameter values were recorded for every individual root observed. 

Our results confirmed the previous studies that larger-diameter roots persist longer 

(Anderson et al., 2003; Matamala et al., 2003; Joslin et al., 2006). Diameter is sometimes 

ignored when using individual root turnover time to inform belowground carbon cycling. 

Since more carbon is contained in larger diameter fine roots, belowground carbon 

turnover time might be far underestimated using the estimates from individual roots that 

are dominated by small diameter roots. Better estimation for belowground carbon balance 

may be informed by taking diameter as a weighted factor on estimated individual 

longevity. 

 



This positive effect of diameter on fine-root longevity became no longer significant after 

nitrogen fertilization was applied. The prevalence of mycorrhizal fungi was also changed 

by nitrogen fertilization (Pritchard et al, unpublished data), and mycorrhizal roots often 

live longer than the nonmycorrhizal roots (King, Albaugh, Allen, 2002). However, it is 

not clear if there are diameter classes that tend to be influenced more by the change of 

mycorrhizal fungi that are caused by the additional nitrogen availability, or if it is a 

random effect that uncoupled diameter from fine-root longevity.    

 

Time: The two periods of study stages were determined according to the canopy leaf area. 

In the year of 2001, canopy leaf area reached the highest point and then was followed by 

a decrease caused by an ice storm and drought. However, the determination of the 

threshold could be arbitrary because leaf area condition may not fully reflect forest 

growth dynamics at different stages, and there might be a time lag for different tissues to 

reach a certain phase (eg. Maturity). Furthermore, since environmental conditions such as 

temperature and precipitation are different in each year, it is almost impossible to tell if it 

is the time effect or the environmental effect that causes the differences.   

 

Although time had a significant effect on fine-root longevity (Fig 4.), we cannot assume 

that fine roots initiated in leaf-area-growing period or the early stage of a study always 

have longer lifespans. Environmental conditions such as soil temperature, soil moisture 

and other disturbances from each year could all contribute to the differences. Even if a 

certain environmental condition under which the roots initiated were known, it would be 



difficult to assess how much time must pass before effects are transduced to mechanisms 

that ultimately control life span. 

  

CO2 x time: Our analysis suggests that CO2–enrichment alone does not significantly 

affect longevity. However, the interaction between enriched CO2 and time does have 

effect on fine root longevity. During the early study period from 1998 to 2001 when leaf 

area index reached the maximum value, CO2 treatment barely altered fine-root lifespan 

from ambient CO2 plots. Rather than showing an immediate response, fine root 

survivorships tend to respond to the CO2 treatment later. After a little more than 3 years 

of this minirhizotron experiment, fine root longevity is enhanced by the CO2 treatment 

(Fig 4). This result indicates that long-term exposure to elevated CO2 slowed down fine-

root turnover and thus may slow belowground carbon turnover. This might suggest that 

increased atmospheric CO2 concentration has limited potential to contribute to soil carbon 

sequestration.   



 

Fig. 4 Time and its interaction with CO2 effects on fine root survivorship. 

 

CO2 x depth: Besides the interaction with time, the CO2 effect on fine root longevity also 

shifted from deep to shallower soil depths (Fig 5). Data from 2002-2007 show that CO2-

enrichment increased longevity, suggesting that this treatment is likely to have less and 

less effect on fine root life spans as soil depth increases. This suggests that environmental 

resources (i.e. CO2 concentration) may fail to change the plant behavior when other soil 

properties become more important.         



 

Fig. 5 Depth effect and its interaction with CO2 treatment. Data used are from year 2002-2007. 

 

N: Although nitrogen fertilization was applied in 2005, statistical analysis showed a 

strong relationship between nitrogen fertilization and fine root survivorship under CO2 

enrichment (Fig 6). The increased longevity resulting from nitrogen fertilization also 

agrees with the effect of block1 which had a negative effect on longevity and where 

nutrient availability, especially nitrogen, is much lower than that in the other two blocks. 



However, under the ambient CO2 concentration, nitrogen did not change fine-root 

survival. One possible reason could be that CO2 enrichment has the potential to cause soil 

nutrient, especially nitrogen, deficiency (Luo, Su, Currie etc al, 2004). It is reasonable 

that the additional nitrogen released this CO2-induced nitrogen shortage and thus 

increased fine-root longevity, while in the CO2 control plots where nitrogen might not be 

limited, this additional nitrogen caused no differences.  

 

Nitrogen effects on fine-root longevity may imply less carbon flow to the belowground 

carbon pool following nitrogen fertilization. However, information from fine root 

productivity as well as estimates of other soil organic carbon inputs are needed to 

quantify other aspects of belowground carbon sequestration.  

 



 

Fig 6. CO2 treatment and its interaction with nitrogen treatment 
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