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A B S T R A C T   

Fine roots serve as the primary interface between trees and the soil, and they are dynamic in their response to environmental conditions. Among many functions, they 
are principle in gathering nutrients and water, and they constitute a major component of the tree. Their overall contribution to soil carbon flux is not well understood, 
nor is the effect of site and genotype on their dynamics, and these factors are crucial to understanding nutrient cycles and tree growth under variable conditions. This 
study evaluated how the fine root dynamics of loblolly pine (Pinus taeda L.) might be different between genotypes and on different sites. Three loblolly pine 
plantations were established, two in 2009 in North Carolina (NC) and Virginia (VA), and one in 2011 in Brazil (BR). Root biomass was estimated with soil cores across 
the three sites and between two genotypes in 2020. Seasonal and annual fine root production was measured at the NC and VA sites over the 12th growing season 
using ingrowth cores. The trees in BR that were two years younger were much larger than those in NC and VA and had more fine root biomass at initial sampling than 
those in NC, despite similar levels of fertility. Meanwhile, fine root production rates decreased with higher rates of aboveground productivity across all measured 
plots in NC and VA. These results indicate that (1) standing fine root biomass may be related to environmental conditions that are not easily manipulated, which 
could inform modeling of carbon cycles, and (2) in these intensively managed plots, sufficient resources were available to allow for increased aboveground growth 
despite lower rates of fine root production, which supports the employment of these intensive silvicultural practices.   

1. Introduction 

Loblolly pine (Pinus taeda L.) is the most commercially important tree 
species in the Southeastern United States (Schultz, 1999). Advances in 
silviculture and forest tree genetics continue to increase the volume of 
wood produced and carbon (C) sequestered per hectare (Zhao et al., 
2016), in addition to relieving pressure on old-growth and other 
ecologically significant systems (Li et al., 1999: Pirard et al., 2016). 
Growing loblolly pine outside its native range can also lead to much 
higher rates of growth, particularly in the Southern hemisphere, though 
the reasons for the improved productivity remain unclear (Albaugh 
et al., 2018). 

Fine root biomass, production, and turnover comprise about 14–25 
% of loblolly pine’s total C allocation (Maier et al., 2004). The term “fine 
root” is functional (Lukac, 2012) and refers to roots that are the primary 
interface between plants and soils. It is common, however, to arbitrarily 

define fine roots for the purposes of study using morphological traits, 
such as those that are under 2 mm in diameter (Danjon et al., 2013). 
Compared to larger coarse roots or stems, fine roots are short lived 
(months to a few years), and their seasonal growth and turnover tends to 
vary with environmental conditions. Although our knowledge of fine 
roots and their contributions to nutrient cycles is largely uncertain, they 
are enormous contributors to soil C flux (Danjon et al., 2013). 

Plasticity in the morphology and physiology of fine roots allows trees 
to vary C allocation patterns across a spectrum of environmental con-
ditions (Bakker et al., 2008). Fine root biomass has generally been 
observed to decrease on more fertile sites (Danjon et al., 2013). In lob-
lolly pine, addition of water and nutrients shifts belowground biomass 
allocation from fine to coarse and tap roots (Albaugh et al., 2004; King 
et al., 1999; Maier et al., 2004), though Carter et al. (2004) found that C 
allocation to fine roots of P. palustris was constant across a N availability 
gradient. Still, a decrease in relative allocation to fine roots due to 
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increased nutrient availability has been thought to occur across all forest 
types (Achat et al., 2008; Gower et al., 1992; Vogt and Vogt, 1986), and 
increased C allocation to fine roots on nutrient limited sites is also 
typically paired with a decrease in foliar development (Eissenstat and 
Van Rees, 1994). 

King et al. (2002) found, however, that production and turnover of 
fine roots under 1 mm diameter increased in fertilized treatments, 
possibly indicating higher C inputs to soils. While fine root production 
may increase absolutely on more productive sites, root biomass may still 
be higher on poor, less productive sites (Nadelhoffer et al., 1985). It is 
possible that although fertile sites stimulate C and N allocation to fine 
root growth, proportionally fewer resources are allocated to structure 
and protection, leading to more rapid death through senescence or 
predation, which results in root samples with lower biomass (Nadel-
hoffer, 2000). Indeed, a meta-analysis of fine root data spanning both 
natural and plantation forests showed that fine root production 
increased with soil pH, an indicator of nutrient availability, even though 
fine root biomass was negatively correlated with soil nitrogen (N) (Cai 
et al., 2019). Similarly, Li et al. (2021) showed that supplementing soil N 
increased fine root production and lowered measures of fine root 
biomass through decreased root lifespan. 

To increase aboveground productivity in loblolly pine, silvicultural 
practices such as fertilization act primarily through increasing leaf area 
and biomass (e.g., Albaugh et al., 1998; Jokela and Martin, 2000; Vose 
and Allen, 1988; Will et al., 2002). Chen et al. (2018) linked increased 
leaf production to higher rates of fine root production across several 
studies, although fine roots increased at a slower rate than leaves at 
higher levels of gross productivity. Fertilization has also been shown to 
increase leaf biomass without altering growth efficiency (Samuelson 
et al., 2001), while Coyle et al. (2008) simply attributed higher above-
ground productivity to enhanced overall development. Conversely, Will 
et al. (2002) observed increased aboveground growth increment, higher 
foliage biomass, and enhanced stem growth per unit of foliage for 
fertilized treatments, and Albaugh et al. (1998) saw greater above-
ground biomass production through increased growth efficiency and 
partitioning shifts away from fine roots. 

Our understanding of how fine root biomass, production, and turn-
over respond to environmental conditions is still developing. The rela-
tionship of these processes to foliar development and aboveground 
productivity also remains unclear. To that end, we were able to explore 
fine root dynamics of the same genotypes across multiple sites without a 
fertility gradient. The objectives of this study were to 1) quantify the 
effect of site and genotype on fine root biomass, 2) measure fine root 
production over one growing season via seasonal and annual sampling, 
and 3) evaluate the relationship of fine root production with above-
ground growth increment and leaf biomass in loblolly pine plantations. 
We expected all treatments to have similar amounts of initial fine root 
biomass, while treatments that were more productive aboveground over 
the growing season would exhibit lower rates of fine root production and 
turnover accompanied with higher allocation to leaf biomass. 

2. Materials and methods 

2.1. Study sites 

Loblolly pine plantations were established in three locations; the 
Atlantic Coastal Plain of North Carolina (NC) at Bladen Lakes State 
Forest in 2009 (34.8313◦, − 78.5873◦); the Piedmont of Virginia (VA) at 
the Reynolds Homestead Forest Resources Research Center in 2009 
(36.6423◦, − 80.1546◦); and in Paraná, southern Brazil (BR), in 2011 
(− 26.1905◦, − 49.4963◦). The NC site is within the native range of 
loblolly pine and represents typical planted growing conditions for the 
species. The VA site is just outside the native range of loblolly pine, and 
the site was thought to have lower growth potential due to a shorter 
growing season. The BR plantation is in a subtropical region where 
loblolly pine is commonly planted as an exotic crop tree (Vickers et al., 

2011). Climate summaries in Table 1 were retrieved from NOAA data for 
U.S. locations (NowData, 2010) and European Centre for Medium-Range 
Weather Forecasts data for Brazil (Climate-Data.org). 

2.2. Experimental design 

The experimental plantations were installed with a split-split plot 
design with three to four replications depending on the site. The primary 
treatment was the level of silviculture (low/operational vs high/inten-
sive). Intensive silviculture included site preparation, fertilization with 
nutrient status monitoring, and competition control. The same nutrient 
availability was maintained across these intensive silviculture 
plots—foliar nutrient concentrations were sampled annually, and fer-
tilizer applied as needed to maintain 1.35–1.40 % N along with other 
elements at similar optimal levels according to Albaugh et al. (2010). 
Site preparation and silvicultural treatments are also thoroughly 
explained in Yanez et al. (2017). Only NC was bedded prior to planting 
due to the high water table. This practice increases survival of seedlings. 
Split plot treatments consist of six genetic entries (one open pollinated- 
OP, one mass control pollinated-MCP, and four clones-C1, C2, C3, and 
C4) at three planting densities (Vickers et al., 2011). For this study, we 
focused on two genetic treatments, OP and C3, and only one silvicultural 
treatment (intensive silviculture planted at the highest density—1853 
trees ha− 1 in NC and VA, or 1893 trees ha− 1 in BR). The two genotypes 
are both broad crown ideotypes but still allowed for comparison of 
distinctly different genetic stock. 

Each plot in VA and BR consisted of 81 trees, or a rectangular planted 
area with nine trees planted in nine rows each, while NC plots contained 
63 trees planted with nine trees in seven rows each. In all plots and all 
locations, the center 25 trees (five rows of five trees each) were the study 
area, giving all plots treated buffer rows between neighboring plots. In 
NC and VA, trees were planted 1.47 m apart along the row with 3.66 m 
separating each row, while trees in BR were spaced 2.2 m and 2.4 m 
apart, respectively (Albaugh et al., 2020). We sampled three plots per 
genotype and site combination for replication, except for OP trees in NC, 
for which only two plots were available due to extensive mortality in 
2009–2010 (Table 2). 

To study initial fine root biomass, 8.3 cm diameter soil cores were 
taken to 50 cm depth in NC and VA by a gas-powered soil probe mounted 
on an all-terrain vehicle between December 2019-January 2020, and the 
same diameter cores were taken by hand to the same depth in BR during 
October 2020. Sixteen cores per plot in NC and VA and eight cores per 
plot in BR were taken in each of three plots per site and genotype 
combination. These subsamples were averaged to produce a plot level 
estimate and scaled to kg ha− 1. Analyzing one less OP plot in NC, for the 
reasons described above, resulted in analysis of 17 total plots. 

Core locations were randomly selected from a plot map with 40 
possible spots in each plot—the possible core locations were centered 
either between two trees along the planting row (within row) or 
centered between two trees from adjacent rows (interrow). Eight within 
row and eight interrow locations were selected in each plot (or four and 
four in BR). This balance of within row and interrow cores was selected 
to reflect the fine root biomass across the entire plot, regardless of 
microsite variation or proximity to individual trees and planting beds. 
All cores were used to estimate initial fine root biomass, but for the 
purposes of subsequent ingrowth sampling in NC and VA, half were 
designated as “annual” cores (to be resampled once after 12 months), 
and the other half as “seasonal” cores (to be resampled once per season 
for one year). In sum, for NC and VA, four subsamples per category were 
taken (1. within row annual cores, 2. within row seasonal cores, 3. 
interrow annual cores, and 4. interrow seasonal cores). No ingrowth 
sampling was conducted in BR, so for initial fine root biomass, four 
within row and four interrow cores per plot were taken. The soil cores 
were then divided by depth, 0–10 cm, 10–20 cm, 20–30 cm, and 30–50 
cm, and refrigerated until processed. 

To measure fine root production, ingrowth cores were installed (Vogt 
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and Persson, 1991) using the established core holes. Immediately after 
initial excavation, all holes were backfilled with sand. Ingrowth core 
resampling was conducted with an 8.3 cm hand auger. The same eight 
seasonal cores per plot in NC and VA were resampled three times (July, 
September, and December 2020) after approximately-six, three, and 
three months of incubation, respectively. Travel restrictions due to the 
COVID-19 pandemic precluded the first planned seasonal resampling in 
April 2020. Annual cores in NC and VA were resampled only once in 
December 2020, after 12 months of undisturbed growth. 

In the lab, roots from the initial core samples were pulled from the 
soil with forceps as soil cores were dry sieved over a large, 0.25-inch 
wire mesh and, subsequently, a 2 mm soil sieve. Ingrowth cores were 
only sieved over the larger mesh in the field because it was much easier 
to identify and separate roots from the sand. Also, the sand was imme-
diately returned each time to backfill the same core hole along with 
additional, new sand as needed to mitigate losses from processing, 
settling, and erosion. 

A handmade, 2 mm ink silhouette was used to sort roots by size, and 
any roots larger than 2 mm diameter were discarded. Roots that varied 
in size along their length were cut where the diameter equaled 2 mm, 
and the portion greater than 2 mm diameter discarded. The fine roots 
were briefly rinsed and submerged in deionized water and manipulated 
by hand or forceps if necessary to remove as much soil and debris as 
possible. All samples were then oven dried at 65 ◦C for 48 h and 
weighed, which was sufficient to achieve a constant weight. 

Dry ash content was determined with loss on ignition in a muffle 
furnace at 450 ◦C for six hours using ground subsamples of both the 
initial and ingrowth sets. Dry ash procedures for initial samples taken 
from the native soil in NC and VA resulted in a mineral content of 17.11 
% with a standard deviation of 9.09 % in NC and 12.55 % with a stan-
dard deviation of 4.30 % in VA. Mineral content for ingrowth cores was 
18.13 % with a standard deviation of 3.73 % in NC and 13.45 % with a 
standard deviation of 5.06 % in VA for the subsequent samples taken 
from sandy, backfilled core holes. We reduced all sample weights by the 
appropriate percentage to account for mineral content of the roots and 
any soil particles remaining after roots were washed. Dry ash values 
were not available for samples from Brazil, so for this study, we applied 
the 12.55 % mineral content from initial VA samples. We based this 

decision on the relative similarity of soil textures in the VA and BR sites, 
the former being a sandy clay loam and the latter a clay loam. 

Used in this study for comparison with our initial fine root biomass, 
soil cores were taken in NC and VA from the same plots by the same 
methods described above in September-October 2016. However, roots 
were removed from the soil with an elutriator, or a device that churns 
water with forced air to remove mineral soil and float organic matter for 
retrieval, rather than by hand. 

2.3. Fine root production, aboveground production, and statistical 
analyses 

To calculate fine root production, subsample biomass totals were 
averaged at the plot level, scaled to kg ha− 1, and divided by incubation 
time. Seasonal production estimates were standardized to per year 
production rates by multiplying their respective incubation periods out 
to 12 months. Fine root turnover calculations were made by dividing 
initial fine root biomass by fine root production estimates (Bhuiyan 
et al., 2017), and their reciprocals were used for comparison. Ingrowth 
cores ease root retrieval and make production estimates more straight-
forward, and they are appropriate for comparing environmental condi-
tions, even if other methods may more accurately estimate site-specific 
production (Vogt and Persson, 1991; Hertel and Leuschner, 2002; 
Osawa and Aizawa, 2012). 

Leaf biomass and aboveground growth increment were calculated 
with data obtained from the same plots sampled in this study. Individual 
tree data were input to equations developed by Gonzalez-Benecke et al. 
in 2014 to calculate leaf biomass (FOLIAGE) as well as 2019 and 2020 
total aboveground biomass (TASB, or total above stump biomass, which 
includes stem, branches, and leaves) in kg per tree. Leaf and tree biomass 
were totaled at the plot level, then scaled to a Mg ha− 1 basis. To 
determine growth increment, 2019 TASB was subtracted from 2020 
TASB. The equations are: 

FOLIAGE = e1⋅(dbhe2 )⋅(ee3*DBH )⋅(He4 )⋅(AGEe5 ) (1)  

TASB = e1⋅(dbhe2 )⋅(He3 )⋅(AGEe4 ) (2)  

where dbh = diameter at breast height (cm), H = tree height (m), AGE =
tree age (years), and e1-e4 are constant parameter estimates. 

All fine root production estimates and turnover rates were analyzed 
using two-way analysis of variance (ANOVA) with site and genotype as 
main effects, including their interaction. Fine root biomass measure-
ments from 2016 were used to compare initial fine root biomass from 
2019 to 2020 in a three-way ANOVA with year, site, and genotype as 
main effects and all interactions included. To compare fine root biomass 
from initial cores taken in 2019–2020 across the three sites, two-way 
ANOVA was conducted with site and genotype as main effects and all 
interactions included, followed by a Tukey’s Honestly Significant Dif-
ference (HSD) test to check pairwise comparisons. Similarly, both initial 
fine root biomass and fine root production were isolated by depth 
increment and analyzed using two-way ANOVA. 

Regression was conducted by graphing each plot’s basal area by its 
initial fine root biomass, as well as aboveground growth increment by its 

Table 1 
Environmental data for the three pine plantation sites in North Carolina (NC), Virginia (VA), and Brazil (BR). Climate summaries for NC & VA are averages of 
2009–2019 and were retrieved from NOAA data (NowData, 2010). Climate summaries for BR are averages of 2011–2019 and were retrieved from European Centre for 
Medium-Range Weather Forecasts data (Climate-Data.org). Soil pH and cation exchange capacity (CEC) are averages for each site.  

Site Average Annual Temperature 
(◦C) 

Average Annual Precipitation 
(mm) 

Soil Type Soil Texture Soil 
pH 

CEC (meq/100 
g) 

Soil Series (U. 
S.) 

NC  16.5 1253 thermic, Typic 
Paleaquult 

fine sandy 
loam  

4.40  7.1 Rains 

VA  13.7 1277 mesic, Typic 
Kanhapludult 

sandy clay 
loam  

4.44  4.1 Fairview 

BR  17.2 1796 Hapludult & Inceptisol clay loam  3.80  24.3   

Table 2 
Aboveground plot characteristics after the 2020 growing season for the three 
pine plantation sites in North Carolina (NC), Virginia (VA), and Brazil (BR). 
Genotypes are a clone (C3) and open pollinated (OP) trees. 25 trees per plot were 
planted in 2009 in NC and VA and 2011 in BR at a spacing of 1.47 m × 3.66 m 
(1853 trees ha− 1). n = 3 for all treatments except NC OP, for which n = 2.  

Site Genotype Mean Number 
of Trees per 
Plot 

Mean Diameter at 
Breast Height per 
Tree (cm) 

Mean Basal 
Area per Plot 
(m2/ha) 

NC C3  22.3  18.7  48.6 
NC OP  19.0  20.3  47.4 
VA C3  23.3  18.8  50.4 
VA OP  20.7  19.3  47.2 
BR C3  24.3  19.0  52.9 
BR OP  23.0  20.1  56.2  
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fine root production estimate. Similarly, regression was conducted with 
two methods for foliage, using each plot’s 2020 foliage biomass and 
using the difference between each plot’s 2020 and 2019 foliage biomass. 
Both were plotted against their respective fine root production calcu-
lations. All statistical analyses in this study were conducted using JMP® 
Pro 15 with a significance level of < 0.1. 

3. Results 

3.1. Initial fine root biomass was higher outside the native range 

Initial fine root biomass was higher in BR than in loblolly pine’s 
native range of NC, with no differences found between NC and VA. Fine 
root biomass estimates from December 2019-January 2020 in NC and 
VA were not significantly different from estimates derived from samples 
in the same plots during September-October of 2016 (p = 0.435). Fine 
root biomass in 2020 ranged from 766 kg ha− 1 in an NC C3 plot to 2,453 
kg ha− 1 in a BR C3 plot. Overall, initial fine root biomass was highest in 
BR with moderate evidence that it differed from NC (p = 0.068) and 
little to no evidence that it differed from VA (p = 0.140) (Fig. 1; Table 3). 
There were no differences in initial fine root biomass by genotype. By 
depth, there was modest evidence that BR exhibited greater fine root 
biomass from 10 to 20 cm (p = 0.098), with 358 kg ha− 1 versus VA’s 
196 kg ha− 1 in VA (Fig. 2), and there was no evidence of differences in 
rooting depth by genotype. At the individual plot level, initial fine root 
biomass showed a positive correlation with plot basal area (r2 = 0.313, 
p = 0.019) (Fig. 3). 

3.2. Rates of fine root production and turnover were higher in NC and for 
the clonal genotype 

Fine root production rates were higher in the native range of NC and 
for C3 trees. Fine root production estimates ranged from 416 to 940 kg 
ha− 1 yr− 1 across all VA and NC plots. Both site (p = 0.081) and genotype 
(p = 0.029) affected fine root production, but there was no significant 
interaction. The NC site produced about 201 kg ha− 1 yr− 1 greater root 
biomass than VA, and the C3 genotype produced about 199 kg ha− 1 yr− 1 

greater fine root biomass than the OP genotype (Fig. 4). There was much 
more fine root production at 0–10 cm than other depths (p < 0.001), and 
trees in NC produced more fine root biomass than those in VA from both 
10–20 cm (p = 0.055) and 30–50 cm (p = 0.003) (Fig. 5). Genotype had 
some effect on fine root turnover (p = 0.091) where C3 plots replaced their fine roots at a higher rate than OP plots (Table 4). Unlike initial fine 

root biomass, there was no correlation between fine root production and 
plot basal area after the 2020 growing season (r2 = 0.030, p = 0.640). 

3.3. Fine root production climaxed at similar rates between sites 

Fine root production showed seasonal differences between the sites, 
but production rates were surprisingly similar during the peak of root 
production during the middle of the growing season. From January to 
July, NC plots produced 1173 kg ha− 1 yr− 1 more fine root biomass than 
VA plots (p = 0.027). From September to December, NC plots produced 
199 kg ha− 1 yr− 1 more fine root biomass than VA (p = 0.034). VA ex-
periences a shorter growing season, and in 2020, the site also experi-
enced mild drought conditions from September-October. Interestingly 
NC plots had a nearly identical rate of fine root production during the 
January-July and July-September periods. This fine root production rate 
was also very similar that of VA for the July-September period. Both sites 
had much lower fine root production rates by December relative to their 
own July and September estimates (Fig. 6). There were no effects of 
genotype on seasonal fine root production. 

3.4. Fine root production decreased as aboveground growth increased 

Fine root production rates were negatively correlated with 

Fig. 1. Initial fine root biomass (kg ha− 1) from 0 to 50 cm across three sites. 
Soil cores were taken in October 2020 for Brazil (BR) and December 2019- 
January 2020 for North Carolina (NC) and Virginia (VA) to measure fine root 
biomass. BR had significantly more fine root biomass than NC (p = 0.068). 
Lines show mean fine root biomass by site, jittered points show plot level es-
timates, and error bars show standard error of the mean. 

Table 3 
P-values for ANOVA and Tukey’s HSD of initial fine root biomass measurements. 
n = 6 for BR and VA, n = 5 for NC.  

ANOVA Tukey’s HSD 

Variable p-value Site Comparison p-value 

Site  0.064 BR NC  0.068 
Genotype  0.453 BR VA  0.140 
Site × Genotype  0.455 NC VA  0.789  

Fig. 2. Initial fine root biomass (kg ha− 1) by depth (cm) and site. There was 
significantly more fine root biomass from 0 to 10 cm than at the other depths (p 
< 0.001). At 10–20 cm only, BR demonstrated some evidence (p = 0.098) of 
more fine root biomass than in VA, indicating that, overall, rooting depth is 
similar among treatments. Letters indicate differences among sites at the same 
depth increment. Note that 30–50 cm is twice the depth of the three other in-
crements. n = 6 for BR and VA, n = 5 for NC. Error bars show standard error of 
the mean. 
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aboveground growth increments. A regression of the fine root produc-
tion estimates for all plots against the 2020 total above stump biomass 
growth increment demonstrated a negative relationship (r2 = 0.418, p 
= 0.032), showing that there was a reduction in fine root production as 
total above stump growth increased, and this relationship was not 
affected by site or genotype (Fig. 7). A regression was also conducted on 
leaf biomass estimates versus fine root production, and no consistent 
relationship was found. Additionally, OP trees had a higher above-
ground growth increment than C3 trees in 2020 (p = 0.030), though 
there was no effect of site. 

4. Discussion 

4.1. Brazil had unexpectedly high amounts of initial fine root biomass 

Initial fine root biomass was higher in BR than under native condi-
tions in NC. This was not consistent with our hypothesis—while we 
expected some variation in existing fine root biomass, it was surprising 
to see such higher amounts in BR. We believed differences among sites 
and/or genotypes might be observable through production and turnover 
estimates, not through sampling the existing fine root crop. At this stage 
of development, the trees in BR were two years younger, yet signifi-
cantly larger than those in both VA and NC (Albaugh et al., 2018). This is 
despite similar fertility being maintained across all intensive silviculture 
plots and is consistent with a higher observed carrying capacity for 
loblolly pine in BR (Albaugh et al., 2018), for which greater levels of fine 
root biomass seem to be characteristic. Overall, our fine root biomass 
estimates are similar to other fine root biomass studies of North Amer-
ican pines (Albaugh et al., 2004; Carter et al., 2004; Litton et al., 2003; 
Retzlaff et al., 2001; Samuelson et al., 2004). 

There were, however, no significant differences among fine root 
biomass estimates in NC and VA between 2016 and 2020, nor any effects 
of site and genotype, suggesting that tree size does not directly dictate 
levels of fine root biomass. This may also show that, belowground, the 
plots were fully occupied by the root system by age seven, which was 
around the time of crown closure (typically occurring between 6 and 8 
years in high density, intensively managed loblolly pine plantations) 
(Campbell et al., 2013; Radtke and Burkhart, 1999). Interestingly, 
higher levels of initial fine root biomass were associated with greater 
plot basal areas, and because fertility was actively homogenized across 

sites, the impacts of nutrient availability on root lifespan should have 
been similar among all plots. Standing fine root biomass may be more 
dependent on whole system characteristics or environmental conditions 
other than fertility and productivity, such as moisture regimes, tem-
perature, litterfall and root decomposition rates, or even the natural 
ectomycorrhizal communities at each location. Indeed, precipitation has 
been shown to increase fine root production (Cordeiro et al., 2020) and 
accumulation (Zhang et al., 2019), but while temperature can increase 
fine root production and turnover, it may have no effect, or even 
decrease, standing fine root biomass depending on other conditions 
(Xiong et al., 2018). Although mycorrhizal associations were beyond the 
scope of this study, more investigation is needed into how these com-
munities may differ across sites and how this might affect fine root 
dynamics. 

4.2. Faster growing trees produced fewer fine roots, yet had similar foliar 
biomass to slower growers 

This study provides evidence that aboveground growth increment is 
inversely related to fine root production, which supports our hypothesis. 
Although there was no effect of site in aboveground growth increment 
between NC and VA, there was a genotype effect where OP trees had a 
higher growth increment and lower fine root production and turnover 
than C3 trees over the studied year. The plot level regression of fine root 

Fig. 3. Regression analysis of basal area (m2 ha− 1) prior to the 2020 growing 
season by initial fine root biomass. Soil cores were taken in October 2020 for 
Brazil (BR) and December 2019-January 2020 for North Carolina (NC) and 
Virginia (VA) to measure fine root biomass. The standing crop of fine root 
biomass was positively correlated with plot basal area. n = 6 for BR and VA, n 
= 5 for NC. 

Fig. 4. Fine root production (kg ha− 1 yr− 1) by site and by genotype. Initial 
cores were backfilled with sand and left for 12 months before being resampled 
for fine root ingrowth. (A) North Carolina (NC) had higher rates of fine root 
production than Virginia (VA) (p = 0.081), and (B) Clones (C3) had higher rates 
of fine root production than Open Pollinated (OP) (p = 0.029). n = 6 for VA and 
C3, n = 5 for NC and OP. Lines show mean fine root production, jittered points 
show individual plot level estimates, and error bars show standard error of 
the mean. 
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production and growth increment demonstrates the negative relation-
ship. Both site and genotype did affect fine root production, and larger 
trees did not necessarily produce more fine roots—the trees in VA were 
larger than those in NC, and they demonstrated lower rates of fine root 
production. By depth, fine root production was higher in NC than VA 
from 10–20 cm and 30–50 cm. The NC plots were bedded prior to 
planting, however, so topsoil was piled in well-drained beds along the 
tree rows, and it is likely that fine roots are somewhat restricted by a 
plow pan at the VA site. 

Our fine root production estimates were similar to some previous 
studies (Fíner and Laine, 2000; Pritchard et al, 2008), but were lower 
than many (Albaugh et al., 2004; Bhuiyan et al., 2017; Lee and Jose, 
2003; Persson, 1980). The same is true for rates of fine root turnover 
which were similar to Nadelhoffer et al. (1985) and Pritchard et al. 
(2008), but lower than several others (Brunner et al., 2012; Guo et al., 
2007; Persson, 1980). Although the literature varies slightly in methods, 
species, and age classes, ingrowth cores have been found to slightly 
underestimate fine root production when compared to other methods, 
and this is particularly true within the first year following core estab-
lishment (Fíner and Laine, 2000; Katayama et al., 2019). Our lower fine 
root production estimates relative to most other studies is consistent 
with this trend. 

Analysis of fine root production regressed against leaf biomass 
yielded no consistent relationships in this study. The seasonal produc-
tion of leaves and fine roots have been observed to be synchronized 

(King et al., 2002). Thus, we expected negative relationships across sites 
and genotypes, as higher investments in one ephemeral pool (leaves) 
would come at the expense of another (fine roots). We hypothesized that 
more leaves would allow for more photosynthesis and higher growth 
increments. Instead, it seems that loblolly pines exhibiting higher 
growth rates were able to do so with fewer fine roots and no added cost 
of greater leaf production. The observations in this study are limited to a 
single growing season, however, and it is possible that tradeoffs may be 
reflected in allocation shifts of prior and/or subsequent years. A pro-
portional analysis of tree level allocation patterns could elucidate the 
relative changes over time and how they correspond with year-to-year 
ephemeral and perennial tissue growth. 

4.3. Seasonal fine root production was largely dictated by environmental 
conditions 

Genotype did not affect fine root production in any season, but site 
did affect it from January to July and from September to December. The 
increased fine root production in NC versus VA during both periods is 
likely due, at least in part, to milder winter conditions and a longer 
growing season at the NC site, along with mild drought conditions in VA 
from September-October. Interestingly, when standardized to annual 
production rates, fine root production in NC was nearly identical from 
January-July and from July-September, and VA’s fine root production 
from July-September was very similar to NC’s over the same period. This 
common rate of fine root production could be indicative of a maximum 
for which, even during the most active periods of root production and 
given no limiting nutrients, these trees only allocated a certain amount 
of their resources to this specific pool of tissue. It may be that there are 
diminishing returns beyond this production rate due to the costs of 
respiration and maintenance, or perhaps resources are being used for 
other compartments. 

4.4. Conclusion 

This study provides evidence that a higher aboveground growth 
increment in loblolly pine is paired with lower rates of fine root pro-
duction and slower turnover. We did not find evidence, however, that 
this is due to a direct tradeoff with resource allocation to leaves—this 
suggests that sufficient resources were available in these intensively 
managed plots for both lower rates of fine root production and increased 
aboveground growth. Larger trees in Brazil had greater standing fine 
root biomass than those in the native range of North Carolina, and 
overall, increased standing fine root biomass was related to higher basal 
areas, though fine root production and turnover were not. 
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