
Author-created pre-print version  Forest Science 59(1) 2013     Page 1 of 14 

Allometry Varies among 6-Year-Old Pinus taeda (L.) Clones in the 

Virginia Piedmont 
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Abstract: Clonal forestry is becoming a reality in the southeastern United States owing to recent 

improvements in somatic embryogenesis for Pinus taeda (L.). Differences in aboveground and belowground 

carbon allocation between individual genotypes could have significant implications for productivity and 

carbon sequestration and cycling in clonal plantations. We assessed biomass partitioning, allometry, coarse 

root morphology, and crown size of 10 P. taeda clones at age 6 in the Virginia Piedmont in control and 

operationally fertilized plots. Clonal effects were observed for biomass partitioning to foliar, branch, stem, 

taproot, and lateral root fractions; allometric relationships including root/shoot, stem/foliage, branch/foliage, 

and stem/taproot ratios; root morphology; and crown size. Clonal differences in biomass partitioning were 

the result of both differences in allometry and differences in growth rates. Growth efficiency (stem/foliage 

ratio) showed a twofold difference among the two most disparate clones even after standardizing for different 

growth rates. Clone-by-fertilizer interactions were observed for total, aboveground, and belowground 

biomass and for root depth sampled up to 1 m. Differences in partitioning and allometry were not clearly tied 

to tree or stem growth rates, indicating that there may be opportunities to select and deploy clones with rapid 

stem volume growth rates that have biomass partitioning patterns tailored to various precision-silviculture 

applications. FOR. SCI. 59(1):50-62. 
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LONAL PLANTATION FORESTRY HAS BECOME A 

PRACTICAL REALITY in the southeastern 

United States owing to technological 

advances in somatic embryogenesis for Pinus 

taeda (L.) (Stasolla and Yeung 2003, Bettinger et al. 

2009, Whetten and Kellison 2010). Although limited 

populations of clones have been produced as rooted 

cuttings for use in experimental settings, clones now 

being distributed for production forestry are propagated 

entirely by somatic embryogenesis. Clones are being 

deployed primarily to improve growth rates, with gains 

in stem volume growth of up to 100% predicted 

(McKeand et al. 2003, Whetten and Kellison 2010). 

Thus, clonal seedlings cost considerably more than 

either open pollinated or mass control pollinated 

seedlings, necessitating relatively intensive silvicultural 

inputs to maximize productivity and justify higher 

initial costs at planting (Dougherty 2007). Fertilizer is 

already applied to approximately 650,000 ha annually 

as of 2004 and typically improves volume growth by 

25% when applied to mid-rotation stands (Fox et al. 

2007). It is likely that fertilizer application will be a 

common cultural input for the majority of clonal 

plantations in the future. 

     Clonal tests have revealed a wide range of stem 

volume growth rates (Paul et al. 1997, Coyle et al. 

2006). Whereas considerable work has been done to 

understand the ecophysiological differences between 

clones leading to dissimilar growth rates (e.g., King et 

al. 2008, Bown et al. 2009, Tyree et al. 2009a), 

uncertainty remains regarding what specific 

physiological process or processes are most responsible 

for regulating stem volume production in different 

clonal genotypes. Further, the possibility of clone-by- 

fertilizer interactions and the ecophysiological 

mechanisms underlying such potential interactions 

requires further investigation. Most studies of 

genotype-by-environment interactions involving clonal 

material have been performed in young stands (i.e., <5 

years), some of which found interactions (Paul et al. 

1997), whereas others did not (Baltunis et al. 2007). 

Results from single-site studies have shown clone-by-
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fertilizer interactions for growth (King et al. 2008, 

Tyree et al. 2009a, 2009b). Although leaf-level gas 

exchange does not consistently explain these 

differences in clonal fertilizer growth response (King et 

al. 2008), canopy-level CO2 assimilation coupled with 

clonal differences in biomass partitioning, the amount 

of biomass allocated to various plant organs, explained 

observed differences in the magnitude of clonal 

fertilizer growth increases in a greenhouse experiment 

with two P. taeda genotypes (Tyree et al. 2009a). 

However, whether differences in biomass partitioning 

will continue to be a consistent explanation of fertilizer 

growth response in a larger population of clones 

remains uncertain. 

     Biomass partitioning in trees is an important 

variable in determining stem volume growth efficiency 

(Albaugh et al. 1998), ecosystem carbon balance 

(Maier et al. 2004), and belowground carbon 

sequestration in stumps and coarse roots (Van Lear et 

al. 2000, Miller et al. 2006). Partitioning varies with 

availability of nutrients, typically resulting in greater 

allocation to woody perennial tissues and decreased 

root/shoot ratios with fertilizer application (Ingestad 

and Agren 1991, King et al. 1999). However, biomass 

partitioning also changes with stand development and 

growth, requiring a direct comparison of plants of 

similar size to determine whether treatment effects are 

altering partitioning directly or are merely altering 

growth rates (Ledig et al. 1970). When growth is 

accounted for in analyses of biomass partitioning, 

allometric relationships typically show minimal or no 

effect of fertilizer application compared with treatment 

effects on growth rates (King et al. 1999, Coyle and 

Coleman 2005). Although biomass partitioning has 

been shown to vary among both open-pollinated 

seedlings of different provenance and different clonal 

genotypes (Barnes 2002, Bown et al. 2009, Tyree et al. 

2009a, 2009b), studies determining whether these 

effects are due to genotypic variability in allometry 

versus genotypic differences in growth rate are lacking. 

     In addition to biomass partitioning to roots, root 

morphology may also vary between clones and in 

response to fertilizer application. A study of Pinus 

radiata (D. Don) found significant differences between 

clonal and open-pollinated genotypes not only for 

root/shoot ratio but also for distribution of root mass 

among lateral and vertical coarse roots (Gautam et al. 

2003). In open-pollinated bare-root seedlings of P. 

taeda, the vertical distribution of root biomass and 

maximum rooting depth have been shown to vary by 

provenance (Barnes 2002). Given these results and the 

overall phenotypic plasticity of P. taeda (Samuelson et 

al. 2004), it seems likely that clonal differences in 

coarse root morphology will be observed. 

     Biomass partitioning to foliage and patterns of foliar 

display have previously been correlated to growth in P. 

taeda (Chmura et al. 2007, Emhart et al. 2007, Tyree et 

al. 2009b). Clonal variability has been observed in 

crown size (Tyree et al. 2009b), and crown size has 

shown a strong genetic correlation with growth in 

clonal P. taeda (Emhart et al. 2007). In addition, the 

relationship between foliar mass and crown size was 

shown to vary in response to a nutrient availability 

gradient between two clones of P. taeda in a single-site 

field trial (Tyree et al. 2009b). Stem/foliage mass ratios 

can be considered as an index of growth efficiency 

(i.e., unit wood produced per unit photosynthetic 

tissue). This ratio has been shown to vary among 

clones and has shown significant clone-by-nutrient 

availability interactions (Tyree et al. 2009a, 2009b). 

Considering differences in crown size and foliar area 

display along with differences in biomass partitioning 

may improve our ability to determine the physiological 

basis of variable clonal growth rates. 

     The primary objective of this article was to 

determine whether clonal differences in biomass 

partitioning and allometry are consistent with observed 

differences in clonal growth rates and potential clone-

by-fertilizer interactions. We hypothesized that clones 

with greater allocation to foliage will be more 

productive and that clones with greater allocation to 

belowground biomass will demonstrate greater growth 

increases in response to fertilizer application. A 

secondary objective of this article was to assess 

genotypic variability in coarse root morphology and 

depth of rooting up to 1 m in clones of P. taeda and to 

determine whether these traits differ among clones in 

response to fertilizer application. The final objective of 

this article was to determine whether a clone-by-

fertilizer interaction for crown traits such as that 

observed in Tyree et al. (2009b) would be observed 

among a larger population of clones, rather than 

between only two genotypes. 

 

Materials and Methods 

Site and Study Descriptions 
 

     Our study was located at the Reynolds Homestead 

Forestry Research Center (36°40’ N, 80°10’ W) in the 

upper Piedmont of Patrick County, Virginia, USA. 

Annual precipitation for the site is 1,308 mm, and 

mean annual maximum and minimum temperatures are 

18.5 and 7.0° C, respectively. Average July high 

temperature is 29.3° C, and average January low 

temperature is -4.0° C. Topography consists of gently 

sloping hills ranging in elevation from 320 to 340 m. 

Past intensive agricultural land use has resulted in a 

truncated Ap horizon, with clayey B horizons mixed 

with the A. Mapped soil series include a Fairview 

sandy clay loam (fine, kaolinitic, mesic Typic 

Kanhapludults) and a French loam (fine-loamy over 

sandy or sandy-skeletal, mixed, active, mesic 

Fluvaquentic Dystrudepts). Site and study design 

descriptions can also be found in Tyree et al. (2008) 

and King et al. (2008). Six-year growth and stem 

quality data can be found in Stovall et al. (2011). 

     A randomized complete block split-plot design was 

installed in May 2003 in four replications (blocks), 

with the whole plots being two levels of fertilizer 

application (operational or unfertilized control) and the 
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subplot factor being 25 clones. One ramet 

(experimental unit) of each clone was planted in each 

plot. Because different clones with different 

competitive growth ideotypes were randomized in 

single-tree plots, extrapolation of results presented in 

this manuscript to the stand scale is extremely limited. 

Ramets were rooted cuttings planted at a 3.0 × 2.5 m 

spacing. Clonal material donated by the Forest Biology 

Research Cooperative (Gainesville, FL) was from the 

Loblolly Pine Lower Gulf Elite Breeding Population, 

which includes both Atlantic Coastal and Florida 

provenances. Site preparation before planting included 

application of glyphosphate (Roundup) for weed 

control. The site was subsequently ripped, and the 

planting rows were shallowly cultivated. A border row 

of open pollinated seedlings was planted around each 

plot. After planting, complete weed control was 

maintained for the first 2 years. Before root growth, 

trenches were dug between the whole plots and lined 

with plastic along intersecting plot boundaries to 

contain the fertilizer treatment. Fertilizer was applied 

by hand-banded application on May 4, 2004, May 4, 

2006, and July 16, 2008. Each application consisted of 

224 kg ha
-1

 of diammonium phosphate and 184 kg ha
-1

 

of ammonium nitrate, yielding 103 kg ha
-1

 of elemental 

nitrogen and 45 kg ha
-1

 of elemental phosphorus. 
 

Destructive Harvest 

 
     Aboveground biomass for the trial was harvested 

after six complete growing seasons in February 2009. 

The trees had not yet reached crown closure, indicating 

that aboveground competition among the single-tree 

plots had not yet become intense as would be expected 

later in the stem exclusion stage of stand development. 

Live crown ratios were all nearly 100%. On the same 

day, all surviving ramets were felled with a chainsaw 

10 cm aboveground line and weighed to obtain fresh 

weight. Ten clones were selected from the full trial for 

belowground destructive harvest, because it was not 

feasible to sample belowground biomass for all 25 

clones. Five of the best performing clones and five of 

the poorest performing clones based on the mean 

clonal above-ground fresh weights were selected. 

These 10 clones included four full-sib pairs and two 

other clones. Each of these 10 clones had at least three 

of four ramets surviving in each fertilized and 

unfertilized plot, resulting in the sampling of 75 total 

ramets (5 ramets could not be sampled owing to 

mortality before 2009). The remainder of this article 

will focus only on these 10 clones. After selection, they 

were partitioned into stem, branch, and foliar 

components, which were each oven-dried at 65° C for 

>15 days and weighed. 

     In the field immediately before dissection, each 

ramet of the 10 selected clones was photographed 

against a cloudless blue sky for determination of the 

crown silhouette area (CSA), an index of displayed leaf 

area (see King et al. 2008). Ramets were photographed 

twice from right angles about the stem, and values 

were averaged to yield CSA. A Nikon D70 digital SLR 

camera body with an AF-S DX Zoom-Nikkor 18–

55mm f/3.5–4.5G IF-ED lens was used for all 

photographs (Nikon Inc, Melville, New York). 

Underexposure of 1.0 eV was automatically set on 

examination of several test shots to maximize contrast 

between canopy and sky. Crown images were then 

thresholded in SideLook v.1.1 (Nobis and Hunziker 

2005) and postprocessed for analysis in Adobe 

PhotoShop 6.0 (Adobe Systems, Inc., San Jose, CA). 

Pixels containing canopy elements were counted and 

scaled to area based on comparison with a 

photographed object of known area, resulting in CSA 

in units of m
2
. The comparison with an object of 

known area accounted for any variability in camera 

distance from the tree or focal length so that data could 

be uniformly compared across all samples. CSA was 

divided by foliar mass for each tree to yield a metric of 

how efficiently each crown was displayed. For a given 

foliar mass, more leaf area was displayed at higher 

values of this ratio, indicating less overlap among 

individual needles or branches at the whole crown 

scale and the potential for greater light interception. 

     The root systems of the 10 clones selected for 

belowground harvest were excavated from a 1-m 

diameter by 1-m deep cylindrical pit. No roots below 1 

m were sampled, and if a stump ended before 1 m, 

maximum rooting depth was measured and recorded. 

Observations made in sample pits did not reveal 

intense belowground competition among single-tree 

plots, as would be expected later in the development of 

the stand. A Supersonic X-LT air knife (Supersonic 

Inc, Allison Park, PA) connected to a diesel air 

compressor (0.5 L s
-1

, 850 kPa) was used to loosen the 

bulk soil and remove soil from roots. All roots within 

the sampled volume known to be from that specific 

ramet (i.e., those still attached to the taproot) were 

collected. Soils were not sieved, and no attempt was 

made to recover all fine roots. Fine root cores or pits 

were not attempted because a clonal effect could not be 

determined with certainty in this trial because of the 

single-tree clonal plots. 

     Roots were further pressure-washed of soil and 

separated into taproot and lateral root components. 

Root systems observed were characterized by a large, 

single primary tap root with numerous large lateral and 

sinker roots emanating from the primary taproot. 

Taproots were considered any growing downward 

within 45° of vertical and thus included both the 

primary taproot and all sinker roots, whereas lateral 

roots were considered those growing within 45° of 

horizontal. Lateral roots were further subdivided into 

coarse (>15 mm), medium (5–15 mm), and fine (<5 

mm) fractions. All roots emanating from the primary 

taproot were excised as close to the main stump as 

possible, categorized as either lateral (<45° from 

horizontal) or sinker (>45° from horizontal) roots and 

measured for diameter along two axes at the point of 

excision. For each stump, root number, average 

diameter, and SD of diameter were calculated for both 

sinker and lateral root fractions. All roots were then 
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oven-dried at 65° C for >15 days and weighed by 

fraction. 

 

Data Analysis 

 
     All analyses were performed with SAS software 

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

assumptions including normality and heteroscedasticity 

were checked, and data were power or natural log 

 
Table 1. P values for main effects and interaction effect 

for all variables from the destructive harvest of a 6-year-

old clonal trial with 10 clones and two fertilizer levels 

(operational and control). 

Variable 

Clone 

(C) 

Fertilizer 

(F) C × F 

Total mass 0.0001 0.0136 0.0559 

Aboveground mass 0.0001 0.0236 0.0577 

Belowground mass 0.0001 0.0760 0.0870 

Lateral root mass 0.0001 0.1463 0.1192 

Tap root  mass 0.0557 0.0886 0.6396 

Stem mass 0.0001 0.2431 0.1285 

Branch mass 0.0001 0.0975 0.1962 

Foliar mass 0.0001 0.0319 0.1746 

Lateral root fraction 0.0015 0.3541 0.8081 

Tap root fraction 0.0050 0.7033 0.1282 

Stem fraction 0.0001 0.2457 0.3594 

Branch fraction 0.0001 0.0602 0.3815 

Foliar fraction 0.0001 0.5940 0.4453 

Root/shoot ratio 0.0446 0.1986 0.5447 

Stem/foliage ratio 0.0001 0.6847 0.5402 

Branch/foliage ratio 0.0001 0.2242 0.0984 

Taproot/stem ratio 0.0002 0.3046 0.0509 

Number lateral roots 0.0174 0.4554 0.5244 

Average lateral root diameter 0.1465 0.2223 0.3989 

SD lateral root diameter 0.5165 0.7469 0.6424 

Number tap roots 0.0625 0.0240 0.6073 

Average tap root diameter 0.0001 0.8228 0.3257 

SD tap root diameter 0.0731 0.8138 0.3772 

Fine lateral root mass 0.0002 0.0990 0.0381 

Medium lateral root mass 0.0001 0.0978 0.3823 

Coarse lateral root mass 0.0001 0.3188 0.1337 

Rooting dept up to 1 m 0.0188 0.0881 0.0379 

Crown silhouette area 0.0001 0.1054 0.2699 

Crown silhouette area per     

     foliar mass 
0.0004 0.3676 0.7309 

 
Significant (P < 0.10) values are shown in bold. Analysis was 

performed with SAS (version 9.2) using mixed models for all 

variables except for rooting depth. Rooting depth was analyzed with 
the nonparametric Friedman’s χ2

 test. Each treatment group was 

replicated three or four times, depending on mortality; 75 trees were 

harvested in total. 
 

transformed as necessary, although all reported means 

and SEs are untransformed. All variables were 

analyzed with PROC MIXED with block and block-by-

fertilizer modeled as random effects. The Kenward-

Roger method for calculating denominator degrees of 

freedom was applied (Littell et al. 2006). Multiple 

comparisons were performed using a Tukey honestly 

significant difference procedure implemented in PROC 

GLM at an α = 0.10 significance level. Because many 

ramets rooted to the full sample depth, we were unable 

to adequately transform root depth data to normal. The 

nonparametric Friedman’s χ
2
 test was used for analysis 

of this variable and was implemented in PROC FREQ. 

Regression of CSA to foliar mass was done with PROC 

REG. 

     Allometric relationships were examined by 

regressing natural log-transformed biomass 

components against one another. This technique is 

necessary to determine whether shifts in allometry are 

attributable to treatment effects or whether they occur 

principally as a result of treatments influencing size. If 

the regression lines of data from two treatment groups 

have significantly different slopes or intercepts, then 

the treatment affected allometry. If the data from two 

treatment groups fall on different portions of the same 

line (i.e., the regression lines do not have significantly 

different intercepts or slopes), then the treatment only 

affected size. We observed a relatively large range in 

tree masses as a result of fertilizer treatments and block 

effects (mean 26.2 kg, SD 11.4 kg, N = 75). The range 

of natural log-transformed whole tree biomass 

observed was 2.79 across all trees and averaged 1.34 

within each clone. This technique has previously been 

applied to data obtained from a single destructive 

harvest (Colbert et al. 1990) and is typically applied to 

a population with a range of natural log-transformed 

whole tree biomass of 2–5 (Gebauer et al. 1996, King 

et al. 1999, Adegbidi et al. 2002, Barnes 2002, Coyle 

and Coleman 2005). These regression equations were 

of the form 

 

ln(y) = a + k ln(x)             (1) 

 

where ln(x) is the natural logarithm of one biomass 

component, ln(y) is the natural logarithm of another 

biomass component, and a and k are the regression 

coefficients (Ledig et al. 1970). 

     Previous biomass partitioning studies using this 

technique tested the slope, k (e.g., Coyle and Coleman 

2005) or tested a and k independently using analysis of 

covariance (e.g., Colbert et al. 1990, Jokela and Martin 

2000). However, we used a procedure known as 

conditional error (Swindel 1970) to simultaneously test 

both regression coefficients. Conditional error 

calculates an F statistic by comparing the sum of 

squares of errors from a combined model using data 

from multiple sample populations and the reduced 

models for each sample population separately, as given 

by the equation 

 

          F = [ f × (SSE* - SSE)] / [(f*- f × SSE]          (2) 
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where F is the test statistic, f* is the error degrees of 

freedom of the combined model, f is the summed error 

degrees of freedom from the reduced models, SSE* is 

the sum of squares of errors of the combined model, 

and SSE is the total of all sums of squares of errors of 

the reduced models. A significant P value indicates that 

the reduced models have significantly different 

matrices of regression coefficients and should thus not 

be combined into a single model. At least one pair of 

reduced models has a different slope, intercept, or both 

a different slope and intercept. This procedure was 

used to test both clone and fertilizer main effects. 

Clone-by-fertilizer interactions for allometric equations 

were not examined; this would have involved 

comparing regressions based on only three or four data 

points and would not have yielded robust results. 

 

Results 

Biomass Partitioning 
 

Significant clone-by-fertilizer interactions were 

observed for aboveground, belowground, and total tree 

mass (P < 0.10) (Table 1). Clones showed variability in 

their mean mass and did not all respond similarly to 

fertilizer application, sometimes even between clones 

from the same full-sib crosses (Figure 1). Some clones 

showed significant increases in some biomass 

components with fertilizer application. For example 

clone C2 increased in total mass by 33%, belowground 

mass by 32%, and aboveground mass by 33% with  

 

 
Figure 1. Clone-by-fertilizer interactions for aboveground 

(P = 0.06), belowground (P = 0.09), and total tree (P = 

0.06) biomass from the destructive harvest of 10 clones 

under two fertilizer regimes (operational and control). 

Letters show significantly different clonal means for the 

control (top) and fertilizer (bottom) treatments separately 

based on Tukey’s HSD at an α = 0.10 significance level. 

The upper letter indicates total biomass, the middle 

aboveground biomass, and the lower belowground 

biomass. Asterisks denote significant fertilizer effects for 

biomass components of individual clones based on a t-test 

for that clone only at an α = 0.10 significance level. Full-

sib clonal pairs are denoted with the same letter in the 

clonal identification. 

fertilizer application (P < 0.10) (Figure 1). In contrast, 

clone C1, from the same full-sib cross showed no 

significant increases in any of these three biomass 

components in the fertilized plots (P > 0.10). In 

addition, some other clones showed significantly 

decreased biomass in response to fertilizer application. 

For example, clone K had 13% less total mass and 17% 

less aboveground mass in fertilized compared with 

control plots (P < 0.10), with no difference in 

belowground biomass (P > 0.10). Across all clones, 

there was substantial variability in biomass, with clone 

K having the greatest average total dry mass at 35.4 kg, 

77% greater than that of clone I3, the least massive 

clone at 20.0 kg (P < 0.10). Full-sib pairs of clones also 

varied in the magnitude of the differences between 

them. For example, clone I2 had significantly greater 

total, aboveground, and belowground biomass than 

clone I3 in control plots (P > 0.10) (Figure 1). In 

contrast, clones C1 and C2 showed no significant 

differences in any of these three biomass components 

in either fertilized or control plots (P < 0.10). 

     Averaged across the clones, fertilizer application 

increased foliar, branch, and taproot biomass by 18, 27, 

and 18%, respectively (P < 0.10) but had no effect on 

stem or lateral root mass (P > 0.10) (Table 1; Figure 2). 

There were highly significant clonal effects for each of 

these five components (P < 0.01) except for taproot 

biomass, which was nonetheless significant (P < 0.10). 

For foliar and branch mass the greatest clonal 

differences were observed between full-sib clones I2 

and I3. Clone I2 had 149% greater foliar mass and 

234% greater branch mass than clone I3 (P < 0.10) 

(Figure 2). In contrast, the other full-sib pairs, clones 

C1 and C2, F1 and F2, and H1 and H2, showed no 

differences for foliar or branch biomass (P > 0.10). 

Stem mass also varied considerably among clones, 

with clone K having the greatest stem dry mass of 16.7 

kg, 93% greater than that of the clone with the least 

stem mass, clone C1, with an average mass of only 8.7 

kg (P < 0.10). Taproot and lateral root biomass 

followed similar trends. Taproot dry mass ranged from 

2.7 kg in clone C2 to 5.0 kg in clone K, a difference of 

84% (P < 0.10). Again, some full-sib pairs had 

different taproot mass (e.g., clones I2 and I3), whereas 

other full-sib pairs showed no difference in taproot 

mass (e.g., clones C1 and C2). Attached lateral root dry 

mass within the sampled soil volume ranged from 0.6 

kg in clone I3 to 1.7 kg in clone K, a difference of 

184% (P < 0.10). Lateral root dry mass also varied 

between clones from the same full-sib crosses (Figure 

2). 

 

Allometry 
 

     Fertilizer application only significantly changed 

relative biomass partitioning to branch mass, which 

increased from 17.8 to 19.3% of tree total mass (P < 

0.10) (Figure 3). None of the other four biomass 

components assessed differed between the fertilizer 

and control treatment when considered as a fraction of  
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Figure 2. Clonal and fertilizer main effects for each of five 

absolute biomass components from the destructive 

harvest of 10 clones under two fertilizer regimes 

(operational and control). Letters show significantly 

different treatment effects for each of the five biomass 

components based on Tukey’s HSD at an α = 0.10 

significance level. Full-sib clonal pairs are denoted with 

the same letter in the clonal ID. Cont, control; Fert, 

fertilizer.  

 

total tree mass (P > 0.10). However, foliar, branch, 

stem, taproot, and lateral root fractions all differed 

substantially among the clones (P < 0.01) (Figure 3). 

The range between the clones with the greatest and 

least relative allocations for each biomass component 

was 6.3, 11.0, 15.0, 2.5, and 3.3%, respectively (P < 

0.10). As with comparisons of full-sib pairs of clones 

for absolute biomass components, some pairs displayed 

relative partitioning similar to one another (e.g., clones 

C1 and C2), whereas others displayed dissimilar 

patterns (e.g., clones I2 and I3). 

     Any biomass partitioning changes in response to 

fertilizer application were the result of changes in 

growth rates, not direct effects on allometry (P > 0.10) 

(Table 2). A nonsignificant P value for fertilizer 

treatments indicates that groups compared did not 

differ in regression coefficients, and thus any changes 

in allometry are growth-induced (i.e., they are on the 

same line). In contrast, allometry did vary between 

clones even after accounting for growth for all but the 

lateral root fraction (P < 0.10) (Table 2). The 

magnitude of the allometric differences observed in 

this trial between clones was substantial. To illustrate 

the extent of variability in allometry among clones, 

clone-specific allometric equations (Table 2) were used 

to calculate the average biomass partitioning for each 

clone at the average tree mass for all trees (26.2 kg). 

    When clones were directly compared at the same 

size (i.e., after considering growth effects), clone I3 

had the greatest allocation to stem of 14.4 kg dry mass 

or 54.9% of its total dry mass (Table 3). In contrast, 

clone F2 had the least allocation to stem of 10.6 kg dry 

mass, only 40.7% of its total dry mass. Thus, for trees 

of equal size, clone I3 had 16.9% greater stem dry 

mass than the average of all clones, whereas clone F2 

had 13.4% less stem dry mass. The clone-specific 

regressions used for this comparison all had an R
2
 > 

0.82 for the natural logs of stem versus total tree mass 

(Table 2). Even for clones that did not have dissimilar 

slopes of their allometric regressions, differences in 

intercepts sometimes resulted in substantial differences 

in allometry. For example, clones F2 and I3 each had k 

= 0.89. However, the difference in their intercepts 

(clone F2: a = 0.22; clone I3: a = 0.52) resulted in a 

difference in allocation to stem mass of approximately 

14% of total tree biomass between these clones across 

the range of tree masses observed in this trial (e.g., a 

3.7-kg difference in stem mass at a tree mass of 26.2 

kg). Whereas the above comparisons emphasize the 

difference between clones, there were also pairs of 

clones with nearly identical allometry and growth rates 

observed in this trial. For instance, clones H2 and I3 

showed less than a 0.3-kg difference in stem mass 

(<1% of total tree mass) across the range of tree masses 

observed. 

     Root/shoot and stem/foliage ratios also varied 

among the 10 clones (P < 0.05) (Figure 4). When 

growth was also considered, neither of these allometric 

relationships was significantly affected by the fertilizer 

treatment (P > 0.10). In contrast, branch/foliage and 

stem/taproot ratios both showed significant clone-by-

fertilizer interactions (P < 0.10) (Figure 4). Differences 

between clones for all four of these ratios could be 

attributed to differences in allometry as well as 

differences in growth rate (P < 0.10) (Table 4).  

Root/shoot ratio clonal means ranged from 0.19 to 

0.24, a difference of 25.1%. Three of the clones had 

slopes greater than unity for root/shoot regressions, 

indicating that they were allocating proportionally 

more to root biomass as trees grew larger. The 

remaining seven clones with slopes less than unity 

were reducing allocation to roots as trees grew larger.   

Although we were unable to run regressions to 

 
 

 
Figure 3. Clonal and fertilizer main effects for each of five 

relative biomass components from the destructive harvest 

of 10 clones under two fertilizer regimes (operational and 

control). Letters show significantly different treatment 

effects for each of the five biomass components based on 

Tukey’s HSD at an α = 0.10 significance level. Full-sib 

clonal pairs are denoted with the same letter in the clonal 

ID. Cont, control; Fert, fertilizer. 
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Table 2. Allometric analysis of five biomass components from the destructive harvest of 10 clones under two different 

fertilizer regimes (operational and control). 

 

Foliar versus 

total mass 

Branch versus 

total mass 

Stem versus  

total mass 

Lateral root versus 

total mass 

Tap root versus 

total mass 

 

Clone Fert 

 

Clone Fert 

 

Clone Fert 

 

Clone Fert 

 

Clone Fert 

 Num DF 18 2 
 

18 2 
 

18 2 
 

18 2 
 

18 2 
 

Den DF 55 71 
 

55 71 
 

55 71 
 

55 71 
 

55 71 
 

F 3.5 0.3 
 

4.3 0.1 
 

3.6 0.7 
 

1.3 0.9 
 

1.6 1.3 
 

P <0.01 0.71 
 

<0.01 0.90 
 

<0.01 0.52 
 

0.21 0.40 
 

0.09 0.29 
 

 
a k R2 a k R2 a k R2 a k R2 a k R2 

All -1.39 0.95 0.85 -5.04 1.33 0.92 0.18 0.91 0.92 -5.33 1.21 0.76 -0.90 0.89 0.92 

Clone C1 -1.25 0.94 0.93 -4.19 1.26 0.96 0.15 0.90 0.98 -4.21 1.11 0.90 -1.95 1.00 0.96 

Clone C2 -3.18 1.15 0.97 -5.73 1.40 0.98 0.72 0.85 0.98 -5.06 1.21 0.91 0.61 0.73 0.94 

Clone D -2.03 1.03 0.99 -5.06 1.33 0.99 0.48 0.88 0.96 -5.84 1.26 0.69 -0.69 0.86 0.84 

Clone F1 -0.60 0.88 0.90 -6.03 1.43 0.97 0.37 0.88 0.97 -7.98 1.47 0.73 -1.10 0.92 0.90 

Clone F2 -0.73 0.90 0.93 -3.27 1.17 0.90 0.22 0.89 0.88 -9.24 1.60 0.92 -0.57 0.85 0.97 

Clone H1 0.89 0.71 0.87 -2.84 1.10 0.91 -1.07 1.04 0.97 -6.60 1.32 0.85 -1.74 0.98 0.98 

Clone H2 -0.81 0.87 0.83 -6.34 1.45 0.93 0.61 0.88 0.90 -2.82 0.95 0.39 -2.43 1.04 0.87 

Clone I2 -3.69 1.18 0.94 -8.16 1.64 0.90 2.71 0.66 0.83 -5.18 1.18 0.69 0.95 0.71 0.85 

Clone I3 -3.05 1.10 0.96 -7.37 1.54 0.98 0.52 0.89 0.99 -5.26 1.17 0.78 -1.00 0.90 0.97 

Clone K -0.85 0.88 0.90 0.55 0.80 0.70 -2.75 1.19 0.91 -6.03 1.28 0.50 0.43 0.77 0.79 

Fertilizer -1.89 1.00 0.84 -5.21 1.35 0.89 0.47 0.88 0.89 -6.01 1.28 0.74 -0.35 0.84 0.89 

Control -1.11 0.92 0.85 -4.89 1.31 0.93 -0.08 0.94 0.94 -4.65 1.13 0.77 -1.16 0.92 0.94 

 

Regressions were of the form ln(y) = a + k ln(x), where x is total mass and y is the biomass component. Main effects were tested using 
conditional error, which tests for significant differences between regression lines for all coefficients simultaneously. Regression coefficients and 

the coefficient of determination are shown for the regression of all data (N = 75), regressions of each individual clone (6 ≤ N ≤ 8), and the 

regression of each fertilizer treatment (37 ≤ N ≤ 38). Full-sib clonal pairs are designated with the same letter. Significant (P < 0.10) values are 
shown in bold. Fert, fertilizer. 

  

 

Table 3. Comparisons of clones at the same mean tree mass (26.2 kg). 

 
Stem Branch Foliage Taproot Lateral root 

Stem/foliage 

ratio 

Root/shoot 

ratio 

 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (kg) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

  
Clone C1 11.01 5.59 4.08 3.73 1.19 2.70 0.24 

Clone C2 11.70 4.98 5.01 3.09 1.41 2.33 0.21 

Clone D 12.49 4.77 4.67 3.16 1.07 2.68 0.19 

Clone F1 11.19 5.00 4.24 3.86 1.07 2.64 0.24 

Clone F2 10.66 5.61 4.56 3.22 1.14 2.34 0.21 

Clone H1 13.50 4.23 3.34 3.75 0.92 4.04 0.22 

Clone H2 14.22 4.50 3.11 3.46 0.94 4.58 0.2 

Clone I2 12.39 5.04 4.08 3.54 0.92 3.03 0.21 

Clone I3 14.39 4.01 3.43 3.48 0.77 4.19 0.19 

Clone K 11.57 5.94 3.30 3.88 1.09 3.50 0.24 

 

Mean tree mass was calculated from all sampled ramets and used as the independent variable in the clone-specific regressions found in Table 2 to 

generate these data. No statistics are presented because these data are based on a single, hypothetical tree of mean mass. Full-sib clonal pairs are 
designated with the same letter. 
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Figure 4. Four different allometric relationships are 

shown from the destructive harvest of 10 clones under 

two fertilizer regimes (operational and control). Error 

bars are 1 SE for the lower two panels only showing a 

clonal effect (6 ≤ N ≤ 8) and for the upper two panels 

showing the interaction (3 ≤ N ≤ 4). P values presented are 

for the effects depicted: the clone-by-fertilizer interaction 

in the upper two panels and the clonal effect only in the 

lower two panels. Full-sib clonal pairs are denoted with 

the same letter in the clonal ID. 

 

determine what role allometric differences played for 

the clone-by-fertilizer interaction observed for 

branch/foliage and stem/taproot ratios, there were 

clonal differences in the allometric regressions for both 

these ratios (P < 0. 05). For both ratios clones varied in 

their allometry as growth proceeded, but most clones 

allocated more to branch versus foliage and more to 

taproot versus stem as they grew larger (Table 4). 

     Stem/foliage ratio (i.e., growth efficiency) clonal 

means ranged from 2.5 to 4.9, a difference of 97.9%. 

Eight of the clones had slopes less than unity, 

indicating a greater allocation to foliage versus stem as 

growth continued. However, much of the allometric 

variability was attributable to differences between 

clones even after considering their variation in growth 

rates. When clones were compared as described above 

at the average tree size for the trial (26.2 kg) to account 

for different growth rates, stem/foliage ratios ranged  

 

 

 

from 2.3 in clone C2 to 4.6 in clone H2. This indicates 

that clone H2 was able to produce twice as much stem 

mass per unit foliar mass as clone C2. More efficient 

growth, however, did not necessarily correlate to 

greater growth rates at either the stem or tree scale. 

Although clone I3 had the second greatest growth 

efficiency, it was the least massive overall clone in the 

trial and ranked sixth in stem mass. Clone F2 ranked 

ninth in growth efficiency but was fourth in total mass 

and fifth in stem mass. 

 

Root Morphology 
 

     In addition to clonal differences in partitioning to 

belowground biomass, we observed distinct differences 

in the morphology of lateral and sinker roots emerging 

from the primary taproot. The number of sinker roots 

emanating from each taproot, the average diameter of 

these sinker roots, and the SD of their diameters all 

differed among clones (P < 0.10) (Figure 5). The 

clones varied in the number of lateral roots emanating 

from each taproot (P < 0.05) but not in mean lateral 

root diameter or the SD of lateral root diameter (P > 

0.10). From this data, we can infer that some clones 

(e.g., clone K) had root systems that were composed of 

a small number of relatively large diameter sinker 

roots, whereas other clones (e.g., clone I3) had a 

greater number of relatively small diameter sinker 

roots. Clones also varied in the mass of lateral roots 

observed in each size class from the sampled soil 

volume. Coarse (>15 mm) and medium (5–15 mm) 

lateral root mass both showed significant clonal effects 

(P < 0.01) (Figure 6). The medium size fraction also 

showed a significant fertilizer effect, with a greater 

mass of roots found in fertilized plots versus controls 

(P < 0.10) (Figure 6). The fine fraction of lateral roots 

(<5 mm) varied among clones depending on their 

fertilizer status (P < 0.01) (Figure 6). Generally, most 

clones responded to fertilizer application with an 

increase in root mass in the smallest size fraction, but 

some (e.g., clones C2 and H2) did so to a much greater 

extent than others (e.g., clones C1 and H1). Again, we 

must emphasize that these data only accurately reflect 

the measurement of the coarser root fraction and are 

not representative of fine root mass that we were 

unable to adequately assess in this trial. 

     There was a clone-by-fertilizer interaction for 

rooting depth observed in this trial (P < 0.05). Some 

clones, such as F2, always rooted below our maximum 

sampling depth (1 m) in both control and fertilized 

plots (Figure 7). Other clones, such as H2, did not root 

to the maximum sampling depth in any of the control 

or fertilized plots. Of the remaining clones, most 

showed reduced rooting depth in response to fertilizer 

application, although there were notable exceptions 

that showed greater rooting depth with fertilizer 

application (i.e., clones C1 and D). 
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Table 4. Allometric analysis of four allometric relationships from the destructive harvest of 10 clones under two different 

fertilizer regimes (operational and control). 

 

Root mass versus 

shoot mass 

Stem mass versus 

foliar mass 

Branch mass versus  

foliar mass 

Stem mass versus 

taproot mass 

 

Clone Fert 

 

Clone Fert 

 

Clone Fert 

 

Clone Fert 

 Num DF 18 2 
 

18 2 
 

18 2 
 

18 2 
 

Den DF 55 71 
 

55 71 
 

55 71 
 

55 71 
 

F 1.7 1.1 
 

4.2 0.5 
 

5.7 1.0 
 

2.0 1.4 
 

P 0.07 0.35 
 

<0.01 0.60 
 

<0.01 0.37 
 

0.02 0.26 
 

 
a k R2 a k R2 a k R2 a k R2 

All 1.72 0.98 0.92 3.28 0.74 0.65 -2.20 1.29 0.91 -0.42 0.91 0.86 

Clone C1 2.02 0.93 0.94 2.10 0.87 0.85 -2.06 1.29 0.95 -2.01 1.10 0.96 

Clone C2 0.36 1.13 0.95 3.36 0.70 0.91 -1.61 1.19 0.97 0.17 0.85 0.92 

Clone D 3.01 0.84 0.78 2.37 0.84 0.93 -2.29 1.28 0.97 -0.13 0.87 0.69 

Clone F1 1.89 0.95 0.99 2.12 0.86 0.80 -4.15 1.51 0.93 -1.53 1.04 0.94 

Clone F2 2.26 0.92 0.98 2.25 0.84 0.67 -2.29 1.29 0.97 0.07 0.86 0.90 

Clone H1 2.11 0.93 0.98 -0.30 1.20 0.75 -3.66 1.49 0.95 -0.56 0.92 0.97 

Clone H2 2.35 0.91 0.88 3.82 0.72 0.54 -3.75 1.51 0.92 -1.69 1.03 0.73 

Clone I2 -0.58 1.26 0.96 5.48 0.48 0.64 -2.85 1.37 0.93 0.46 0.82 0.60 

Clone I3 1.28 1.04 0.97 3.38 0.76 0.91 -2.89 1.38 0.99 -1.39 1.00 0.95 

Clone K 1.91 0.95 0.82 0.35 1.11 0.69 0.92 0.95 0.86 3.09 0.56 0.65 

Fertilizer 1.50 1.00 0.92 3.90 0.67 0.61 -1.66 1.23 0.88 0.01 0.87 0.82 

Control 1.72 0.98 0.92 2.86 0.79 0.67 -2.50 1.33 0.93 -0.53 0.92 0.88 
 

Regressions were of the form ln(y) = a + k ln(x), where x is the second component listed and y is the first component listed. Main effects were 

tested using conditional error, which tests for significant differences between regression lines for all coefficients simultaneously. Regression 

coefficients and the coefficient of determination are shown for the regression of all data (N ≤ 75), regressions of each individual clone (6 ≤ N ≤ 
8), and the regression of each fertilizer treatment (37 ≤ N ≤ 38). Full-sib clonal pairs are designated with the same letter. Significant (P < 0.10) 

values are shown in bold. Fert, fertilizer. 

 

 
Figure 5. Root morphological variables measured for all 

roots emanating from the tap root from the destructive 

harvest of 10 clones under two fertilizer regimes 

(operational and control). Lateral roots, which were <45° 

from horizontal, are shown in the left panels, while sinker 

roots, which were < 45° from vertical, are shown in the 

right panels. Error bars are 1 SE; sample size was 6 ≤ N ≤ 

8. Full-sib clonal pairs are denoted with the same letter in 

the clonal identification. 

 

 

 

 
Figure 6. Mass of coarse (>15 mm), medium (5–15 mm), 

and fine (<5 mm) lateral roots from the destructive 

harvest of 10 clones under two fertilizer regimes 

(operational and control). Error bars are 1 SE for the 

upper two panels only showing a clonal effect (6 ≤ N ≤ 8), 

for the center panel showing a fertilizer effect (37 ≤ N ≤ 

38), and for the lower panel showing the interaction (3 ≤ 

N ≤ 4). Full-sib clonal pairs are denoted with the same 

letter in the clonal identification. 
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Figure 7. Maximum depth of rooting from the destructive 

harvest of 10 clones under two fertilizer regimes 

(operational and control). Note that no attempt was made 

to sample roots below 101.6 cm despite the fact that many 

ramets exceeded this depth. Error bars are 1 SE; sample 

size was 3 ≤ N ≤ 4. Full-sib clonal pairs are denoted with 

the same letter in the clonal identification.  

 

Crown Size and Display 
 

     CSA and CSA per foliar mass both varied 

significantly among clones (P < 0.01) (Figure 8) but 

did not differ between fertilizer treatments (P > 0.10). 

The greatest difference in CSA was observed between 

full-sib pair I2-I3, with clone I2 having a CSA 104% 

greater (6.9 m
2
) than that of clone I3 (3.4 m

2
). This pair 

of clones also showed among the greatest differences 

in CSA per foliar mass, with clone I3 displaying more 

crown area per foliar mass at 1.5 m
2
 kg

-1
 versus clone  

 

 
 

Figure 8. Crown silhouette area (lower panel) and crown 

silhouette area per foliar mass (upper panel) from the 

destructive harvest of 10 clones under two fertilizer 

regimes (operational and control). Error bars are 1 SE; 

sample size was 6 ≤ N ≤ 8). Full-sib clonal pairs are 

denoted with the same letter in the clonal identification. 

I2 at 1.2 m
2
 kg

-1
, a difference of 26%. Thus, clone I3 

can be characterized as having a smaller but more 

efficiently displayed crown relative to clone I2, 

although it must be noted that much of this difference 

is probably due to the marked differences in total tree 

mass between these two clones (20.0 kg for clone I3 

versus 36.8 kg for clone I2). In contrast, other full-sib 

pairs such as clones H1 and H2 showed little difference 

in either CSA or CSA per foliar mass (Figure 8). 

Overall, foliar mass and CSA were highly correlated 

across all trees (R
2

 = 0.87, P < 0.01) (Figure 9). Based 

on data from this trial, CSA is an accurate index of 

foliar mass that is far less labor-intensive than direct 

measurement. CSA was also assessed by King et al. 

(2008) at age 2 in this trial on seven of the same clones 

we quantified at age 6. At age 2, King et al. observed a 

clone-by-fertilizer interaction that was the result of 

clone F2 more than doubling in CSA in response to 

fertilizer application (P < 0.10). When year 2 and year 

6, ranks of the common seven clones were compared; 

the only clone to change rank by more than two places 

was clone I3, which was third largest at year 2 but had 

dropped to the smallest among the seven by year 6. 

Clone F2 had the greatest CSA of the group of seven in 

both years. 

 

Discussion 

Clones from the Same Full Sibling Families 

Vary in Growth and Biomass Partitioning 
 

     Our results demonstrated that clones from the same 

full-sib family may possess different growth rates, 

biomass partition patterns, fertilizer growth responses, 

root morphology, and crown display characteristics. 

Although some crosses showed greater consistency, 

our inferences are limited because we only examined 

pairs of full-sib clones rather than larger numbers of 

genotypes produced by a single cross. However, these 

results do show that, when one is selecting clonal  
 

 
 

Figure 9. Pooled simple linear regression of foliar mass to 

crown silhouette area for all data from the destructive 

harvest of 10 clones under two fertilizer regimes 

(operational and control). Sample size was 75; regression 

and statistics are shown. 
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material for operational deployment, observed family 

tendencies in biomass partitioning or crown display 

should not be a primary focus of clonal testing 

programs. Testing of individual genotypes for desired 

traits, as is consistent with current practice, is the only 

viable methodology indicated by these results. The 

magnitude of differences in growth rates, biomass 

partitioning, and fertilizer growth increases between 

genotypes in some full-sib clonal pairs would certainly 

result in dramatically different productivity at the stand 

scale if these clones were deployed in single genotype 

blocks and managed identically. 

 

Biomass Partitioning, Allometry, and Stem 

Growth Efficiency Vary Among Clones 
 

     We observed substantial variability among clones in 

the absolute magnitude of biomass allocated to each of 

the five components we assessed: lateral roots, taproot, 

stem, branches, and foliage. Although overall the most 

massive clones tended to have the greatest stem mass, 

there was significant clonal variability in relative 

allocation to the stem component, indicating 

fundamental genotypic differences in efficiency of 

stem production. For instance, clone H2 had 

significantly less foliar mass than clones D or I2, 

despite having a stem mass that was not significantly 

different. King et al. (2008) assessed photosynthetic 

rates on this trial during the second growing season for 

7 of the 10 clones presented in this article (although not 

for clones D or I2) and found that clone H2 

consistently had among the highest rates of any of 

those seven clones. Higher photosynthetic rates are 

consistent with clone H2 developing stem mass similar 

to that of clones D or I2 despite significantly lower 

foliar mass and CSA. Whatever the physiological cause 

of its variability, stem growth efficiency is an 

important consideration for clonal plantations because 

higher-valued products, primarily sawtimber, are the 

primary management objective given higher initial 

costs (Dougherty 2007). The variability observed 

among clones in this trial suggests that stem growth 

efficiency is a trait that should be considered along 

with other important physiological characteristics for 

the development of crop ideotypes for clonal selection 

(Nelson and Johnsen 2008). 

     Any differences in biomass partitioning we 

observed between fertilizer and control treatments 

appeared to be primarily attributable to treatment 

effects on growth rates, as has previously been 

established in the literature (King et al. 1999, Coyle 

and Coleman 2005). However, the high degree of 

variability among clones was attributable primarily to 

changes directly in allometry even after accounting for 

growth. Clones varied in biomass partitioning when 

compared at similar sizes. Our results also emphasize 

the importance of statistically assessing the intercept of 

allometric regressions as well as the slope, as a number 

of previous examples from the literature have done 

(Colbert et al. 1990, Adegbidi et al. 2002). Although 

the intercept may not be subject to any meaningful 

interpretation at the y-axis, those clones with greater 

intercepts but similar slopes (e.g., clone I3 versus F2) 

will always have greater partitioning to the assessed 

biomass component at any size. Analysis of only the 

slope of allometric relationships, k, may result in 

simplistic interpretations leading to the spurious 

conclusion that no difference in partitioning between 

treatments exists. 

     Despite these differences in allometry, no clear 

trends emerged between biomass partitioning and 

either total tree or stem growth. For instance, the most 

massive clone, I2, had the least allocation to stem, 

whereas the similarly sized second most massive clone, 

K, had the fourth greatest allocation to stem. That clone 

I3 had the greatest growth efficiency ratio 

(stem/foliage), yet was ranked sixth in stem mass is 

indicative of the lack of correlation between growth 

efficiency and actual growth. Clonal mass, whether for 

the whole tree or only the stem fraction, varied 

independently from allocation to stem and foliar 

components and to the stem/foliage growth efficiency 

ratio (P > 0.10; R
2

 < 0.01 for all). From this we 

conclude that other physiological processes besides 

biomass partitioning are responsible for differences in 

growth observed among clones. It is likely from our 

results and previous results in the literature that there 

are multiple different combinations of physiological 

processes and morphology that can result in similar 

growth between clones with dissimilar allometry or 

dissimilar growth between clones with similar 

allometry (King et al. 2008, Tyree et al. 2009a, 2009b). 

Although assessment of biomass partitioning for 

determining harvest index or belowground C 

sequestration in coarse roots remains important, it 

appears to be a predictive variable in and of itself for 

neither growth nor long-term fertilizer growth 

response. 

     Regardless of whether the clone-by-fertilizer 

interactions for total, aboveground, and belowground 

biomass were attributable to fertilizer effects on 

partitioning or to variation in growth, from the 

perspective of selecting individual clones for 

operational deployment, this interaction may require 

further attention. Fertilizer applied to nonresponsive 

clones may be an unnecessary expense. Conversely, 

not applying fertilizer to highly responsive clones 

would represent a lost opportunity to maximize the 

growth potential of expensive planting stock. Although 

fertilizer growth response and genotype-by-

environment interactions are conceptually distinct, both 

can involve differential responses of genotypes to 

gradients in nutrient availability. Our results are 

somewhat inconsistent with the literature on genotype-

by- environment interactions in P. taeda. Genotype-by-

environment interactions for growth rates are not 

commonly observed in P. taeda, even in clones 

(McKeand et al. 2006, Roth et al. 2007). In addition, 

biomass partitioning has previously shown little effect 

attributable to genotype-by-environment interactions 

between fast and slow growing open-pollinated 
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families (Retzlaff et al. 2001b). However, we are not 

currently aware of any other studies examining 

biomass partitioning in more than two clones of P. 

taeda in response to fertilizer application. The 

fertilizer-by-clone interactions we observed in this trial 

indicate that further research on biomass partitioning is 

needed across a greater number of sites and clones to 

determine whether the extent of the interaction we 

observed in this trial warrants attention in the future 

screening of clonal material. 

     The range of biomass partitioning patterns observed 

among these clones with the fact that partitioning 

varied independently from growth represents an 

opportunity to select clones with rapid stem growth 

rates and a range of other favorable characteristics. 

Precision-silvicultural systems could benefit from the 

consideration of biomass partitioning patterns along 

with other traits in developing crop ideotypes for P. 

taeda (Nelson and Johnsen 2008). For example, a clone 

with low allocation to branch mass and high allocation 

to taproot mass could maximize sawtimber value by 

reducing knots while simultaneously increasing C 

sequestered in taproots in subsequent rotations. Clones 

with lower allocation to foliar mass may transmit more 

light to the understory and thus be better suited to 

silvicultural systems focused on interplanting rows 

with biomass energy crops. Although clonal variability 

in partitioning such as that observed in this trial will 

require greater effort and expense in screening clones 

for production, it does represent an opportunity for 

producing a number of different ideotypes appropriate 

to different management objectives. 

 

Interpretation of Phenotypic Plasticity Is 

Informed by Clonal Comparisons 
 

     Phenotypic plasticity was defined by Valladares et 

al. (2006) as “the capacity of a given genotype to 

render different phenotypic values for a given trait 

under different environmental conditions.” Whether 

implicit or explicit, this is the interpretation of 

phenotypic plasticity prevalent throughout the literature 

(Bradshaw 2006). However, many studies assessing 

phenotypic plasticity do so not with clones but with 

populations containing a range of genotypes 

(Valladares et al. 2002, Sanchez-Gomez et al. 2006). It 

has long been assumed based on such studies that P. 

taeda is a species with high phenotypic plasticity (e.g., 

Samuelson et al. 2004). The results of our study, which 

showed distinctly different biomass partitioning, 

growth efficiency, and root morphology among closely 

related clones of P. taeda on a small, relatively uniform 

site, draw into question the true source of the 

phenotypic plasticity observed in many studies 

examining populations rather than clones. It appears at 

least possible that a substantial component of what is 

identified as phenotypic plasticity may in fact be 

genotypic variability even among closely related 

individuals of the same species. Phenotypic variability 

among tree species, including P. taeda, has been found 

to be far greater than their plasticity in response to 

environmental gradients (Coleman 2007). Based on our 

results, the same conclusions may be as apt within a 

species as between species. 

 

Root Morphology Varies Among Clones 
  

     The range of coarse root morphologies observed 

among our clones may influence their abilities to 

exploit the soil environment across a range of resource 

availability. Our discussion here is limited to coarse 

root morphology, because we did not assess fine roots 

in this trial and have no information on how fine root 

dynamics may have varied among clones. The ability 

of some clones to exploit the soil volume to a greater 

depth than others may have implications for water 

relations, because deeper rooted clones will have 

access to deeper water sources. P. taeda has been 

shown to access water from different depths in the 

profile at different times of year, although no 

differences were found in one study among families 

differing in their drought tolerance (Retzlaff et al. 

2001a). Drought treatments have been shown to 

increase rooting at greater depths, particularly in the 

fall (Barnes 2002). Given the genotypic differences we 

observed in rooting depth within the first meter, it 

seems likely that clones that tend to root deeper may be 

better able to acclimate to drought conditions. Because 

we lack fine root data, it is difficult to draw 

conclusions based on coarse root morphology that are 

relevant to nutrition. However, clones that root to 

greater depth should be able to exploit a greater soil 

volume. Soil depth has been found to be a key variable 

of site quality in other forested ecosystems (Fisher and 

Binkley 2000), although this effect of depth cannot be 

directly attributed to nutrition, because soil depth and 

nutrient and water availability are confounded. 

 

Crown Size and Display Vary Among Clones 
 

     In the second growing season, a significant clone-

by-fertilizer interaction was observed for CSA in this 

trial for eight clones, seven of which are presented in 

this article (King et al. 2008). This result contrasts with 

our 6-year data showing only a significant clonal effect 

on CSA. However, the range of relative differences 

among clones in CSA remained approximately equal 

between year 2 and year 6, with the larger clones 

having approximately twice the CSA of the smaller 

clones. The strong relationship we observed between 

foliar mass and CSA is consistent with previous results 

using this technique (Tyree et al. 2009b). CSA has also 

shown relatively strong correlations with stem volume 

and leaf area (Tyree et al. 2009a, 2009b). Despite the 

correlation with foliar mass, we did observe significant 

differences among clones in CSA per foliar mass, 

indicating differences in either foliar display or specific 

leaf area among clones, although these differences 

were not assessed further in this trial. Genotypic 

differences in crown architecture and specific leaf area 
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that are correlated to growth have both previously been 

observed for P. taeda (McCrady and Jokela 1998, 

Chmura and Tjoelker 2008, Tyree et al. 2009b). 

However, there appears to be no clear effect of the 

CSA/foliar mass ratio on growth in this trial. Among 

the five largest clones, three had among the lowest 

ratios (clones D, F2, and I2), whereas two had among 

the highest ratios (clones H2 and K). 

 

Conclusion 
 

     Clones show variability in biomass partitioning and 

allometry. Allometric differences were a combination 

of differences in partitioning at similar sizes and 

differences in growth rates among clones. Allometry 

varied independently from stem and whole tree growth 

rates, indicating that partitioning is probably not a 

principle cause of dissimilar clonal growth rates 

without consideration of other physiological processes. 

Although screening clones for their biomass 

partitioning is a difficult and expensive task, different 

clonal partitioning patterns offer unique opportunities 

for precision silvicultural systems being used now and 

those that are developed in the future. Based on clonal 

differences in coarse root morphology, it is uncertain to 

what extent genotypic effects cause what is commonly 

believed to be the highly phenotypically plastic nature 

of P. taeda. Differences in root depth within the first 

meter exist among clones, which leads to the 

hypothesis that some clones may be adapted better than 

others to exploit sites with differing nutrient and water 

availability. Whereas crown size did differ among 

clones, more comprehensive assessments of canopy 

physiology are required for any correlation with growth 

rates to emerge. Conclusions based on clone-by-

fertilizer interactions observed for total tree, 

aboveground, and belowground biomass require further 

research on more sites and a greater number of clones 

to be validated. Awareness of potential clone-by-

fertilizer interactions in biomass partitioning is 

necessary in future studies examining clonal variability 

in the ecophysiology of P. taeda. 
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