




They were then placed into grooved boards where both bark and sapwood were marked 

with an indelible pencil to help with the identification of bark and sapwood boundaries in 

subsequent lab analysis. 

Stem analysis 

Seven or eight trees fi-om each site covering a range of DBH and CCs were chosen from 

the plot buffers, directly outside the measurement plots but within the treatment plots. A. 

balsarnea trees were sampled on PCT sites and site SA, P. rubens trees were sampled on 

NOPCT sites. In total, 94 trees were measured for height and marked on the bole at 1.3 

m. The trees were then felled with care to damage as few branches as possible. True tree 

height was measured and one meter increments marked along the bole. Random sample 

branches at three positions within the crown, one from the upper half and one each from 

the two lower quartiles. The crown was divided as such to compensate for the biologic 

necessity of lower larger branch foliage to recede as it nears mortality (Maguire and 

Bennett 1996) and to account for known differences in specific leaf area (SLA) with 

crown depth (Keane and Weetman 1987). Branch basal diameters (BRD) were measured 

to the nearest 0.1 cm using digital calipers and their associated height was measured from 

a tape stretched along the bole. Approximately 100 needles were taken from across the 

range of needle ages for each branch. Needles were immediately placed in plastic bags 

and put in a cooler. Upon return from the field the needle samples were stored in a freezer 

until analysis. Sample branches were placed in large paper bags and moved to a drying 

room. 



Sapwood area measurement 

The core boards collected during plot sampling were scanned and analyzed using 

WinDendro 2003a. Prior to scanning core boards were sanded to aid in the distinction 

between early and latewood cells. North core ring widths from the pith outward were 

measured for age and sapwood widths (to the nearest 0.001 mm.). East core ring widths 

were measured from the sapwood mark outward. Any cores with missing pieces, 

indistinguishable rings or of an obviously older age class were eliminated from the 

analysis. Sapwood areas (SA) for each tree were determined by subtracting the north and 

east core sapwood radii from diameter inside bark (DIB), averaging heartwood areas and 

subtracting from averaged basal areas inside bark. Before performing any calculations the 

ring widths were adjusted for radial shrinkage from the following factors; A. balsamea - 

2.996, P.rubens - 3.8% (Forest Products Laboratory 1999). 

Leaf area measurement 

SLA (cm2 / g) for each sample branch was calculated, after sorting and separating needles 

from any bark or branch tissue, by measuring (to the nearest 0.0001 cm2) the projected 

needle area (PNA) with WinNeedle software. Needles were then dried for 48 h to 

determine needle dry weight (NDW) (measured to the nearest 0.001 gram). SLA was 

determined by dividing PNA by NDW. To estimate branch level leaf area, SLA values 

were mu1 tiplied by weight (grams) of all needles. 

Branch and tree leaf area prediction 

As part of a concurrent study (Meyer and Seymour, in prep.), branch and tree-level 

models were developed to predict branch leaf area (BRLA) and projected leaf area 

(PLA). A Weibull continuous distribution function (Maguire and Bennett 1996) was 



fitted for A. balscimea while P. rubens C, D and I trees were best modeled with a log- 

transformed peaking equation (Maguire et al. 1998). Overtopped trees were best modeled 

with a simplified version of the same model. 

For A. bal.vamea: 

[ I ]  sqrt(BRLA) = 133.95 BRD' o J " ~ ~ ~ ~ ' '  999-'' EXP[-(1 .414 RDMC)' 0q9], R~ = 

0.91, For P. rubens C, D and 1 trees: 

[2] lnBRLA = 8.563 + 2.172 lnBRD + 0.845 lnRDlNC - 2.946 RDMC, R' = 0.86, 

log bias ratio correction factor (Snowdon 199 1) = 1 .I42 1 

For P. rubens 0 trees: 

[3] InBRLA = 2.92 + 3.226 BRD, R~ = 0.82, log bias ratio correction factor = 1.1 398 

where BRLA is predicted branch leaf area (cm2), BRD is branch basal diameter (mm), 

RDINC is relative depth into the crown, measured from the leader (0.0) to LLB (1.0). 

Tree-level equations (Meyer and Seymour, in prep.) for estimating PLA from SA and 

crown length were applied to all (A. bnlsameo - n = 41 2 ,  P. ruber.2.~ - n = 373) cored trees 

with sapwood measurements: 

For A. balsamea: 

[4] lnPLA = -1.802 + 0.797 lnSA + 0.969 InCL, R~ = 0.95, n = 43, log bias ratio 

correction factor = 1.036 

For P. rubens: 

[5] lnPLA = -1.998 + 0.808 lnSA + 0.836 InCL, R* = 0.87, n = 45, log bias ratio 

correction factor = 0.9976 

where PLA = predicted leaf area (m2 m-2), SA = sapwood area (cm2), CL = crown length 

(m). Residual analysis for each model was undertaken to ensure unbiased predictions 



across sites and to validate linear model assumptions. To account for needle morphology, 

which differs slightly between A. bulsamen and P. rubens PLAs were converted to 

individual tree all-sided leaf areas (ALA), using published ratios of 2.3 for A. halsun~ea 

(Hunt et al. 1999) and 2.9 for P. rubens (Day 2000). These values fall within general 

limits suggested by Margolis et al. (1995). 

Volume estimation 

Actual tree volumes inside bark were calculated for the stem-analyzed trees using 

Smalian's formula (Husch et al. 1993) except for the stump (0.3 - 1.3 m) and top sections 

where formulae for a neiloid frustum and cone, respectively, were used. These voluines 

were then compared (Fig. 2.1) to those calculated by Honer's (1 967) volume equations 

which use tree DBH and HT to determine cubic foot volume, using a conversion of 1.0 ft3 

= 0.028317 m3. Bias found to exist between the two methods (Fig. 2.1) prompted the 

development of species-specific regression models for volume prediction. 
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Fig. 2.1. Comparison of actual stemwood volume outside bark (dm3) and volume 

predicted from Honer's (1 967) volume equations for A. bulsamea and P. vubens 



Data from the stem analyzed trees were used to fit the equations; 

[ I ]  Vol = 0.04 1 BA O 873 HT ' 2h3 . Generalized R~ = 0.996 for A. balsamea and, 

[2] Vol = 0.049 BA 0.876 HT 1.245 , Generalized R2 = 0.988 for P. rzrbens 

where Vol = tree volume inside bark (dm3), BA = basal area (cm2) at 1.3 m, HT = tree 

height (in), Generalized R* (Kvhlseth 1985). Predictions were screened to ensure 

estimates were unbiased across CCs and site for both species besides meeting the 

assumptions of normality and constancy of error variance. 

To determine annual volume increment (VINC) five year radial growth was used in 

combination with the past five year HT growth predicted from SI curves (Wilson et al. 

1999). Five year radial increment was determined from five year radial growth, including 

the current year growth, from each core, which were then averaged and multiplied by two 

and a shrinkage factor before subtracting from current DBH. This method assumed 

constant bark thickness in the last five years. Predicted volume five years ago was 

subtracted from estimated volume now and divided by five. 

Analysis 

The general linear model (GLM) and non-linear model procedures (SYSTAT 10.2) were 

used to assess the relationships between VINC 1 ALA. Models were evaluated based on 

residual analysis and generalized coefficients of determination (R') as defined by 

KvAlseth (1985). All tests were performed at a = 0.05. Analysis of covariance 

(ANCOVA) was used to test GE differences between species. A log-transformed model 

was necessary to meet linear model assumptions. Concomitant variables ALA and SI 

were used as they were found to vary with GE and should be reconciled before 

comparison between species. Upper crown level (C and D) trees were used in all analyses 



in order to avoid potentially inaccurate GEs resulting from missing rings and rapidly 

shrinking crowns in the lower CCs. Since destructively sampled P. rzrben.~ on site SA did 

not represent the majority species composition (Table 1.6) it was not included in the 

analysis. 

RESULTS 

Volume increment 

Preliminary linear models suggested SI in combination with ALA was significant in the 

prediction of VINC. The non-linear model VINC = hl A L A ~ ~  slh3, chosen to assess 

patterns of VINC over ALA for both species converged quickly and easily (less than 12 

iterations, Table 2.2, Fig. 2.2). We rejected a test for linearity (b2 = 1 .O) for both species 

(95% confidence interval (CI) for A. bulsamea 0.75 < h2 < 0.89 and P. rubens 0.81 < b2 < 

0.89). Wald 95% CIS indicated significant parameter estimates (Table 2.2). The larger 

site term exponent for A. balsameu suggested VINC is more responsive to increasing SI 

than P. rubens. This equation revealed slight curvature at smaller ALAS for both species 

that was not apparent in preliminary linear models. In these even-aged stands a 

monotonic increasing pattern of VINC over ALA was found for both species. ALA 

increased with VINC, but at a decreasing rate. 

Growth efficiency 

When GE, calculated as VINC 1 ALA, is plotted over ALA a pattern emerges that clearly 

shows the effect of SI on GE (Fig. 2.3). The GE difference with SI is much larger for A. 

balsumeu than P. rzihens. While the range of Sls for each species was similar (5.2 m, 

Table 2.1) the absolute values (- 5 m in SI) are much higher For A. bal.vumeu. The early 
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Fig. 2.2. Observed values of stemwood volume increment (VINC dm3 yr-') over 

individual tree all-sided leaf area (ALA m2 m-*) with predicted trends by site index (SI) 

A. balsamea - VINC = 0.01 17 ALA 0.8229 SI 0.91 85 , R~ = 0.76, M S E  = 3.321 and P. rubens 

- VINC = 0.0575 ALA 0.8'55 SI 0.3971,  R~ = 0.89, MSE 1.259. 



Table 2.2. Parameter estimates and Wald 95% contidence intervals for the volume 

increment model VINC = bl ALA b2 SI h3 

Wald 95% Contidence lntervals 
Parameter estimate Estimated value * s.e. Lower Upper 
A hies balsamea 
b I 0.01 17 * 0.0062 -0.0005 0.0241 
b2 0.8229 * 0.0357 0.7525 0.8933 
63 0.9185 * 0.1675 0.5882 1.249 
Picea rubens 
b I 0.0575 * 0.01 60 0.0256 0.0893 
62 0.8555 * 0.0222 0.81 16 0.8993 
b3 0.3971 * 0.1086 0.1 827 0.61 15 

PCT is evident from the lack of small-crowned ,4. bulsun.len trees < 50 m2 ALA (Fig. 

2.3); In contrast, small-crowned C and D P. rzlbens trees, a result of self-thinning, are 

quite numerous. 

Species differences 

ANCOVA results suggest P. rzlbens is more growth efficient than A. bulsarneu (Table 

2.3). Both the factor and covariates were highly significant in the model (all P < 0.000). 

The negative coefficient for A. bnlsunlea suggests it has lower mean GEs than P. rubens. 

Similarly, the negative ALA coefficient suggests that GE decreases with an increase in 

crown size. The positive coefficient for SI provides further evidence that GE increases 

with increasing site index. 

Table 2.3. Coefficients for log-transformed analysis of covariance between species with 

covariates leaf area (ALA) and site index (SI) 

Coefficient P - value 
Constant -2.977 - 

Abies bulsamea -0.091 0.000 107 
lnALA -0.197 0.000 000 
lnSI 0.487 0.000 006 



0.04 1 0 Picea rubens I 

0.16 

0.14 

0.12 

0.10 

0.08 
.7 

'L 

0.06 
N 
E 

0.04 
E 
u 

Individual tree all-sided leaf area (m2 m-') 

- 0 
0 00 - -  21.9 
0 ,.,.,.- 22.9 

- 0 

- 

- 0 

- --- 
- 

- Abies balsamea 

Fig. 2.3. Observed values of growth efficiency (GE plotted over all-sided leaf 

area (ALA m2) with implied patterns by site index for A. bulsarneu and P. rubens 



DISCUSSION 

Volume increment 

When SI was included in the inodel the predicted VINCs display unique, site-specific 

trends (Fig. 2.2). The non-linear nature of the model (Fig. 2.2) shows larger crowned 

trees produce somewhat less VINC than would be predicted by a strict linear relationship. 

The mathematical result of this pattern is the apparent decrease in GE with increasing 

ALA. All-sided leaf area (PLA in most other studies) has been found to be a strong 

predictor in numerous other studies (Roberts and Long 1992, O'Hara 1996, Gilmore and 

Seymour 1996, Maguire et al. 1998, Seymour and Kenefic 2002), thus the emphasis on 

its biologic importance in influencing VINC. 

Growth efficiency 

The commonly observed pattern (Gilmore and Seymour 1996, Maguire et al. 1998, 

Seymour and Kenefic 2002) of decreasing GE with increasing crown size (Fig. 2.3) has 

been attributed to the ratio of photosynthesizing to respiring tissue in tree crowns 

(Roberts and Long 1992) and canopy depth (Smith and Long 1989). In uneven-aged 

stands of P. rzrberis, Maguire et al. ( 1  998) found that a decline in GE with increasing PLA 

could be attributed to relative stand position, LA or past suppression. In similar stands 

Seymour and Kenefic (2002) found that variation in ALA produced a peaking pattern in 

GE for P. rzlhens, but only when age was included in the model. This was likely 

influenced by the large range of ages (-5 - 150 years) measured, nearly twice that of 

those reported here (Table 2.1). Long and Smith (1 990) found this pattern for Pinus 

conlorla var. latifolia Engelm. trees in Utah and Wyoming. Although a large range of site 



qualities were represented in their sample, differences in GE between them were not 

tested in their study. 

The relative contribution of LA and GE to overall stand production has long been the 

subject of debate. Arguably the best experiment designed to partition these effects was 

performed by Brix (1983), in which Pseudotstiga menziesii (Mirb.) Franco stands were 

thinned and fertilized to quantify relative contribution of PLA and GE to production. 

Codominant trees in the thinning and fertilization treatments showed marked response 

over the controls, but the majority (63-80%) of production was related to increases in 

PLA, not its efficiency. While our study did not assess fertilization or thinning response 

such treatments can be thought of as surrogates for differences in resource availability in 

natural stands. 

That VINC, and subsequently GE, varies by site is evident (Table 2.2); however, the 

large coefficient for A. balsamea suggests it  is more responsive. Meng and Seymour 

(1992) found P. rzrben.~ were unresponsive to increased site quality, measured as 

drainage, while A. balsamea showed marked increases in production. We found, for a 

tree of average crown size, A. balsamea responded better in gross periodic annual 

increment (PAI) to a 1.0 m increase in SI than P. rubens, 0.37 compared to 0.27 m3 yi' 

ha-'. Williams et al. (1990) found essentially similar biomass production between poorly 

drained (low site quality) and well-drained (higher site quality) A. balsnrnea - P. rubens 

sites, although their methodology might tend to underestimate high site production losses 

due to mortality and differences in stand stocking. Kaufmann and Ryan (1986) found GE 

was predicted best with site variables (azimuth, elevation) for P. contorta in the Rocky 

Mountains. Whether either of these site quality metrics have a significant impact on tree 



growth for A, bulsamea or P. rubens is unknown, although Briggs and Lemin ( 1  992) 

suggest elevation and precipitation in Maine are roughly correlated. 

Species differences and silvicultural implications 

P. rzrben.9 trees, which occurred on a lower range of site qualities, were slightly more 

growth efficient overall than A. bnlsamea in this study (Table 2.3). Two potential 

explanations are offered: inherent species differences in production efficiency, and 

architectural dissimilarities as a result of early PCT in the A. balsumeu stands. Implied 

patterns of efficiency for each species suggest implications for silvicultural intervention. 

The declining trend of GE with increasing ALA in both species corroborates previous 

work citing small-crowned codominants as the most growth-efficient trees in even-aged 

stands (Assmann 1970, Jack and Long 1992). These trees are a result of initial stand 

density, made evident by the larger number of growth-efficient P. rubens trees ~ l h i c h  

occur in higher density stands than the PCT A, bnl.sumecl trees. A stand of P. r~lbens may 

be more efficient at overall biomass production. but this would come at the expense of 

individual tree growth. Chapter one shows the A. balsumeu trees under study have 

significantly higher mean tree ALAS and thus larger stemwood growth (Table 2. l), albeit 

with lower GE. As a result of early PCT A. balsamecr are exhibiting maximum tree 

growth potential at the expense of overall stand growth (Long and Smith 1984). Despite 

the fact that PCT was done I5 - 20 years earlier, the canopy of these A. bal.snn?ea stands 

remains open, and RDs are well below those that would indicate self-thinning (Wilson et 

al. 1999). 

PAI, mean GEs multiplied by LA1 (from chapter one), when compared with mean 

annual increment (MAI) from plot establishment data shows (Table 2.4) all stands have 



yet to achieve culmination of MA1 (CMAI). Stand-level GE (estimated LA1 1 PAI) 

suggested A. balsumea is the most efficient species. The A. bnl.sameu stands received 

fairly wide spacing during PCT (2.4 m by 2.4 m), or 1,680 TPHA, yielding large- 

crowned (slightly less growth-efficient) trees. If a narrower spacing were used, an 

arrangement of more growth-efficient trees would result. For example, if we assume 

average stand LA1 of 10 (chapter one). and SI = 20 then, had 2.1 m spacing been used 

(2,195 TPHA), mean tree ALA would be 45.5 m2 versus 59.5 m2 for 2.4 m spacing. 

Using the VINC eq. 3 for A ,  bal.son.zen we calculate GEs of 0.088 and 0.093 dm3 m-* 

respectively, which suggests PA1 would have increases from 8.8 to 9.3 m"r-' ha-'. P 

vtrbens, at much lower Sls, have stand-level GEs similar to A. bcrlsalneu indicating its 

productive potential. Indeed, when PAIs are displayed per unit of SI (Fig. 2.4) it is 

apparent low quality P. rubens stands are inore productive. 
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Fig. 2.4. Gross periodic annual increment (PAI) divided by site index (SI) plotted over SI 

for A. balsumea and P. rubens stands 



The values of MA1 (Table 2.4) for P. rubens stands can be interpreted as the potential for 

the site, whereas A. halsanieu, as a result of having not yet reached maximum LA1 yet, 

cannot. For both species the obvious message is that these stands are still growing well, 

even the older P. ruhens stands, and CMAl appears to be decades in the future. 

Table 2.4. Mean plot mean annual increment (MA1 m3 yr-' ha"), gross periodic annual 

increment (PA1 m3 yr-' ha-', 5 year average) and corresponding GEs for study plots of 

both species derived from leaf area indices (LAIs, chapter one) 

Site 
Ahies halsamea AS L M  LT RC WB 

Picea rubens GR HR RR SC SR 
PA1 (mJ yr-'  ha-') 9.7 6.7 11.7 7.2 9.1 

Note: AS - site Alder Stream, LM - site Lake Macwahoc, LT - site Lazy Tom, RC - site 

Ronco Cove, WB - site Weeks Brook, GR - site Golden Road, HR - site Harlow Road, 

RR - site Rump Road, SC - site Schoolbus Road, SR - site Sarah's Road. 

Favoring A. balsumeu, the preferred host for the spruce budworm (Chorisfonezva 

ftrmiferancr Clem.), across wide geographic areas could have important implications for 

forest management (Seymour 1992). The high vulnerability of stands with a large 

percentage of A. balsamea (MacLean 1980, Osawa 1989) argues in suppol-t of favoring P. 

rubens. Even-aged stands of A. balsamea - P. rubens, while potentially extremely 

productive, involve increased risk for forest managers. The literature (reviewed by 



Seymour 1992) suggests the pre-settlement state of these forests was P. rz.tbens dominate 

and uneven- or two-aged. 

CONCLUSIONS 

VINC prediction models provided evidence of site quality effects on GE for A.  huls~/meu 

and P. rubens in Maine. Implied patterns of GE over ALA showed the commonly found 

pattern of decreasing GE with increasing crown size. P. rubens trees are probably more 

growth-efficient given their similar GEs at much lower SIs, but at the stand level A. 

balsamea appears to be more growth efficient than P. ruhens. Mean plot PAIs > MAIs 

for all study sites suggest CMAI has yet to be reached. When viewed as PA1 1 SI, P. 

rzrbens appears to be more productive in this study. VINC and ALA could be 

incorporated into biologically meaningful forest management. 
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APPENDIX: SITES, PLOTS, TREATMENTS, AGES AND VOLUMES FOR 

COMMERCIAL THINNING NETWORK PLOTS 

Table A.1. Sites that received no precommercial thinning (NOPCT) plot, treatment and 

breast height age information 

NOPCT 
Site Plot Treatment Mcan age + SD Minimum Maximum Vol. (m"/ha) 
GR 2 DOM50 . 4 7 i  10 3 1 66 81 5 

Control 
LOW50 
DOM33 
LOW33 
Control 
LOW50 
DOM33 
DOM50 
DOM50 
DOM33 
Control 
LOW33 
LOW50 
Control 

Control 
DOM33 
LOW50 
DOM50 
LOW33 
Control 
DOM50 
DOM33 
LOW50 
LOW33 

Note: Definitions found in Table 1.5. 



Table A.2. Sites that received precommercial thinning (PCT) plot, treatment and breast 

height age information 

PCT . - -  

Site Plot Treatment Mean age k SD Minimum Maximum Vol. (m3/ha) 
AS 1 5a 23 * 5 16 30 363 1 
AS 2 Control 22 * 4 16 2 8 3680 
AS 4 55% 23*4  15 29 71 6 
AS 6 33% 2 4 h  5 13 29 1803 
LM 2 Control 36* 5 2 3 4 2 3433 
LM 4 33% 36* 5 22 4 1 1371 
LM 5 10a 37 * 4 29 42 3903 
LM 7 55% 37*2 3 5 40 580 
LT 1 55% 28 * 4 22 3 4 8 15 
LT 4 10a 26*3  19 3 2 4397 
LT 6 33% 25 * 4 16 3 1 1840 
LT 7 Control 24 * 4 15 30 3088 
RC 1 55% 18 * 2 15 23 74 1 
RC 3 33% 23*2 19 26 1470 
RC 5 5b 23 * 3 15 25 3717 
RC 7 Control 19*2 15 23 3470 
W B  3 55% 28 * 3 2 3 3 2 7225 
WB 4 Control 25 * 4 13 32 3594 
WB 6 5b 24 * 4 18 3 1 4323 
WB 7 33% 25 * 3 17 29 1457 

Note: Definitions found in Table 1.6. 
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