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ABSTRACT

Long-term biometric measurements in forests candeel to determine interannual
variability in wood volume and aboveground net @iynproductivity (ANPP), and is essential
for estimating net ecosystem production (NEP). me¢hodology for monitoring tree growth
typically includes repeated measurements of stamelier using fixed dendrometer bands.
Dendrometers can provide accurate data over mailtiple scales and reduce measurement
errors associated with year to year variabilityn@fasurement position. However, growth is
underestimated if the change in dendrometer gageasured linearly and assumed to represent
actual change in circumference. We show that aisaoldor a “true” diameter cannot be obtained
mathematically when given only a band length arlwgiith, but diameter can be approximated
using a simple model simulation. Results from ausittion of a range of tree sizes and gap
widths provided a simple relationship that can beduas a correction factor with minimal error.
A scaling exercise using three different foreshdallustrate the magnitude of the errors
associated with estimating ANPP from uncorrectatidemeter band data. This error is small on
>25 cm diameter stems (2-4%) but can be > 25% ail $rees (<10 cm) with a potential error

of >60% in certain situations.

KEYWORDS: forest production, dendrometer bands, RNRPP, NEP, forest growth, scaling.
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INTRODUCTION

Long-term studies on aboveground production (ANEBRanges in biomass, and net
ecosystem production (NEP) in forests require reggemeasurements of tree stem diameters on
fixed plots. Dendrometers and dendrometer bands begn long used as a simple tool for
accurately quantifying changes in tree stem dian{eteing 1957; Reineke 1932). These fixed
dendrometer methods can be superior to both repé&ghe/caliper measurements and tree cores,
because periodic measurements with a diametemntagdail to measure the same location on a
given stem and cores can be destructive to snealstand impractical to repeat annually.

Many varieties of dendrometers have been develbpethost modern studies employ a
spring tensioned band fixed around the tree atsbiezight (1.37 m) that expands with tree stem
growth. Data from dendrometer bands are usefuh @naual scale for accurate estimates of
above ground net primary productivity ANPP (Thoratal. 2009; Vickers et al. 2012; both use
corrected data) but can also be used for fineesstaldies of temporal allocation patterns or even
daily water storage (Drew and Downes 2009).

The dendrometer device itself can be very compliglx lwg-able units able to record
daily or even hourly changes in stem circumferghaek et al. 1998), or the band may be made
inexpensively with reference points on the band i®ahand with an attached Vernier scale
(Cattelino et al. 1986; Liming 1957) or by usingipars. Unfortunately, using the simplest but
commonly implemented method of measuring a gap dxtviixed points with a caliper is
inherently biased because a true circumferencegehismot measured - only approximated by
measuring the linear cord distance (Figure 1). €fisct may seem minimal but can be quite
substantial in certain circumstances, most notaiign used on small trees or when used for

many consecutive years. Furthermore, there is aoteyeometric solution to determine the



correct circumference change in subsequent yebosviog the initial instillation; this is because
current tree diameter, which is unknown, is nedded trigonometric solution. The goal of this
study is to (1) illustrate the magnitude of thieet and highlight the situations where the errors
may be substantial, , (2) to provide an improvedhoe for future work and a correction for past
studies that used spring dendrometers and lineasunements to estimate tree diameter change,

and (3) to illustrate the effect on plot estimaa€ANPP with and without the correction.
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MATERIALSAND METHODS

Identification of the Problem:

Dendrometer bands can be fashioned in many diffe@@mfigurations but an increasing
use of digital calipers to measure changes in gdfhwarrants the exploration of associated
errors. The errors arise from assuming that a fidestance equates to a semicircular increase in
circumference (Figure 1). The errors may seemdirom large trees or when the gap is very
small; however, as the gap increases and becomgesrigative to the diameter of the tree, the
angle - which is bounded by the triangle createthfthe gap (cord of circle, ¢) and the radius -
increases greatly (Figure 1). Most investigatorsopkcally reset the bands to prevent the large
angles, but diameters are underestimated at arlg and should be corrected for. Furthermore,
when the bands are used to estimate annual produdiameter is estimated at each time step so
the error is propagated each year and the smalisairr the initial diameter estimations become

very large.

Model simulation

Unfortunately, no geometric solution exists to daiee diameter, circumference, central
angle 0) or arc lengthusing solely the gap width (cord) and arc lengithe gap width (c) and
arc length(L,) are the only exact measurements available foligwine first year that the bands
were installed, while diameter/radius/circumfereace of interest for plot surveys or scaling.

When the bands are first installed, an initial dé&en and gap width (c) can be measured and
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used to calculate arc leng(h1). In subsequent years it is necessary to matheatigti

approximate a diameter for each new gap widthwh)le arc length(L;) remains constant until
the band is reset. The geometry and trigonometrgived in an approximate solution to
[Equation 1] can be accomplished using Newton’sheetfor estimating the zero intercept of a
function. This solution can be very exact, but rsggicomplex solving software (e.g. MAPLE;
Maplesoft, Waterloo, ON, CA), also the zero functieeeds to be solved for each circle, i.e. each
tree, and has multiple solutions at smaller angles.

[Equation 1]

Or =L, =2nr — L,

Ly
=>0=2nr——
r
=>sin(3) =5
7 SM\2) T 2
S si ( Ll)_ c
sin{m ) = 77
o i ( Ll)_ t
=>sin|m ) = 77
=>sin|m > > =

In Equation 1: L1, L2, r, c an@lare the arc lengths, radius, cord length andniateangle (in
radians) for a given circle (Figure 1). To overcaoime complexity of the purely mathematical
method, we employed a modeling simulation to apipnaie the relationship among diameter,
cord length and arc length. This relationship aldws (1) to estimate the magnitude of the
errors across a range of conditions and (2) thrabghife span of an individual band, and finally
(3) to correct for this error.

Simulated data was created using a matrix of 90¢H@@s with a range of diameters
from 1-500 cm in 1 cm increments and angles betd@emnd 180° in 1 degree increments

assigned to each diameter; thus creating a comespgp cord length (Figure 1). This cord length
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was substituted for the arc length [Arc Lendjtuhich is the arc length bounded within the angle
[6] and added to the remaining arc length [Arc Lehghcalculate an estimated circumference.
This value was used to calculate an estimated der(.s) which could be compared to the
actual diameter (Figure 2, top panel). The ratithefactual diameter (D) to the estimated
diameter (D:Rs) was calculated, as this quantity could be useadsaasiple multiplicative
correction factor for all diameters estimated frgap based dendrometers bands. The values for

D:DestWere plotted against the ratio of cord length:langht (Figure 2, top panel).

Tree and stand level errors

To examine the propagation of diameter errors thindime, as might occur during long
term monitoring of stem diameter in studies of bqgroduction, we simulated a 10 cm Douglas
fir tree [Pseudotsuga menzesii (Mirb.) Franco] that grows at 0.5 cm per year26ryears. The
diameter increment data was then used to estimatgahabove ground biomass from species
specific allometric equations for bole, branchiggé and bark (Hudiburg et al. 2009; Ter-
Mikaelian and Korzukhin 1997), of which the diffape between successive years is equal to
above ground net primary productivity (ANPP). Thiercise reflects the “worst case scenario”
where a band is left to expand to 180° so thattmd length equals the tree diameter. In
practice, most investigators would reset the bartreew reference points would be marked on
the band immediately following the last cord lengteasurement. This reset band would then be
used to calculate a new band length (arc lefgimd the process would be repeated every few

years.
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Actual plot level data and dendrometer bands fradiff8ring forested stands were used
to illustrate errors of production estimates frontarrected dendrometer band data. Two central
Oregon, USA ponderosa pine stamia(s ponderosa Lawson & C. Lawson), a young (YP) and
mature (MP) stand aged 25 and 66 years respec{setyThomas et al. 2009; Vickers et al.
2012 for complete site descriptions), and a 47 g&hmature Douglas fir stan@geudotsuga
menziesii (Mirb.) Franco] in the Coast Range of westerngore USA (MF) have been

monitored repeatedly as part of the Ameriflux Natvinttp://ameriflux.ornl.gov/Ameriflux

site codes: USME-3, USME-2 and US-MRf, respectiysite descriptions, detailed site data,
locations and histories are available online). €rates differ considerably in structure and
density (Figure 3) and have large differences endintral angledj at the last dendrometer band
measurement. Measurements at the YP site cea28@tand both the MP and MF site have
had the bands reset in 2010. ANPP was scaled s #ie similarly to the exercise described

above but production was calculated for each tneesammed over the total plot area.
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RESULTSAND DISCUSSION

From the modeling simulations, the true diametstineated diameter rati®fDes)
increases exponentially as the central am)ler( thecord:arc length; ratio increases (Figure 2,
top panel, solid line). The ratio of true diameteestimated diameter is 1.00 wheis 0° and
reaches a maximum of 1.22 when the angle is 18@°fiT of the line that equatesrd:arc
length ratio to the ratio of the two diamete3: Deg) can be best described with B&rder

polynomial function [fit with Eureqa, (Schmidt ahgbson 2009)].

i 2
[Equation 2] Correction Factor = —— = by + by (—Cord ) +b, ( Cord ) n
Dest Arc Lenghy Arc Lengh,

3 4 5 6
Cord Cord Cord Cord
b3 (—) + b, (—) + bs (—) + bg (—)
Arc Lengh, Arc Lengh, Arc Lengh, Arc Lengh,

In Equation 2D refers to the true diametdd.y is the erroneously estimated diameter
calculated from CQord + Arc length;)/z, andCord andArc length; are circle components (Figure
1). This fit of Equation 2 (Figure 2, top panel) is gictably significant at the p=0.0001 level
with a R of effectively 1.000 (Table 1). The fit of Equati@ is not without error (Figure 2, top
panel, shaded region) although the errors aresmagll with a maximum error of approximately
0.005% at very large angles.

Errors from production estimates scaled from allsimequations can be much larger
than the errors from estimating diameter aloneuféi@, bottom panel). In our simulated tree,
the annual increment change erroneously declingsi@2, bottom panel, solid line) when
compared to the actual fixed rate of change ott5yr! (Figure 2, bottom panel). These errors
are further compounded when ANPP is scaled froomadtric equations that predict 3-

dimensional values (volume or mass) from 1-dimemaidata. Furthermore, in time series of

9
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dendrometer data, any small error in the diametigmated at the first time step is propagated
for each additional year in an additive manner(Fég, bottom panel, long dashed line). The
errors associated with uncorrected ANPP estimatede very large, i.e. 40% when the internal
angle 0) of the band passes 90° and greater than 60% thibdyan approaches 180°. These are
extreme cases and can be avoided with periodittireggef the band gap; however, errors of
20% or more are possible on smaller trees whers g@gpcommonly 40 - 60°. Angles of this size
are not uncommon in real world situations as shbyvplot level data from existing long term
research sites (Figure 3).

Errors at the plot level scale representing a rarigeal world situations are shown in
figure 3 and illustrate both how easily this ercould be ignored and also how large the error
can be when trees are small and central angldargee At the quickly growing mature Douglas
fir site (MF) the errors increased sharply follogiband installation but only resulted in an
underestimation of ANPP of 4% after 4 years. Tloasl growing mature ponderosa pine site
(MP) had error of similar magnitude but increasectimslower than MF. Dendrometer bands at
both of these sites were reset in 2010, henceethection in error for the last year. Although
ANPP errors can be small on the >25 cm diametens{@-4%, Figure 3) even after multiple
years, the errors can increase rapidly and resslaibstantial underestimation of ANPP at the
slowly growing young ponderosa pine site (YP). Tén®or exceeded 25% on these small trees
(<10 cm) and could have the potential to reach >&0%t corrected (Figure 2).

The data presented here highlight a potential neghtas in forest production data
scaled from gap based dendrometer bands meastuited linear caliper over multiple years.
From a simple modeling exercise, the errors caappeoximated and accounted for using a

simple correction factor. Future work should inamgie this information and past analyses that

10
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used linearly measured dendrometer bands showdddrained for a potential underestimation of
diameter, diameter change and production estimates.
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TABLES

Table1: Summary Statistics of Equation 2

Summary of Fit
RSquare 1
RSquare Adj 1
Root Mean Square Error 0.000016
Mean of Response 1.053412
Observations (or Sum Wgts) 90500
Analysisof Variance
Source DF Sum of Mean Square F Ratio
Squares
Model 6 348.27812 58.0464  2.25e+11
Error 90493 2.33484e-5 2.58e-10 Prob>F
C. Total 90499 348.27814 0.0000
Parameter Estimates
Ter Estimate Std Error  t Ratio Prob>[t|
m
bp 1.0000459 3.216e-7 3.1le+6  0.0000
b; -0.004476 1.46le-5 -306.4  0.0000
b, 0.1013471 0.000206 493.00  0.0000
b; 0.6733074 0.001233 545.96  0.0000
b, 0.1869086 0.00356 52.50 0.0000
bs -1.373648 0.004889 -281.0 0.0000
be 1.846399 0.002561 720.85  0.0000
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FIGURE LEGENDS

Figure 1: A diagram of cross sectional geometry when lirgggy dendrometer bands are used.
Typically, studies use Cord length to estimate @i@o of the stem circumference (Arc Length)
resulting in increasing errors as the central affjlexcreases. Two time periods are shown, t1
and t2, where the diameter of the tree increases Radiug to Radiug. Arc angle §], Cord
length and Arc Lengthchange accordingly while Arc Lengtfdendrometer band length)
remains the same.

Figure 2, TOP: The ratio of true diameter to the diameter est@aaising linear gap length as a
proxy for Arc Length increases as arc angt ¢r the ratio of Cord length to Arc Length
increases (solid line). The results are from theugation of 90,500 circles with random
diameters and random cord lengths which were usddvelop Equation 2. Equation 2 describes
the relationship between Cord:Arc Length ratiowklere y is the correction factor that is
multiplied to estimated diameter to convert to tdieameter; errors from the model deviating
from true diameters are small (shaded region).

BOTTOM: The estimated annual diameter change decreda@sedo actual diameter change
(solid lines) for a simulated scenario where a Dasif§jr with 10 cm DBH grew 0.5 cm annually
which changed the arc angle of the dendrometer frand0-180°. The annual increment growth
errors are compounded and resulted in an increasiog of estimated ANPP (dashed line).
Figure 3: Mean and standard deviation of diameter, hegfafd density and most recent central
angle Q) varies across three different forest stands, tam#®ouglas fir stand (MF) and a
mature and young ponderosa pine stands (YP andPa range of corrected ANPP (gray
bars), the errors associated with using uncorretdigenieter growth (solid line) accumulates over
time and is largest for a young stand with tree@ erh DBH.
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Figure 1: A diagram of cross sectional geometry when lirgggy dendrometer bands are u

Typically, studies us€ord lengtrto estimate a portion of the stem circumference (4angth)

resulting in increasing errors as the central affijlencreasesTwo time periods are shown,
and t2, where the diameter of the tree increases Radiug to Radiug. Arc ange [0], Cord
length and Arc Lengthchange accordingly while Arc Leng; (dendrometeband length)

remains the same.
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FIGURE 2

ERRORS WHEN CORD IS USED AS ARC LENGTH
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Figure 2, TOP: The ratio of true diameter to the diameter est@aaising linear gap length as a
proxy for Arc Length increases as arc angtg ¢r the ratio of Cord length to Arc Length
increases (solid line). The results are from theugation of 90,500 circles with random
diameters and random cord lengths which were usddvelop Equation 2. Equation 2 describes
the relationship between Cord:Arc Length ratiowklere y is the correction factor that is
multiplied to estimated diameter to convert to tdieameter; errors from the model deviating
from true diameters are small (shaded region).

BOTTOM: The estimated annual diameter change decredatised¢o actual diameter change
(solid lines) for a simulated scenario where a Dasifjr with 10 cm DBH grew 0.5 cm annually
which changed the arc angle of the dendrometer frand0-180°. The annual increment growth
errors are compounded and resulted in an increasiog of estimated ANPP (dashed line).
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PLOT LEVEL ANPP SCALING ERRORS
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3 Figure3: Mean and standard deviation of diameter, heghtid density and most recent central
4 angle @) varies across three different forest stands, mmd@ouglas fir stand (MF) and a

5 mature and young ponderosa pine stands (YP andPa range of corrected ANPP (gray

6 bars), the errors associated with using uncorretdigeiieter growth (solid line) accumulates over
7  time and is largest for a young stand with tree@ erh DBH.
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