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Abstract

Understory Light Availability and Spatial Variation

Miranda Fix

Chair of the Supervisory Committee:
Professor E. David Ford

Quantitative Ecology and Resource Management

Photosynthetically active radiation is a criticesource for understory plants and its availability
and heterogeneity plays a major role in seedliggmeration and survival. This thesis examines
various methods to quantify understory light avallty, temporal dynamics and spatial
variation in a shaded environment. Comparing irddiestimates to direct measurements by BF3
sensors, we found that hemispherical image analié#s) overestimated the proportion of total
and diffuse light transmitted to the understorgtémtaneous BF3 readings were correlated to
daily integrative BF3 estimates, but were subjediutliers depending on sky condition. The
median of several ten-minute means performed bibider other indirect estimates. We used the
BF3 sensor to develop a new definition of sunfleakd to quantify the distribution of sunfleck
duration and peak intensity in our study plot. didiéion, we characterized spatial variation in
understory light using both HIA and a mobile BF8s®& system. Our results highlight temporal

variation in spatial patterns, even for diffusennaittance over a short period of time.
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Chapter 1

INTRODUCTION

Light interception is critical to forest stand demment and the establishment of saplings
in the understory, and is often considered in mtet establishment and growth of regeneration
following partial cutting. While managers have ramtrol over above-canopy light, they can
control understory light by controlling the amoupbsition and type of vegetation. Benefits from
controlling understory light may include promotiegtablishment and early development of tree
seedlings as well as controlling shrub or herbrigg#ther to suppress their growth as
competitors or to promote their growth for wildlii@bitat or biodiversity reasons (Lieffers et al.,
1999). For example, one of the management objectiveur study region is to create a multi-
tiered canopy in stands that currently only hagengle tier. A key question is how to control
light levels such that adequate regeneration ocaulsa lower tier of canopy develops without

forming a dense thicket requiring extensive managem

Given knowledge of the requirements of desired iggesnd their physiological
responses to different light levels, it should begible to identify the range, spatial and temporal
distribution of understory light most appropriate §rowth and survival of these species. This
information would enable managers to achieve theals more consistently and efficiently
(Grayson et al., 2012). However, in order to prewdch target light conditions, we must first be
able to accurately characterize existing underdtghy environments. Understory light varies in
space and time and is influenced by myriad facdach as the solar path, sky conditions, stand
density and structure, leaf phenology, canopy heaid foliage movement due to wind

(Messier et al., 1998; Gendron et al., 1998). Hawht underneath the canopy receives both



direct light from the sun and diffuse light whicashbeen scattered by molecules and patrticles in
the atmosphere. The relative proportions of diegxt diffuse light vary depending on cloudiness
— most of the light available on overcast daydffsise. In addition, light can be reflected or
transmitted by vegetation. All this complexity aratiability poses challenges to characterizing

understory light environments.

The present study examines various methods to ifpanterstory light availability,
temporal dynamics and spatial variation in a logiienvironment. In Chapter 2, we compare
direct measurements of understory light availabiging the BF3 sunshine sensor to indirect
estimates from instantaneous readings as wellmssphierical image analysis. We also use the
ability of the BF3 sensor to directly measure difdight to establish a new definition of
sunflecks, and apply this definition to describefick characteristics. In Chapter 3, we
investigate spatial variation in understory ligha#ability using both hemispherical image
analysis and a mobile BF3 sensor system and disieassility of constructing spatial maps of

understory light.



Chapter 2

EVALUATING VARIOUS METHODS TO ESTIMATE UNDERSTORY IGHT
AVAILABILITY UNDER A DENSE CANOPY

2.1 Introduction

Solar radiation between 400 and 700 nm (photosyictily active radiation or PAR) is
one of the most important resources for plants,tdues central role in photosynthesis and other
plant processes. Photosynthetic photon flux defBiBFD, pmol/m2/s) in the corresponding
waveband is the most commonly used unit to chaiaetPAR, and is hereafter simply referred
to as ‘light.” Light availability beneath a hetesygeous forest canopy is difficult to quantify
because of its large spatial and temporal varigifiBaldocchi and Collineau, 1994). Various
methods have been used to characterize this compberstory light environment. Most of
these methods estimate the proportion of incid@®iDPtransmitted through the canopy in order
to compare light availability under different cotioins (Gendron et al., 1998). In the present

study we will refer to this transmitted proportias ‘transmittance.’

A standard method of directly measuring transmaganvolves leaving a light sensor
coupled to a data-logger in a given understorytlonawhile another sensor is positioned above
the canopy to measure incident light. Typically $easors used are LI-COR Li-190SA quantum
sensors or gallium-arsenide-phosphide (GaAsP) pides. Researchers agree that direct
readings by light sensors give the most accuratesnore of light at a specific place and time.
Ideally measurements should be made continuoudy &wv extended period of time, such as the
growing season, in order to sample the spatiatamgoral complexity of the light environment
(Englund et al., 2000; Gendron et al. 1998). Howetlgs is not practical for most research

because it is costly and time-consuming. The nurabericrosites that can be sampled is limited
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by the number of sensors (Comeau et al., 1998; |&regdt and Herz, 2001). To overcome these
drawbacks of direct measurement, much effort has bi@ected toward development and

evaluation of various methods for the indirectrastion of light availability (see Table 2.1).

One such indirect method is hemispherical imagéyaisa(HIA), where a photograph is
taken looking up into the canopy through a fishieyes. This photograph records the geometry
of the canopy above a given point in the understamng can be analyzed with computer software
to estimate transmittance for any specified peobtime. Due to a plethora of factors affecting
image grey tones (e.g. exposure, gamma corre@mhheterogeneity of sky irradiance) Evans
and Coombe (1959) concluded thamy attempt to use [HIA] as a means of measuring the
transmission of the canopy directly would be so uncertain as not to be worth the labour
involved.” Since then protocols have been developed to irgoomparability of results, but
HIA still requires significant user input and theé and skills to analyze the photographs
(Paquette et al., 2007). To avoid large variatobrightness across the image, photographs are
taken beneath a uniformly overcast sky, or at danfusk (Hale and Edwards, 2002), which is
quite restrictive. In recent years, digital photgqgns have been widely used as a faster and less
expensive substitute for film photographs. Sevstadies have shown that the digital format can

provide comparable results to film (Hale and Edwa&002; Rozenbergar et al., 2011).

While several studies have found a high level séament between transmittance
estimates from HIA and direct measurements madigblysensors (e.g. Comeau et al. 1998;
Engelbrecht and Herz, 2001; Gendron et al., 19881k et al., 2012, Rich et al., 1993), others
have found that predictions are not always independf forest type or condition, and lack of

repeatability can make it difficult to compare sitnd studies (Clearwater et al., 1999). Some



comparisons against direct measurements have fdlAdnable to discriminate between
differences in transmittance beneath dense canoplese the transmittance falls below 10%
(e.g. Hale and Edwards, 2002; Machado and Reid9;1Roxburgh and Kelly, 1995). A
possible reason might be that measurement erreeescactual differences in transmittance.
This is problematic because transmittance is aftehe 1-3% range beneath closed-canopy
forest and 5-10% in small gaps (Canham et al., 198curate assessment of light availability
in moderate to deep shade is important for undeigtg adaptations to shade, which is a key
factor underlying the dynamics of forest succesgddachado and Reich, 1999). Characterizing
the spatial variation of understory light also reesi being able to distinguish between
microsites, or at least accurately rank them. Roergar et al. (2011) suggested that more work

should be done to assess the performance of Hildedobw end of the radiation spectrum.

Another common method to indirectly estimate traitteimce is the instantaneous
measurement with light sensors above and belowahepy. Single measurements taken at
midday in midsummer have been used to charactevieall light environments (Comeau et al.,
1998). Messier and Puttonen (1995) found that singdasurements on sunny days gave highly
variable results because of the interplay of swsitpm and gap location. Parent and Messier
(1996) therefore recommended that instantaneousurezaents be taken on overcast days (the
‘Overcast method’). They found overcast measurdetstrongly and directly related with mean
daily transmittance values. Some studies haveusled 10-minute averages on overcast days

instead of a single reading (e.g. Gendron et 8881 Tobin and Reich, 2009).

Paquette et al. (2007) proposed a less restriatteenative to the Overcast method,

namely using the BF2 type Sunshine Sensor (Delevices, Cambridge, UK) to make the



instantaneous measurements instead of previousty qisantum sensors or GaAsP photodiodes.
The BF2 and subsequent models (BF3, BF5) directlgisure both diffuse and total light
components with an array of seven cosine-corrgutetodiodes arranged under a patterned,
hemispherical dome. The pattern of clear and opacess on the dome is matched to the pattern
of photodiodes in such a way that at least onequhotle is always exposed to the full solar
beam, at least one photodiode is always complstedged, and all photodiodes receive an equal
sampling of diffuse light from the sky hemisphevéaod et al., 2003). Using only the diffuse

light component, Paquette et al. (2007) found itstantaneous estimates of transmittance made
by the BF2 under variable sky conditions were gilpoorrelated to the those from the Overcast
method. However, they did not actually use the BFéharacterize light conditions over any

extended period of time.

In the present study, we use continuous direct areagents from BF3 sensors to
calculate daily integrative estimates of transmitaunder a dendeuga heterophylla canopy.
Working in a similar environment, Ma (2010) suggesthat HIA overestimated transmittance
relative to BF3 readings. The first objective of study was to investigate this more thoroughly
by comparing daily integrative BF3 estimates toesalversions of indirect estimates made by
HIA. Our second objective was to evaluate the wettbf Paquette et al. (2007) by comparing
daily integrative BF3 estimates to instantaneou3 Bstimates of transmittance. Overall, we
were especially interested in diffuse transmittagioee it may be a better predictor of growth
(Kobe and Hogarth, 2007; Tang et al., 1992). Adtloibjective of this study was to use our
continuous BF3 measurements to characterize theleartight microclimate at our study site,

including the characteristics and contributionslioéct light events (sunflecks) in the understory.
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2.2 Methods
2.2.1 Study area

The study was conducted in a forest stand on tls¢ side of the Olympic Peninsula
(47°49'49" N, 124°15'25" W, Fig. 2.1) managed &/\tashington State Department of Natural
Resources. Soils were formed from the deposit$piieglaciers (Tabor and Cady, 1978) and
the site is generally level with an elevation 00X8. Mean annual precipitation in the Hoh River
watershed ranges from 2500 to over 5000 mm, and @miedemperature ranges from -1.4°C in
January to 26°C in July (DeFerrari and Naiman, 19B4e stand is located on the boundary of
thePicea sitchensis andTsuga heterophylla zones (Franklin and Dyrness, 1973) and dominated
by an even-aged. heterophylla cohort naturally regenerated after a major wirsdustbance in
1921. During April to September, this region reesithe fewest sunshine hours in the
continental United States (Geological Survey, 1968) some 25% less than most of Teega

zone. Regenerating conifer saplings in the foradeustory are largelfbies amabilis andTsuga

heterophylla with occasionaThuja plicata andPicea sitchensis.




All measurements were taken within a 50 x 50 m sgjpkot representative of the portion
of the stand that has not been thinned since tladleshment of the dominant cohort in 1921.
The study plot was laid out using a total statiorveying instrument, and plot size was chosen
based on results from a pilot study in Summer 2@lllirees greater than 10cm diameter at
breast height (dbh) were mapped on an x-y gricegysd the nearest centimeter (Fig. 2.2a) and
measured for dbh. These included 83 live treesA@rshags, corresponding to a density of 332
and 160 trees per hectare, respectively. The sggiéncy distribution of live trees was right-
skewed with a median of 56cm dbh, while that ofgdhags was reverse-J shaped with a median

of 25cm dbh (Fig. 2.2b,c).
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Fig. 2.2 Study plot characteristics: (a) Stem map showing trees (green) and snags (grey) with the sizthef
circle proportional to dbh, and distributions ohdior (b) live trees and (c) snags.

2.2.2 Light measurements

Stratified random sampling was used to select ffpfiag locations within the study
plot. Hemispherical photographs were taken on gbdcovering the study area, then manually
thresholded and analyzed using Gap Light AnalygeaZer et al., 1999) to obtain a preliminary

9



distribution of percent canopy openness. We dpbtdistribution into three equal-sized strata,
classified as “Low,” “Medium,” and “High” light gnaps (Fig. 2.3a). Three locations were
chosen randomly from each strata, with the tenthtlon being that with the highest canopy

openness value overall (Fig. 2.3b).
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Fig. 2.3 Sampling locations within the study plot (b) wetgosen randomly from Low, Medium and High strata
based on the preliminary canopy openness distabyt).

Light measurements were taken on a total of 15 tayween July and September 2012,
with one to three locations sampled each day suathetach location was sampled at least twice.
At dawn and dusk on each measurement day, hemisphghotographs were taken with a
Nikon Coolpix 5000 digital camera in combinatiortiwa FC-E8 fisheye lens (Nikon
Corporation, Tokyo, Japan). The camera was mouwnealtripod, horizontally leveled and
oriented towards magnetic north. Photographs vekentat two heights, 1.5m and 1.9m above
ground, in order to check the possible effect afjiiteon light readings. Aperture was fixed at F5
following the recommendation of Zhang et al. (20884 exposure bracketing accomplished by

changing the shutter speed.
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After taking the hemispherical photograph at dasvBF3 Sunshine Sensor (Delta-T
Devices, Cambridge, UK) was mounted on a tripotl &t above ground and stationed there
until sunset. Over the course of the day, this B&3sor and its associated GP1 data-logger
continuously logged below-canopy total and diffligkt readings at a rate of once per second.
Meanwhile above-canopy light measurements wergechout similarly using another BF3
sensor in a nearby clearing. This open area wasdd@approximately 1 km from our study site,
with the BF3 mounted on a pole higher than any gavees in its 360° view to minimize
obstruction of incoming solar radiation. Analysfsachemispherical photograph on top of the
pole estimated that only 4.89% of total light an84846 of diffuse light was obstructed at this
location. Because this above-canopy referencensiterelatively close to our study area, general
cloud patterns could be expected to be similarthng measurements were considered an

acceptable estimation of the above-canopy lightltmms for our study site (Ma, 2010).

2.2.3 BF3 daily integrative estimates
For each location-day we used BF3 readings aboddéalow the canopy to calculate

daily integrative estimates for total, diffuse ahgect transmittance:

Eiqy Total BEFD Eslow
TransTotal,, , = =*2 ,
co Ziny Total BEFD Above
, Ligy Dif fuss PPFD Below
TransDif fuse,,, = 24— , (2)
ol Edny Dif fuss PPFD Abovs
. Eggv(Total—Dif fuss) PBFD Bslow
TransDirect, , = =

L day(Total-Dif fuss) PPFD Abovs '

whereday is defined as the middle 80% of the time perionvieen sunrise and sunset. We
eliminated the data at the extremities becausewheall light levels very early and late in the

day are so low as to cause difficulties in dividimgabove-canopy PPFD (see Fig. 2.4).
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Fig. 2.4 Transmittance estimates can be unreliable atxheraities of the period between sunrise and suf@et
thus we restricted daily BF3 readings to the mid@flés of this time period (b).

Hereafter we will treat the light intensities dexivfrom direct BF3 measurements during the
middle 80% of the day as ‘reference’ values, kegpinrmind that a margin of error may be
attached to these PAR measurements under fieldtml(before transmittance calculations),
due to spectral and cosine errors, and other teghlmnitations. The accuracy specifications for
total PAR values are +12% with a minimum accuraic¥1® pmol/m?/s; the accuracy
specifications for diffuse PAR values are £15% vatiminimum accuracy of 10 pmol/m?/s (S.

Williams, Delta-T Devices, personal communication).
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2.2.4 Hemispherical image analysis (HIA)

For each set of exposure-bracketed photographsxpusure was chosen to optimize
sky-foliage contrast, i.e. making the foliage appsak but at the same time allowing the sky to
appear white (Zhang et al., 2005). In addition,osxpes were selected to be as consistent as
possible between all samples (D. Sprugel, persmramunication). Photographs taken at the
same height as the BF3 readings (1.5m above groverd) used in the analysis; there was not a

substantial difference in outputs calculated frdmtpgraphs taken at different heights.

All of the digital images were converted to binafgck (foliage) and white (sky) pixels
via an automatic thresholding method based on ddtgetion (Nobis and Hunziker, 2005) using
the software tool SideLook 1.1 (Nobis, 2005; Figp)2Thresholding is one of the most crucial
and uncertain steps in HIA and there has been nmietest in developing objective, automatic,
operator-independent thresholding methods (Ces28Mi7; Jonckheere et al., 2005). Manual
thresholding has often been criticized as subjedivd a major source of error, but the edge
detection approach is objective and reproducibtehidland Hunziker (2005) showed that the
automatic threshold algorithm in SideLook improyedcision and correspondence with direct

measurements, especially in comparison with singlaual thresholding.

Fig. 2.5A digital hemispherical photograph before (leftfdafter (right) automatic thresholding with Sideko
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The thresholded images were then processed thtbegtoftware Gap Light Analyzer
(GLA) Version 2.0 (Frazer et al., 1999) and trarttamice calculated for direct, diffuse, and total
light. Direct transmittance values are obtainedragking the solar path through the pixels given
latitude, growing season, and various other usének parameters (Fig. 2.6). The simplified
radiation model within GLA assumes that when the gosition is obstructed by the canopy
direct radiation is zero, and when unobstructedatiiradiation is equal to the above-canopy
value. Beam enrichment by scattered and refle@@idtion is not considered (Hardy et al.,
2004). Total transmittance is the proportion egentato the gap light index (GLI) developed by

Canham (1988), which is just a weighted sum otudi#fand direct transmittance:
GLI = T:'D:'ﬂ! = [Td:'ff:.'sapd:'ff::sa:} T I:Td:':"ac:' d:':-'ac:':l’ (2)

wherePy; ... andPy,.. .. = 1 — P, .., .. are the proportions of above-canopy incident

radiation received as diffuse sky radiation aneéatibeam radiation, respectively, while

T

aifFuse ANdT4;,... @re the proportions of diffuse and direct radiatioat are transmitted to the

understory (Canham, 198&,.. ... is also known as the ‘beam fraction’ parameter witBLA,

and defaults to 0.5 in absence of external measnmtam

Fig. 2.6Solar path calculated by GLA for location L3 ongA8 (left) and for the growing season (right).
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Region-specific model parameters (Table 2.2) usatttive above-canopy solar
radiation data were based on the best availablaasts as recommended by the GLA Users
Manual. The solar constant is the total radiant 8tithe sun on a perpendicular surface located
outside the earth’s atmosphere at the mean distdricastronomical unit. The cloudiness index
is the ratio of global radiation incident on a zontal surface at the ground to the amount of
extraterrestrial radiation incident on a horizostatface outside the earth’s atmosphere. The
spectral fraction is the fraction of global soladiation (0.25um to 25.0 um) incident on a
horizontal surface at the ground that falls witailimited range of the electromagnetic spectrum
(in this case 400 to 700 nm). The beam fractiadhesratio of direct (beam) to total (global)
spectral radiation incident on a horizontal surfacthe ground over a specified period. The
clear-sky transmission coefficient is a factor th@scribes the regional clarity of the atmosphere
with respect to the instantaneous transmissionrett(beam) radiation (Frazer et al., 1999).
uniform overcast (UOC) sky model was chosen tomascthe light intensity of the diffuse sky.
The images were divided into 36 azimuth and 9 heneiggions. Two time frames were employed
to analyze each image: a growing season from MhtohNovember 30 as well as the one
specific date the photograph was taken, in ordebtain a daily transmittance estimate

comparable to that calculated from the BF3 readings

Parameter Value
Solar constant (W/m2) 1367
Cloudiness index 0.55
Spectral fraction 0.45
Beam fraction 0.5

Clear-sky transmission coefficiel 0.65

Table 2.2Values of region-specific model parameters usedliA.
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2.2.5 BF3 instantaneous estimates

Following the idea introduced by Parent and Meq4i896) for quantum sensors, of
using an instantaneous estimate of understory éigatiability to save sampling effort, previous
studies employing the BF-series sensors have asé@htaneous readings above and below the
canopy to estimate the transmittance (e.g. Pagee#te, 2007; D’orangeville et al., 2011,
Cogliastro and Paquette, 2012). Since continuompkag over the course of the day may be
costly and time-consuming, we decided to investigetether instantaneous estimates could
indeed be a reasonable alternative. We derivedntemtieous estimates from the daily BF3
readings using two sub-sampling methods. In tts firethod, an instantaneous reading was
selected at solar noon (SN, defined as the mid@tween sunrise and sunset) from both

above-canopy and below-canopy time series:

Total PEFD Belowsgy

TransTotalg, = :
* Total PRFD Abovsgy
. Dif fuse PEFD Belowsy
TransDif fuseg, = —iio= slowgy 3)
! Dif fuse FEFD Abovegy

In the second method, a 10-minute window was ramgleeiected from each of the four hours

around solar noon and used to calculate an avéragsanmittance:

__ mean(Tetal PPFD BslowW.gmin)
1bmin mean (Total PEFD Above,pmin) |

TransTotal

mean (Dif fusse PPFD Below, pymin ) (4)

TransDif fuseyy,.., =
ff 1bmin mean (Dif fuse PPFD Above, gmin )

The median of these four 10-minute averages wascalsulated for each location on each day.

16



These sub-sampling methods are illustrated inZEig.In some cases the instantaneous
reading at solar noon happened to fall on a sukfle@. Fig. 2.7a,b), thus giving an inflated
estimate for the overall transmittance, while ihavtcases it fell on a local minimum (e.g. Fig.
2.7c) or somewhere in between (e.g. Fig. 2.7d). I0weninute means tended to capture more of

the average behavior.
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Fig. 2.7Instantaneous readings selected from daily cootisBF3 readings on four different days. For eamhtte
top graph shows total transmittance while the otgraph shows diffuse transmittance. Blue X's iatkcthe
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2.3 Results
2.3.1 Comparison of daily integrative BF3 vs. HIA

Daily integrative BF3 estimates of diffuse trangamte ranged from 1.13% to 4.42% of
above-canopy light, compared to 4.24% to 9.82%reged by HIA. Mean diffuse transmittance
for each location is reported in Table 2.3. In Ht#ffuse transmittance is derived solely based
on the proportion of white (sky) pixels observed #me diffuse radiation model parameters and
does not depend on the solar path. Thus it isgheesaccording to GLA for a single day as for
the growing season. There was not a significanetation between the diffuse transmittance
estimates obtained from the two methods (see Tablgpage 26), and HIA consistently
overestimated the diffuse transmittance relativinéoBF3 (Fig. 2.8). The variation in HIA
estimates for each location is mainly due to défees in image exposures, while the variation

in BF3 estimates for each location results mairdyt differences in daily weather patterns.

HIA estimates for total transmittance dependedhentiime frame applied, since their
calculation included direct transmittance whicHizeid modeled solar paths. Total transmittance
from HIA for the growing season ranged from 3.2298105% of above-canopy light, compared
to 2.73% to 9.17% for single-day estimates. In @sif the daily integrative BF3 estimates of
total transmittance ranged from 0.054% to 4.97%lafve-canopy light. BF3 total estimates
were not significantly correlated with either oétHIIA total estimates. In both cases, HIA

overestimated total transmittance on average velab the BF3 (Fig. 2.9a,b).

Daily integrative BF3 estimates for direct trangantewere sometimes inaccurate,
especially on overcast days. On overcast dayslighdlis composed almost entirely of diffuse

light, so subtracting to find “direct” radiationiisadvisable. The intrinsic margin of error of the
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BF3 instrument may have a larger influence on #dileutated proportions on these days. The
BF3 direct estimates were not significantly coredawith either of the HIA direct estimates.
Looking only at days classified as having “Mostle&” skies, the relationship between BF3
and HIA (both growing season and single-day) diestimates was consistent with the results

for total and diffuse transmittance (Fig. 2.9c,d).

Location HIA day BF3day
L1 0.0620 (0.0066) 0.0267 (0.0134
L2 0.0586 (0.0086) 0.0288 (0.0004
L3 0.0622 (0.0116) 0.0370 (0.0079
M1 0.0796 (0.0151) 0.0404 (0.0007
M2 0.0521 (0.0089) 0.0291 (0.0117
M3 0.0669 (0.0080) 0.0354 (0.0124
H1 0.0628 (0.0058) 0.0305 (0.0086
H2 0.0742 (0.0094) 0.0335 (0.0051
H3 0.0612 (0.0111) 0.0185 (0.0059
H4 0.0787 (0.0082) 0.0248 (0.0031

Table 2.3 Mean diffuse transmittance as estimated by HIA&l(Uding both dawn and dusk photographs) and BF3
for each sampling location. Standard deviationsraparentheses.
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Fig. 2.8 Daily integrative BF3 estimates compared to HlAmates of diffuse transmittance. The OLS regressio
line through the origin (blue dashed line) is shawtely for visual reference.
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The HIA estimates of total transmittance can bestéd by setting the beam fraction

within GLA, i.e. P in Eqn. (1), to reflect daily radiation patternsnasasured by the BF3.

diract
Beam fraction is largely a function of cloud coveon a clear day most of the incident total
daily solar radiation is received as direct (besaad)ation, compared to an overcast day when

most of the total daily solar radiation is receiasddiffuse radiation. The beam fraction can

easily be estimated from the daily above-canopy &f&8lings:
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_ Lgay Diffuse FBFD Above

Paoce =
dif fuss Lgay Total BPFD Abovs

¥

direct — 1 — 'Pdi'ff:.'sa (5)

On clear days the beam fraction is greater than BCGtle 2.4), so direct transmittance is
weighted more heavily in the total transmittancdewation. On overcast days the reverse
occurs. Since HIA estimates of direct transmittaieceled to be lower in general than diffuse
transmittance, this weight adjustment tended tbtpeltotal transmittance toward lower values
for clear days and toward higher values for oveardags (Fig. 2.10). Weight-adjusted single-day
estimates were significantly but not strongly ctated with daily integrative BF3 estimates (see

Table 2.5, page 26).

Weather Above-canopy Understory
Mostly clear 0.781 0.655
Variable 0.394 0.382
Overcast 0.084 0.334

Table 2.4Mean proportion of direct light out of total ligfdr above-canopy (beam fraction) and understory.

Regression outputs are summarized in Table 2.6e(R&Y In this study regression
analysis was used simply as a tool to describatingdationships among variables, and daily
integrative BF3 estimates were set as the indepegmaeiable for consistency as well as to allow
prediction of daily integrative BF3 estimates fromdirect estimates. Weight-adjusted single-day
HIA estimates of total transmittance performedtibst out of all the HIA estimates, with an r?

value of 0.25.
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adjustment). The weight adjustment tended to loxadwes on clear days and increase values on cloddies.
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2.3.2 Comparison of daily integrative BF3 vs. instantaneous BF3

The instantaneous estimate of diffuse transmittatselar noonTransDif fuses,;) was

correlated with the daily integrative estimalé gnsDif fuse,_ ), though subject to outliers. In

10 out of 26 location-dayg,ransDif fuse, was greater than the third quartile of instantaiseo

diffuse transmittance over the course of the dagicating that solar noon fell upon a local

maximum (Fig. 2.11a). In 13 out of 14 cases wlTeignsDif fuse, overestimated

TransDif fuse,,, the weather had been classified as “Mostly Cleahfle in 11 out of 12

cases wher@ransDif fuseg, underestimatedran=Dif fuse,_, the weather had been

classified as either “Overcast” or “Variable.”
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Fig. 2.11 Daily integrative BF3 estimates of diffuse traniarice compared to (a) instantaneous BF3 estinadtes
solar noon and (b) randomly selected 10-minute weethin two hours of solar noon. Gray bars repneshe
interquartile range of diffuse transmittance valfrseach day.

The 10-minute means clustered more strongly arthmddentity line, though with

considerable variation (Fig. 2.11b). The mediatheffour 10-minute means for each location-

day was strongly correlated with the daily intey@estimate and was much closerto a 1:1

relationship (Fig. 2.12). Based on these resultsnght recommend that a researcher wishing to
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minimize sampling effort with a BF-series sensa thee median of several 10-minute means
within two hours of solar noon as a proxy for dallffuse transmittance. This is convenient
since most data loggers give the option to recOrthinute means, and a single sensor could be

moved to multiple locations in the understory. ur particular case, with an r2 of 0.88,

TransDif fuse = 0.9245(median(TransDif fuse,,,.,)) — 0.0008  (6)
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Fig. 2.12Dalily integrative BF3 estimates of diffuse trangarice compared to the median of 10-minute means.

There was not a significant correlation betweenitistantaneous estimate of total

transmittance at solar nooTir(ansT otalsy) and the daily integrative estimaiEransTotal ).

In the majority of cased;ransTotal,, underestimatettransTotal._ . (Fig. 2.13b). However,

day
there were some outliers including an extreme eudt location H4 on July 25, 2012 (a “Mostly
Clear” day), where the instantaneous transmittamselar noon was greater than 0.5, about an
order of magnitude greater than the maximum datyreate for all location-days (Fig. 2.13a).
This points to the dangers of using a single reatbrapproximate understory light availability
over a longer time period. The 10-minute means @k$obited some outliers though none as
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extreme as for solar noon. The median of the f@aminute means for each location-day was

significantly correlated with the daily integratiestimate but the relationship was not as strong

as for diffuse transmittance (Fig. 2.13d). In oartjgular case, with an r2 of 0.61,
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Diffuse HIA cs=HIA day BF3sn medBF310min

BF3day 0.188; 0.169 0.421%*;, 0.537**| 0.937**; 0.930**

HIA cs= HIA day 0.327*;, 0.182 0.211;0.177

BF3sn 0.561**; 0.637**

medB F310min

Total HIA Gs HIA day HIA Gs.wt HIA day.wt BF3sn medBF310min

BF3day -0.126; - | 0.186; 0.264; 0.499**; 0.170; 0.780**;
0.054 0.204 0.315* 0.522** 0.536** 0.743**

HIA Gs 0.714*%; 0.800**; 0.523**, 0.140; -0.155; -

0.728** 0.0773** 0.493** 0.008 0.170
HIA day 0.635**; 0.878**, 0.226; 0.014; 0.030
0.647** 0.863** 0.188
HIA Gs.wt 0.669**; 0.119; 0.336%
0.662** 0.158 0.314*
HIA day.wt 0.166; 0.403**;
0.294* 0.412**
BF3sn -0.16; 0.316
medB F310min

Table 2.5Pearson product-moment and Spearman rank coomletiefficients between all pairs of transmittance
estimates. The former is a measure of the linemelation between variables, while the latter assestrength of
monotonic relationship and is less sensitive tdienst

Y X Intercept Slope r2 RMSE n
BF3day(Diffuse) HIAGs= H|Aday 0.0206 0.1420 0.0354 0.0091 52
BF3sn 0.0203 0.2818 0.1776 0.0085 26
medBF310min -0.0008 0.9245 0.8775 0.0033 26
BF3day (Total) | HIAGs 0.0327 -0.1179 0.0159 0.0110 52
HIA day 0.0193 0.1387 0.0347 0.0108 52
HIA Gs.wt 0.0156 0.2145 0.0699 0.0106 52
HIA day.wt 0.0107 0.3169 0.2486 0.0096 52
BF3sn 0.0257 0.0189 0.0288 0.0111 26
medBF310min 0.0127 0.5525 0.6087 0.0070 26

Table 2.6 Outputs from linear regression with daily integratBF3 estimates of diffuse and total transmiteans
the independent variables. These relationshipgspond to the yellow-highlighted boxes in Table 2.5
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2.3.3 Sunflecks

One of the benefits of directly measuring lighthwa light sensor such as the BF3 over an
extended period of time is that it can provide mptete rendition of the complex light
microclimate at a given location, including thequency, intensity and duration of direct light
events (sunflecks) allowed into the understoryulrogaps in the canopy (Gendron et al., 1998).
Although sunflecks are generally brief in duratitasting from a few seconds to a few minutes,
they are thought to contribute substantially taftonderstory light available for photosynthesis
in a variety of forest communities (Chazdon, 198&y and Pearcy, 2012). On clear days, 10-
85% of daily PPFD may be contributed by sunfleeks] sunflecks have been linked to carbon

gain in understory plants (Chazdon and Pearcy, Y1991

Although sunflecks have been a research inteoestdcades, a precise quantitative
definition of the term ‘sunfleck’ has not been deyed (Smith and Berry, 2013). Qualitatively,
sunflecks can be distinguished as pulses of predamtly direct light in contrast to background
levels of diffuse light. Thus sunflecks have tyflicdeen defined by a somewhat arbitrary
choice of threshold value based on the perceivekidgraund diffuse light level. This threshold
necessarily varies between forest types (see Pab)eand different choices of threshold result
in different estimates of the contribution of sees, making it difficult to distinguish between
the effects of different thresholds and real déferes in sunfleck contribution (Lieffers et al.,
1999). Another difficulty, particularly in tall fests with dense canopies, is the high frequency of
sunflecks generated by penumbral effects. Thesempleral sunflecks contain a relatively high
proportion of diffuse light, and may reach pealemnsity only slightly higher than background

diffuse light (Chazdon and Pearcy, 1991).
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Study Habitat type Sunfleck threshold | Sampling Sampling | Sunfleck contribution
(umol/m2/s) rate duration | to total light (%)
Chen and Douglas-fir, 50 12 readings | <18 days | 32
Klinka 1997 Pacific Northwest per second
Messier and Mature Scots 90 or 175 depending 5-min 4-6 days 90 (20-yr-old stands)
Puttonen 1995 | pine, Finland on the stand averages
Open 7-year-old | 350 65
Scots pine
Lei and Eastern deciduous 100 Not reported  Sampless3
Lechowicz over 16
1990 days
Messier et al. | Boreal forests of | 100 One 5-sec One full 59-86, depending on
1998 eastern Canada average per | sunny day | species
Mixed boreal 250 minute 28-57, depending on
forests of Quebec species
Lei et al. 2006 | Eastern deciduous 10 Ten 1-min| 7 days 42-92 on clear days;
averages ove 67-71 on overcast day
Rhododendron a 10-min 0-8
thickets period
Brantley and | Shrub thickets 25 Every secondSeveral 5
Young 2009 Pine forest 50 for ~15min, | cloudless | 31
Deciduous forest | 100 midday days 22
Vierling and Congolese rain 100 Every 1.5 12 days 0-22, depending on the
Wessman 2000 forest (3m height) seconds day T

Table 2.7Sunfleck thresholds, sampling methods and estifratafleck contribution for a range of forest types

We explored several quantitative definitions offseeck occurrence using our daily BF3

readings taken at 1-second intervals over 80%eop#riod between sunrise and sunset. The first

definition (definition A) set a threshold value®d pmol/m?/s (e.g. Fig. 2.14a,c). This followed

the threshold set by Chen and Klinka (1997) foinalar forest environment, and corresponded

closely to the BF3 sensor’s internal sunshine statieator. We also investigated the definition

by Ma (2010) of a sunfleck as whenever the totditlintensity is greater than four times the

diffuse light intensity. Ma’s definition missed sempeaks that occurred with higher diffuse

readings, and tended to give false positives wiiuse levels were very low (e.g. Fig. 2.14b,d).

The definition of sunflecks used by most studieg.(€able 2.7) applies a constant

threshold and ignores differences in backgrount ligvels between days. To account for these

differences, we established a new definition (d&fin B) in which sunflecks occur when the
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direct (difference between total and diffuse) ligiensity is greater than the daily mean total
light intensity. Using the daily mean total ligtgt a threshold for direct light values appeared to
give visually superior results compared to the jaew definitions. It picked up more of the low-
intensity sunflecks that were missed by settingresstant threshold (Fig. 2.15), and may thus
provide a more accurate depiction of the tempoyahdics of understory light. However, it is
not clear how much these low-intensity sunfleckstcbute to photosynthesis in understory
plants. Sunflecks that are low in intensity algudtéo be short in duration, and their utilization
may be limited by photosynthetic induction requiegits. On the other hand, frequent low-

intensity sunflecks might assist in maintainingaghground level of induction during the day.
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Fig. 2.14 Sunflecks (green) identified by definition A (lefind as defined by Ma (2010) (right). Top: Site &2
September 13, 2012; Bottom: Site H1 on July 312201
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Fig. 2.15Sunflecks (green) identified by definition A (lpfind definition B (right). Top: Site H4 on Augu33,
2012; Bottom: the same site on September 13, 2012

We calculated the percentage of daily total lighttdbuted by sunflecks using both
definitions A and B. Sunflecks contributed a greait®portion (almost 50%) of total light on
clear days than on days with more cloud cover @at8). Mean sunfleck contribution grouped
by weather did not differ widely between the twdiniéons, likely because the inclusion of low-
intensity sunflecks did not add much to the surRBFD during sunflecks. Sunfleck contribution
was lower according to definition B for the “Varlabweather group due to the particular
dynamics observed on July 18, 2012, namely theepoesof total light readings greater than 50

pmol/m2/s but not much greater than the concuddhise light readings (see Fig. 2.16).

Weather % Sunfleck contribution % Sunfleck contribution
(Definition A) (Definition B)
Mostly clear 41.27 49.85
Variable 19.67 15.06
Overcast 2.40 2.70

Table 2.8 Mean percentage of daily total light contributed dunflecks identified by definitions A and B under
different weather conditions.
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Fig. 2.16 Sunflecks (green) identified by definition A (toahd definition B (bottom) for site M2 on July 18)12.
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readings.

Important considerations for carbon gain duringfleeks include duration, frequency
and peak intensity of sunflecks (Chazdon and PedfS41). By applying run length encoding to
the BF3 readings we were able to extract durattmhpeak intensity for sunflecks according to
both definitions A and B. Distributions acrosssaimples were heavily skewed toward lower
values (Fig. 2.17). Under definition A around 85%swonflecks lasted for less than 1 minute, and
93% of those lasted for less than 30 seconds. A4t of sunflecks peaked at less than 100
pmol/m2/s PPFED, with almost half of those beingigein 50-55 pmol/m#/s PPFD. Under
definition B around 84% of sunflecks lasted forslésan 1 minute, and 96% of those lasted for
less than 30 seconds. Over 89% of sunflecks peatikdeds than 100 pumol/m2/s PPFD, with
almost 65% of those being under 50 pmol/m?/s PRE®e than half of all sunflecks under
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definition B would have been overlooked by defmitiA because they were below the 50

pmol/m?/s threshold. Bivariate histograms of swklduration and peak intensity show that the

vast majority of sunflecks occurring in our undergtenvironment were both short in duration

and low in intensity, although there was a widegsaf experienced values (see Fig. 2.18).
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2.4 Discussion and Future Directions

Our results confirm the claim by Ma (2010) thaiAHiverestimates transmittance relative
to direct measurement using BF3 sensors. No ctioelevas found between daily integrative
BF3 estimates and unadjusted HIA estimates of siffalirect and total transmittance. This
agrees with the finding of Machado and Reich (1988) HIA is unable to distinguish light
availability between microsites in a deeply shadederstory. Weight-adjusted single-day HIA
estimates of total transmittance using daily begations calculated with a BF3 sensor
performed better than unadjusted HIA estimatebpaljh there was still not a strong correlation
with daily integrative BF3 estimates. The adjusttrequires an above-canopy sensor that can
distinguish between direct and diffuse light, botagproximation could potentially be achieved

by modeling the relationship between classes ofcskylitions and measured beam fraction.

Tobin and Reich (2009) found that relationshipgafsmittance indices with average
daily estimates differed between forest types. Smar measurements were taken within a
relatively small area in one forest stand it is cleair whether our findings can be generalized to
other understory environments or forest types. makgether with other studies, however, it
does suggest that HIA should be used with cauttmteudense canopies. One issue we had in
this study was that we found it necessary to hamamage-processing techniques throughout
the research process, partly due to lack of preveoyerience with HIA. This meant that the
preliminary distribution of canopy openness valftemn which we selected our sampling strata
might look different if we were to re-analyze thégmal 5m grid photographs. However, the
sampling locations used in this study can stilidgarded as randomly chosen from a systematic

grid and free from selection bias.
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Our comparison of daily integrative BF3 estimdtesistantaneous BF3 readings at solar
noon questions the reliability of the “less redivie” method proposed by Paquette et al. (2007).
Solar noon estimates were subject to outliers @i kliffuse and total transmittance. Diffuse
transmittance was generally overestimated on dags, when there was a higher chance of a
sunfleck occurring at solar noon, and underestichatecloudier days. Total transmittance was
generally underestimated except in the case of straeg outliers, likely due to the contribution
of direct light events to the daily mean. Thesaessare similar to those that Sinclair et al.
(1974) raised for intermittent sampling. They destaated that close to the top of the canopy,
deviations of radiation records from the mean weostly positive, as less frequent sampling
tended to overestimate the true mean by failingéord a sufficient number of the relatively
few shaded events at that level. Near the bottotheo€anopy deviations were mostly negative,
as less frequent sampling there tended to underatgtithe true mean by failing to include

enough of the small number of exposures to direatbradiation (Péch, 1986).

Although a single instantaneous estimate of trattgnce was found to be unreliable, we
had better results with 10-minute means selectéadmtwo hours of solar noon. Using such
averages reduced the effect of outliers, althobghetwas still a fair amount of variation in these
10-minute means around the overall daily mean.madian of several 10-minute means proved
to have a strong relationship with the daily intgyre BF3 estimate, especially for diffuse
transmittance. For researchers with access to BRSoss, we recommend estimating daily
understory light availability with one sensor abte canopy and at least one sensor below the
canopy. The below-canopy sensor(s) can take 10tmmeans at a number of locations within

two hours of solar noon, and it would be advisablake several of these 10-minute means at
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each location with some time in between them ireotd sample a larger range of light values.

The median might then be a reasonable estimateeahrdaily transmittance.

The choice of methods for characterizing undeydight environments should take the
plant’s perspective into account. This leads wsnt@amportant question that requires further
investigation: which light metrics best predictqiaesponse? According to Kobe and Hogarth
(2007), metrics that integrate direct light mayrékatively poor predictors of plant growth,
because sunflecks may be above light levels athwiotosynthesis saturates. They found that
metrics truncating sunflecks to saturation leveiprioved predictions of white ash radial growth.
However, parameters of photosynthesis curves drstatic and depend on environmental
factors, so adjusting to these parameters mightdwllenge. Metrics based on diffuse light may
be better predictors of plant response (Tang £1892). There is evidence that diffuse light
enhances photosynthesis, that vegetation prodtycisvsensitive to fluctuations in diffuse light,
and that some species may photosynthesize bettigfuse or penumbral light than in direct
light (Brodersen et al., 2008; Butt et al., 2010ith and Berry, 2013). Researchers are
beginning to recognize the importance of diffugitj and more work is needed in this area.
Given the prevalence of cloudy days in the Pagificthwest and the higher proportion of
diffuse light on cloudy days, this is particulargtevant for regions like ours.

Similarly, although we presented a new definitidisunflecks based on diffuse light readings
from the BF3 sensor, an improved approach is nefdadthe plant’s perspective. On clear
days sunflecks contributed almost half of totalilade light in our study plot. However, the
vast majority of sunflecks were short in duratiow dow in peak intensity. The physiology of
photosynthetic induction and post-illumination phynthesis is important in situations with
shorter exposure durations and lower intensitiesifSand Berry, 2013). Understory plants in
such a low-light environment may not have the resesiin reserve to utilize such short bursts of
direct light efficiently. Response to sunflecks nmmy be a dominant component of carbon gain

in our study area since diffuse light may provitléhe energy necessary for photosynthesis.
Sunfleck contribution should be based on actualrdmrtion to plant carbon balance, which
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must be calculated in relation to induction timmapgent light levels preceding sunflecks and the
light saturation point of photosynthesis (Ma et ial press). In addition, sunflecks are often
clustered into periods of multiple sunflecks sefetdy periods with fewer sunflecks, which
could potentially affect carbon gain (Vierling awessman, 2000). More investigation is needed
into the effects of temporal patterns on sunflettization.
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Chapter 3

CHARACTERIZING SPATIAL VARIATION OF UNDERSTORY LIGH AVAILABILITY
USING HEMISPHERICAL IMAGE ANALYSIS AND MOBILE BF3 ENSORS

3.1 Introduction

Understory light heterogeneity is thought to plapaor role in carbon gain and survival
of regenerating forest seedlings and saplings.el'has been much interest in quantifying the
spatial variation in understory light environment#th emphasis placed on variations in canopy
structure resulting from natural or man-made g&@ham et al., 1990; Nicotra et al., 1999).
However, Montgomery and Chazdon (2002) suggestlieagap versus non-gap paradigm
overlooks the continuum of light levels beneattselibcanopy, and that more subtle changes in
magnitude and spatial distribution of light beneetsed canopies are also likely to influence
long-term survivorship and recruitment of seedlingmposing advanced regeneration. Even in
relatively uniform stands with a relatively denseaopy there can be significant spatial variation
in light transmitted to the understory. Thus, eireastands with few apparent canopy gaps, there
are understory positions with higher light regintiest might promote seedling establishment and

growth (Lieffers et al., 1998).

Previous efforts to quantify spatial variation ofderstory light availability have centered
around dense spatial sampling using HIA. Collectig estimates of canopy openness or
transmittance at a large number of grid points withstudy plot enables researchers to create
spatial maps of understory light availability. onse cases these are simply contour maps (e.g.
Kato and Komiyama, 2002; Motzer, 2005; Poorter Arets, 2003; Silbernagel and Moeur,
2001; Souza and Martins, 2005), while in other sagmtial interpolation is achieved through

kriging (e.g. Battaglia et al., 2002; Hanson andirber, 2007; Raymond et al., 2006; Valladares
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and Guzman, 2005). Besides providing a snapshaadrstory light patterns, such maps have
been used to compare harvest treatments (Batetghla, 2002), to compare different types or
layers of forest (Valladares and Guzmén, 2005)etmonstrate seasonal trends (Kato and
Komiyama, 2002; Wirth et al., 2001), and to evaduather models of gap patteri@lbernagel

and Moeur, 2001). Spatial resolution of these ntapge from samples at 1m intervals in a study
by Valladares and Guzman (2005) to two random sasnpér 35 x 35m grid cell in the case
discussed by Hanson and Lorimer (2007). Sampliggirements vary between forest stands

depending on the spatial scales of variation.

Despite their relative popularity, maps of HIA esdites are problematic for several
reasons. Hemispherical photographs cannot be takahgrid points simultaneously, and
although it is unlikely that canopy structure wilange substantially during the time required to
sample a study plot, minor differences in sky cbods and image exposure could greatly
decrease the signal to noise ratio. This is esieam@portant to consider in low-light
environments where measurement error can be lafggve to the distribution of transmittance
values. Furthermore, our results in the previowptdr indicate that under a dense canopy HIA
overestimates transmittance relative to direct megsents using BF3 sensors. Thus HIA
estimates of understory light availability may beKing in both precision and accuracy, casting

doubt on the value of spatial maps generated flease estimates.

In the present study, in addition to interpolatmgps of HIA transmittance estimates, we
also investigated the potential of mobile BF3 sesso quantify spatial variation in understory
light. Mobile sampling of understory light is nohaw concept. However, the focus has been on

averaging over space rather than examining vanatidghe horizontal plane. Brown (1973)
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advocated for spatial integration of transmittediadion using moving sensors as a more
efficient and cost-effective alternative to muléigixed sensors. Brown demonstrated this
approach by moving a pyranometer along a trackcaraage (Fig. 3.1a). Norman and Jarvis
(1974) used a radiation sensor driven by a cablieypsystem on two highly tensioned wires to
measure average transmittance and transmittancddi®ons at four heights in Sitka spruce.
Following in their footsteps, Sinclair and Knoet®82) traversed small sensors at several
heights in the canopy of a loblolly plantation. Yheoked at the distribution of light values at
different heights and times of day, and used mearsinittances to produce vertical profiles.
Péch (1986) compared mobile and fixed sensors Umingy-integrated records, and concluded
that one mobile sensor provided as precise an at&iof below-canopy global radiation as
several stationary sensors when averaged for aBddgocchi et al. (1984) also used a moving

tram system to obtain mean daily values of radmtio

Fig. 3.1Mobile sensor systems used in (a) Brown (1973)(ahé&éch (1986).
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Mobile systems have been used to examine spatiakioa of other environmental
variables. Langvall and Orlander (2002) employed“thsa shuttle” to explore changes in
temperature and other meteorological variablesgadogradient from clear-cut to un-cut forest.
They observed a clear trend along their 400m tnbat this cannot be expected for understory
light availability in the absence of such a gratli@everal studies have employed the Networked
Infomechanical Systems (NIMS) family of cable-basalabtic systems for a variety of
applications (e.g. Caron et al., 2008; Graham.ef80D9, 2010; Singh et al., 2007). NIMS is
capable of precise positioning within a vertican@ along its span. Singh et al. (2007) used
repeated scans of NIMS along a representativedcaing a lake to characterize diurnal variation
of variables such as temperature, dissolved oxggeinchlorophyll concentration. They also

used a robotic boat to perform a surface charaetion of the lake.

Inspired by these precedents, we developed theedgguQuantitative Understory
Radiation Logger (SQURL) system to move BF3 senalmnisg cable line transects within our
study plot. The objectives of our study were todiaracterize the spatial autocorrelation and
interpolate maps of understory light availabilitgrh HIA estimates of growing season
transmittance; (2) characterize the spatial autetatron and interpolate maps of seedling
density from seedling counts; and (3) explore spaariation and interpolate maps of
understory light availability from repeated scahthe SQURL system. We also raise the
guestion of whether creating maps of understot layailability is a useful endeavor, especially

in light of the results in Chapter 2 and the terapgariability we see from the SQURL.
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3.2 Methods
3.2.1 HIA grid sampling

Grid points were marked at 5m intervals throughbatentire study plot. In addition, an
18 x 18 m subplot in the northwest corner was nheke2m intervals, and 19 more points
randomly selected within the subplot, for a toa2@0 sampling locations overall (Fig. 3.2). The
denser spacing in the subplot was employed to iagpspatial resolution, and the combination
of both regularly spaced and random coordinatesb&aasd on sampling designs recommended

for geostatistics by Diggle and Ribeiro (2007).
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Fig. 3.2HIA spatial sampling design. 100 points were ledabn a 5 x 5m grid covering the study plot. Witthie
northwest subplot, 81 points were located on &&w»grid with an additional 19 points located rantiom

Hemispherical photographs were taken at each afah®pling locations on a number of
overcast days during the Summer 2012 field seasdhe same manner as outlined in Section
2.2.2. All photographs were taken at a height bfrilabove ground and some locations were
sampled on more than one day to get an estima@nopling error. For each set of exposure-
bracketed photographs the best possible exposwehesen to optimize sky-foliage contrast,

and much care was taken to ensure consistencypofexes for different spatial locations. This
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is a tricky process because an unchanging, unifoovgrcast sky is virtually impossible to
come across. Even under the most uniform overcemtitons the overall sky brightness was
constantly shifting as our photographers moved eebtnocations. To maintain consistency in
some cases two exposures were selected for agadrtheir outputs averaged. Locations with

replicates were useful for maintaining a commonddad between measurement days.

All of the digital images were automatically thre&ted using SideLook 1.1 (Nobis,
2005) and then processed through Gap Light AnalgZe(Frazer et al., 1999) to obtain
estimates of direct, diffuse and total transmitearince we were interested in the spatial
distribution of understory light availability on erage over an extended period of time rather
than a single day, the images were analyzed usgrgvaing season from March 1 to November
30. Similarly, the beam fraction was set to thead#fvalue of 0.5 since for most regions in
North America this is a reasonable approximatioreerage over the year (Frazer et al., 1999).

Region-specific model parameters were set to theegan Table 2.1.

3.2.2 Seedling counts
Seedling counts were recorded in September 20&act of the 5m grid points used for
HIA sampling. A 1 x 1m square quadrat was placesl @ach grid point, and seedlings counted

by hand inside the quadrat.

3.2.3 The Sequential Quantitative Understory Radiation Logger (SQURL)

In order to achieve a similar level and extengpdtial sampling with our limited number
of BF3 sensors, we developed the novel Sequentiah@ative Understory Radiation Logger
(SQURL) system. The SQURL system consists of twmroamponents: a motorized tram and a

cable setup. The cable setup includes a winchirapeloth tie-down straps, and a sufficient
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length of steel cable. The cable can be strungdstvwo trees by wrapping a tie-down strap
around each tree and connecting the cable to #iesmes. The winch is attached between the
cable and one of the straps, and used to adjusttiseon of the line. The SQURL tram is a
battery-powered cart that travels along the tightecable. The upper portion of the cart sits
above the cable and houses a BF3 sensor, whileotheof the cart houses the data-logger and
the mechanics (Fig. 3.3). A toothed belt runs ftbexmotor to two geared wheels on struts that
rest on top of the cable, allowing the tram to mforevard along the line at a constant velocity.
The SQURL is operated by remote control, whichvedldhe user to adjust the speed and to start
or stop motion at any moment. The BF3 sensor mdg\eded relative to the ground by

adjusting the bolt on the upper housing and/offigfeng weight suspended from the bottom of

the cart for improved stability.

Fig. 3.3The SQURL system consists of a motorized tramcatide setup. The upper portion of the tram houses t
BF3 sensor, while the body contains the data loggdrmechanics. The SQURL is operated by remotgaton
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3.2.4 SQURL line transect sampling

Cable line transects were set up throughout thiystiot for sampling with the SQURL,
including 12 longer transects in the overall plod & shorter transects to more densely cover the
northwest subplot (Fig. 3.4). A portion of one lengransect also fell within the subplot. The
placement of the lines depended largely on prdatsdrictions. For example, the motorized
tram had to be able to travel the length of theseat without running into any obstacles. The
two endpoint trees also had to be strong enoughigtain the tension from tightening the cable.
We tried to make the line transects as long asilplesshile still able to maintain the high
tension necessary for smooth SQURL movement, anduwer as much of the plot area as
possible given our cable supply. Lines were seterte variety of directions in case of
anisotropy. The height of each line was approxitgdtéosm above ground on average, and

starting and ending points were marked with stoppefixed distances away from the trees.
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Fig. 3.4 The SQURL sampling design consisted of 18 calle ffansects connected between pairs of tree$. (left
Transmittance estimated from SQURL runs was sanmgleegular intervals along each line transectgjig

On each measurement day, one BF3 sensor wass@@émd continuously logging light

readings at the above-canopy reference site, \ahii¢her BF3 was mounted on a tripod at a
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fixed position within the study plot to log stateoy below-canopy light readings. The remaining
one or two BF3 sensors were used with the SQURIesy$ sample as many of the line
transects as time allowed. These sensors contityuogged below-canopy light readings while
being transported by the motorized tram for a setutiple runs. All readings were taken at a
rate of once per second, and all measurementsmaie within two hours of solar noon to
minimize the effect of changes in solar angle. Hashtransect was sampled on several days in

August and September of 2012.

The BF3 on the SQURL was covered whenever measatesmere not being made. At
the start of each SQURL run, the BF3 was leveldtiastarting point and the cover removed at
the same moment as the tram started running viateeaontrol. The tram was stopped and the
cover replaced at the ending point. This procedwa® repeated for eight to ten consecutive runs
each day, with the tram traveling in the same dimador each run. The majority of the runs
were conducted at the slowest constant speed pog¢skiremely slow speeds caused the tram to
jolt) to increase resolution, with a couple runaduacted at a faster speed in case of temporal
issues. Any runs experiencing mechanical problents (unning out of battery power) were

noted and repeated. Only successful runs weredadlin the final analysis.

Since BF3 readings were logged continuously eaghalenge point detection was used
to identify the readings associated with SQURL rdrgese runs were sampled at regular
distance intervals to calculate a predeterminedbaurrof transmittance estimates for each line
transect, such that these distance intervals quneed to approximately 1.25m on average (see
Fig. 3.4). This enabled comparison of consecutives mlong the same line transect on the same

day. Averages were calculated for each line-dayedkas each line over multiple days.
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3.3 Results
3.3.1 Spatial variation based on transmittance estimates from HIA

Results are reported for the 5m grid spacigpwing season diffuse transmittance
estimated from HIA at the 5m grid points rangeafr8.7% to 8.5%, direct transmittance ranged
from 1.6% to 7.58%, and total transmittance rarnfgeh 3.05% to 7.23% of above-canopy light.
Figure 3.5 shows filled contour plots of diffus@edt and total transmittance. As expected, the
spatial distribution of diffuse transmittance wasremuniform than that of direct transmittance,
but still exhibited areas of lower and higher valugince beam fraction was set to 0.5, total
transmittance was the mean of diffuse and diractstmittance. The frequency distributions of
these transmittance estimates did not deviate énfsagy normality to warrant transformation in

the geostatistical analysis (Fig. 3.5).
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Fig. 3.5Top: Filled contour plots of diffuse (left), ditegcenter) and total (right) transmittance estirmdtem HIA
at 5m grid points. Bottom: Corresponding histograshdransmittance estimates do not exhibit stroagiations
from normality, so these estimates were not transd in the geostatistical analysis.
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Spatial autocorrelation was modeled by fitting searibgram functions to empirical
semivariograms obtained by plotting half of theagua difference between two observations
(the semivariance) against their distance in spagsraged for a series of distance classes with a
maximum distance of 30m. There are three basiaypetexs in semivariograms used to interpret
the spatial features of a variable: (1) thege is the distance where the semivariance ceases to
increase and pairs of observations are consid@atthly independent; (2) thstll is the
semivariance value reached at the range, whidremr¢tically equivalent to the overall variance
of the spatial samples; (3) thagget is the semivariance value at a distance of zdne. T
empirical semivariograms of the raw transmittanst@eates did not quite reach a sill, suggesting
the existence of a spatial trend (Fig. 3.6a,b,d)ndar trend surface was fitted, and the empirical

semivariograms calculated for the residuals staddlimore strongly around a sill (Fig. 3.6d,e,f).
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Fig. 3.6 Empirical semivariograms for (top) original trarigance estimates and (bottom) residuals arourittea f
linear trend surface (from left: diffuse, directdatal transmittance).
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Modeled semivariograms were fitted to the origithaia as well as residuals around a
linear trend surface using the ‘likfit’ function geoR (Ribeiro and Diggle, 2001). This function
can find maximum likelihood estimates for the paggens of a Gaussian process model:

Y(x) = plx) +5(x) +=, (8)
wherex defines a spatial locatioii,denotes the observed variakifx) is the mean component
of the models(x) is a stationary Gaussian process with variarcartial sill) and a
correlation function parameterized in its simpfesin by ¢ (the range parameter), aads the
error term with variance parameter (nugget variance). Fitted semivariograms includirtgend

are shown in Figure 3.7 with corresponding pararseteTable 3.1. Exponential models were
chosen for diffuse and direct transmittance anpheescal model for total transmittance. The
maximum likelihood estimate for nugget variance w&a® in all cases because the fitting
process did not allow replicate observations. Haresince the empirical nugget values were
small relative to the average semivariance attamte of 5m the fits were still quite reasonable,
especially for direct transmittance (see Fig. 3-0). theoretical models with an infinite range the
distance at which the semivariogram reaches 95#techsymptote is called the ‘practical

range.’ The practical range 3sp for the exponential ang for the spherical model. Our fitted

semivariogram models had practical rangeg.4 m, 10.5 m and 6.6 m for diffuse, direct and

total transmittance residuals, respectively.

Covariance Bo B1 B2 72 62 [0} Practical
model range

Diffuse | Exponential| 0.0591| -0.0001 0.0008.0000| 0.0001| 2.4565 7.3592

Direct | Exponential| 0.0305] 0.0001 0.0008.0000| 0.0001| 3.5201| 10.5453

Total Spherical 0.0441] 0.0000 0.0008.0000| 0.0001| 6.6149 6.6149

Table 3.1Fitted variogram model parameters using likfit iingum likelihood estimation) in geoR.
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Fig. 3.7 Fitted semivariograms overlaid on empirical semograms for diffuse (left), direct (center) andato
(right) transmittance residuals around a lineandrsurface. Exponential models were used for diffasd direct
transmittance, while a spherical model was fitaltransmittance residuals.

The fitted semivariograms were then used to imtetp maps by kriging (see Fig. 3.8).
Spatial heterogeneity of the raw transmittanceeshad a finer grain for direct than for diffuse
transmittance, and total transmittance exhibitetear gradient with values more similar in the
E-W direction than the N-S direction (Fig. 3.8chriSequently, accounting for a linear trend had
a clear effect for diffuse and total transmittangbereas there was little effect for direct
transmittance. Areas of high direct transmittanidentt necessarily correspond to areas of high

diffuse transmittance, and vice versa, though tdete@ppear to be some consistently low areas.

Another method of interpolation is inverse distaneeghting (IDW), where an
interpolated point is simply a weighted averagelsderved values with weights inversely related
to distance. This is a deterministic method bagethe principle that sample values closer to the

prediction location have more influence on the mtsmh value than sample values farther away.

The weights are in the forljé, whered is distance anllis a power parameter. Using higher

power assigns more weight to closer points resuitira less smooth, more peaky surface. IDW
was used to interpolate maps of HIA transmittarstemates for various values k{see Fig.
3.9). Wherk was less than 1, the IDW interpolated maps ofidéfand total transmittance

looked similar to their kriged counterparts, witffuse transmittance exhibiting a decreasing
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gradient from the northwest corner to the soutleelge of the plot, and total transmittance
exhibiting a decreasing gradient from north to Bolrt contrast to kriging, direct transmittance
interpolated by IDW also exhibits a smooth gradienth higher values in the northeast corner
and lower values toward the southern edgek isreased, the interpolated values became more

localized and these trends less evident.

Fig. 3.8 Kriged maps of raw transmittance estimates (top) eesiduals around a linear trend surface (bottom)
Removing the trend had a clear effect for diffuteft( and total (right) transmittance, as opposeddirect
transmittance (center). Total transmittance exbiba clear gradient with values more similar inER#/ direction.
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Fig. 3.9 IDW interpolated maps of diffuse (left), directe(aer), and total (right) transmittance using srhivgt
parameter k=0.25 (first row), 0.5 (second row)third row), and 2 (last row).
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We were also interested in seeing if we could habtained similar results with fewer
sampling points. Since direct transmittance hadnbst resolved semivariogram, we randomly
sampled points from the direct transmittance estimatessnfe 10, 25 and 50. The only
reasonable empirical semivariogram that resultesi famen = 50 (see Fig. 3.10). Theoretical
semivariogram models were fit to this subsamplagisiaximum likelihood techniques with an
exponential covariance function, both with an eated nugget and with a nugget fixed at zero.
When the nugget was estimated the effective raragearound 41.7m, whereas when the nugget
was fixed at zero the effective range was around@r@nd the corresponding kriged map more
closely resembled that interpolated from all 108ested points (Fig. 3.11). This illustrates some

of the limitations of fitting semivariogram modetsexperimental data collected at a given scale.
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Fig. 3.10A random subsample from HIA direct transmittanséneates of 10 points (left), 25 points (center) &0
points (right) with their corresponding empiricahsivariograms (bottom).
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Fig. 3.11 Top: Fitted semivariograms using an exponentiadehdor a random subsample of 50 HIA direct
transmittance estimates, with an estimated nudg#) and with the nugget fixed at zero (right). t®mn: kriged
maps using each of these fitted semivariogram nsodel
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3.3.2 Spatial variation of seedling density

Seedling counts in 1 meter square quadrats atrthgrisl points ranged from 1 to 316

seedlings, with a distribution skewed toward lowaiues (Fig. 3.12c). Spatial heterogeneity had

a finer grain for seedling density than for undemglight availability. The empirical

semivariogram for seedling density shows that apatirrelation was weak to nonexistent, at

least at the scale measured (Fig. 3.12a). Thistisurprising since qualitative observations

indicated that seedling density depended stronglthe presence of organic matter such as

decaying logs. The semivariogram fitted with anangntial covariance model using maximum

likelihood techniques had a practical range of adb8.4m (Fig. 3.12b). As a result, the map

interpolated using ordinary kriging is not veryanhative (Fig. 3.12d).
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Fig. 3.12Seedling density was skewed toward lower valugsSatial correlation was weak at the scale measur
as seen in empirical (a) and fitted (b) semivaaogs and the corresponding kriged map (d).
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3.3.3 Spatial variation of diffuse transmittance based on mobile BF3 sensors

There was quite a bit of variation between conseeutins on the same day, and even
more variation between different days, even foiugé transmittance (e.g. Figs. 3.13, 3.14,
3.15). The results we report here are only forudif transmittance, which was less noisy than
total transmittance. In some cases the patteriffokd transmittance observed along the line
transect was quite consistent across measuremgn{elg. Fig. 3.15), whereas in other cases it
was not quite as clear (e.g. Fig. 3.13), likely tludifferences in weather conditions between the
days. A wide range of transmittance values wasrgbdeon some of the line transects across
days (e.g. Fig. 3.14). In order to obtain a statidad measure for each line transect that could
be used for spatial interpolation, each day-avefagthe transect was centered around zero by
subtracting its mean, and then the mean of thadivel transmittance was calculated across all

measurement days for that line (Fig. 3.16).

035 0040

Transmitance

Transmitance

Fig. 3.13Diffuse transmittance measured along Line F on 2ngAug 30, Aug 31, Sep 5, and Sep 7. Red lines ar
averages over all runs for each day. The lastgtiotvs all day averages on the same scale.
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Fig. 3.14Diffuse transmittance measured along Line D on 2agAug 23, Aug 30, Sep 5, and Sep 12. Red lines
are averages over all runs for each day. The lasspows all day averages on the same scale.
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Spatial interpolation of these relative diffusensmnittance line-averages was carried out
using inverse distance weighting for a range of groparameters (Fig. 3.17). It is important to
note that these values are relative separatehetonean transmittance along each line rather
than an overall mean for the plot, which allowed ¥ialues for each line to be on a similar scale
relative to each other. Lighter regions indicaighler transmittance compared to the line means
in that area, while darker regions indicate lowansmittance compared to the line means in that

area; however it is not clear how regions aroufii@i@int lines relate to each other.

w0

Fig. 3.17 IDW interpolated maps of diffuse transmittanceraged over measurement days and centered around
zero, for power parameter k = 0.25, 0.5, 1, 2.
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3.4 Discussion and Future Directions

We presented spatial maps of understory lightpaiated from HIA estimates of diffuse,
direct and total transmittance at 5m grid poings&l on these maps and the accompanying
geostatistical analysis, spatial heterogeneityahider grain for direct than for diffuse
transmittance, and accounting for a linear trerdidngreater effect for diffuse transmittance. The
fitted semivariogram model for direct transmittaheel a reasonable fit and its practical range
was around 10.5m. This estimated range is larggivelto individual crown sizes, but might
reflect overlapping crown structure. Some studegelsuggested that range corresponds to mean
patch size (Battaglia et al., 2002), while othexgehquestioned such a functional connection.
Even if a conceptual connection exists, techngsies limit the interpretability of geostatistical
results. Semivariogram analysis may not be abtietect multiple scales of pattern (Meisel and
Turner, 1998). In addition, sampling and analysecpdures including choices of lag distance,
number of sample pairs for each lag and the semiy@m model chosen can greatly affect
estimation of semivariogram range (Guo et al., 200@orporating transmittance estimates
made at finer spatial scales within the subploiatsted light on these issues, as could

conducting additional analyses on the sensitivityeanivariogram parameters to methods used.

We also analyzed seedling counts made at the samggi8 points. Seedling density
exhibited little spatial autocorrelation at thisks; which is not surprising given observed
gualitative patterns. We also measured seedlinghhé&r the same seedlings, which may have a
stronger relationship with light availability. Wéap to investigate this further in future analyses.
It might be valuable to conduct a bivariate gedstiatl analysis of transmittance and seedling

height to explore their relationship in a spat@ahiext. Another interesting future direction
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would be to see if there is any relationship betwigansmittance and some measure of distance

to nearest tree weighted by tree size, such aseinfle potential.

There are several issues with the maps intergbfaden HIA transmittance estimates.
Our findings in Chapter 2 indicate that HIA hasutste distinguishing between microsites in a
low-light environment such as our study plot, amak tHIA overestimates transmittance relative
to direct measurements by the BF3. Thus the HIAnedes we obtained at the grid points are
unlikely to be representative of true understaghtiavailability. The observed spatial structure
could be representative of true patterns in carsbpucture or light availability, or it could simply
be an artifact of our methods. Enough care wastakée image production and selection
process that spatial autocorrelation should bea®de Photographs taken at adjacent grid points
tended to be similar not only because of similavopsy structure but also because of similar
exposure conditions at moments close togethema &nd the ease of selecting the same
exposure. The observed gradients might be attiteita the fact that we generally took
photographs while moving along rows from west tet.e@é/e observed small nugget values in
empirical semivariograms, but these were basedsmadl number of replicates, and it would be
useful to repeat the analysis with more replicatdbe same locations. It would also be

interesting to have several different users séteagje exposures and run the software programs.

Reports of understory light variability using migbsensors are rare in the literature. The
results from our mobile sensor system, the SQURawsconsiderable variation in diffuse
transmittance values, both between consecutiveaiomg each line transect as well as between
measurement days. This temporal variation of sipjaditiern was observed despite the fact that

transmittance was calculated relative to abovejoaiight values and thus should be accounting
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for overall temporal trends. The pattern of trarttance values calculated from the nearby fixed
sensor during SQURL runs was generally quite flat,requires further investigation. It would
also be interesting to relate the average transnti&t patterns observed to the patterns of trees

(or influence potential) along each line transect.

The results from the SQURL system reinforce themerity and variability of
understory light environments. This raises questamout the utility of creating static, smoothed
maps of these environments. Future studies emgach maps should take into account the
variance highlighted by the SQURL system, and oo understory light availability ought to
consider interaction between spatial and tempamaation. Moving from physical measurement
to biological interpretation, we need to understhad observed patterns in understory light
availability affect carbon gain and photosynthelsisw do plants respond to understory light
heterogeneity as opposed to mean light availaBiNiie need to build upon existing literature
and the present study for an integrated, plantrceapproach to understory light availability,
temporal dynamics and spatial variation.
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