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Abstract

In the face of increased drought intensities associated with global climate change, improved
understanding of forest carbon cycle responses requires novel monitoring techniques that
evaluate forest processes at intra-seasonal resolutions. This study employed automated
dendrometers in a northern Rocky Mountain ecosystem in order to estimate forest woody Net
Primary Productivity (NPP), a carbon flux which has not previously been measured in step
with ecosystem model outputs or other readily measured carbon fluxes. Site-specific patterns
of multi-scale stem circumference variation in the context of summer drought stress were first
characterized in order to develop a protocol for NPP estimation in dry environments.
Subsequent NPP profiles were offset to later in the summer than volume growth profiles due
to continual density increases and revealed species-specific timing in relation to mid-summer
drought. Study findings highlighted a methodological path towards widespread

implementation of more comprehensive carbon flux accounting that includes NPP estimation.
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Chapter 1: Introduction

The Earth’s 10.1 billion acres of forests account for 45% of sequestered terrestrial carbon and
offset approximately one-third of yearly anthropogenic carbon emissions. As a result, forests
have a profound impact on moderating rising global carbon dioxide concentrations and
associated increases in global radiative forcing (1). Changing global climate brings with it
environmental conditions and impacts on essential forest carbon cycle components that will
exceed the scope of past observations, leading to significant uncertainty in regards to net
effects on global forest ecosystem carbon fluxes and resulting climate feedbacks. The
increasing frequency and intensity of regional drought due to increased atmospheric moisture
demand is of particular concern, as drought can induce profound short and long-term
disturbances in the forest carbon balance due the direct coupling of the carbon and water
cycles as well as drought effects on tree mortality, insect, and fire regimes (2—-4). Large scale,
turn-of-the-century droughts in both Europe and the Western United States greatly reduced
forest primary production, reducing carbon sinks to the extent that many forested areas
became carbon sources to the atmosphere (5, 6). Despite the pressing concern of drought
effects on the global forest carbon balance (7), improvements in monitoring site
representations of carbon flux component processes are necessary for an adequate mechanistic
understanding of probable responses to unprecedented conditions. The purpose of the current
study is to explore the intra-seasonal estimation of one such underrepresented component
process—Net Primary Product (NPP; i.e. growth)—in the context of drought and using recent

advances in automated monitoring technology.

Net Ecosystem Productivity (NEP) represents the net flux of carbon between earth and
the atmosphere. Its numerical direction determines whether an ecosystem is a net atmospheric
carbon source (positive) or sink (negative) and it consists of several primary component
fluxes, each underlain by specific ecosystem processes (8). Gross Primary Production (GPP)
refers to the carbon fixed by plants through the process of photosynthesis, Autotrophic
Respiration (RA) is the atmospheric source of carbon that results from plant respiration
(growth and maintenance related), Net Primary Production (NPP) represents plant fixed
carbon remaining from respiration to be incorporated into plant structure or storage

carbohydrates, and heterotrophic respiration (RH) represents the return of carbon to the



atmosphere through decomposition of organic ecosystem carbon primarily by fungi and
bacteria. Currently, the standard technique for sub-daily monitoring of NEP is eddy-
covariance, which measures the total flux of carbon dioxide between earth and the
atmosphere. However, eddy covariance is prohibitively expensive, limited to homogenous
terrain, and difficult to replicate (9, 10). Furthermore, eddy covariance only measures the net
carbon balance, an integration of constituent fluxes; the component fluxes of GPP and Total
Ecosystem Respiration (TER) are estimated quantities, while NPP is not approached (11).
Other methods for sub-daily carbon flux component measurement typically estimate GPP or
respiration but not NPP, largely due to difficulty in estimating a flow of carbon into structural
or storage carbon rather than as a gaseous flux between plants and the atmosphere. Typically,
NPP has instead been estimated on course temporal scales through biometric measurements
that determine changes to total ecosystem stocks (mainly through volume estimations for
living trees; (12, 13)), or modeled as the balance of other measured or modeled fluxes (e.g.
(14, 15)). Improvements to NPP estimation that allow for in step monitoring with other
carbon fluxes are currently imperative for a process-based understanding of the forest carbon
cycle, both because NPP magnitude is integral in current NEP estimation and because NPP
allocation dynamics have strong effects on forest physical structure and biogeochemistry (16).
NPP wood is of particular interest, both due to its ability to be estimated from tree stem
dimensions as well as it representing a large proportion of total forest ecosystem NPP (17).
Readily employable intra-seasonal NPP estimations would serve valuable potential roles in
evaluating NPP in relation to climate influences, in contrast to simply radial increment, and
understanding relationships between NPP allocation and other fluxes in the context of

changing climate, and assessing ecosystem model simulations of carbon allocation dynamics.

In the present study, we employ automated band dendrometers for the sub-daily (30
minute) measurement of bole circumference change, which in turn enables estimation of total
stem volume growth and associated NPPwood” Manually measured dendrometers have been
used for many years to record stem and other tissue dimensional changes (18), but require
regular measurement by technicians and suffer from limitations to measurement precision and
temporal resolution. In recent years, automated dendrometers have been increasingly
employed to provide high-temporal resolution measurements of sub-daily bole radius or
circumference variations (18, 19). Diurnal bole circumference changes are the product of both



irreversible increases (structural growth of wood, inner bark, and outer bark tissues) and
reversible, hydration related changes in the xylem and phloem (20). Typically, the living
phloem shrinks and swells on a diurnal basis; shrinkage occurs as xylem water potential
declines with daytime transpiration, while refill of depleted elastic tissue occurs at night.
While both xylem and phloem can shrink and swell to some degree in relation to changing
water potential, work in conifers has suggested that water storage-related dimensional
changes under natural conditions (i.e. without laboratory drying) derive mostly from the
phloem (20, 21). Imposed atop this diel pattern is longer term increase in circumference
associated predominately with secondary wood growth; daily growth is typically revealed by
nighttime maximums that exceed all previous circumference values. Many previous high-
resolution automated dendrometer studies have predominantly focused on the study of plant
water relations (22, 23) or focus on somewhat isolated characterization of the type and
frequency of short term patterns across seasons (22, 24—26). Others have related integrated
growth and circumference signals in relation to other [non NPP] explicit ecosystem carbon
fluxes (27, 28). The goal of this study is to examine the use of automated dendrometer
circumference variations to infer intra-seasonal woody growth dynamics with the goal of then
estimating NPP (from calculated biomass increment) at the stand level. In contrast to studies
that have sought to elucidate physiological patterns of individual trees, we employ affordable
band dendrometers whose related high replication could allow for ecosystem level
assessments of intra-seasonal NPP, particularly in the context of increasing drought.
Furthermore, many previous studies that have investigated radial or circumferential variation
have done so in temperate European forest ecosystems, resulting in examination of stem size
variations in the absence of regular, severe soil moisture deficit (27, 29). Because
dendrometer signals integrate both growth and hydration signals, examining how drought-
prone conditions might influence circumference variations serves as a necessary step towards
evaluating ecosystem NPP responses to intensifying drought regimes associated with climate

change.

The following pages are divided into two primary chapters, focusing on site specific
characterizations of dendrometer circumference variations collected at a mixed conifer forest

with seasonal drought (Chapter 2) and on the results of an implementation of a suite of



methods necessary for estimation of intra-seasonal NPPwood from dendrometer circumference

patterns (Chapter 3).

In Chapter 2 (Site and dendrometer characterization), the first objective is to delineate
the primary periods of distinct stem circumference variation patterns across the year
(circumference pattern “seasons”), how those periods interrelate, and during which periods
information relevant to woody circumference growth may be derived. The other primary
objective of this section is to evaluate the degree to which growing season circumference
variations are able to provide reasonable agreement with signals expected from secondary
woody growth. Briefly, expectations for a woody growth signal include consistent cumulative
growth across days which follows an approximately sigmoidal shape (13, 30). Such growth is
characterized by rapid initiation of growth in the Spring; a single period of consistent growth;
and a relatively gradual cessation of circumference growth that is associated with end-of-
season environmental stresses, decreasing tracheid dimensions, and finally, decreasing cell
production rates from the vascular cambium. Circumference decreases are not indicative of
the accumulation of permanent rings and wood radius, and instead show localized dominance
of elastic changes associated with variable hydration of bark tissues (20). Additionally,
though it is possible for cell expansion or wall deposition rates to vary within the growing
season, we expect growth to conform to a sigmoidal shape due to a significant degree of
dependence of current rates of woody growth on total numbers of cells in the expansive phase
a xylogenesis, which is partially determined by cambial activity occurring days to weeks in

advance (31).

In Chapter 3 (Woody NPP characterization), the primary objective is approach
NPPwood €Stimation in a manner consistent with the circumference variation insights
highlighted in Chapter 2. This entails applying reasonable extraction constraints on
circumference variations to ensure that transformed signals represent woody growth, rather
than bark hydration changes. Furthermore, this chapter includes a method for estimating and
aligning intra-seasonal wood density, the necessary scalar for a mass estimation (i.e. NPP).
The final objectives of this section are to evaluate the profiles of estimated NPP throughout
the season, including comparisons to circumference or volume-only profiles, comparisons

between tree species, and timings in relation to key ambient conditions.



Chapter 2: Site and dendrometer characterization

Methods

Location: Research plots were located in a mixed conifer stand in the University of Idaho
Experimental forest. Following an early 20th century clearcut harvest, natural regeneration
has since resulted in a dense stand consisting predominantly of Western redcedar (Thuja
plicata), Douglas fir (Pseudotsuga menziesii), Grand fir (Abies grandis), and Western larch
(Larix occidentalis), with scattered relic Douglas fir, Ponderosa Pine (Pinus ponderosa), and
Western White Pine (Pinus monticolla). With the exception of intermittent, suppressed
Western redcedar and areas adjacent to gaps, the understory is largely clear of live vegetation.
The forest falls within the Idaho Northern Rocky Mountain region (46.80, -116.81,
elevation=1050m) and experiences a dry-summer continental climate (Dsb), characterized by
cold, wet winters and extended summer drought. Average yearly temperature and
precipitation are 7.4° C and 810mm, respectively, with less than 5% of yearly precipitation

typically falling during the summer months (JJA).

Dendrometer Bands: TreeHugger automated dendrometer bands (Global Change Solutions,
LLC) were installed on 54 mature trees by March 2015, approximately two months prior to
typical growing season initiation. Installation was based around an existing 6 acre
experimental plot design, with Treehuggers equally distributed within 24 subplots and
installed on trees nearest to subplot centers. TreeHugger dendrometer bands record bole
circumference changes via shifting stylus depression of a soft potentiometer pad.
Dendrometer accuracy is +10um and measurement resolution is 6 um. Prior to installation,
outer stem bark was smoothed with a rasp and chisel when needed due to surface irregularity.
Smoothing was most extensive on Western Larch and Western redcedar due to respectively
irregular corky and fibrous bark. Bands were installed approximately at breast height (1.37m)
and appropriate spring tension for proper stylus-potentiometer overlap was verified.
Circumference and band/logger temperature were recorded at 30 minute intervals by a
dedicated logger associated with each band. Data was manually retrieved from loggers and

copied from logger SD memory cards.



Manual band dendrometers were installed on a total of 100 stand trees, including all
trees with automated dendrometers. At 2 week intervals during 2016, changes in
circumference (mm) were measured with digital calipers (0.01mm resolution). 2015

measurements were performed prior to and after the termination of the growing season.

Ambient Conditions: As a result of study site power failures, environmental variables for 2015
and 2016 year descriptions are gathered primarily from the Moscow Mountain Snotel Station
(Natural Resources Conservation Service (NRCS)), which is located approximately 3km from
the study stand. The Snotel station location is on the same ridge as the study site (Moscow
Mountain) and within a similar forest composition. Snotel variables used in this study include
daily air temperature, soil moisture (2, 8, & 20cm), soil temperature, precipitation, and snow
depth. To compare recent years’ conditions to historical climate, WestWide Drought Tracker
(online tool; University of Idaho and Desert Research Institute) was employed to query and
visualize interpolated PRISM climate products (32). In addition to site and regional
temperature and precipitation, several calculated drought metrics were examined, both driven
by temperature and precipitation inputs; The Self-Calibrated Palmer Drought Severity Index
(scPDSI) is a locally calibrated calculation of water budget that reflects >12 month
conditions; The Standardized Precipitation Evapotranspiration Index (SPEI) calculates

monthly drought status.

Data Management and Analysis: Nearly half of the installed dendrometer bands were
destroyed or severely disrupted by bear activity in the stand. Of the remaining functional
bands, several forms of erroneous readings were screened. While periods of exceptionally
rapid expansion were common during spring rain events, daily expansions exceeding 0.5 mm
day  were removed; such offsets were associated with user or wildlife activity that directly
shifted the band stylus. Individual outliers (<0.5 mm from local medians) associated with
resets or occasionally equipment error were generally deleted using the “hampel” function of
R package “pracma”.

Because the focus of this study was on irreversible structural growth at a daily scale,
hydration-related daily oscillations in circumference were removed with a smoothing spline;

“smooth.spline()” function (base R) was employed and degrees of freedom were set to the



number of recording days in order to produce daily smoothed circumference traces for each
band/tree. This transformation also served to reduce the effect of remaining low-magnitude
errors which were not screened with the initial screening procedure.

From the smoothed growth series, phenological stages were extracted throughout the
season (see Figure 2.14). Due to intermittent small variations in circumference associated
with freeze-thaw, rain events, and unaccounted disturbance, growth initiation was classified
as the time of year at which 5% of yearly total growth was achieved. Due to the yearly
idiosyncratic patterns of seasonal circumference change discovered at the study site (details
below), yearly starting values were assigned to the springtime minimum of each series. Spring
minimum circumferences were defined as the minimum points prior to the yearly growing
period and after (only in 2016) the previous winter maximum (between November and April).
Summer maximum circumferences were assigned to peak circumference values prior to
September 1% of each year. The September growing season boundary was assigned with
reference to relevant literature that detailed end dates of stem circumference change or xylem
development in Douglas fir (30, 31), the most xeric species studied and the species that
presumably is capable of continuing growth latest into the summer drought period.
Furthermore, examination of the primary growing season off all individuals at the field site
revealed that all trees ceased detectable growth before September. Fall rewet circumferences
were determined at points of maximum circumference change deceleration during the rapid
expansion phase associated with rapid Fall rehydration of soils. Summer minimum
circumferences were defined as minimum tree circumference between summer maximum and
fall rewet circumference. Winter maximums were defined as maximum circumference during
the winter months, and were found between summer and spring minimums.

Further analysis was performed on growing season circumference variation by
transforming data to only allow circumference increases, thus creating stepped, accumulated
growth profiles which displayed combinations of growth and static circumference. To
examine daily-spline variations against mid-term variations (10-days), 10-day splines were
created from individual dendrometer traces (degrees of freedom equal to the number of 10
day periods per series).

All Data transformations and statistical analyses were performed in R Version 3.2.1
(35).



Results

Climate: 2015 was defined by record setting temperatures, below-average precipitation, and
resulting severe drought in much of the Northwest U.S. (Figure A.1). At the study site,
monthly average temperatures were above normal through October (exceptions: April,
September), with exceptional temperatures in June 2015 (Figure A.2, Figure 2.3). Early
growing season precipitation was intermittent; April experienced exceptionally low early-
season precipitation, while rainfall exceeded normal in May. June through October
precipitation was below normal (Figure A.2, Figure 2.2). As a result of high temperature and
low precipitation, calculated monthly drought indices indicated extraordinary drought,
particularly in the summer months (JJA), April, and October (Figure A.3). Rooting depth soil
moisture measurements (20cm) are available from the nearby Moscow Mountain Snotel
station since 2006. From this record period, 2015 demonstrated the longest period of summer
with VWC <5% on record at 101 days, approximately two times the 15 year mean. 0. 5%
VWC, the approximate soil dryness at which wilting point conditions can be inferred, was
reached at the 20cm depth by July 24th, about one month before normal. Soil moisture decline
was pronounced in April, though significant recharge (i.e. a large, rapid increase in measured
VWC) occurred in May. From the last recharge event on June 3rd, 20cm VWC declined to
5% in 51 days (July 24th; -0.49% VWC day?). Rapid VWC recharge began on November 1%
(Figure 2.1).

Maximum Snotel site snow depth in the winter months of 2015 was 26 inches; the first
date at which snow depth was zero was March 21st, while the date after which no further
seasonal snow accumulation occurred was April 8" (Figure 2.5). Soil temperature (Snotel)
rose relatively gradually beginning in mid-March, with rooting zone temperatures exceeding
5° C between April 18th (2cm depth) and May 4th (20cm depth:Figure 2.4). Daily minimum
Snotel air temperature did not fall below 0° C after April 23rd and did not decrease below 5°
C after May 14" (Figure 2.3).

2016 was characterized by intermittent dry months, but was less extraordinarily hot
than 2015. Summer temperatures were near-normal, while January through April

temperatures were moderately above normal (Figure A.2, Figure 2.3). Growing season



months (April through September) experienced near normal precipitation, with below normal
months falling within the 2nd quartile (Figure A.2, Figure 2.2). Monthly drought indices (e.g.
monthly SPEI) demonstrated a mix of above and below normal months (Figure A.3).
However, accumulated drought indices (e.g sc-PDSI) through September indicate that 2016,
though less extreme than 2015, was still relatively dry and influenced by preceding drought
conditions (Figure A.3). In the late year, an exceptionally wet October abated a several year
pattern of decreasing and negative scPSDI values. Snotel soil moisture demonstrated a much
shorter period of <5% volumetric soil moisture in comparison to 2015, lasting from August
28" to October 11™" (46 days, 20cm depth). Rooting zone (20cm) soil moisture decline began
in mid-April and was partially recharged in May. Continuous growing season VWC decline
(20cm) began after May 24th and was more moderate than in 2015. 5% VWC was reached on
August 28th (96 days; -0.26% VWC day™t). Fall soil recharge occurred in early October,
nearly a month before recharge in 2015 (Figure 2.1).

Maximum Snotel snow depth in the winter months of 2016 was 57 inches and the date
of zero depth was April 21 (Figure 2.5). Soil temperatures rose abruptly in relation to 2015,
with heating beginning in mid-April following snow melt. 5° C temperature thresholds were
exceeded between April 21st (2cm) and May 6th (20cm) (Figure 2.4). Daily minimum air
temperature did not fall below 0° C later than April 8th, while occasional nights with
temperatures below 5° C were experienced as late into the growing season as June 25"
(Figure 2.3).

Circumference Change Characterizations - General Site Patterns: The study site growing
season was characterized by rapid growth initiated at a similar date across individuals per
year, a rapid decline in growth rate between July and August, and a period of mid-summer
shrinkage or, in exceptional individuals, quiescence (Figures 2.6-2.9). Notably, the rapid
growth period was characterized by varying degrees of strong, multi-day heterogeneity
associated with precipitation events (Figures 2.12, 2.13, see Heterogeneity results below);
such events were associated with highly increased expansion rates and were often followed by
multiple days of greatly diminished expansion or circumference shrinkage. The “summer
deficit” period ended upon the return of soil-wetting precipitation in Fall and was

accompanied by extremely rapid (several day) and large (millimeter scale) circumference
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expansion that typically exceeded the current year’s summer maximum. Subsequent to rapid
refill, most individuals demonstrated consistent, slow expansion across the course of the
winter that was punctuated by freeze-thaw fluctuations. Notably, while winter was
characterized by several short periods of large, freeze-thaw associated bole circumference
variation, no periods of consistent winter shrinkage (approximately November-April) and

subsequent spring refill (approximately March-April) were depicted.

General Species Patterns: Species-specific patterns of circumference variation were visible at
this study site. General species differences will be relayed in this section, while statistical
assessment of characteristics will follow below.

Western larch individuals were ultimately excluded from much of the subsequent
growth analysis due to an apparent lack of detectable growth in most individuals. Larch trees
displayed exceptionally low crown mass, infestation by dwarf mistletoe, and wind damage.
Additionally, stand conditions were significantly denser than the open conditions that
typically favor this early successional species. Yearly positive growth was not detected for
most larches observed. Manual bands demonstrated static or net negative yearly values;
automated dendrometers indicated rapid positive change during spring rains that typically fell
below the spring minimum during the summer, resulting in net negative circumference
change. Wood cores demonstrated year to year increment that was not consistently able to be
differentiated due to growth of only one to four tracheids per year. Such tracheid counts
eliminated the normal earlywood-to-latewood density gradient that allows for distinct
separation and measurement of years.

Douglas fir and Grand fir demonstrated similar seasonal circumference patterns, with
relatively consistent growing season increases in circumference that were not excessively
punctuated by short-term circumference fluctuations (Figure 2.10 for Douglas fir). Summer
shrinkage was generally apparent for both Douglas fir and Grand fir, though to a lesser extent
than other species. Similarly, the positive offset associated with fall rewet was apparent yet
relatively small. A distinguishing feature of Douglas fir in particular was a slow, consistent
increase in circumference throughout the winter that resulted in a subsequent spring minimum

that exceeded summer or fall maximums from the previous year.
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Western Redcedar was characterized by greater mid-term reversible variation (days to
weeks) than the non-Larch species, both during the growing season and winter (Figure 2.10).
During the growing season, rain events resulted in millimeter-scale circumference increases
within hours to days; however, the days following these rapid expansions were characterized
by circumference decreases and/or growth rates that fell below pre-rain values. The resulting
heterogeneity of growing season growth rates appears as a distinctly stepped pattern (Figure
2.10). Summer shrinkage was pronounced, while fall rewet typically elevated circumference
well above previous maximums. While slow, long-term winter expansion was apparent, this
expansion was reversed by a Spring shrinkage (mm magnitude) to a pre-growing season

spring minimum circumference.

Circumference Variation Metric Analysis: Robust quantification of seasonal variation metrics
by species was inhibited by considerable loss of functional equipment during the initial
season. Due to resulting low sample sizes, statistical comparisons were performed only for
Douglas fir and Western redcedar for 2015 and 2016.

In 2015, key differences were detected between the magnitudes of species summer
deficit (shrinkage), rewet expansion, rewet to spring expansion, and spring shrinkage (Table
2.1; reported metric t-test p-values <0.05). Differences were also apparent between
proportional measures of summer to rewet maximums, rewet to spring minimums, and winter
maximums to spring minimums. As a reference variation to the following metrics, average
yearly circumference growth across non-larch species was 8.2mm (1.3mm radial increment).
Western redcedar average summer shrinkage was over double that of Douglas fir, at 1.3mm
vs 0.6mm. Compensating for this circumference decrease, cedar rewet circumference increase
over previous summer maximum was also greater than Douglas fir (1.1mm vs 0.7mm). While
both species displayed circumference increases over the course of the winter (mean=2.1mm),
prominent winter shrinkage led to lower increases in rewet to spring minimum circumference
in cedar than in Douglas fir (0.2mm vs 1.4 mm). Spring shrinkage averaged 1.8mm for cedar
and 1.2 mm for Douglas fir. For cedar, average summer maximum circumference was 81% of
rewet circumference, rewet circumference was 97% of the subsequent spring minimum (i.e.
yearly total growth), and spring minimum was 81% of the winter maximum. For Douglas fir,

average summer maximum was 95% of rewet circumference, rewet circumference was 82%
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of spring minimum, and spring minimum was 96% of winter maximum. Cedar growing
season maximums therefore tended to underestimate yearly total growth, but most of yearly
growth was apparent by the Fall rewet period. In contrast, Douglas fir summer maximums
represented a relatively high proportion of total yearly growth, yet relative Fall underestimates
meant that circumference growth continued to approach the yearly total through the length of
the winter. In 2016, measurements were only available through the Fall rewet period. Of the
possible comparisons, key differences were only apparent in species summer circumference
deficits, which continued to be much greater in cedar than in Douglas fir (2.0mm vs 1.2 mm;
Table 2.2).

Nine trees had complete records for the 2015 and 2016 growing season; due to this
low sample number, yearly differences between seasonal metrics were not statistically
assessed on a species basis. Of the measures examined on a species basis above, none were
significantly different across species in 2015 compared to 2016. However, total circumference
change until summer maximums was greater during 2015 than 2016, with mean
circumference growth rates (during the period of growth between 5% and 90% of summer
maximum) of 0.135 and 0.111 mm day, respectively (paired t-test, p<.01). In comparison to
2016, higher average growth rates were displayed in 2015 in all trees that had complete
measurements during both years. Though total yearly growth was not different between years,
growing season lengths were; average time between 5% and 90% of summer maximum
circumference growth was 55 days in 2015 and 72 days in 2016 (paired t-test; p<.001). The
average date at which 5% of summer maximum circumference growth was reached was May
11th in 2015 and April 29th in 2016, while the average date at which 90% of summer
maximum circumference was reached was July 6th in 2015 and July 10th in 2016 (paired t-
test, p<.0001 and p<.05). In 2015, the ranges for 5% and 90% growth dates among
individuals were 16 and 19 days. In 2016, the ranges for threshold dates were 8 and 18 days.
In 2015, the first half of the 5%-90% growth period demonstrated an average of 190% the
growth of the second half (paired t-test, p<.05). In 2016, the first half of the period exhibited
104% of second half growth (paired t-test, p=0.94). This appeared as relatively constant
growth during most of the 2016 growing period and as continuous decline in growth from an

early growing season maximum rate in 2015 (Figures 2.6-2.10).
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On average, the period between 90% of yearly circumference growth [to summer
maximum] and summer maximum was 16 days in 2015 and 24 days in 2016. In 2015, this
period was characterized by continuous expansion to summer maximum circumference
followed by immediate circumference decrease (entrance into the summer deficit period,
Figures 2.6, 2.7). In 2016, this time consisted of a short period of continued rapid growth (up
to approximately 95% of summer maximum) followed by a period of relatively static
circumference prior to summer shrinkage (Figures 2.8, 2.9).

The summer deficit period was defined as falling between summer maximum
circumference and Fall rewet circumference maximum. The average deficit period was 106
days in 2015 and 68 days in 2016, a 38 day difference (paired t-test; p<.001). The deficit
period was briefly interrupted by an isolated rain event in September, 2015, which resulted in

temporary and partial circumference recovery and shallow soil moisture recharge.

Growing Season Circumference Change Heterogeneity: Several additional analyses were
employed to explore the high, rain associated variability in growing season circumference
patterns. Because post-rain event rapid expansion was often followed by static or decreasing
circumference the binary daily growth status (daily growth vs no growth) of all individuals
was examined. Our pre-measurement hypothesis regarding growing season growth was that
intra-seasonal rates would vary but remain positive between a spring minimum and summer
maximum (the primary growing season). The average number of days displaying growth
during the 2015 main growing period (5% to 90% of maximum summer growth) was for all
individuals 44 of 55 days (79%), for Western redcedar 37 of 52 days (73%), for Grand fir 48
of 56 days (85%), and for Douglas fir 54 of 61 days (89%). Differences in growing season
growth day proportions between Western redcedar and Douglas fir were not significantly
different, though differences in total number of days with growth were (t-test, p<.05). In
2016, average number of growth days for all trees was 58 of 80 days (74%), for Western
redcedar was 49 of 75 days (66%), for Grand fir was 77 of 87 days (88%) and for Douglas fir
was 60 of 83 days (77%). While the average proportion of growth days was greater in 2015
than 2016, matched tree differences were non-significant (paired t-test, p>.05).

Variation in growth was further examined on a species basis by examining proportions

of each species that exhibited growth on each day. Across both Western redcedar and Douglas
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fir, the longer growing season of 2016 was apparent in proportion plots (Figure 2.11). Both
2015 and 2016 demonstrated variable proportions of growth during the peak growing season,
with one period and two periods of considerable proportion decline (-70-80%) during 2015
and 2016, respectively. In both 2015 and 2016, Western redcedar deviated from ubiquitous
growth (100%) to a greater extent than Douglas fir, though this trend is more pronounced in
2015. In 2016, mean peak season proportions for Douglas fir and Western redcedar were 0.80
(x0.31) and 0.66 (x0.22) (paired t-test, p<.001), consistent with lower proportions of Western
redcedar growth days and greater variability. In 2015, mean peak-period proportions were
0.86 (£0.11) for Douglas fir and 0.62 (+0.23) for western redcedar (paired t-test, p<.001).

The following values are presented as a percentage of total summer growth per
measurement interval (30 minutes). In 2015, species average maximum and mean growing
period growth rates were 0.22% and 0.032% (+0.05) for Western redcedar and 0.08% and
0.024% (+£0.017) for Douglas fir per interval, highlighting the rapid, rain-related deviations
[expansion followed by shrinkage] displayed by cedars. In 2016, lower summary rates were
recorded; maximum and mean growth rates were 0.11% and 0.025% (+0.025%) for Western
redcedar and 0.07% and 0.018% (+£0.017%) for Douglas fir. To further examine short term
circumference variation against mid-term trends, species average growth rate traces were
compared to 10-day growth rate splines. Deviation plots, indicating differences between
species daily rates and mid-term patterns (10-day splines), highlight pronounced cedar rate
deviations during early summer rain events (Figures 2.12, 2.13). These deviations were
particularly apparent in the early growing season (May-June) of 2015, and dominated the high
mean and maximum deviations exhibited by cedar. High deviations coincided with
intermittent periods defined by heavy rain (see Figures 2.2, 2.12), and demonstrate high short
term circumference variability. In 2015, mean deviations were 0.009% (+ .008%) for PM and
0.020% (£.029%) for TP. R-squared values for Daily and 10-day splines were 0.64 (PM) and
0.36 (TP). In 2016, mean deviations were 0.008% (+0.008%) for PM and 0.015% (+£0.013)
for TP. R-squared values between splines were 0.57 (PM) and 0.51 (TP), demonstrating that,
while fits between daily and 10 day values were less divergent between species in 2016, cedar

continued to demonstrate more extensive daily-scale variability.
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Manual Dendrometer Bands: Manual band measurements were taken at approximate two
week intervals throughout the 2016 growing season and were available from 82 trees of the
three species analyzed with automated dendrometers (Douglas fir, Grand fir, Western
redcedar).

Manual band mean summer maximum circumference growth was 7.23mm (
4.32mm), mean summer shrinkage was 1.01 mm (x 0.63mm), and mean expansion above
summer minimum detected immediately after fall rewet (measurement on 10/12/2016) was
2.28 mm (£1.11). Average total circumference increase from summer maximum at Fall rewet
was 1.26 mm (£0.73), while average total growth through rewet of 8.69 mm (+4.31mm).
Mean shrinkage as a proportion of summer maximum was 21% (sd= 21%). Post-rewet yearly
circumference growth was on average 24% (+24%) of total growth through summer max.

In contrast to findings from automated dendrometer data, statistically significant
differences were detected between species circumference change metrics of trees with manual
dendrometers. Significant inter-species differences in summer maximum circumference
growth, summer shrinkage, fall expansion (from summer minimum and summer maximum),
shrinkage as a proportion of summer total growth, and rewet circumference increase as a
proportion of summer maximum circumference growth were detected (one-way ANOVA, p<
.05 for all metrics). On average, Western redcedar displayed lower summer maximum growth,
greater summer shrinkage, and greater rewet expansion than Douglas fir and Grand fir, with
consistent statistical differences detected between species pairs (Tukey HSD, p-values<.05).
Douglas fir growth metrics and circumference variability were greater than those of Grand fir
on average, though species differences were not significant. In contrast to summer maximum
circumference change and variability metrics, post-rewet total yearly circumference growth
(absolute) was not significantly different between species (one-way ANOVA, p>.05).

Measurement dates at which maximum yearly circumference growth through summer
was detected ranged from July 6th through August 29th, with the majority of maximums
falling on July 21st and August 15th (58% and 29% respectively). Species differences were
largely responsible for these two common maximum dates; 77% of Western redcedar
displayed summer maximums on July 21st and 67% of Douglas fir displayed maximums on
August 15th. Grand fir displayed an equal proportion of maximums on both dates (41% of

individuals on each date).
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Increment Cores: Significant species level differences were found in 2015 core increments
(ANOVA, p<.05; Tukey HSD: TP-PM, p <.05). Average 2015 core increments for Grand fir,
Douglas fir, and Western Redcedar were 1.80mm, 2.21 mm, and 1.52mm, respectively.
Significant species-level differences between 2016 wood core increments were not detected.
Mean core increment during 2016 was 1.40 mm for Grand fir, 1.81 mm for Douglas fir, and
1.51 mm for Western redcedar. Mean increment was 0.18mm less in 2016 than in 2015 (1.75
mm in 2015, 1.56 mm in 2015; Paired t-test, p<.01). Decreases in mean values occurred for
every species but were pronounced in Grand fir and Douglas fir (species-specific paired t-test
ABGR: p<.01; PSME: p=.07).

Method Comparison: Manual band post-rewet total circumference change was an average of
6.19 times (£2.71, IQR=4.6-6.9) 2016 core increment (Adjusted R-squared=.91). Given the
geometric relationship between circumference and radius for [assumed] circular stem cross
sections, the expected coefficient is a similar 6.28. Mean 2016 automated dendrometer
circumference growth (total) was 6.47 times the mean matching core increment (Adjusted R-
squared= 0.87). Mean 2015 automated dendrometer growth was 5.31 times the mean
matching core increment. (Adjusted R-squared: 0.89)

On trees with matching automated and manual dendrometer bands, mean automated
band circumference growth through 2016 Fall rewet was 10.22 mm (sd=5.10) while mean
manual band growth through the post-rewet measurement was 10.18 mm (sd= 4.47 mm)
(Adjusted R-squared = 0.98, n=14).

Discussion

The most novel element of the UIEF automated dendrometer data set was the site-
specific inter-seasonal circumference variation pattern, which stands in contrast to most
reported seasonal progressions to date. Many previous dendrometer studies (automated and
manual) have been performed in forests that are not characterized by summer drought and
corresponding severe soil moisture deficit (27, 36-39). Studies typically report seasonal
variation stages which exhibit essential differences from the patterns seen in this northern

Rocky Mountain forest. Previously described patterns include comparatively consistent
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positive change (i.e. growth) through the warm season which tapers but does not reverse
through the Fall; winter is then characterized by intermittent fluctuations associated with the
freeze and thaw of internal moisture as well as winter-long desiccation associated with
impaired water uptake combined with continued low-level transpiration. Finally, following
such pronounced cold-season shrinkage, Spring growth is preceded by an expansive
rehydration period. While degree of variation per period varied across the conifer species
found at this study site, an idiosyncratic common site pattern was found (Figures 2.6-2.9).
First, spring growth initiation in both years was preceded by an early-spring shrinkage period.
Subsequent warm season growth was interrupted by July or August with a pronounced
summer shrinkage period, though near-static late-summer circumference was apparent in a
few, fast growing individuals (Figures 2.6 and 2.8). Calculation of total growing season
woody growth was then complicated by an immediate, rapid period (hours to days) of
circumference increase that exceeded growth rates observed during the main growing season.
Winter was typically marked by continued gradual circumference increase punctuated by
occasional freeze-thaw fluctuations. While the pattern observed at the UIEF site is not
common, it has been observed in several studies (24, 28), though underlying biological
phenomena in relation to structural growth either were noted but not resolved (28) or ignored
(24).

Lacking cellular level information of the sampled trees’ xylem production dynamics,
processes underlying the late-summer (Fall) shrinkage (expansion) phases can, at best, be
inferred from relevant existing studies. Previous work that observed rewet expansion
hypothesized that rapid Fall circumference increases above previous maximums could be
related to “inflation” of xylem elements whose expansive phases had been inhibited by low
plant water potential during a preceding period of drought (28). Such latent growth (i.e.
partially developed xylem element accumulation) over the previous extended period (week to
month scale) is unlikely given other studies which suggest that expansion-inhibiting
conditions do not delay individual tracheid development but instead lead to malformation (40,
41); therefore, severe water potentials do not appear to halt initiated element development, but
instead affect mature cell anatomy. Related xylem changes would be reflected in cell
dimensions and wood density; such changes would not contribute to significant latent

development that could become rapidly visible months later as many cohorts of cells
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simultaneously resume expansion. Lempereur, et al. (2014) temper the latent growth
hypothesis with the admission that fall rewet magnitude is related to the magnitude of primary
growing season growth. In their work, trees with no detectable early-season growth do not
exceed their initial circumference when they expand from summer minimum upon Fall rewet.
Other indirect evidence that rapid circumference upon Fall rehydration is not indicative of
proximate xylem growth is that nearly all extra-tropical forests display single growth periods
per year; exceptions have been found in locations in which winter temperatures are on
average above freezing (42). From an adaptive point of view, initiation of a second period of
xylem development during the Fall would threaten functional loss of incompletely developed
xylem elements; this is because complete xylem development requires weeks to months (31,
43). Fall-initiated xylem development therefore extend into sub-freezing periods.

An alternative to sudden structural growth in the Fall is that both summer shrinkage
and fall rewet expansion are related predominantly to hydration changes external to the
xylem. In most previously studied conifer systems, daily bole expansion and contraction in
relation to transpiration and shifting internal water potentials has been linked primarily to
volume changes in the elastic phloem tissues (20). Multi-day periods of circumference
decrease have been associated with high demand/low supply moisture conditions which
prevent full recharge of internal water stores during the nighttime. This matches the summer
shrinkage period observed at the UIEF monitoring site. However, it has also been posited that
low xylem pressure during daytime or multi-day shrinkage periods prevent the expansive
phase of xylem development; development would therefore be limited primarily to the
nighttime or well hydrated conditions (20). The apparent latent increase in woody volume
found at the study site between summer maximum and Fall rewet (and through the following
year) indicates otherwise; either growth before the summer maximum was consistently
underestimated due to simultaneous continuous shrinkage of tissues external to the xylem or
structural growth continued into the shrinkage period. In the methods of the following
Chapter 3, it was assumed that all woody structural growth in a given year was achieved by
the summer maximum circumference and that “missing” growth, as measured following post-
summer expansion, was due to underestimation during the visible growing season. It is
reasonable that the mid-summer conditions of this region---consisting of high evaporative

demand and multiple months at wilting point soil moisture—would be likely to inhibit xylem
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growth; cambial division and xylem expansion are commonly thought to be more sensitive to
extreme physical variables (e.g. water potential) than processes such as photosynthesis (41).
Furthermore, studies on regional Douglas fir have demonstrated that northern Rocky
Mountain seed sources have dramatically shorter growing seasons than coastal varieties and
that structural growth cessation by August is realistic (34, 44). Ultimately, because the band
dendrometers employed here record circumference signals integrated from tissues including
and external to the xylem, conclusive resolution of the latent growth dynamics inferred here
would require intra-seasonal studies of cellular dynamics (31, 43).

Degree of circumference variation at a daily and greater scale varied considerably
between site species. In both 2015 and 2016, early season rain was associated with sequential
periods of rapid expansion and low growth or shrinkage. These non-diurnal variations were
particularly pronounced in Western redcedar when compared to Douglas fir and Grand fir.
Western larch was excluded from analysis specifically because apparent rain-related
variations overcame the growth signal in what were found to be exceptionally poorly
performing individuals. Western redcedar consistently displayed short term variations that
both significantly exceeded and underperformed longer-term (10 day) smoothed traces
(Figures 2.12 & 2.13). As a species, cedar also demonstrated relatively low proportions of
individuals exhibiting growth during each day of the growing season, particularly following
the cessation of the rainy period (Figure 2.11). Within-species variation of cedar trees in 2015
was strongly related to variation in growth rate, driven by high individual variation during
rapid growth events. Both Douglas fir and Grand fir demonstrated summer period fluctuations
that were proportionately smaller than Western redcedar. In contrast to Western redcedar,
Douglas fir demonstrated winter expansion that was less compensated for by spring
shrinkage; therefore, though cedar exhibits heterogeneous growing season circumference,
cedar rewet circumference is more consistent with the “final” yearly circumference measured
the next spring compared to Douglas fir. Douglas fir is known as a more xeric species than
Western redcedar and may therefore exhaust xylem water stores (and experience more costly
embolism of tracheids, as well as wood shrinkage) more than western redcedar; previous
work on Douglas fir has demonstrated that Douglas fir sapwood serves as a storage reservoir

for water available to daily transpiration and that sapwood relative water content reaches a
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yearly low by the beginning of August, with complete recharge not occurring until the early
winter months of the following year (45-47).

The greater intra-seasonal variation of Western redcedar than other species has several
non-exclusive explanations. To begin, the multi-day periods of circumference shrinkage
displayed particularly by cedar trees demonstrated that the band dendrometers were not
recording woody growth only. While the results of this study force us to examine hydration-
related causes of a noise-filled (and sometimes dominated) growth signal, it seems prudent to
not take all extra-diurnal variations (even positive) as indicative of xylem formation, even in
less extreme conditions. Here, Western redcedar circumference fluctuation is likely the result
of phloem and/or external bark swelling and shrinking in response to changing hydration.
Greater phloem variations, and therefore water storage variations, have several possible
causes, including tissue structural properties (phloem modulus of elasticity, phloem thickness,
inter-tissue connectivity) and plant physiology (plant mediated phloem osmotic potential and
xylem water potential ) (20).

Prevalent hydration-related changes to outer bark thickness are supported by
circumstantial evidence in situ and in lab experiments on stem segments. One automated
dendrometer was installed on a large dead Western larch at the study site; the tree expanded
and contracted by > 5 mm on a seasonal basis. The variation consisted of expansion from fall
rewet through spring snow melt, after which drying-related shrinkage commenced. The
patterns of this single stem were closely matched by those of several live but poorly
performing larches; wood cores confirmed that those live larches exhibited negligible growth
(<0.1mm), rendering their circumference variations indicative of the degree of non-growth
variation (for our purposes: noise). These seasonal patterns partially match the winter
expansion/spring shrinkage seen in Western redcedar, and, to a lesser extent, Douglas fir and
Grand fir. The magnitudes of the seasonal patterns are consistent with outer bark
characteristics; Douglas fir and Grand fir barks are denser than Western larch and Western
redcedar barks, which are respectively corky and fibrous and can become water-logged. In an
indoors wetting experiment performed on stem segments from Douglas fir and Western
redcedar, wetting resulted in circumference increases that were difficult to detect in Douglas

fir and were as extreme as the millimeter scale for Western redcedar.
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While stem shrinkage is inconsistent with growth-only signals, severe positive
circumference events are also likely unrelated to an actual xylem signal. Fall rewet maximum
and average expansion rates greatly exceeded normal growth rates during the favorable, pre-
drought portion of the primary growing season. In the Fall, comparatively cool temperatures,
low incident radiation, and preceding drought stress make exceptional xylem formation rates
unlikely (31, 48). Furthermore, drastically altered xylogenesis would likely leave a distinct
footprints in wood densities that were not found in core samples of this study (42, 49). Within
the main growing season (spring through mid-Summer), comparatively rapid expansion rates,
as displayed in Western redcedar, are less obviously unrelated to growth. However, the
apparent obligate association of rapid expansion rates with subsequent shrinkage events
(Figure 2.12) strongly suggested that rain events led to exceptional noise---likely a non-xylem
hydration that was erased as the environment dried over the following days. Short of complex
mechanistic modeling and a cohort of continuous auxiliary measurements, studies in
relatively well-hydrated forests have dealt with mid-term hydration fluctuations by creating
smoothed plots from local maximums (50-52). This technique relies on relatively frequent
and consistently dispersed low water stress conditions which are not typically found during
the study region’s summers; the UIEF site, following a short period in the early growing
season, is instead characterized by consistent depletion of soil moisture combined with
intensification of evaporative demand through the late summer. An underlying “fully
hydrated” or “fully depleted” plant status is therefore unable to be assumed to be apparent at
points across the entire growing season.

Automated dendrometer estimates of species-level growth metrics were
characterized by relatively high variation in combination with low sample sizes. Power
analyses (not reported here) generally suggested that detection of mean differences of the size
suggested in the above results would require species sample sizes of several dozen. The 100
manual dendrometers measured during 2016 were able to detect such differences;
furthermore, analysis indicated strong agreement between paired automated and manual
dendrometers. Reasonable agreement was also demonstrated between both varieties of
dendrometer and tree cores. Both automated dendrometer bands and core radial increment
indicated that woody growth was greater in 2015 than 2016. The ability of automated

dendrometer-derived woody growth to closely approximate inter-annual growth variation
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found in cores would represent an important step in improving growth estimations; while
wood cores may demonstrate inter-annual growth differences within a given radial file,
automated dendrometers integrate growth around the entire bole circumference, potentially
yielding more accurate absolute estimates of growth.

Comparison of automated dendrometer data between years did not demonstrate
differences in growth magnitude, though larger sampled measures from wood cores and
manual dendrometers indicated a modest decrease in growth from 2015 to 2016. This mild
decrease along with the inability of dendrometers to detect any significant differences is
surprising given the extreme drought of 2015, which we hypothesized would greatly inhibit
woody growth in relation to more typical growing seasons (41, 53). Automated dendrometer
data did demonstrate longer growing seasons (earlier/later start/end dates) during 2016,
although, with similar magnitudes of growth, this was manifested as lower growth rates.
Furthermore, without validation from an isolated woody growth signal, accurate growing
season boundaries may be difficult to detect; for instance, the July 2015 maximum summer
circumference date found across many Western redcedars coincided with a brief rain event
followed by shrinkage until Fall rewet. Similarly, initiation of growth in 2015 coincided with
a significant rain event after an unseasonably dry early Spring. These events may have no
causal relationship, hydration related changes may have masked growth boundaries, or locally
exceptional hydration could play a role in xylogenesis initiation (54, 55). Among other
possible environmental drivers, snowmelt and soil warming began earlier in 2015 than 2016;
2015 did experience sporadic-sub freezing daily minimums a few weeks later than 2015,
though temperatures otherwise rose earlier and at a more rapid rate, which previous research
indicates should lead to earlier cambial growth initiation (56). Examining the influences of
environmental variable thresholds on the initiation of spring circumference growth could be
better resolved with further years of site study with which to compare singular yearly
environmental and tree phenological thresholds.

Given the signal complexity detailed above, theoretically-justifiable extraction of
intra-seasonal growth signals requires several basic assumptions and smoothing of
circumference patterns at more than a daily scale. In Chapter 3 woody volume and mass

growth estimation is approached with such a smoothing protocol.
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Figure 2.1. Moscow Mountain Snotel soil Volumetric Water Content (%), 2015 (A) & 2016
(B). Red line=2cm, Black line=8cm, Blue line=20cm.
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Figure 2.2. Moscow Mountain Snotel Yearly Accumulated and Daily Precipitation, 2015 &
2016. Black bars=Daily precipitation, Blue line=Yearly total precipitation.
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Figure 2.3. Moscow Mountain Snotel Daily Air Temperature. Red line=Daily Max, Blue
line=Daily Min, Black line = 5-day daily average moving average.
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Figure 2.4. Moscow Mountain Snotel Soil Temperature. Red line=2cm, Black line=8cm, Blue
line=20cm.
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Figure 2.5. Moscow Mountain Snotel Snow Depth. Blue line=2015, Red line=2016.
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Figure 2.6. 2015 automated dendrometer A Circumference (Total Growth). Black lines=

individual tree traces, Red line= mean
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Figure 2.7. 2015 automated dendrometer normalized A Circumference. Each trace is
normalized to summer maximum circumference (1.0=summer maximum). Black
lines=individual tree traces, Red line=mean.
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Figure 2.8. 2016 automated dendrometer A Circumference (Total Growth). Black lines=

individual tree traces, Red line= mean
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Figure 2.9. 2016 automated dendrometer normalized A Circumference. Each trace is
normalized to summer maximum circumference (1.0=summer maximum). Black
lines=individual tree traces, Red line=mean.
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Figure 2.10. Species average normalized A Circumference, 2015 & 2016. Red lines=Douglas
Fir mean, Red shading=Douglas fir mean £SD, Blue lines=Western redcedar, Blue

shading=Western redcedar mean=SD.
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Figure 2.11. Proportion of species individuals exhibiting growth per day, 2015 & 2016. Red
points=Douglas fir proportion, Red line=Douglas fir 10-day smoothing spline proportion,
Blue points=Western redcedar proportion, Blue lines=Western redcedar 10-day smoothing
spline proportion.
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Figure 2.12. 2015 Growth rates and short-term deviations. A & C = Douglas fir (red lines), B
& D = Western redcedar (blue lines). A & B show normalized average total A Circumference
(black lines); daily A Circumference rates (thin colored lines) and 10-day smooth spline daily
A Circumference rates (thick colored lines). Rates are presented as percent of summer
maximum circumference per day. C& B show deviations between daily and 10 day rates from
A & B. Horizontal bars indicate growing period means (pre summer shrinkage). Blue shading
denotes daily rain events.
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Figure 2.13. 2016 Growth rates and short-term deviations. A & C = Douglas fir (red lines), B
& D = Western redcedar (blue lines). A & B show normalized average total A Circumference
(black lines); daily A Circumference rates (thin colored lines) and 10-day smooth spline daily
A Circumference rates (thick colored lines). Rates are presented as percent of summer
maximum circumference per day. C& B show deviations between daily and 10 day rates from
A & B. Horizontal bars indicate growing period means (pre summer shrinkage).
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Fig 2.14. Top: Conceptual diagram of circumference variation (AC) and stage boundaries
across one year. Bottom: Environmental variables associated with seasonal drought; Black
line= Volumetric Water Content (VWC) at 20cm depth; Blue shading=daily precipitation.
Data from Moscow Mountain Snotel station, 2015.
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Table 1. 2015 Circumference Variation Measures. Metrics with (T) notation indicate yearly

total AC to that time. Other metrics represent differences/proportions of compared total

values. P-values are derived from two-sample t-tests with Douglas fir and Western redcedar
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trees.
Variation Abgr Psme (n=7) Thpl (n=12) All Spp (n=21) p-value
Magnitude (mm) (n=2)
Summer
Max (T) 4.43 8.07 (3.69) 6.43 (4.55) 6.79 (4.08) 0.40
Rewet (T) 4.59 8.53(3.92) 8.17 (5.44) 7.90 (4.51) 0.88
Winter Max (T) 6.34 10.19 (3.86) 9.81 (4.86) 9.76 (4.34) 0.85
Spring
Min (T) 5.72 8.78 (2.76) 8.04 (4.65) 8.16 (3.92) 0.69
Summer
Deficit 0.40 0.63 (0.57) 1.32(0.98) 0.99 (0.87) 0.08
Rewet -
Summer Max 0.16 0.46 (0.41) 1.14 (0.61) 0.74 (0.68) 0.03*
Spring Min -
Summer Max 1.23 1.75 (0.49) 1.47 (.82) 1.55 (0.70) 0.38
Winter Max -
Rewet 2.50 1.66 (0.45) 2.40 (1.29) 2.08 (1.01) 0.16
Spring Min-
Rewet 1.89 1.37 (0.50) 0.21 (0.67) 0.78 (0.85) <0.01*
Spring Min -
Winter Max -0.61 -0.29 (0.45) -1.77 (1.30) -1.21 (1.26) <0.05*
Variation Abgr Psme (n=7) Thpl (n=12) All Spp (n=21) p-value
Proportion (n=2)
(A/B)
Summer Max,
Rewet 0.99 0.95 (0.05) 0.81 (0.14) 0.89 (0.14) 0.03*
Summer Max,
Spring min 0.79 0.78 (0.10) 0.78 (0.15) 0.78 0.95
Rewet,
Winter Max 0.61 0.81(0.11) 0.75 (0.12) 0.77 (0.12) 0.32
Rewet,
Spring Min 0.67 0.82 (0.11) 0.97 (0.11) 0.89 (0.14) 0.02*
Winter Max,
Spring Min 0.90 0.96 (0.06) 0.81 (0.11) 0.86 (0.12) <0.01*
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Table 2. 2016 Circumference Variation Measures. Metrics with (T) notation indicate yearly
total AC to that time. Other metrics represent differences/proportions of compared total
values. P-values are derived from two-sample t-tests with Douglas fir and Western redcedar
trees.

Variation Abgr (n=2)  Psme (n=6) Thpl (n=6) All Spp (n=14) p-value
Magnitude (mm)

Summer

Max (T) 13.24 8.06 (2.40) 9.37 (5.92) 9.37 (4.96) 0.63
Rewet

(M) 13.68 8.59 (2.42) 10.79 (6.39) 10.22 (5.10 0.50
Summer Deficit 0.30 0.61 (0.31) 2.04 (0.70) 1.18 (0.91) <.01*
Rewet -

Summer Max 0.41 0.53 (0.15) 0.82 (0.42) 0.62 (0.32) 0.20
Variation Abgr (n=2)  Psme (n=6) Thpl (n=6) All Spp (n=14) p-value

Proportion (A / B)

Summer Makx,
Rewet 0.97 0.93 (0.03) 0.90 (0.10) 0.93 (0.06) 0.51
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Chapter 3: Woody NPP characterization

Methods

Density Measurement and Estimation: X-ray density profiles of six wood sections (3 each
from Douglas fir and Western redcedar trees felled on site in 2016) were acquired with using
a QTRS-01X Density profiler (Quintek Measurement Systems). Dried sample sections were
cut to a thickness of 1.3mm. Measurements were performed at 0.04mm steps and profiles
were parameterized with measured densities of samples (from mass and volume). To extend
density estimates to automated dendrometer trees on which wood cores had been taken, the
species-specific relationships between X-ray density and Blue Light Intensity were examined.
Leveraging blue light density as a pseudo-density proxy has recently been explored in the
field of dendrochronology due to the relative ease of data collection compared to time and
equipment intensive x-ray techniques (57-59). The Blue Intensity technique involves
extracting the blue channel from high-resolution scanned images, which has been found to
maximize correlation with wood density. While consistency across years due to color-altering
extractives and across research groups due to scanner conditions has been a concern for
researchers looking to consistently estimate tree-climate proxies across many years, changes
to wood color within the most recent year or several years of sapwood-only profiles was a
minimal concern within this study. Wood cores were mounted with the transverse plane
remaining visible (tracheid cross-sections visible) and sanded with progressively finer
sandpaper through 1500 grit. Full color scanned images of sanded wood cores were taken at
2400 dpi on an Epson Perfection V800 scanner. With this resolution and sample preparation,
individual tracheids were discernable in scanned images. ImageJ software (60) was utilized
for blue channel extraction and export of resulting gray-scale value profiles. Scanned core
sections from which profiles were extracted were rotated to provide measurements parallel to
radial cell series. In this study, comparisons of wood section x-ray density values to Blue light
intensity values demonstrated robust pattern matches, with R-squared values consistently
greater than 0.98. Both Western Redcedar and Douglas fir yearly increments demonstrated
consistent minimum, maximum, and mean densities. Independent calculations of transformed

Blue Intensity density profile based on measured average species’ density ranges produced
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mean bulk increment densities that were within one standard deviation of x-ray technique
mean. As a result, Blue light density profiles for cores from automated dendrometer trees
were transformed using species-specific minimum and maximum density parameters and a

resulting constant within-season range.

Wood Volume Growth Estimation: The first section highlights the large short term and
seasonal fluctuations precluding precise evaluation of woody circumference growth at a daily
scale, especially in Western redcedar and in relation to precipitation events. Without the
biometric and physiological measurements necessary to directly evaluate or model woody
growth, seasonal growth was therefore estimated by fit of Gompertz functions to each
individual circumference trace for 2015 (Figure 3.7; R base: “nls()”); The function employed
follows the form:

AC = qe~be™™
AC represents total yearly circumference growth in relation to elapsed time. Coefficient a
represents the function asymptote, b sets the x-axis offset, and ¢ defines the rate of growth.
Gompertz curves are sigmoid functions that allow for more gradual cessation than initiation of
growth and have previously been employed to estimate xylem development underlying
fluctuating dendrometer signals (30, 36, 48, 61). In some studies, Gompertz functions have
been fit to only maximum values per fixed period of time; the logic of this filter is that
maximum values per period represent well-hydrated extra-xylem base conditions against
which to extract predominant growth signals. Functions in this work were fit against all 2015
values from the beginning of 2015 measurements (April 17"") through September 1% due to
inferred existence of both overestimation and underestimation of underlying circumference.
Local maximums in mid to late summer were not expected to represented well-hydrated
conditions, while maximums during the spring were considered overestimations that likely
were at least partially driven by outer bark saturation.

To manage the discrepancy between summer maximum and greater circumferences
later in the year, proportional growth within the growing season was scaled by yearly total
growth values that were assigned from subsequent spring minimums. Under this scheme,
growing season underestimation of growth was proportional to growth rather than time. The

growing season was considered to last until September 1st. The September boundary was
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chosen based on it exceeding the latest dates through which the initial period of growth

continued for the most persistently-growing trees observed. This date is also generally

supported by cellular-level studies of regional species’ xylem development dynamics (33).
Rates of circumference growth estimated by Gompertz fit were converted to bole

volume growth via region and species-specific allometric equations (12).

NPP Estimation: In order to align density profiles with volume time series, mean densities for
20 equal sized cuts of each density profile were calculated. Cut means were applied to median
values of 20 equally sized volume growth sections and followed by linear interpolation.
Biomass growth was then estimated by multiplying individual density and volume change
profiles. Tree-scale woody net primary productivity (NPP) was estimated by assuming that
carbon mass was 49% of total dry wood mass (this proportion was measured in a separate
mass composition analysis and was the same for both Douglas fir and Western redcedar;
Grand fir average C mass proportion was 0.49).

Tree-level estimation of NPP was scaled to stand level in combination with plot
inventory data, which indicated tree height, tree diameter at breast height (dbh), and species

densities on a sub plot basis.

Results

Density: 2015 density profiles calculated using assumed minimum and maximum densities for
stand Douglas fir (260 and 1020 kg m~) resulted in a Blue Intensity-derived mean of 555 kg
m- for dendrometer tree cores, which matched well with the x-ray-technique mean of 560 kg
m. The calculated Western redcedar mean of approximately 320 kg m® (min= 200; max=
805) fell below the x-ray average of 358 kg m. This discrepancy resulted in re-finishing and
re-scanning of Western redcedar cores, which demonstrated a second average yearly mean
that was less than 1 kg m® different. Scanned image and visible microscopy observation
indicated that the 2015 seasonal progression of Blue Intensity and of tracheid diameter
progression were distinct from previous years within series; many 2015 Western redcedars
demonstrated relatively abrupt shifts from wide-lumen, low density early-wood (representing

approximately 80% of the increment) to dense latewood, largely excluding an extended
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section of mid-density transition wood (Figure 3.1). Western redcedar profiles demonstrated
maximum density accelerations at 82% (+-14%) of yearly increment and doubled starting
densities at 90% of yearly increment (+-4%). Average Douglas fir maximum acceleration and
doubling occurred at 58% (12%) and 70% (+-23%) of yearly radial increment.

Circumference and Volume growth rates: Gompertz function-derived circumference growth
rates indicated maximum rates in late May for Western redcedar and in early June for Douglas
fir (Figure 3.2). On average, 5% to 95% of Western redcedar circumference growth occurred
between May 5" and July 10" (67 days). On average, 5% to 95% of Douglas fir growth
occurred between May 9" and July 26" (78 days). Average date of maximum circumference
growth rate was May 23" (+7 days) for Western redcedar and June 1% (+6 days) for Douglas
fir (t-test, p<.01). The average maximum Western redcedar relative growth rate was 2.6 % of
individual summer maximum (AC day™) and exceeded the Douglas fir maximum average rate
of 2.0% day* (also, Gompertz growth rate parameter (c) t-test, p=0.06). Both circumference
growth rate profiles were positively-skewed, as dictated by the Gompertz function underlying
them. Intra-species variation of growth rates among Western redcedar trees was greater than
among Douglas fir, particularly during the peak growing period (Figure 3.2). For Western
redcedar, monthly percentages of yearly total growth were 2.1% (£1.7%) for April, 57%
(x17%) for May, 32% (£10%) for June, 7% (£6%) for July, and 1.3% (£1.5%) for August.
For Douglas fir, monthly percentages of yearly total growth were 1.1% (+0.6%) for April,
38% (+12%) for May, 43% (£ 6%) for June, 15% (£5%) for July, and 4% (£2%) for August.
Average R-squared values for fit Gompertz curves and dendrometer traces were
0.9945 for all individuals, 0.9977 for Douglas fir, and 0.9923 for Western Redcedar. Douglas
fir R-squared values were significantly greater than Western redcedar values (t-test, p<.01).
The Western redcedar R-squared value standard deviation (0.01) was approximately four
times greater than Douglas fir value standard deviation (0.0025). Lower Western redcedar R-
squared values were associated with lower summer maximum growth (AC); Western redcedar
series with high summer maximum growth as well as all Douglas fir series demonstrated
consistently high R-squared values (Figure 3.9). The average growth rate parameter (“c”; see
methods description of Gompertz function) was greater for Western redcedar than Douglas fir

(t-test, p=0.06). The mean deviation between fit growth curves and normalized circumference
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profiles (April 17th through September 1% 100%=growth through summer maximum) was
2.6%. For Western redcedar and Douglas fir, mean deviations were 3.2% and 1.8%,
respectively. For both species, deviations oscillated between positive and negative through the
early and mid-growing season (Figure 3.8). Western redcedar circumference measurements
consistently underperformed modeled values in the late season (after early June).

Species bole volume growth profiles were offset in correspondence to circumference
growth. Mean volume 2015 growth for Douglas fir was 0.014 +0.011 m? (or 14,000 cm?) and
for Western redcedar was 0.010 +0.008 m?® (t-test, differences not significant).

NPP: Species intra-seasonal net primary productivity (NPP) displayed patterns that deviated
from circumference growth rate patterns. Particularly, both Douglas fir and Western redcedar
species average NPP rates demonstrated relative summer plateaus (Figure 3.3) instead of
narrow rate peaks determined through Gompertz fit of circumference (Figure 3.2). Average
Western redcedar retained a positive skew, while the Douglas fir skew became negative.
Average calculated NPP for Western redcedar rose rapidly to a yearly maximum in the spring,
declined relatively slowly through early July, and then experienced rapid decline. Douglas fir
relative NPP rose less rapidly than Western redcedar NPP in the spring, reaching a relative
summer plateau in June but continuing to increase through early July, after which precipitous
declines occurred. The relative plateau effect seen in both species is the average of several
different types of individual level NPP patterns (Figure 3.4); individual trees demonstrated
narrow unimodal progressions (much like the rate patterns), widened unimodal progressions
compared to rate progressions, and relative plateau patterns which typically demonstrated
minor peaks. Mean peak NPP date in Western redcedar was June 1% (+ 15 days); mean peak
NPP date for Douglas fir was June 22" (+11 days) (t-test, p<.01). This represented average
circumference growth to NPP peak date shifts of +9 days for Western redcedar and +24 days
for Douglas fir. Average 5%-95% NPP total occurred between May 8" and July 4" for
Western redcedar (57 days) and May 15" and July 20" for Douglas fir (66 days). Average
Western redcedar monthly percentages of yearly NPP were 1% (+1%) in April, 44% (+20%)
in May, 38% (£10%) in June, 14% (£9%) in July, and 3% (£3%) in August. Average Douglas
fir monthly percentages of yearly NPP were 0.4% (+0.4%) in April, 23% (+11%) in May,
45% (£8%) in June ,26% (x12%) July, and 6% (£5%) in August.
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Across all individuals, calculated mean NPP was 2244 g C year™ tree (range: 564-
8292 g C year™ tree’t). Mean yearly Western redcedar NPP was 1465 g C year tree’! (range:
564-4377) while mean yearly Douglas fir NPP was 3578 g C yeartree’! (range: 1265-8292)
(t-test, p=0.09) (Figure 3.5). Growing season maximum NPP ranged between 10 g C day*and
74 g C day* for Western redcedar and 22 g C day* and 131 g C day™* for Douglas fir. There
was a steep positive relationship between NPP and tree size for Douglas fir (R-squared =
0.83) and a weaker, shallow positive relationship for Western redcedar (R-squared = 0.50)

(see Figure 3.6 and caption).

Growth Rates and Environmental Conditions: Temperature, photoperiod, and soil moisture
were key environmental variables that were examined in relation to peak woody growth. In
2015, peak temperatures were recorded from early July through mid-August (Figure 2.3).
Maximum photoperiod in the northern hemisphere is in late June and in 2015 fell on June 21,
Soil moisture decline slowed in late July as wilting point soil moisture was reached. The
VWC of the 20cm soil depth at the Moscow Mountain Snotel station decreased below 5% on
July 24™. The Western redcedar mean NPP peak date of June 1% fell approximately one
month before the hottest period of the summer and three weeks before the maximum
photoperiod. The mean Douglas fir NPP peak date of June 22" aligned closely with
maximum photoperiod and decreased through the hottest portion of the summer. Both
species’ peaks fell before the late July exhaustion of plant available soil moisture. The
Western redcedar average peak fell near the beginning of rapid seasonal soil moisture decline
(occurring during the first days of June). Peak Douglas fir volume growth (June 1%) similarly
coincided with the period immediately preceding rapid decline of soil moisture, while
Western redcedar peak volume growth (May 23") occurred before this period, therefore

coinciding with the period during which Spring precipitation prevented soil moisture decline.
Discussion
Calculated NPPwood seasonal profiles differed markedly from the volume growth rate

profiles. Aligning and then multiplying seasonal pseudo-density profiles and volume growth

created estimates which displayed relative plateaus---greater-than 1 month periods when
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woody biomass accumulation was calculated to be consistent relative to circumference
profiles, especially at the species level (Figure 3.3). Such widening peak growth profiles are
consistent with recent xylem development research (microcore-based) that has suggested that
maximum biomass accumulation consistently lags maximum circumference growth and that
the biomass production profile is more evenly distributed than the xylem expansion profile
(31). Furthermore, related work has found that biomass is relatively conserved per cell, with
increased durations and rates of individual cell biomass deposition balancing changes in one
another; therefore, changes to duration of xylem expansion and diameter may, for the most
part, necessarily lead to smaller but correspondingly denser cells (30, 43).The seasonal fringes
for the intra-seasonal productivity distributions of this study were methodologically
constrained by when volume growth was evident, though peak shifts were clearly registered
for both Douglas fir and Western redcedar. Greater seasonal peak delays for Douglas fir led to
NPP profiles that peaked approximately 3 weeks later than Western redcedar. The lack of
exact correspondence between volume growth and biomass growth is further expected given
different controls on cell expansion versus cell wall thickening. In general, cambial growth
and xylem expansion are thought to be more sensitive to ambient conditions than many other
plant processes (41). Estimations from Cuny et al. (2015) indicate common peak volume
growth to peak biomass growth lags of approximately one month in forests without severe
summer drought. Similar modern microcore studies have not been performed on this study’s
species, though previous relevant analyses on Douglas fir indicate wall expansion and wall
thickening phase phenological gaps of approximately 3 to 4 weeks (based on timing of stage
initiation and cessation) (33). Though this study’s volume growth and NPP were not
calculated independently, offsets between measure peaks were consistent with the above
studies stage offsets for Douglas fir (~1 month) but not for Western redcedar (~10 days).
Additionally, although calculated NPP profiles displayed later and wider peaks than volume
growth profiles, the calculated periods of 5% to 95% NPP were shorter than those for volume
growth. One large caveat should be noted in relation to NPP calculations expressed here.
Aligned volume and density were used to calculate NPP according to the time of volume
growth---thus, NPP here is truly a pseudo-NPP, indicating determined, but not yet occurring
productivity (i.e. dedication of carbon to tracheids still in the cell expansion stage of

xylogenesis). As such, our calculations do not take into account per-cell phase lags, which can
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vary from days to weeks in length (43). Such an accommodation could make Western
redcedar Volume Growth-NPP lags more in line with literature values and would make
Douglas fir lags longer.

The key, species-dependent shifts found when comparing volume growth to NPP were
the result of species-dependent seasonal density progressions. On average, increasing Western
redcedar densities near the end of the season were not sufficient to prevent estimated NPP
decline due to their coincidence with precipitous declines in volume growth. Density
increases were typically manifested as local NPP increases but did not halt the dominant rate
decline. In comparison, Douglas fir density increases occurred earlier in the season and led to
a more significant offset of the NPP peak. The initial volume peak was still evident as an
earlier minor peak in calculated NPP. In regards to the accuracy of individual tree NPP
profiles that indicated multiple minor NPP peaks---if increases in density are directly related
to decreases in cell diameters and not biomass, such oscillations may simply indicate slight
mismatches between volume change and density profiles. In support of this possibility, the
detailed cellular-level accounting of Cuny et al. (2015) indicated unimodal distributions for
rates of expansion and biomass deposition (31). Overall, however, the existence of a
modifying effect of wood density on calculated NPP indicates that estimations that account
for geometric change alone (with assumed average wood density) will fail to accurately assign
timing of woody NPP; NPP estimations with volume growth alone can only result in NPP that
is commensurate with that volume change.

Previous research has related wood developmental rates to temperature and
photoperiod profiles (31, 48). In this study, we found that Douglas fir peak NPP corresponded
with maximum photoperiod and that peak Western redcedar NPP instead corresponded to the
period preceding soil moisture decline. For this reason, it appears that Western redcedar, the
most mesic site species, was more strongly constrained by moisture availability than other
factors. In contrast to peak NPP, both species’ volume growth rate peaks were shifted earlier
in the season, supporting a greater sensitivity of expansive growth than biomass deposition to
hydration. Western redcedar peak NPP and VVolume growth peaks fell before periods during a
significant portion of available soil moisture had been exhausted and therefore preceded what
would be expected to be physiologically inhibiting soil water potentials (41). Therefore, peak

growth in this species may be related to more to low evaporative demand and adequate
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proportions of fine roots in contact with water-filled soil pores (a tree-scale soil:root
conductance, not water potential, relationship). Alternatively, peak growth estimates may be
overly influenced by early season hydration changes.

We approached the estimation of underlying mid-term (greater than daily and less than
seasonal scale) volume and NPP progressions by fitting theoretically-justifiable general
growth patterns (i.e. Gompertz functions) to integrated stem growth and hydration signals (13,
30). Statistical fit eliminated short term noise along with the tradeoff of accompanying
elimination of any short term growth signal. However, given the lack of observations with
which to differentiate the causes of those underlying fluctuations, meso-scale estimates were a
necessary compromise. The methods used here demonstrated species offsets in seasonal NPP;
Douglas fir, a relatively xeric species, displayed high productivity later into the seasonal
drought period than Western redcedar, a mesic species. Estimated volume profiles delineated
periods of seasonal expansion and allowed for reasonable estimations of when subsequent
mass deposition might occur in comparison to hypothetical ecosystem model predictions.
Particularly, circumference and NPP estimates displayed short primary growing periods (5%
to 95%) of approximately 60 to 80 days within a much longer seasonal warm period (6-7
months). Finally, the study scaled growing season variations by yearly total growth values
that were quite precise and measured in a consistent manner in comparison to traditional
manual methods, which introduce measurer error; for this reason, derived seasonal patterns
could be scaled by such improved biometric data and carbon flux could be more reasonably
estimated.

Several essential assumptions were employed in the process of converting
circumference variations to woody volume growth. The use of a Gompertz function fit for
smoothing and constraining noise-filled estimates with previous research and theory is
particularly appropriate if several conditions are met. First, for the fitting procedure to
justifiably weigh all growing season points equally, those data points need to demonstrate no
time-varying bias in regards to underlying woody volume (no long-term patterns in fit
residuals deviation from actual growth) (13). Here, underestimation of total yearly growth
during the growing season indicates that such a bias could be an issue towards the end of the

visible growing season.
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Another critical study assumption was that distributions of dendrometer-based growth
metrics did not simply represent a range of measurement biases within or between species.
For instance, dendrometer estimates of summer growth cessation were based on maximum
summer circumference. Underlying individually varying relationships between displayed
summer maximum circumference and total woody volume change would mean that the
summary statistics employed in this study were not appropriate. In relation to this possibility,
apparent circumference growth in most trees ceased before a summer shrinkage period, while
growth in a few, rapidly growing Douglas fir and Grand fir individuals continued until
September (see results in both sections). Two alternative explanations for this observation
were that underlying wood growth timing varied between individuals or that rapidly
growing/well hydrated individuals had high growth to hydration signal ratios during the late-
season period of relatively low, consistent growth. The apparent earlier cessation of growth in
Western redcedar than Douglas fir in this study could be explained by a greater shrinkage
prior to growth cessation in Western redcedar; this was indirectly supported by high visible
seasonal fluctuations in Western redcedar circumference.

Unlike increasingly affordable and low-labor automated dendrometer measurements
of stem dimensional changes, the micro-core measurements necessary for fine temporal-scale
density estimation (31, 43, 62) are not able to be obtained automatically. Given the lack of
reasonable ease with which to measure the density component of the necessary mass flux
calculation (NPP), further study is necessary to understand the degree to which intra-species
density profiles vary, the extent to which such variation modifies NPP estimation, and specific
classes of trees (e.g. species, vigor) that may be particularly appropriate or inappropriate for
species level density parameter estimation. In this study, Western redcedar wood density
deviated from measured species normals by approximately 40 kg m3; in Douglas fir, this was
not the case. In other recent work in which detailed morphometric or x-ray-derived density
profiles were measured, seasonal density progressions were effectively conserved within
species and across years (43). At the study site, more focused collection and analysis of wood
profiles as well as a greater number of dendrometer circumference profiles with which to
examine the effects of resulting NPP estimation would be necessary for confirmation that

conserved density progressions are a reasonable assumption.
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Moving forward, several strategies indicated by this pilot methodology would greatly
assist in obtaining reasonably robust and inexpensive intra-seasonal NPP estimation alongside
other continuously monitored carbon fluxes. Sufficient replication within the groups being
examined is necessary for detection of key growth differences under an evolving climate.
Evaluation of which classes of individuals may realistically provide sufficiently dominant
growth signals (i.e. a high signal to noise ratio) at the desired intra-seasonal scale is also
needed (13). From a growth perspective, this may be achieved by selecting trees that are not
exceptionally slow growing. From a hydration-status perspective, this may require identifying
and excluding species whose tissues are particularly elastic in their non-xylem dimensions. To
partially address the issue of hydration-related circumference fluctuations, detailed
preparation of trees with thick and absorptive bark is worthwhile, especially for band
dendrometer installations. To better model the effects of changing hydration in tissues, point
dendrometers can also be employed for auxiliary data; while currently more expensive and
representative of a point, rather than circumference, on the stem, point dendrometers benefit
from ease of extensive targeted bark preparation and a lack of bark-dendrometer friction
affecting variation measurements. Finally, employing dendrometers alongside other flux
measurements (Eddy covariance towers, soil respiration chambers, etc) will assist in

evaluating and constraining growth in the context of other related tree processes.

Conclusion

This study highlights key uncertainties in the use of automated dendrometers for
estimating intra-seasonal net primary productivity in the context of drought and develops a
procedure for extraction of woody growth signals. Proceeding from the necessary
assumptions made for calculations, results suggest relatively short growing seasons, with
spring and early summer month volume growth ended by mid-summer (July to August) for
most individuals. Therefore, with approximate biomass lags taken into account, underlying
biomass/NPP deposition associated with that structural growth would likely be completed by
September, well before the end of the period in which temperature and light conditions are
favorable for plant productivity. Calculated volume, density, and NPP profiles varied between

the two species that maintained reasonable dendrometer representation—\Western redcedar
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and Douglas fir. These profiles indicated a shorter and earlier growing season for the mesic,
late successional Western redcedar in comparison to Douglas fir. The shifts between volume
and NPP profiles highlight the need to scale derived volume change estimates by the several-
fold increases in wood density that occur across the growing season. Such considerations
reflect the reality of cell-scale biomass deposition that does not necessarily scale with
individual cell dimensions. In the context of only one complete “circumference year”
(designated in this study as Spring to Spring), intra-seasonal responses of profiles to
intensifying drought are not able to be thoroughly examined. Future forest species responses
will depend on how growth patterns change in relation to shifting optimal periods,
intensifying stressful periods, and varying degrees of physiological stress. Continued
measurement of study site trees as well as bolstered automated dendrometer representation are
therefore necessary to provide valuable insights into the response of ecosystem net primary

productivity to intensifying drought regimes.
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Fig 3.1. Blue Light Intensity—derived psdeudo-density profiles for individual trees [cores].
Yearly increment proportion (x-axis) progresses from the early-wood (inner core) to the late-

wood (outer core). Red lines= Douglas fir; Blue lines=Western redcedar.
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Figure 3.2. 2015 species circumference growth rate as a proportion of summer maximum.
Blue line=Western redcedar mean rate; Blue shading=Western redcedar standard deviation;
Red line=Douglas fir mean rate; Red shading=Douglas fir standard deviation.
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Fig 3.3. 2015 species NPP as a proportion of summer maximum NPP. Blue line=Western
redcedar mean rate; Blue shading=Western redcedar standard deviation; Red line=Douglas fir
mean rate; Red shading=Douglas fir standard deviation.
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Fig 3.4. 2015 Individual tree seasonal NPP as a proportion of summer maximum NPP. Top
frame (PM) = Douglas fir traces; Bottom frame (TP) = Western redcedar traces. Colors differ
to visually distinguish individuals. Dotted gray lines denote summer peak NPP times.
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Fig 3.5. 2015 NPP by species and individual (absolute). Red lines= Douglas fir; Blue lines=
Western redcedar; Thick lines=Species averages.
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Fig 3.6. Tree NPP ~ Size relationship. Blue points=Western redcedar; Red points=Douglas
fir; Blue dotted line= Western redcedar-only fitted linear model (R-squared = 0.49). Red
dotted line= Douglas fir-only fitted linear model (R-squared =0.83). Note: R-squared value
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for the linear model including both species and DBH as predictors was 0.80, with significant

relationships to NPP (p<.05) for DBH and DBH*Species).
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Fig 3.7. Top: Conceptual illustration of Gompertz model fit (dashed red line) to a
dendrometer AC series (black line). Bottom: Growth rates calculated from the top panel

(legend as in top panel).
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Fig 3.8. Deviations between modeled growth and normalized AC (AC — modeled). Positive

values indicate measurement underperformance in comparison to modeled values. Red
line=Douglas fir average deviations; red shading=Douglas fir deviation sd; blue line=
Western redcedar average deviations; red shading= Western redcedar deviation sd.
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Fig 3.9. Curve fit Correlation coefficients (r) (between Gompertz fit curves and dendrometer
growing season AC series) by dendrometer summer max AC. Blue points=Western redcedar;
Red points=Douglas fir; Black points=Grand fir.
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Appendix A

Pacific Northwest - Mean Temperature
February-September 2015 Percentile
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Figure A.1. February-September 2015 NW U.S. temperature comparison to historical period.
Created with WestWide Drought Tracker web tool (WWDT;
http://www.wrcc.dri.edu/wwdt/index.php); interpolated data from PRISM Climate Mapping
Program.
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Figure A.2. 2015 Monthy site temperatures commpared to 1981-2010 values. (Created with
WWDT)
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Figure A.3. 2016 Monthy site temperatures commpared to 1981-2010 values (Created with
WWDT).
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Figure A.4. 2015 Monthy site precipitation commpared to 1981-2010 values (Created with
WWDT).
Precipitation, 10-Months Ending in October,2016
. 46.80°N, 116.81°W
: : : 5_g5th
§ 10—90t
] T R L S z 25_75”'
E \edian
P B . . U SO SEUUTOE SR . .-'l. m  \onthly
: ,-I Values
L x ........................ h—
i ! Data Source: WRCC/UI
Created: 11-12-2016

‘\03(‘.10\2 ‘\,‘t‘ﬁlmb ‘p«d‘i@; -,..-a\\‘w“bi \y\a‘L"D\al ‘)“a'?'wbi ‘,\%-L@ﬁi . ‘ﬁ,g‘_"d‘b r ‘_@; Luv%“luﬁu
@ e & o
Figure A.5. 2015 Monthy site precipitation commpared to 1981-2010 values (Created with
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Self Calibrated Palmer Drought Severity Index, 48-Months Ending in October,2016
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Figure A.6. 48 month sc-PSCI Ending in October 2016 compared to 1981-2010 values.
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