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Abstract

Despite a critical need to evaluate effectiveness of forest treatments in improving stand health,
practitioners lack quantitative, repeatable metrics to assess tree vigor and stand health. We
evaluated canopy and whole tree attributes of ponderosa pine (Pinus ponderosa Dougl. Ex
Laws) related to carbon balance, water balance, and susceptibility to insects and pathogens in
dry, pine-dominated forest stands during a multi-year drought, an environmental challenge to
stand resilience. Metrics of trees in two unmanaged, and seven treated forested stands, in both
uplands and lowlands to develop the quantitative approach. Whole tree and crown attributes
including needle length and color, branchlet length and diameter, needle retention (needle ages
and retention within ages), and frequency of insects, fungi, and abiotic needle damage were
statistically selected to assess tree vigor. Cluster analysis of vigor attributes revealed that trees
responded or persisted independently within a forest treatment; forest treatments did not
necessarily yield similar tree responses within a stand. A rapid, qualitative assessment was
developed to rank trees as low, average, and above-average vigor. To demonstrate an

application of our approach, trees were ranked annually over six years in most stands, as well
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as in a stand where the prescription was adjusted due to the evaluation. The proportion of trees
in the three tree vigor ranks differed, suggesting differing levels of stand health. Quantitative
metrics and qualitative ranking of tree vigor could assist in selecting trees to be retained to meet
specific management objectives, to evaluate treatment implementation, and to monitor post-

treatment changes in stand health.

Keywords: tree vigor, stand health, stand resilience, ponderosa pine, forest treatments, forest

restoration, dry pine forest, stand management, monitoring, stand assessment
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Introduction

Forest managers have a charge to restore and maintain resilient ecosystems with the
capacity for adaptive change (Holling 1973; North et al. 2009). The intent of restoration is to
improve ecosystem function and thus resilience by managing ecosystem processes and
improving biodiversity (Converse et al. 2006; Finkral and Evans 2008; Boerner et al. 2009, Saab
and Powell 2005; Bond et al. 2012). Whether treating a stand to increase resilience to fire or
environmental change, restore critical forest ecosystem function, or to provide a range of
ecosystem services, the choice of retained trees is perhaps the most important decision to be
made for long-term forest health. Retained trees are selected to meet a variety of objectives,
including species composition, ecosystem service provisioning (Seidl et al. 2016; North and
Sherlock 2012), and resiliency to disturbance (Falk 2017). Given the large investment of time,
effort, and expenditures in forest restoration initiatives, it is critical that standards for assessing
the effectiveness of forest management activities are available (Hobbs 2003; Hood et al. 2018).
Providing objective criteria to assess tree vigor and stand health allows managers to apply
adaptive management strategies, and to make mid-course corrections or large-scale changes in
management direction (Lake 2001; Hobbs 2003; Stephens et al. 2012; Wortley et al. 2013;
Hood et al. 2018).

In practice, forest treatment evaluations are generally qualitative, may be conducted many
years after treatment, and are generally focused on resilience to large or returning fire (Kalies
and Kent 2016; Vaillant and Reinhardt 2017); increased time for understory recovery (Peppin et
al. 2010); and resilience to insects and disease (Kalies and Kent 2016). The impact of forest
treatments may be evaluated from the point of view of timber production, where tree vigor is
defined by basal area increase, but their effect on stand health, per se, is not assessed. Despite
a critical need to assess the outcomes of forest restoration, standards for evaluation and
verification of restoration efficacy and effects are lacking. The intent of this study was to identify

metrics of tree vigor that could be used to quantitatively evaluate short- to long-term
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management effects on stand health. We focused on one of the most common forest stand
types in western United States, dry pine forests, dominated by ponderosa pine (Pinus
ponderosa Dougl. Ex Laws).

Still operationally used today, Keen’s tree vigor classification (1943) for ponderosa pine was
developed and applied to rapidly identify low vigor trees ‘at risk’ of succumbing to western pine
beetle (Keen and Salman 1942). Tree vigor was defined by live crown ratio, tree age and size
relationships, and the degree of canopy degradation. However, Keen’s classification may be
less applicable for evaluating tree vigor in dense, overgrown stands common today, as
fundamental height to diameter ratios and canopy structure are strongly influenced by stand
density (Chen and Brockway 2017). Such structurally compromised trees may still exhibit traits
of vigor such as bright green, full foliage in the upper crown, and low insect and disease
frequency.

One of the most well-known approaches for evaluating stand health is described by the
FIAI' program, which was developed to estimate and project standing biomass (timber) through
time. A small proportion of stands are also more intensely evaluated (Level Ill), for the purpose
of monitoring tree crown condition and vegetation change. Crown condition includes estimates
of crown density, transparency, and dieback; live crown ratio; and crown production efficiency, a
calculated index of potential tree productivity. This approach is more detailed, but similar to
Keen's (1943) in the sense that crown structure and degradation are key attributes assessed.
Another well-developed approach to evaluate tree health is the International Cooperative
Programme on Assessment and Monitoring of Air Pollution Effects on Forests (ICP-Forests;
Eichhorn et al. 2016), which focused on evaluating the impact of oxidative stress (ozone, Os) on
tree and forest health. Whereas the sample plot design and tree attributes measured are similar
to that of FIA Level lll, the focus on damaging agents (insects, fungi, mechanical, ungulate, fire,
Os, etc.) and their effect on different tissues of trees has been implemented. Our approach was
influenced by the above approaches, but relies more heavily on physiologically-based attributes
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of tree vigor: those related to tree carbon balance, water balance (Twery and Weiskittel 2013),
and evidence of current frequency of insects and disease, and abiotic damage.

The purpose of our study was to statistically identify metrics of individual tree vigor, using
trees from uplands and lowlands, unmanaged and in common forest treatments with varying
densities in dry pine forests. We demonstrate the approach with two applications: 1) evaluating
stand health of two paired lowland stands: unmanaged and harvested, with assessments during
drought and post-drought; and 2) evaluating stand health as marked, adjusted to meet
management objectives, implemented, and post-harvest response in year one and two. The
approach described here permits: 1) identifying low vigor trees to be removed based on
quantitative tree health metrics; 2) evaluating marked retained tree vigor prior to removal; and 3)
quantitatively assessing short-, medium-, and long-term post-treatment stand health based on
the proportion of low, average, and above-average vigor trees in the stand. We assessed tree
vigor during drought, as a tree that can maintain high vigor under such a stress, and a stand

that retains a high proportion of trees with high vigor, demonstrates resilience to that stressor.

Study Description
Study area

Tree vigor metrics were measured for ponderosa pine in a dry ponderosa pine forest in
south central Oregon, U.S.A (Ponderosa Pine Series; Simpson 2007). The study area is located
in the upper Sycan River Watershed (HUC 6), in the Modoc Plateau and the East Cascades
Ecoregions, in the headwaters of the Klamath Basin, on the divide between the Great Basin and
the Klamath Basin. The area is bounded by the coordinates: NW corner: 42°52°44.96” N,
121°11°04.55” W; NE corner: 42°52'42.41” N, 121°06°'36.44” W; SE corner: 42°52'33.62" N,
121°09'35.19” W; SW corner: 42°52'38.52” N, 121°14°04.46” W (Fig. 1). Annual precipitation
averages 48 cm (hydrologic year: Oct 1 — Sept 30, 1998 - 2019), with 90% of the total falling

between October and May. Known drought years include 2001, 2002, 2014, and 2015 (65%,
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80%, 77%, and 83% of the 22 year average). Mean annual air temperature is 5.6°C. Soil type in
the forested lowlands adjacent to Sycan Marsh are andesitic-derived clayey loam. The most
common soil type is Andyfan (60-64A), followed by Andyfan - Shakecreek series (66A-67A)
(Bienz et al., 2019).

>Fig. 1 Location of study area and stand locations in south central Oregon.

Historically, the forested areas in the study area consisted of a ponderosa pine-dominated
forest that averaged 68 trees per ha (TPH), with 24% of the trees in clumps with more than 15
trees, and 20% as isolated trees. Within-clump tree spacing averaged 6 m (bole center to
center), and the single-storied stands had small openings between clumps. The average mature
tree diameter was ca. 68 cm diameter at breast height (1.37 m; DBH). The natural fire interval
averaged 58 + 2 years, with a median of 11 years over the past 400 years based on fire scars
(Bienz 2019).

Similar to many western U.S., pine-dominated forested landscapes, there is a mosaic of
unmanaged and treated stands in the study area (Bienz 2019), all uneven age, with evidence of
multiple entries (mid 1980’s and 1990’si?) for removal of mature, black bark ponderosa pine.
Currently, the stands are dominated by uneven-aged ponderosa pine, and secondarily by
lodgepole pine (Pinus contorta Dougl. Ex. Loud). Aspen (Populus tremuloides Michx.), juniper
(Juniperus occidentalis Hook.), and Jeffrey pine (Pinus jeffreyi Grev. & Balf.) occasionally occur.
In the lowland unmanaged stand, lodgepole pine is co-dominant.

Tree vigor metrics were investigated in two unmanaged stands (uplands, U NM; lowlands, L
NM); two upland (U HP1, U HP2, patchy harvests in March of 2016); and four lowland forest
treatments: patchy harvest in November of 2016 (L HP); even harvest in 2005 (L HE); even
harvest (2005) and two prescribed fires (2006, 2013; L HE 2Rx); one prescribed fire (2008; L
Rx); and two prescribed fires (2006, 2013; L 2Rx) (Table 1).

Treatments included: relatively even-spacing harvest of co-dominant trees for stand density

reduction with piled and scattered litter (HE); patchy harvests with a range of spatial and tree-
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age patterns are retained (HP, Churchill et al. 2013 and North et al. 2009); ‘light’ prescribed
burns (single or repeated ground fires, Rx) with occasional consumption of single or patches of
trees; combined harvest and prescribed burn (single or repeated); and prescribed burn alone.
Recent harvests (L HP, U HP1, U HP2) had both patchy overstory thinning, as well as thinning
from below (sapling and pole-sized tree removal). The elevation of lowland stands is 1500 m,
and trees in these stands are acclimated to a high, persistent water table. Recent multi-year
droughts have affected depth to water table. Trees in the upland stands rely on underground
springs or water trapped in interstices of weathered bedrock in late summer, and were roughly
50 m higher in elevation than lowland stands.
>Table 1 Metrics of dry pine stands in south central Oregon.
Stand density and tree-tree competition

In each unmanaged and treated stands, tree density (TPH) and basal area (BA, m? ha')
were determined in three 30 m diameter circle plots, recording species and bole diameter at
DBH for trees > 10 cm at DBH. The location of each plot was determined by selecting areas of
representative density in each stand using aerial imagery. Tree to tree competition was
quantified using competitive zone density (DBH in cm? / distance in m; CZD) defined in Shaw
(2017). Four metrics were tested for both conspecific and interspecific trees: distance to the
nearest single tree, average distance to the nearest tree in each of four quadrats to 20 m, CZD
of the nearest tree, and average CZD of the four nearest trees > 10 cm DBH. A quadrat with no
neighbor within 20 m was averaged in as 0.
Level of drought stress experienced

Establishing the level of drought experienced was critical for assessing resiliency of forest
treatments. Hydrologic drought is best described as site water deficit, but insufficient on-site
data for its calculation or modeling was available. Regionally, several longer-term records
(Klamath Falls, Chiloquin, and Lakeview, OR) exist, but none of the precipitation patterns were

in sync with that of the Sycan River Watershed. Over the course of this study (2014-2018),
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precipitation was 77%, 83%, 104%, 93%, 112%, 122%, respectively, of the 22-year site average
(C Bienz, unpublished data). The three years prior to this study (2011 — 2013) were considered
‘pre-drought’ (118%, 100%, 98%, respectively). Three indicators of tree physiological drought
were used: total needle water potential (Wr) and turgor potential (Wp); average NDVI and within-
growing season change in NDVI; and average BAI (basal area increment, cm? yr').

Needle total water potential and cell turgor was measured in a subset of trees (5-6 of the 30
intensively studied trees) in each stand in midday in mid-August to early September in 2014,
2015, and 2016. Total needle water potential was measured using a pressure chamber (PMS,
Corvallis, OR), and cell turgor was determined after flash freezing needle tissue in liquid

nitrogen using the psychrometric method (Wescor 33TEl; Pallardy et al. 1991).
Pt =Y orm) + Y o) (@)
where 7 is total water potential, W o.m) is 0smotic plus matric potential (solutes and chemically

bound water), and U ) is cell turgor of needles.

Carbon allocation to bole diameter growth and tree ring growth is responsive to drought
(Stokes and Smiley 1996). Cores were taken + 10 cm of DBH (to avoid irregular bark or bole
imperfections) to tree center, mounted, sanded to 400 grit, measured (+ 0.001 mm; Velmex Inc.,
2009; using program J2x, Voor Tech Consulting, 2008), and checked for missing rings
(Yamaguchi 1991) based on cross-correlation with annual ring width patterns from Dr. Andrew
Mershel's (Oregon State University) chronology (Holmes 1983; Swetnam et al. 1995). Cross
dating accuracy was evaluated statistically using the software program COFECHA, Version
6.06P (Holmes 1983; Grissimo-Mayer 2001). Potential dating errors were identified by
COFECHA were visually checked, re-dated, re-measured, or re-collected as necessary. For
cores that did not intersect the pith, we estimated the number of rings to pith geometrically

(Applequist 1958).
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Basal area increment (BAI), bole growth on a per year basis, was calculated from radial
growth expressed on bole area in year (t+1) — bole area in year (1):

BAI = mr2y,1) — mr2y (1)
where r is bole radius at time t.

Normalized difference vegetation index (NDVI) as detected by MODIS satellite imageryl“
was used as a proxy of stand productivity, and an integration of carbon- and water-based
attributes of tree vigor investigated here. NDVI of one MODIS pixel in each stand was used in
this analysis (0.0625 km?); the unmanaged stands and treatments were this size or larger.
Average NDVI of the 3-yr pre-drought (2011-2013) and 3-yr drought (2014-2016, as determined
by low needle water potential and low turgor, see Results), as well as the % change in NDVI
from early to late summer (sampled June 25 and August 28) in pre-drought vs. droughted- years
suggested and quantified late season drought.

Metrics for crown and whole tree vigor

Mature black bark trees were selected along a 20 m wide transect, with length determined
by accumulating 30 trees in each of the unmanaged and treated stands. If the forest stand was
expected to be treated (harvested) in the next 5 years (U HP1, U HP2, L HP), the length of the
transect was increased to select 60 trees for intensive measures. The initial choice of whole tree
and crown health attributes in this study was selected from previous studies of ponderosa and
Jeffrey pine (Grulke and Lee 1997; Grulke 2003; Grulke et al. 2003; Staszak et al. 2007; Miller
et al., 1996).

The whole tree and crown morphological attributes selected, measured, and tested were
related to carbon-based acquisition (eg, those related to the capacity of a tree to gain and/or
retain biomass or carbon); tree water balance (those related to the level of physiological tree
drought stress); insect and disease frequency, and abiotic needle damage. Some carbon
balance-related attributes were confounded with water balance attributes. An example is leaf

chlorosis, which is a proxy for needle chlorophyll content (Grulke and Lee 1997) and thus
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Table 1

Metrics of dry pine stands in south central Oregon.

';”;a' PIPO, TPH  ALLspp, TPH  PIPO, BA/HA ABL: /S:l’:' 4CZDPP H Rx
UNM  352+40  559+361 (all PIPO) 61.4 + 80.4 (all PIPO) 9.0+4.2
UHPL  34.6+35  307+50 (all PIPO) 34.8 +15.0 (all PIPO) 7.7+48  3/16
UHP2  37.5+54  198+37 (all PIPO) 14.7 +4.8 (all PIPO) 63+35  3/16
LNM  358+23  605+237  722+289 27.6+12.8 30.0 +13.8 8.3+3.9
LHP 412+28  160+36 (all PIPO) 18.6 +4.9 (all PIPO) 70427  11/16
LHE 37.5+0.8  137+57 (all PIPO) 8.8+3.8 (all PIPO) 40+0.7 2005
LHERx 385+18  146+16 (all PIPO) 17.3+5.7 (all PIPO) 50+14 2005 2006, 2013
L Rx 36.9+3.9  434+22 566 + 14 12.7+3.7 16.0+1.2 8.8+5.6 2008
L2Rx  414+19  160+36 (all PIPO) 28+8 (all PIPO) 6.8+2.7 2006, 2013

Table 1. Metrics for intensively studied stands in south central Oregon, measured in summer of 2016. Means (+ 1
S.D.) of trees per hectare (TPH) and basal area (BA, cm?/ha) for ponderosa pine (PIPO) and all tree species (SPP),
and average competitive zone density of four neighboring PIPO trees (4CZDPP, cm?mt) in each unmanaged (uplands,
U NM; lowlands, L NM) and managed stands: even or patchy harvests (L HE; L HP; U HP1; U HP2), even harvest and
prescribed burn (L HE 2xRx), and lowlands prescribed burn (one or two prescribed burns, L Rx and L 2xRx). Months
and years are given for recent treatments relevant to data presented here.

Table 2

Midday, late summer total needle water potential (W1 ) and needle cell turgor (Ws)

2014 2015 2016
SN Wy Wy SN Wy Wy SN Wy

UNM -2.44(0.03) 0.34(0.03) -2.09(0.05) 0.65(0.07) -2.13(0.10) 0.43 (0.10)
U HP1 -2.32(0.03) 0.17 (0.07) nd nd -2.26 (0.06)  0.30 (0.10)
U HP2 nd nd nd nd -2.11(0.06)  0.28 (0.08)
LNM -2.21(0.04) 0.18(0.11) -1.95(0.04) 0.56(0.09) -2.25(0.07) 0.15(0.07)
L HE -2.35(0.09) 0.52(0.13) -2.00(0.02) 0.64(0.06) -2.16(0.08) 0.41(0.07)
LHP -2.21(0.04) 0.18(0.11) -1.98(0.03) 0.65(0.04) -2.14(0.08) 0.49 (0.08)
LHE2Rx -2.33(0.05) 0.38(0.13) -1.89(0.04) 0.60(0.06) -2.30(0.09) 0.40 (0.14)
L Rx nd nd nd nd -2.13(0.06)  0.20 (0.08)
L 2Rx -1.85(0.06) 0.30(nd) -1.86(0.06) 0.48(0.08) -2.12(0.07) 0.50 (0.10)
ALL
SITES -2.31(0.10) 0.28(0.15) -2.01(0.06) 0.63 (0.04) -2.18(0.06) 0.34(0.12)




Table 2. Midday, late summer noon total needle water potential (W1 ) and needle cell
turgor (Wp) in MPa for unmanaged stands and forest treatments. Site name acronyms as in
Table 1. Values given are means (+ 1 S.E.). There were no significant differences in midday
needle water or turgor potential among sites in 2016.

Table 3

Pre-drought and droughted BAI

BARKLESS  PRE-DRT DRT % A
AGE  DBH,cm BAl,cm®> BAl,cm®  TODRT  COUNT
UNM 87+2 27.6+1.0 11.9+09 11.7+0.8 -3.7+43c 46

U HP1 80+4 254+16 9.0+0.8 9.0+09 -0.2+6.0d 19
U HP2 101+4 396+2.7 266+3.7 257+37 -43+26¢C 33

LNM 91+3 289+13 115+11 11.7+12 0.1+2.9d 29
LHP 100+2 33.2+15 13.6+1.8 150+24 9.1+238b 23
L HE 83+3 31.2+11 279+13 256+1.0 -57+3.1c 30
LHE2Rx 83+4 324+16 261+24 240+24 -73+4.0c 26
L Rx 82+4 241+14 113+13 146+16 41.5+8.9a 32
L 2Rx 81+3 62.2+40 503+6.8 481+6.6 -49+3.5¢ 28

Table 3. Basal Area Increment (BAI, in cm? y!) averaged (+ 1 S.D.) for 2011-2013 (pre-
drought) and 2014-2016 (droughted), and the percent (%) change in BAI from pre-drought
to droughted period calculated for each tree, then averaged over the trees in each stand.
Different letters indicate significant differences in percent change in response to drought.

Table 4

Correlation coefficients among whole tree and crown attributes

WHL  BRDIA2 BRLN1 %FOLLN1 %MxNL1 CHL2 CHLA LF BI
WHL 1
BRDIA2 1
BRLN1 0.484 1
%FOLLN1 1
%MxNL1 0.274 1
CHL2 0.227 -0.275 1
CHL4 -0.345 0.211 -0.196 0.567 1
LF BI 0.231 -0.368 -0.196 1
LFAD -0.222

4CZDPP -0.188 -0.267 0.264




Table 4. Correlation coefficients for attributes with r?>>.1 among whole tree and crown
attributes, where WHL is the number of years of retained needles; BRDIA2 is prior year
branchlet diameter; BRLN1 is the length of current year branchlet growth; % FOLLN1 is the
percent of the length of retained needles on the current year branchlet; %MxNL is current year
needle elongation growth relative to the longest needles produced on the branchlet, in percent;
CHL2, CHL4 is the percent chlorosis of 2 and 4 year old needles; LF Bl is the average frequency of
foliar insect per tree; LF A DF is the average frequency of needle damage due to drought; and
4CZDPP is the average competitive zone density of the four nearest neighboring conspecific
trees in 4 quadrats to 20 m.

Table 5

Hierarchical Cluster Analysis of trees using whole tree and crown attributes

u/L WHL  BRDIA2  BRLN1  %MxNL1 CHL4  LFBI LFAD  DMR
1 1.1(0.0) 65(0.1) 6.6(0.1) 19.5(0.5) 86(1) 14(1) 2.2(0.1) 1.0(0.1) 0.0(0.0)
2 1.1(0.1) 6.0(0.1) 5.0(0.2) 11.5(0.5) 81(2) 15(2) 2.1(0.1) 0.8(0.1) 0.0(0.0)
3 1.3(0.1) 5.1(0.2) 5.9(0.3) 19.0(1.5) 89(2) 54(3) 2.3(0.1) 0.8(0.1) 0.2(0.2)
4 16(0.1) 6.6(0.1) 5.7(0.1) 12.0(05) 97(1) 7(1) 2.8(0.0) 08(0.1) 0.0(0.0)
5 1.6(0.1) 6.9(0.2) 6.3(0.2) 15.0(1.5) 85(3) 8(1) 3.3(0.2) 0.8(0.1) 0.7(0.3)
6 2.0(0.0) 63(0.2) 6.5(0.2) 16.5(1.0) 93(1) 8(1) 2.7(0.1) 0.5(0.1) 3.1(0.2)
1 UNM UHPL UHP2 LNM LHP L HE LHE2Rx L2xRx L 1Rx
2 U HP1 LNM LHP LHE LHE2Rx L2xRx L 1Rx
3 UNM UHP2 LNM L HE L 1Rx
4 UNM  UHP1  UHP2 LHP L HE 2Rx L 1Rx
5 U HP1 UNM L2xRx L 1Rx
6 UNM  UHP1

Table 5. Hierarchical Cluster Analysis of trees in all unmanaged and forest treatments.
Upper portion gives means (+ 1 S.E.) of whole tree and crown attributes in each cluster

(acronyms as in Table 4). Stand membership in each cluster is given below (acronyms as in

Table 1).



Table 6

Translation from quantitative whole tree and crown attributes to qualitative ranking

RANK WHL BRDIA2 BRLN1 %MxNL1 CHLA LF BI LFAD DMR
AA 6.7(0.1)a 59(01)b  15(1) 90 (1) 8(1)a 2.6(0.1)a 0.8(0.0) 0.3(0.1)a
AVE 6.3(0.1)b 6.3(0.1)a 16 (1) 90 (1) 14(1)b  24(01)b 08(0.1) 0.6(0.1)b
LOW 6.0(02)b 5.8(02)b  15(1) 89 (1) 19(3)c  25(0.1)a 1.0(0.1) 0.8(0.2)b
LOW VIGOR AVERAGE VIGOR ABOVE-AVERAGE VIGOR
CHLOROTIC NEEDLES INTERMEDIATE BRIGHT GREEN NEEDLES
LOW NEEDLE MASS INTERMEDIATE HIGH NEEDLE MASS

THINNER BRANCHLETS

EARLY NEEDLE SENESCENCE

GREATER BRANCHLET LENGTH

INTERMEDIATE LEAF

DEFOLIATORS

LITTLE BRANCH WOOD VISIBLE

LOW DMR

Table 6. Mean (+ 1 S.E.) quantitative values for whole tree and crown attributes (top) related to
the qualitative ranking of tree vigor (bottom). Significant differences are indicated with different

letters within an attribute. Differing letters within a column indicate significant differences
among vigor ranks. Acronyms for attributes as in Table 4. Examples of trees of above average
(AA), average (AVE), and low (LOW) vigor are given in Fig. 5.



