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ABSTRACT
SPECTRAL EFFECTS OF A CALCIUM AMENDMENT ON RED SPRUCE
FOLIAGE MEASURED AT LABORATORY AND STAND SCALE
by
Will Robinson Kessler

University of New Hampshire, December 2008

Three sets of measurements were made to determine the effects of an October
1999 whole-watershed Ca-application on the chemical and spectral properties of red
spruce (Picea rubens Sarg.) foliage at the Hubbard Brook Experimental Forest. Results
of our measurements showed significant differences between the Ca-treated watershed
(WS1) and a nearby reference watershed (WS6). Foliar chemistry data collected in 2007
showed that concentrations of Ca, Sr, and oxalate remain higher in WS1, and the increase
in oxalate is strongly linked to the level of total Ca, possibly by a Ca-oxalate crystal
precipitation response. High-resolution laboratory spectral data measured from 400-2500
nm show a pan-spectral increase in reflectance in WS1 spruce. Satellite data from the
Landsat TM and ETM+ instruments did not parallel laboratory spectral results, but
showed a distinct increase in near-infrared reflectance between 1999-2007. See

individual chapter abstracts for more complete summaries.

ix



INTRODUCTION

This work is presented as a series of three manuscripts investigating the
physiological processes and optical characteristics of calcium (Ca) in red spruce foliage
~ and forests. The objective of this study was to link direct measurements of foliar
chemistry and laboratory reflectance spectra to satellite remote sensing data from a Ca-
amended watershed in the Hubbard Brook Experimental Forest. Our hypotheses are (a)
Ca-driven differences in red spruce foliar chemistry are persistent eight years following
the Ca amendment of 1999, (b) Ca-treatment has significantly affected the laboratory
spectral signature of fresh red spruce foliage in-both fractioned and heterogeneous needle
samples and (c) hyper-spectrally measured differences in red spruce foliar reflectance
will be observed in the multispectral Landsat data collected from these two watershed
areas. The three chapters of this study will address each of these hypotheses and specific

sub-hypotheses in turn.



CHAPTER I

Foliar oxalic acid increases in response to calcium-wollastonite application in a red
spruce stand.

Abstract. Foliar elemental and organic oxalate ion (C,04>) concentrations were
measured in needles from red spruce (Picea rubens Sarg.) eight years following the large-
scale application of wollastonite ((;,aSiO3) to a watershed at the Hubbard Brook
Experimental Forest (HBEF) in the White Mountain region of New Hampshire. Total
foliar Ca, Sr, and oxalate were significantly (P < 0.05) higher in Ca-treated needles from
2005, 2007, and in composite samples of mixed needle-age classes. The Ca application
has also resulted in marginally significant trends of increased Mg (P = 0.068) and
decreased Al (P =0.073). There was strong (R’ = 0.813) positive correlation between
total foliar Ca and oxalate contents in all needle classes, and the linear relationship
between Ca and oxalate may indicate the precipitation of CaC,0, (calcium oxalate) is a
sequestration-detoxification response to the amendment. Scanning electron microscopy
and energy dispersive X-ray spectroscopy confirmed the presence of CaC,0, crystal-sand

deposits along the cell walls of mesophyll cavities.

Introduction

Calcium (Ca) plays a role in several important plant processes, including: signal
transduction, synthesis of proteins and defense compounds, stomatal regulation,
formation and adhesion of cell walls by pectate construction, and uptake of other

nutrients by fine roots (Kauss, 1987; Delhaize and Ryan, 1995; McLaughlin and



Wimmer, 1999). The northeastern United States has historically been a region of high |
acidic deposition (SOx and NOy) and much evidence points to Ca depletion in acidic soils
as the dominant, ensuing stress affecting the forest systems here (Shortle and Smith,
1988; Federer et al., 1989; Likens et al., 1996; DeHayes et al., 1999; Driscoll et al.,
2001).

Several studies have measured the Ca status of coniferous forests, and red spruce
(Picea rubens Sarg.) in particular, across New England to assess the potential for
recovery from acid rain (McNulty et al., 1991; Lawrence et al., 1997; Bullen and Bailey,
2005). The minimum level for red spruce (i.e. 0.8-1.2 mg Ca g dry weight foliage)
presented by Swan (1971) is useful as a coarse indicator of the Ca requirement to avert
visible foliar deficiency symptoms. However, particular mechanisms of Ca regulation are
poorly understood at both small and large spatial scales, and experimental approaches
have been useful in exploring the nature of foliar Ca pools in response to different factors
at different levels.

On small scales, a number of studies have documented the direct sensitivity of
foliage in species such aé balsam fir (4bies balsamea 1..), red spruce, and Norway spruce
(Picea abies L.) to fluctuations in micro-environment in connection with Ca. Crystal
deposits of calcium oxalate (CaOx) have been observed forming in response to
experimental acid precipitation treatments in Norway and red spruce (Fink, 1991b;
Turunen et al., 1995), and suggest a net immobilization of Ca in response to acidic
leaching in needles. Moss et al. (1998) have also noted the formation of CaOx crystals in
foliar tissues of red spruce growing at a high-damage stand in the White Mountains.

These crystals were accompanied by signs of acute tissue damage to needle mesophyll



cells, and were probably an indication of needle exposure to ozone and acid-cloud
chemistry. Similar work by DeHayes et al. (1997; 1999) argues that changes in the
crystal-bound Ca oxalate pool is less important than is the likely source of the
precipitable Ca®". After misting red spruce seedlings with pH 3.0 precipitation, Borer et
al. (2005) measured changes in a more labile, membrane-associated pool (mCa), and
suggest this triggered the subsequent observation of decreased stomatal apertﬁre, stomatal
response time, and net photosynthesis. Another study of red spruce foliage (Borer et al.,
2004) focused on the control of free aluminum (Al) ions, which are harmful to membrane
exchange processes and directly cytotoxic. This work documented positive correlations
between acetic-acid-extractable (readily available) foliar Ca and a number of variables
including: sequestration of foliar Al, total foliar Ca:Al ratios, resistance to winter freezing
injury, and tolerance of low temperature. However, it was also found that the rate of Al
sequestration was positively correlated with the rate of Ca sequestration.

In long-term research at the Hubbard Brook Experimental Forest, Likens et al.
(1998) estirhated that from 1940-1995, the exchangeable soil Ca pool diminished by
roughly 70 percent. Recent work has cited such loss of Ca as an important though
nebulous threat to the northeastern forests, potentially predisposing trees to other stresses
such as tropospheric ozone, low temperature, mechanical stress, nutrient deficiency,
aluminum toxicity, and pathogen attacks (Schaberg et al., 2001; McLaughlin and
Wimmer, 1999; Horsley et al., 2002). In a recent survey of northeastern forest soil Ca
levels from 1976-1997, Yanai et al. (1999) found no trends in forest floor Ca, suggesting
that base cation losses have abated or cannot be detected.

Bailey et al. (2003) reported that historical decreases from the 1950s to the 2000s



in soil exchangeable Ca are unlikely as high as stream export data might suggest. They
hypothesize that there is an unmeasured pool of Ca, such as Ca-oxalate crystals bound in
organic matter, and point to the forest floor as a potential source of larger amounts of Ca
than préviously thought possible. In a separate hypothesis addressing the apparently
missing Ca pool in these systems, Blum et al. (2002) have suggested that mycorrhizae
enable tree root systems to selectively derive Ca directly from mineral deposits.
However, Bullen and Bailey (2005) have used isotopic ratios in a mature spruce forest to
identify the forest floor as the primary source of Ca found in trees, lending support to the
oxalate source proposed by Bailey et al. (2003).

As part of an ongoing study of Ca nutrition in northeastern forest systems, we
have compared the concentrations of eight major elements of red spruce foliage (Al, Ca,
Fe, K, Mg, Mn, P, Sr), and of the oxalate anion (C,04*) in Ca-amended and reference

~stands. The present paper is the first in a series of three studies investigating the use of
foliar spectral information to detect Ca gradients in red spruce forests. The objective of
this study is to quantify residual differences in foliar chemistry following the 1999
application of mineral Ca, with particular emphasis on the relationship between the total
and sequestered Ca pools. We hypothesize increased concentrations of total foliar Ca, Sr,
and oxalate will still be measurable in the foliage of Ca-treated trees, and that foliar Al

will have decreased as a result of raised soil pH.

Methods
Study site and experimental background

This work was carried out at the Hubbard Brook Experimental Forest (HBEF), located in



West Thornton, NH (43 ° 56’ N, 71 © 45° W, Figure 1). This valley consists of many
small watersheds feeding the Hubbard Brook, and is characterized as a Northern
Hardwood Forest Type common to the White Mountain region (Kricher and Morrison,
1988). At elevations below ~700 m American beech (Fagus grandifolia Ehrh.), yellow
birch (Betula alleghaniensis Michx.) and sugar maple (Acer saccharum Marsh.)
dominate, with a transition to red spruce (Picea rubens Sarg.), balsam fir (4bies
balsamea L.), and paper birch (Betula papyrifera Marsh.) at higher elevations. The
HBEF is part of the Long-Term Ecological Research (LTER) network and has been
extensively characterized in its climate, hydrology, geology, soils, and biota beginning in
1955 (Likens and Bormann, 1995). Generally, the local parent material is granitic
(schists, quartzites), with nutrient-poor Spodosol soils forming from a glacial till
substrate (Barton et al., 1997). The forest receives approximately 140 cm of precipitation
annually, with a deep winter snowpack contributing about 30 cm of this (Juice et al., -
2006). This combination of low-Ca bedrock sources and moist climate results in poorly
‘buffered soils (pH commonly < 4.5) with low available soil nutrient content below thick
organic horizons (Fisk et al., 2006). A detailed description of the HBEF is available
(Likens and Bormann, 1995), and is supported by extensive online resources (Hubbard
Brook Ecosystem Study, 2008a).

Six watersheds in the northeast of the Hubbard Brook valley have been the focus
of whole-watershed manipulations designed to investigate ecosystem processes such as
mineral weathering, hydrologic export, nutrient cycling and storage, and response to
timber harvest techniques (Johnson, 1995; Likens et al., 1996; 1998). A single watershed

(WS6) has remained un-manipulated throughout the HBEF study, functioning as a



biogeochemical reference watershed. In October of 1999, an entire 11.8-ha watershed
(WS1) was fertilized by helicopter with wollastonite (CaSiOs) at the rate of 0.12 kg Ca
m (Peters et al., 2004). This treatment was chosen as an approximately 100 % re-
fertilization of the forest floor Ca pool following the heavy leaching of basic cations

during periods of high acidic deposition in the mid- and late-1900s (Hawley et al., 2000).

Plot selection and characterization

Plots were chosen in each of two watersheds: the Ca-treated WS1, and an un-manipulated
watershed used for destructive sampling immediately to the west of the reference WS6.
Peltic schists, meta-sandstone, and local grit underlie the coniferous zones of both
watersheds, which are separated by roughly 1 km (Barton et al., 1997). Cluster plots of 3
trees were established, 6 clusters in each watershed, for a total sample size of 36 trees.
All trees were selected from within "spruce-fir" stands, i.e. those containing > 50 % red
spruce and balsam fir as a fraction of total canopy. Selection was random, but immature,
severely damaged (> 25 % crown damage or severe bole damage) and suppressed
individuals were excluded from selections. We measured biometric data including total
tree height and live crown fraction (Suunto” clinometer; Vantaa, Finland), diameter at
breast height (DBH), needle retention (single count, or average of three independent
counts when necessary), and radial growth increment (increment corer; 1.35 m above
ground). Radial increment was measured with a dendrochronometer, consisting of a
stereoscopic dissecting microscope, a sliding stage micrometer (Velmax” Series A 4000;
East Bloomfield, NY), and a digitizer (Accu-Rite” IIT; Jamestown, NY). Annual basal

area increment (BATI) was calculated according to standard methods (see Duchesne et al.,

Use of brand names is for clarity and does not imply endorsement.



2003). Each tree's location was recorded with a differential global positioning system of

< 1 m spatial accuracy (Trimble GPS Pathfinder*; Sunnyvale, CA).

Foliar Chemistry

Foliage was sampled as whole boughs taken from the middle canopy region, generally
between 7-11 m in height, using a pole pruner. On 3 and 4 November 2006, a
preliminary sampling was done on 7 trees: 3 from the Ca-treated watershed, and 4 from
the reference area. The primary sampling for all 36 trees in this study was conducted 13
and 14 August 2007; at this point the foliar growth and nutrient allocation that
accompanies the needle flush of red spruce had already occurred.

Following the counting of needle age-classes present, the sample was clipped into
subsections, placed in a plastic zip-lock bag, and placed in a cooler at 7 °C, then moved
to a refrigerator (7 °C) to await laboratory processing. Spectral analysis and processing
was done within 48 h following sampling, where needles were separated into three
sample classes. Air-drying for foliar chemical analyses was begun within 1 week of
sample collections. The first sample class, mixed-needle year (MNY) or "bough," was a
mixture of needle years, primarily including current-, second-, and third-year growth, but
also years previous (Figure 2). The MNY sample was taken from the outer bough to
represent the area of greatest relative exposure to sunlight. Third year (3Y) needles were
taken from exciseci branchlets, and represent 2005 growth. Current year (CY) needles
were sub-sampled similarly, and represent 2007 growth.

Needles from each sub-sample were weighed fresh before oven drying at 60 °C

for 72 h, and reweighed dry. Moisture content for was determined to be the difference

Use of brand names is for clarity and does not imply endorsement.



between wet and dry weight, divided by the wet weight. Samples were then ground in a
wiley mill with a #20 screen and stored in glass jars at 25 °C. Foliar digestion was done
“using nitric acid according to standard methods (EPA, 1996), and chemical determination

was made by inductively coupled plasma atomic emission spectrometry (ICP-AES).
Foliar element constituents analyzed include: Ca, magnesium (Mg), manganese (Mn),
iron (Fe), strontium (Sr), phosphorus (P), potassium (K), and aluminum (Al). Standard
foliar samples of known concentration (apple, peach, and pine; NIST standard reference
materials #1547, #1515, and #1575a, respectively), blanks, and duplicate samples were run
for quality control.

Foliar oxalate was analyzed by addition of a 1M hydrochloric-acid extractant.
Ground sub-samples of 0.025 g received 3 mL of acid and were placed on a digesting
block set to 25 °C, shaking at 1000 rpm, for 30 min. Following digestion, all samples
were syringe filtered with a 0.45 um filter (National Scientific Co.” #F2500-1) and
diluted 20x. A final syringe filtration was done with a filter of 0.2 um (Pall Life
Sciences” #4192), and extracts were stored in scintillation vials at 7 °C before analysis by
high-performance liquid chromatography (HPLC; Dionex”, Sunnyvale, CA). Duplicate
samples, standards, and a 0.1 g oxalate L' spike were used for quality control purposes.

Overall spike recovery was within 5 % error, at 104.8 %.

Scanning Electron Microscopy
To explore the nature and location of crystal Ca deposits, scanning electron microscopy
(SEM) images were made from CY needles from the 7 trees in the 2006 sampling. After

refrigeration at 7 °C for 10 days, 15 needles were flash-frozen with liquid nitrogen to

Use of brand names is for clarity and does not imply endorsement.



facilitate a clean cut by razor cross-sectioning. Once cut, needle sections were mounted
on a specimen stub using an adhesive, and sputter coated with platinum (Pt) to enhance
visualization via electrostatic conduction. Image capture was done at a variety of
magnifications ranging from 40-400x using an Amray 3300FE Scanning Electron
Microscope (KLA Tencor’, Milipitas, CA). Energy Dispersive X-ray Spectroscopy
(EDS) was employed to identify the elemental composition of different targets, including

isolated CaOx crystals.

Results
Treatment comparison
Biometric data for the 36 trees in this study did not significantly differ by watershed
(Table 1). Trees had an overall mean DBH of 26.4 cm, a mean height of 14.5 m, a mean
live crown fraction of 0.55, and mean needle retention of approximately 9 years. Basal
area incremeht did not differ significantly by watershed. BAI data are grouped by
watershed and presented from 1952-2007 to facilitate inter-annual comparison of high
and low growth periods (Figure 3).

| Results of analysis of variance (ANOVA) tests showed that for all foliar elements
and oxalate, needle year was a significant determinant of foliar chemistry (Figure 4).
Specifically, we noted a lower concentration of the re-translocated nutrients Mg, K, and P
in third-year needles, compared to the current-year. Elements of lower mobility,
including Ca, Mn, Sr, Al, and Fe, had accumulated in third-year needles. Oxalate
concentrations were also higher in third-year foliage, compared to the current-year. In all

analyses, the concentration of mixed-needle-year samples was between the current- and

Use of brand names is for clarity and does not imply endorsement.
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third-year values (Table 2).

Two-way ANOVA test were done to assess the effect of the Ca treatment on
needle chemistry, while accounting for the effect of needle age. Probabilities for F-tests
of significance for each of the eight elements and oxalate are listed in Table 2.

Significant (P < 0.05) relationships were found for foliar Ca, Sr, and oxalate. For these
ions, regardless of age class, needles in the Ca-amended watershed had higher
concentrations than the reference samples. In addition, we found a marginally significant
difference in foliar Mg and Al content between the two watersheds. Needles from Ca-
treated trees tended to have higher Mg concentrations (P = 0.068), but lower Al
concentrations (P = 0.073). Interactions between needle age and experimental treatment

were not significant.

Correlational relationships

Multiple regressions of various foliar constituents on total foliar Ca, and needle age (a set
of three dummy variables) showed four significant, positive relationships (P < 0.001;
Table 3; Figure 5). In order of ascending strength, correlations were found between Mn
and Ca, Mg and Ca, Sr and Ca, and oxalate and Ca, when the effect of needle age was
accounted for.

To explore the association of oxalate with elemental concentrations other than Ca,
multiple regressions were run between foliar oxalate concentration and all cations except
Ca, holding variation due to Ca and needle age constant (Table 4; Figure 6). Results
show a significant positive relationship between oxalate and Mg (P = 0.014; R’ = 0.824),

oxalate and P (P < 0.001; R? = 0.836), and oxalate and K (P <0.001; R’ = 0.879).
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SEM and anatomy

A total of 47 images produced using the SEM revealed considerable detail of the red
spruce needle in cross section (Figures 7a and 7c, with intact vascular cylinder,
endodermis, mesophyll, resin ducts, epidermis, stomata, and sub-stomatal cavities all
discernible at lower magnifications (40-100x). At higher-power magnifications (400x),
cell lumens were distinguishable, and extracellular crystal sand was clearly visible along
cell walls forming the interiors of substomatal cavities in the mesophyll. Crystals were
observed in samples from both treatments, but not in every cross section. Crystals ranged
widely in shape: from distinct polyhedrons and cuboids (Figure 7e), to less distinct, or
"emergent" crystal sand visible in Figure 7d. Results of an EDS elemental analysis
targeting a single crystal are shown in Figures 7e and 7f. Contents were identified as Pt

(an artifact of the electrostatic coating process), Ca, oxygen (O), and carbon (C).

Discussion

Elemental constituents

Following the whole-watershed wollastonite treatment in 1999, spruce trees growing on
Ca-amended soils show sustained differences in needle chemistry compared to those in
reference stands. Our measurement of higher foliar Ca levels in the trees of watershed 1
is consistent with the transpiration-mass-flow model of Ca uptake in fine roots; i.e. roots
in a higher-Ca medium will receive more Ca via diffusion from soil water of higher Ca

concentrations. Increased foliar Ca content has been shown for the period of 1999-2002,

following the treatment at HBEF for red spruce, balsam fir, and paper birch (Hubbard
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Brook Ecosystem Study, 2008b), and correlations between foliar and soil Ca reported in a
survey of similar sites across the region (McNulty et al., 1991). This study's
measurement of higher Ca concentrations in current-year foliage suggests there is an
enhanced available soil Ca pool present 8 years after the wollastonite addition.

The increased Sr concentration in foliage of Ca-treated trees was an expected
result. Sr and Ca have the same valence characteristic, and Sr was present in the applied
wollastonite at a proportion of 1:2900 (Sr:Ca; Peters et al., 2004). The significant
differences in foliar Sr (Table 2) and correlation with foliar Ca (Table 3) are evidence of a
proxy amendment accompanying the mineral addition. No nutritive effects of Sr are
known in plants.

The marginally significant trend toward higher foliar Mg in watershed 1 was
accompanied by a significant correlation of moderate strength with total foliar Ca.
Within separate age classes and composite MNY samples, there was a clearly increasing
Mg concentration with increasing Ca (Figure 5a), however, the causal relationship with
the Ca amendment is unclear. One possibility is that trees from the treated plots
experienced increased growth rates, leading to a greater increment of enzymatic and
chlorophyllous Mg following treatment. However, the present study lacks evidence to
support higher growth rates in these trees (Figure 3), and evidence from previous studies
suggests any Ca-limitation effects for spruce are likely indirect (Schaberg et al., 2001). A
more likely explanation is that the passive diffusion of Mg cations into red spruce roots
has increased at higher pH. Spruce-fir zones of the HBEF valley have low pH ranges
(3.5-4), and the addition of a mineral Ca source has increased the pH of the forest floor

layer by at least 0.7 units (Fisk et al., 2006).
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Observed decreases in foliar Al (Table 2) are probably also the result of higher pH
in the Ca-treated soils. At soil pH below 5, there is increasing mobility of the Al* ion,
and direct effects on plant roots include: reduction and alteration of growth pattern,
displacement of cations associated with membrane exchange sites, hampered root uptake
capacity, and direct interference with enzymes in the apoplast and symplast (Delhaize and
Ryan, 1995). The connection between soil acidity and Al-induced decline in spruce has
been documented, and the competitive reduction in Ca supply to the tree is the primary
mechanism (Shortle and Smith, 1988). A recent study notes a correlation between
available foliar Ca, and Al sequestration in red spruce as evidence that effects of soil pH
on Al toxicity may also have indirect, physiologically mediated aspects (Borer et al.,
2004). The general decrease in total foliar Al following the Ca treatment seen in this
study supports the argument of pH-driven alleviation of Al chemical stress.

There was also a weak positive correlation between total foliar Mn and Ca (Table
3; Figure 5), although our experimental data do not confirm this (Table 2). It is possible
that root uptake processes are improved in spruce trees of higher Ca supply, and this
effect could include raised rates of Mn uptake. The availability of this macronutrient
does not strongly respond to increases in pH from 3.5 - 5.5, and so soil chemistry
influence on foliar Mn concentration may be more directly related to other factors. Data
from other studies of current-year spruce needle chemistry are also suggestive of a

positive relationship between these two elements (Huntington et al., 1990). This

relationship has not been well explored, and other possible reasons for this correlation of

Mn with Ca in foliage are not apparent.
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Calcium oxalate

We measured significant differences in foliar oxalic acid 8 years post Cé-application
across needle age class: the oxalate pool in watershed 1 foliage was greater in CY, 3Y,
and MNY samples, by 53 %, 23 %, and 35 %, respectively (Table 2). Although the

" nature of this oxalate pool was uncertain, EDS analysis of a representative crystal (Figure
7e, 7f) showed elemental composition approximating that of CaC,04. This EDS
elemental analysis result was very similar to a graph produced from intercellular CaOx
crystals by Hudgins et al. (2003). Furthermore, a strong correlation between total foliar
Ca and oxalate (P < 0.001, R?= (.813; Figure 5d) was found, suggesting an association of
this anion with the needle's Ca pool. Calcium is known to readily precipitate in the
presence of oxalate (Petrova et al., 2004), and many studies have documented the
presence of intercellular CaOx in conifers. Moss et al. (1998) have observed CaOx
crystals outside the cell walls of sub-stomatal cavities in red spruce mesophyll at a nearby
site in New Hampshire. Horner and Wagner (1995) note that microscopic work has
generally found conifers precipitating CaOx in the intercellular spaces, in contrast to the
intracellular storage strategy of crystal idioblast cells in angiosperms. Fink (1991c¢)
identified extracellular CaOx crystals in various conifer species, including red spruce,
using microscopy and chemical staining procedures, noting that the crystals appear
affixed to and originating from mesophyll cell wa1¥s. A number of studies have also
noted the appearance of crystals in association with foliar damage from ozone pollution
(Fink, 1991b), acidic precipitation (Moss et al., 1998), and cement dust (Cesar et al.,
2004).

Other work has related the presence of visible CaOx or a large insoluble Ca

15



fraction in foliage to belowground Ca supply (Fink, 1991a; Giilpen et al., 1995; Borer et
al., 2004; Littke and Zabowski, 2007). In the cytoplasm, Ca precipitates inorganic
phosphate and therefore must be maintained at concentrations sufficiently low to avoid
disruption of energy transfer processes (ATP, ADP). Oxalic acid also has phytotoxic
properties, but may be synthesized in the symplast of plants from different precursors
including: oxaloacetate, glycolate, and L-ascorbic acid (Franceschi and Loewus, 1995;
Giilpen et al., 1995), prior to extrusion into the apoplast. Considering that Ca enters the
plant by passive uptake processes, whereas oxalate is actively synthesized and represents
a resource allocation, it is more likely that a tree regulates the precipitation of excess Ca
via oxalate, than vice versa (Fink, 1991a; Giilpen et al., 1995; McLaughlin and Wimmer,
1999). An experiment by Nakata (2003) showed that in plants with a genetic mutation
for oxalate hyperproductivity, excessive CaOx crystallization reduces chlorophyll content
and overall plant growth. Our measurement of increased oxalate content following an
experimental Ca addition, coupled with the observed tendency of CaOx to precipitate in
the extracellular spaces agrees, in the case of red spruce, with this hypothesis of oxalate
mediated Ca regulation.

Some Ca necessarily exists unbound to oxalate, e.g bound as Ca-pectate within
the middle lamella, residing on membrane surfaces, or acting in signal transduction. In
addition, oxalate may be associated with other ionic constituents, for example bound to
Mn, Fe, Sr, and Al, as insoluble precipitates (Horner and Wagner, 1995). This makes
estimation of chemical fractionation relationships difficult, however, it is interesting to
note the slope of the oxalate-Ca relationship (Table 3) was found to be 2.28, which

approximates the molar mass ratio of 2.20 for oxalate to Ca in a crystal of CaOx (88 g
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C204: 20 g Ca).

Aside from Ca regulation, other hypotheses of oxalate function in plant tissues
include: ion balance, plant protection against herbivory, detoxification of heavy metals,
structural support, and light gathering and reflection (Horner and Wagner, 1995; Nakata,
2003). We found that, accounting for variation due to needle age and Ca content, there
were significant relationships between oxalic acid and three elements: Mg, P, and K
(Table 3). Franceschi and Loweus (1995) suggest the generation of oxalate anions may
be the necessary result of positive charge potentials of the vacuole. The positive
relationship of oxalate with three primary contributors (Mg, K, and P) to vacuolar charge
contents 1equ support to this hypothesis, and the formation of insoluble Mg-oxalate is
also a possibility (Table 4). Surprisingly, Table 4 also indicates we found no significant
correlations between oxalate and the heavier ions that it has directly precipitated (Mn, Fe,

Sr, Al).

Summary

The addition of mineral Ca has had a sustained effect on the foliar chemistry of red
spruce at HBEF. Eight years following the application of wollastonite (CaSiOs) we
observed significantly higher total foliar Ca and Sr, better access to the mineral nutrients
Mg and Mn, and lower rates of Al uptake in the Ca-treated watershed compared to the
reference. These responses are likely due to the combined effects of increased soil pH
and improved membrane structure and function in fine roots. Experimental and
correlational data show that a significant response to increased Ca levels in red spruce is

the production of oxalic acid, which leads to the precipitation of insoluble crystal Ca-
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oxalate. We observed sand-like crystals, shown to be CaOx, lining the exterior of cell
walls in mesophyll sub-stomatal cavities, where they appear to be the product of a
secretion-precipitation reaction. The oxalate-bound Ca is recalcitrant, dissolving only at
very low pH levels, and is likely to remain physiologically inactive once formed
(DeHayes et al., 1997). However, the role of these crystals likelybextends beyond the
simple process of Ca detoxification, and there may be a benefit to the prolonged storage

of Ca in base-poor conifer systems.
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Plot Watershed DBH (cm) Needle retention (y)  Tree height (m) Live crown fraction
1 20.1 (3.04) 7.5 (1.30) 14.7 (0.30) 0.57 (0.06)
2 25.0 (3.96) 11.2 (0.25) 14.0 (2.35) 0.47 (0.19)
3 #1 27.5 (1.2) 10.1 (1.60) 16.6 (4.24) 0.63 (0.12)
4 Ca-treated 26.5 (9.45) 8.6 (0.44) 14.0 (1.37) 0.47 (0.26)
5 27.5 (5.32) 6.3 (1.58) 13.6 (2.34) 0.57 (0.15)
6 26.4 (10.6) 9.2 (1.39) 12.5 (1.20) 0.51 (0.15)
Watershed 1 mean:  25.5 (6.54) 8.8 (1.99) 14.2 (2.35) 0.54 (0.15)
7 26.3 (3.37) 7.7 (1.09) 13.4 (3.63) 0.42 (0.10)
8 22.6 (6.02) 9.2 (3.07) - 14.1 (3.54) 0.61 (0.22)
9 West of #6 29.3 (6.77) 7.8 (1.95) 153 (2.18) 0.53 (0.19)
10 - Reference 37.3 (3.95) 12.8 (1.39) 18.4 (1.01) 0.73 (0.08)
11 28.2 (9.71) 9.7 (2.38) 15.6 (3.91) 0.50 (0.13)
12 19.7 (6.53) 8.6 (1.74) 12.0 (4.41) 0.55 (0.14)
West of 6 mean: 27.2 (7.87) 9.3 (2.62) 14.8 (3.48) 0.56 (0.16)
Total mean: 26.4 (7.19) 9.1 (2.32) 14.5 (2.94) 0.55 (0.15)

Table 1. Mean biometric characteristics (averages of three trees) across 12 plots;

standard deviations given in parentheses. Values for watersheds (n = 18), and study (n =
36) are also shown. No significant (P < 0.05) differences were found between

watersheds.
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mg / g dry weight

Analyte Watershed Cy 3Y MNY P
Ca i 1.77 3.85 3.22 0.0015**
1.44 3.26 2.59

oxalate 1 5.39 8.08 7.18 < 0.0001 ***
6 3.53 6.57 5.32

Sr 1 0.00172 0.00403 0.00339 0.0141*
6 0.00108 0.00340 0.00258

Mg 1 0.654 0.465 0.520 0.0682#
6 0.635 0.425 0.473

Mn 1 0.754 1.37 1.31 0.3215
6 0.802 1.61 1.31

Al 1 0.0144 0.0325 0.0280 0.0727#
6 0.0210 0.0367 0.0285

P 1 1.15 0.802 0.923 0.2777
6 1.18 0.835 0.952

K 1 5.87 3.13 4.10 0.1924
6 5.53 3.04 3.91

Fe 1 0.0187 0.0250 0.0256 0.1835
6 0.0204 0.0273 0.0245

*** Significant at P < 0.0001

** . Significant at 0.0001 < P < 0.01

*  Significant at 0.01 < P <0.05

# Marginally significant at 0.05 < P < 0.10

Table 2. Results of a two-way ANOVA for each of nine analytes in red spruce foliage,

along with means (n = 18, except § where n = 17) for both the Ca-treated watershed (#1),
and west of reference watershed (#6), by needle-age class. P-values are for the
significance of a partial effect of watershed treatment on element/oxalate concentration.
Ca, Sr, and oxalate were significantly higher in all WS1 needles compared to the
reference, while Mg showed a marginally significant increase. Al showed a marginally
significant decrease following the Ca-treatment.

24



Dependent var. Slope t P R’

Sr (mg g’ d.w.) 0.00131 12.24 <0.001 0.716
Mg 0.0562 5.65 <0.001 0.559
Mn 0.333 7.25 <0.001 0.520
oxalate 2.278 18.16 <0.001 0.813
Al 0.0011 0.89 0.374 -
Fe -0.0002 -0.54 0.598 -
K -0.0603 -0.64 0.521 -
P 0.0009 0.05 0.959 -

Table 3. Results of multiple regressions of elemental/oxalate concentrations on total
foliar Ca and needle age. Slopes, t-values for test of significance, and probabilities
describe the partial relationship of each analyte with foliar Ca. Coefficients of
determination (listed only for significant relationships) show the strength of the model's
prediction. Oxalate showed the strongest relationship with Ca, followed by Sr, Mg, and
Mn.

Independent var. Slope t P R
Mg (mg g d.w.) 3.02 2.51 0.014 0.824
K 0.792 7.45 <0.001 0.879
P 2.55 3.74 <0.001 0.836
Sr -110.2 -0.96 0.341 -
Mn 0.420 1.58 0.118 -
Al -1.88 -0.18 0.854 -

Fe 16.0 0.57 0.570 -

Table 4. Results of multiple regressions of oxalate on various foliar element
concentrations, accounting for the effect of total foliar Ca and needle age. Slopes, t-
values for test of significance, and probabilities describe the partial relationship of each
analyte with foliar oxalate. Coefficients of determination (listed only for significant
relationships) show the strength of the model's prediction. K showed the strongest
relationship with oxalate, followed by P and Mg.
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Experimental watersheds

White Mountain
MNational Forest

456N, 71°45 W

Figure 1. Location of experimental watersheds in the Hubbard Brook Experimental
Forest (HBEF), within the White Mountains of New Hampshire. Watershed #1 received
a Ca-wollastonite treatment in October 1999; watershed #6 is the biogeochemical
reference area. The gray regions (inset) show the location of spruce-fir stands along the
ridge of these watersheds.
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Figure 2. Photo of red spruce bough, November 2006. Sample partitioning included
foliage from the current (2007) and third (2005) years' growing seasons (shown as CY
and 3Y; solid lines), as well as a mixed-needle-year sample (MNY; dashed line), which
includes foliage from current- through fifth-years, and occasionally higher age classes.
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Figure 3. Mean (n = 18) basal area increment in red spruce of the Ca-treated (WS1;
dashed line), and reference stands (WS6; solid line) at HBEF. The vertical dashed
reference line (October 1999) indicates the time of Ca application. Year-by-year t-test
found no significant (P < 0.05) differences by watershed in the years from 1952 and
2007. :
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Figure 5. Scatter plots of 2007 foliar chemistry (n = 108) where significant correlation
with total foliar Ca was found in multiple regression. Sample points are labeled by needle
age class: CY (circles), 3Y (diamonds), and MNY (crosses). R’ values are from multiple
regression, accounting for effects of needle age, while trend lines indicate the linear
model for an individual age class.

30




Foliar Mg
m—‘
<
Py <
& -
s o © e
£e . o N
3‘_ x x ”’Qw" -
bl o ,,f/" w/a",@
- - x_ - o
& o & ,o»%oﬁf LB o 4
B - ,«»‘ﬁ” o™ %p° o .
2 ] e PERL o
5" @ ¢ _x70 %% %o 8. g% °
g’ ?«‘”’ x % ,,,~"'”Lm@0 °
~"Tg%0 070 o
o < [e] [o]
o
© - M
“r 1 Y 1
2 4 . 8
mg Mg g-1 d.w. foliage
Foliar K
w |
<o
& ©
&
8 o °
g2 ° .,
. O x xx
-5 " o °
- - Xx x o
e e o o e
g O mTH R o o o7
© J -~y x (Y T
5" 8 . "i:&o oo‘,./g o o
g * 2~ o
o o ©
© ° @
o
O~ x
T LH T T H
2 4 6 ! 8 10
mg K g-1 d.w. foliage
Foliar #
W ]
[
o (o]
[
g o °
LR . o
= o " x
; x " x
5 LI X °
- . e B .
o .
g Q«o"t!goﬁlp%ﬁ 'm.._z,,m: o’ -
2 Ty By - o g 0T
Qo ) e) L B
-l P TR o100 o p
g & P S oA o
o o b Q
00
° o0 - o
o
fo 3 x
: T v ; v T
6 8 1 1.2 1.4 1.6
mg P g-1 d.w. foliage

Figure 6. Scatter plots of 2007 foliar chemistry (n = 108) where significant correlation
between foliar oxalate and a non-Ca element was found. Sample points are labeled by
needle age class: CY (circles), 3Y (diamonds), and MNY (crosses). R’values are from
multiple regression, accounting for effects of Ca concentration and needle age. Dashed
trend lines indicate the linear model for an individual age class.
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Figure 7. Scanning electron micrographs of current-year red spruce needles collected
from the Ca-treated watershed (a-d). The boxed regions in a and ¢ correspond to the
arcas displayed in panes b and d, respectively. Results of energy-dispersive X-ray
spectroscopy (EDS) analysis are shown in panes e and f. Peaks shown correspond to the

elemental composition of the target (Ca, O, C), and to the Pt coating applied to needle
sections.
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CHAPTER I

Laboratory spectral responses and stress indicators in calcium-treated red spruce
foliage at the Hubbard Brook Experimental Forest.

Abstract. Optical properties of conifers associated with soils of varying calcium (Ca)
availability have not been characterized at either large or small scale in forest systems,

- but could provide basis for the remote assessment of this important stand nutrient.
Following the 1999 application of Ca-wollastonite to a ~2.5-ha coniferous stand in
central New Hampshire, we measured visible and infrared (400-2500 nm) needle
reflectance of fresh red spruce (Picea rubens Sarg.) foliage using a high-resolution
laboratory spectroradiometer. Foliage collected from Ca-treated and reference watershed
trees in August 2007 was measured in current-year, third-year, and mixed-needle-year
sub-samples, and spectral data were analyzed for correlations with needle chemical
properties. Current-year and third-year needle spectra did not show strong differences
between treatments. Mixed-needle-year samples from the treatment watershed had
significantly higher reflectance compared to the reference samples, and these differences
were also observed in simulated Landsat bands 1-5 and 7 (P <0.1). Reflectance at
infrared wavelengths showed weak, positive correlation with foliar concentrations of the
oxalate anion, and a connection between extracellular Ca-oxalate crystal deposition in
spruce foliar tissue and increased refraction and reflection is hypothesized. Surprisingly,
a number of spectral indices suggested the Ca-treated trees are experiencing stress,
possibly due to the active precipitation of a large Ca influx from soils of manipulated Ca

availability.
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Introduction
Airborne multispectral and hyperspectral instruments have been used to detect signs of
forest damage and estimate ecosystem processes (Rock et al., 1986; Wessman et al.,
1988; Martin and Aber, 1997; Albrechtova et al., 2001; Entcheva Campbell et al., 2004;
Ollinger and Smith; 2005). These studies rely on the spectral characteristics of organic
compounds, green biomass, and foliar damage, which in turn depend on the interaction of
incident solar radiation with leaf cons\tituents, such as water, pigments, lignin, and
cellulose, as well as tissue geometry (Gates et al., 1965; Tucker, 1980; Curran et al.,
1992).

Forests of northeastern North America have experienced reduced soil calcium
(Ca) pools following periods of acidic deposition and base cation leaching in the late
twentieth century (Federer et al., 1989; Likens et al., 1998; Driscoll et al., 2001).
Calcium is a vital plant nutrient functioning in photosynthesis, intercellular signal
transduction, synthesis of proteins and reparatory compounds, stomatal regulation, cell-
wall pectate formation, lignin production, and nutrient acquisition in fine roots
(McLaughlin and Wimmer, 1999). Deficiencies in Ca have contributed to particularly
heavy damage in coniferous forest systems, and this damage has been spectrally
measured in red spruce (Picea rubens Sarg.) and balsam fir (4bies balsamea L.)
communities in the Adirondack Mountains of New York (Rock et al., 1989), Green
Mountains of Vermont, and White Mountains of New Hampshire (Vogelmann and Rock,
1988).

At laboratory scale, the correlation between foliar constituents and spectra
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provides the basis for remote sensing applications. Peterson et al. (1988) noted that
chemical bond structures can affect reflectance signatures, and used this to develop
predictive equations for foliar biochemistry. Others (Curran et al., 1992; Vogelmann et
al., 1993) have also been successful in detecting relationships between fresh leaf
reflectance at certain wavelengths and chemical constituents including chlorophyll,
starch, the protein amaranthin, and water content. One spectral index widely employed in
remote prediction of canopy chlorophyll and damage is the red-edge inflection point
(REIP), which correlates strongly with the amount of chlorophyll pigment in leaves
(Vogelmann et al., 1993; Filella and Pefiuelas, 1994; Entcheva Campbell et al., 2004).

A few studies have addressed the connections between Ca and foliar spectra.
Hallett et al. (1997) have shown a predictive relationship between near infrared
reflectance and Ca content in dried, ground foliage of pine and oak. Other work has
addressed the influence of Ca on foliar spectra of fresh plants in agricultural systems.
Mutanga et al. (2005) have shown correlations between Ca and reflectance properties
occurring across a range of Ca concentrations in a forage grass (Cenchrus ciliaris L.).
Ayala-Silva and Beyl (2005) induced Ca-deficiency in wheat (Triticum aestivum L.), and
observed enhanced chlorosis and reflectance in visible wavelengths, although this result
was similar to symptoms of deficiencies in other nutrients, such as nitrogen, magnesium,
potassium, and phosphorus. Possible linkages between foliar Ca and hyperspectral data,
however, remain uncharacterized in base-poor coniferous forest systems.

The treatment of an 11.8-ha forested watershed of the Hubbard Brook
Experimental Forest (HBEF) with wollastonite (CaSiOs) in October of 1999 was

designed to investigate the effects of a re-fertilization of forest soils that have been
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historically reduced in Ca (Peters et al., 2004). In this experiment, Hawley et al. (2006)
have measured decreased winter injury in the Ca-treated red spruce, while Juice et al.
(2006) have shown improved crown vigor and seedling regeneration occurring in treated
sugar maples (Acer saccharum Marsh.). Neither multispectral nor hyperspectral effects
of the Ca amendment have been quantified for any species in this ecosystem study.

The objective of this work is to determine the spectral effects of the Ca
application on red spruce at HBEF by measuring needles from the treated and reference
areas with a high-resolution laboratory spectroradiometer. Multispectral and
hyperspectral vegetation stress indices in the visible (400-750 nm), near-infrared
(750-1350 nm), and infrared (1350-2500 nm) regions of the spectrum will also be
compared to foliar chemistry, with the objective of supporting any experimental
differences with correlational relationships. We hypothesize that needles of Ca-treated
spruce trees will have benefited from the enhanced nutrient supply and responded with
increased photosynthetic efficiency (greater chlorophyll absorption), and decreased signs

of stress effects in visible, red-edge, and near infrared spectral indices.

Methods

Experimental background and plot selection

The present study was done at the Hubbard Brook Experimental Forest (HBEF), in the
White Mountain National Forest, located in New Hampshire at 43 ° 56’ N, 71 ° 45’ W.
The HBEF is a forested valley, comprising several small watersheds that drain into the
east-flowing Hubbard Brook (elev. 200 m at outlet), and hills (elev. 600 - 1000 m)

defining the northern and southern boundaries of the catchment (Barton et al., 1997).
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American beech (Fagus grandifolia Ehrh.), yellow birch (Betula alleghaniensis Michx.)
and sugar maple are the dominant broadleaf species at low to intermediate elevations,
whereas red spruce, balsam fir, and paper birch (Betula papyrifera Marsh.) become more
prevalent toward the ridges, and on north-facing slopes.

Following historical losses of base cation nutrients from the forest soils at HBEF,
a whole-watershed Ca amendment was executed to assess the effect on forest dynamics
of replenishing this soil pool by approximately 100 percent. The 11.8-ha watershed 1
received an aerial application of wollastonite (CaSiOs) at a rate of 0.12 kg Cam™ in
October of 1999 (Peters et al., 2004). A biogeochemical reference watershed of similar
geology, topography, and hydrology (watershed 6) is situa?ed 1 km away, received no
treatment, and is used in comparative studies (Likens and Bormann, 1995).

Red spruce trees were selected from coniferous stands in both the Ca-treated
watershed (WS1) and an area adjacent to watershed 6 (WS6). No destructive sampling is
permitted within WS6, so this study's reference samples were selected from trees along
the ridge west of WS6, designated here as "west of six" (Wo6). Six plots were
established in each watershed, and each plot contained three trees, for a total of 36 trees.
Trees were selected randomly from mature, exposed individuals not having visible signs

of canopy damage. A biometric description of these trees is submitted in a separate paper

(Chapter I).

Foliar collection and chemistry
On 13 and 14 August 2007, foliage was sampled from branches within the mid-canopy

assimilative zone of the crown using an extendable pole-pruner. All samples were
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immediately placed in plastic zip-lock bags in a hand cooler with frozen blue ice, and
transported to the laboratory, where they were stored at 7 °C. Spectroscopic processing
took place within 48 h of collection, and oven drying for moisture content and chemical
analyses within 1 week. All foliar samples were analyzed for the elements aluminum
(Al), Ca, iron (Fe), potassium (K), magnesium (Mg), manganese (Mn), phosphorus (P),
strontium (Sr), and the organic oxalate ion (C,04”). Detailed methodology for analyses

of chemical and moisture content is described separately (Chapter I).

Needle spectroscopy

Spectra were generated using the Visible/Infrared Intelligent Spectroradiometer (VIRIS),
which is a portable, table-top spectroradiometer model GER 2600 (Geophysical
Environmental Research Corp.”, Millbrook, NY) currently supported by Spectravista”
Corp. (Poughkeepsie, NY). The VIRIS underwent a wavelengths and radiometric
calibration prior to this study, on 27 November 2006. Spectral curves produced were of 3
/1.5 nm spectral resolution (full-width half max / bandwidth sampling interval) in the
visible and near-infrared regions (400-1020 nm), and of 25 / 15 nm spectral resolution at
longer wavelengths (1020-2580 nm). The instrument consists of a dual silicon/lead-
sulfide detector oriented perpendicular the sample tray, at a distance of 50 cm. A 1000 W
hemispherical light source provides illumination from 50 cm away, at a 45° angle. A
white spectralon reference target was scanned after every 16th spectrum to provide a
95-99 % reflectance value for radiometric calibration (Labsphere Corp.”, North Sutton,
NH).

Samples were arranged in a flat black sample dish, for maximum foliar

* Use of brand names is for clarity and does not imply endorsement.
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representation in the detector field of view, a minimum of 3 needle layers deep.
Scanning was done in a darkened, black-walled room, on a black matte table to minimize
ambient reflectance signal. Each sample consisted of 3 scans, with a 120° rotation of the
-sample dish between scans, in order to account for spectral variation due to needle-branch
orientation. The 3 scans were averaged to produce 1 spectral curve for each sample. An
initial scan was done of a mixed-needle-year (MNY) bough from the most recent 3 to 5
years of grthh. The un-partitioned sample was chosen to represent the foliage
contributing to nadir-viewing satellite imagery. Boughs were then separated into current-
year (CY) and third-year (3Y) sub-samples in order to quantify the spectral properties of
2007 and 2005 foliage, respectively.

For each sample, 32 indices were calculated using bands at different wavelengths.
These included simulations of multispectral indices: Landsat Thematic Mapper (TM)
bands 1-5 and 7, Normalized Difference Vegetation Index (NDVI), TM band 5/4 ratio
(TM5/4), and TM band 4/3 ratio (TM4/3), as well as 23 hyperspectral indices generated

according to equations, given in Table 5.

Statistical analysis

All analyses were performed on unsmoothed reflectance data, using the Stata 10 data
analysis software package (StataCorp’, College Station, TX). Nested t-tests were done
within needle age groups (n = 36) for foliar chemical measurements, for all spectral
bands from 400-2500 nm, and for each of the 32 indices. A band-wise synopsis of the
location and strength of significant differences between treatments was done using

reflectance difference and sensitivity graphs after Carter (1993). For a given wavelength

* Use of brand names is for clarity and does not imply endorsement.
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(B), these metrics state:

Reflectance differencers) = Ry rrearsp - Ry rererence [1]

Reflectance sensitivityg) = (R rrearep - R rererence) / Res) rersrence [2]

where Rgererence corresponds to spectra from Wob trees, and the Rrgeirento WS trees.
Correlations were tested first using ordinary least squares (OLS) methods within each
needle class (n = 36), and second, using multiple regression with binary dummy variables

for needle age for all samples across age class (n = 108).

Results

Foliar chemistry

Accounting for differences due to needle age class, analyses showed that in WS1 foliage,
there is significantly (P < 0.05) higher total foliar Ca, Sr, and oxalate, and that oxalate
and foliar Ca are strongly positively correlated (P < 0.001, R*=0.831). Full results of
foliar chemistry measurements, including eight elemental analytes, along with scanning

-electron microscope imagery, are presented separately (Chapter I).

Spectral results
Needle spectra collected on 13 and 15 August 2007 were averaged by age class (CY, 3Y,
or MNY), and showed differences throughout the visible, near infrared (NIR), and

infrared regions. Reflectance of CY needles was greatest in the visible and near-infrared
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regikons, while 3Y needle reflectance were equal to CY at infrared wavelengths beyond
1400 nm (Figure 8). In the visible region MNY and 3Y spectral curves tended to be
more similar, and of lower reflectance than the CY, however, there was higher
reflectance in the green and lower reflectance in the red portions of the MNY spectrum
compared to the 3Y. The "red-well" area from 600-700 nm also appeared to broaden in
3Y needles compared to CY, and to broaden and deepven in MNY samples compared to
CY. The near-infrared "plateau” region (about 750-1300 nm) also exhibited differences.
In this region, current-year needles had a distinctly negative-sloping spectral shape due to
reduced reflectance at 1300 nm relative to reflectance at 800 nm, while third-year needles
tended to have a flatter form in this same region due to similar reflectance at 800 and
1300 nm. Needles of MNY samples appeared of intermediate slope, with higher percent
reflectance than 3Y below ~1200 nm, and consistently lower reflectance at longer
wavelengths.

Table 6 contains the results of t-tests of difference, along with P values for
significance, for all indices computed. Within CY needles, four indices significantly
differed by treatment: reflectance in simulated Thematic Mapper bands 5 (TM5) and 7
(TM7), Thematic Mapper band 5/4 moisture ratio (TM5/4), and the red/green ratio
(RDGR) were lower in Ca-treated samples compared to the reference (Figure 9a, Table
6). Within 3Y needle spectra, we found no significant differences between Ca-treated
- and un-treated samples (Figure 9b, Table 6).

Comparing treatments within MNY needle scans (Table 6), the following areas of
- reflectance were significantly (P < 0.05) higher in samples from WS1: simulated

Thematic Mapper bands 1, 2, 3, 5, and 7 (band 4; P = 0.08), NIR bands 2 and 3, and red-

41



edge (RE) bands 1, 2, and 3. Indices for NIR slope (NIR3/1), the red-well minimum
reflectance, green peak maximum reflectance, Carter-Miller stress (CM1 and CM2), and
- the structure independent pigment index (SIPI) were also higher in Ca-treated foliage.
Measurements of the RE3/1 ratio and the chlorophyll normalized difference index
(CNDI) were both lower for trees growing in the treated watershed 1. Averaged spectral
curves showing areas of overlap and divergence within the MNY spectra are also

- presented (Figure 9c¢).

The CY reflectance difference curve shows a significantly lowered reflectance for
Ca-treated spectra at most wavelengths greater than 1370 nm (Figure 10a). Sensitivity
of these reflectance differences appears to peak slightly in the infrared regions centered
around 1500, 1950, and 2400 nm (Figure 11a). Graphs of significant differences in MNY
samples indicate the opposite trend, where Ca-treated needles have a higher percent
reflectance in areas of the spectrum including the visible and far-red (400-739 nm), near-
infrared (928-1325 nm), and infrared (1325-2500 nm), but excluding the near infrared
region from 740-927 nm (Figure 10c). These differences appeared strongest in the
visible region, particularly in green wavelengths centered at 631 nm, and at local peak

around 699 nm (Figure 11c).

Correlations with total foliar calcium

The results of OLS and multiple regression analyses done between spectral indices and
total foliar Ca levels are presented in Table 7. Multiple regression accounts for variation
in an iﬁdex due to needle age, and showed significant (P < 0.05) positive relationships

between RDGR (red/green ratio) and Ca, SIPI (structure-independent pigment index) and
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Ca, and chlorosis index (YLGR or yellow/green ratio) and Ca, while a negative
correlation was found between the water band index (WBI) and needle Ca. Individual
regressions within an age class showed significant positive relationships between NIR2

and Ca, and RE3 and Ca in CY needles, between YLGR, RDGR, and SIPI and Ca in 3Y

needles, and a negative correlation between WBI and Ca in MNY samples.

Correlations with foliar oxalate

Relationships found between spectral indices and foliar oxalate (Ox) are presented in
Table 8. Multiple regression showed a positive relationship between reflectance in the
NIR2 and NIR3 regions and Ox, SIPI and Ox, and a negative relationship of WBI with
Ox concentrations. In CY samples we found positive correlations between NIR3/1,
RE3/1, green peak A, and Ox, as well as a negative correlation between CM2 (Carter-
Miller red/blue stress index) and Ox. In 3Y samples we found positive correlations

| between YLGR, RDGR, and SIPI and Ox. Significant positive correlations in MNY
needles were seen between TM4, TM5, and TM7 reflectance, and green peak A, and Ox,

while a negative relationship was seen between WBI and Ox.

Discussion

A previous component of this study found the WS1 spruce foliage have accrued elevated
levels of both foliar Ca and oxalate 8 years following the 1999 wollastonite application
(Chapter I). Spectral data collected from the same foliage strongly suggest there is an

| age-dependent effect on needle and whole bough optical properties resulting from the Ca

addition in red spruce. A primary objective herein was to empirically determine whether
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needle spectral properties might be related to enhanced Ca supply for purposes of remote
sensing in coniferous forests. Our results, at least from the heterogeneous MNY samples,
- suggest this potential is realistic, and a direct link between needle chemistry and optical
properties is presented in theory. Satellite spectral data collected in situ are based on the
reflectance properties of tree boughs, which were simulated by the MNY foliar samples
of this study. Several findings point to the interplay of needle age, stress physiology, and

reflectance properties, and these will be discussed in turn.

Indications of stress following Ca treatment
A suite of spectral indices was employed in this Study, each of which has been related to
some aspect or agent of plant stress, e.g. desiccation: WBI (Tucker, 1980), TM5/4
(Carter, 1991), atmospheric pollution: TM5/4, NIR3/1 (Rock et al., 1986), insect damage:
CM1 (Pontius et al., 2005), REIP (Vogelmann et al., 1993), root pruning: CNDI, YLGR
(Luther and Carrol, 1999), nutrient deficiency: PRI (Gamon et al., 1997), REIP, RE3/1,
YLGR (Adams et al., 1999), elevation: REIP, PRI, CNDI (Richardson et al., 2001) and
herbicide application: CM1, CM2 (Carter and Miller, 1994). Recent studies have
measured red-edge properties associated with Ca supply, finding positive correlations
with the red-edge inflection point (Ayala-Silva and Beyl, 2005) and red-edge slope
(Mutanga et al., 2005). This is expected, as the red-edge region (680-750 nm) identifies
the transition from high chlorophyll absorbance in the red to high infrared reflectance
associated with a leaf tissue's structural components, water content, and chlorophyll
content. The physiological role of Ca in the pectate composition of cell walls, the

function of the photosystem-1I apparatus, and carbohydrate synthesis could have
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significant impact on this region of the spectrum. Healthier plants of higher chlorophyll
levels will produce a deeper, and broader chlorophyll well in the 600-700 nm range and
have a steeper red-edge of longer wavelength, both indicating normal chlorophyll
concentrations at low stress levels (Vogelmann et al., 1993; Fillela and Pefiuelas, 1994;
Pontius et al., 2005).

The red spruce stands of watershed one (WS1) at Hubbard Brook have shown
signs of improved vigor since the Ca addition, evidenced by reduction in winter injury
(Hawley et al., 2006). Needle fluorescence (Fv/Fy), which positively relates to
photosynthetic efficiency in the PS-II center (Krause and Weis, 1991) and to cold
tolerance in red spruce trees (Adams and Perkins, 1993), has increased in WS1 spruce
(Boyce, 2007), providing spectral corroboration of this finding by Hawley et al. (2006).

Surprisingly, our hypothesis that high-resolution spectral data from the Ca-treated
trees would show reduced signs of stress, was not supported. Moreover, our data suggest
the opposite trend; that the Ca-treated stands are experiencing physiological stress. In
mixed-needle-year scans, which exhibited the strongest and broadest differences between
treatments (Figure 10c), we observed eight indices that suggest the presence of stress in
WS1 needles. Significant (P < 0.05) differences in red-edge associated indices included:
REI, RE2, RE3, RE3/1, CM1, CM2, SIPI, and CNDI (Table 6), and the NIR3/1

senescence ratio was also higher in WS1. Additionally, four indices showed marginally
significant stress evidence in MNY samples: TM5/4, REIP, RW_ A , and PRI (Table 6).
A study by Carter (1993), measuring the spectral effects of treatments including

~herbicide, competition, pathogen attack, ozone, insufficient mycorrhizae, and

dehydration, concluded there are sensitivity maxima in the visible regions 535-640 nm
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(the green peak) and 685-700 nm (the red well), with a local minimum near 670 nm. The
present study's results for Ca-treated MNY samples show these three sensitivity features
distinctly within the increased reflectance effect (Figure 11c). Finally, significant
positive correlations between total foliar Ca and SIPI and YLGR in multiple regression
(Table 7) suggest carotenoid pigments may contribute to these treatment effects in the
green-yellow and blue regions of the spectrum. The increased plant allocation to
pigments such as xanthophylls, anthocyanins, and carotenes, relative to chlorophylls a
and b may be related to decreases in photosynthetic efficiency (Pefiuelas and Fillela,
1998; Richardson et al., 2001; Sims and Gamon, 2002). Although Boyce (2007)
measured increased photosystem efficiency as indicated by greater fluorescence in WS1
spruce trees, our finding of decreased PRI suggests (P = 0.055) the opposite pattern, with
respect to positive correlations reported between PRI and Fy/Fy (Gamon et al., 1997;
Richardson et al., 2001). Physiological measurements that may indicate stress in trees,
including basal area increment, needle moisture content, and needle retention, did not

differ by watershed (Chapter I).

Mixed-needle-year boughs more reflective

Compared to limited treatment effects on 3Y needle reflectance (Figure 10b) and CY
effects occurring at wavelengths primarily past 1400 nm (Figure 10a), the significant
reflectance increases in spectra for MNY samples existed across almost the entire
spectrum measured from 400 to 2500 nm (Figure 9c, Figure 10c). Of the 12 band-
average indices simulating the Landsat Thematic Mapper bands, as well as near infrared,

and red-edge bands, 10 were significantly higher in WS1, and two approached a
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significant increase (TM4, P = (0.080; NIR1, P =0.073).

There is a possibility this increase in reflectance is an indirect effect of the Ca
treatment related to water. Some studies have shown forest liming to bring about a
change in root distribution to favor the richer surface soils, thereby reducing access to
water in the lower soil profiles (McLaughlin and Wimmer, 1999). Although evidence
exists that broad increases in infrared reflectance similar to those in the present study
accompany drought effects (Carter, 1991; 1993; Kokaly and Clark, 1999), we did not see
a moisture content effect in foliage in this experiment. Furthermore, no significant
correlations were found between needle moisture content and either Ca or oxalate
concentration. Both Ox and total Ca did, however, correlate negatively with the water
band index (WBI), which has been shown to positively respond to water loss (Pefiuelas
and Fillela, 1998; Pontius et al., 2005).

Reflectance differences measured in the infrared (TMS, TM7, NIR2, NIR3;
increased in WS1; P <0.05) and near infrared (WBI; decreased in WS1; P =0.067)
provide conflicting evidence of water effects in MNY needles. Furthermore, the TM7
band was found to positively correlate with needle moisture content in a multiple
regression accounting for needle age (R = 0.707; P = 0.027). Finally, the absorptive
properties of »water are greatly diminished in the visible and near infrared regions (< 1300
nm; Tucker, 1980), where we found significant reflectance increases. On the spectral
effects of water in plant tissues, Carter (1991) has stated there are primary and secondary
effects; the primary are attributable to the radiative absorption properties of the water
molecule, and secondary effects result from the interaction of water and a second factor,

such as carbohydrates contained in cell walls, tissue architecture and microstructure, or
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pigments. Though the above results suggest the spectral differences by watershed have a
more direct causal link to Ca supply, they do not allow rejection of water effects outright.
Plant spectral reflectance in the near infrared region is due to structural
heterogeneity in foliar tissues (Gates et al., 1965; Peterson et al., 1988; Rock et al., 1994).
Specifically, the effect of water-air, water-cell, and cell-air boundaries on incident
radiation entering the leaf is a scattering due to differences of refractive indices.
Gausman (1974) noted the refractive index of the cell wall in a number of plants to be =
1.425, while that of water is 1.333; air, 1. Crystal sand deposits of CaOx appear to have
accumulated in red spruce foliage following the addition of Ca at Hubbard Brook
(Chapter I), and their position on the external surfaces of mesophyll cells might influence
foliar optical properties through increased scattering and reflectance due to greater
variation in refractive index. A monaxial crystal of CaOx has two refractive indices,
whereas a biaxial crystal of CaOx has three refractive iﬁdices, reported as 1.49, 1.56, and
1.65 (Peterson and Kuhn, 1965). As an alternative to the hypothesis of a water-mediated
Ca effect, we propose that increased reflectance in WS1 foliage is due to accumulations

of refractive extracellular Ca-oxalate crystals in multiple years of needles.

Current-year and third-year trends

As in MNY samples, CY showed no correlation between moisture content and
reflectance in the TMS5 region, and in TM7 there was a weak positive correlation with
moisture (R’= 0.102, P = 0.057), suggesting either an interrelationship between water,
Ca, and reflectance properties (i.e. a secondary water effect), or that this reflectance

effect is unrelated to needle moisture.
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Opposite effects of the Ca-addition were seen in current-year needles compared to
the MNY, evidenced by reduced reflectance in TM5 and TM7 regions (P = 0.049 and P =
0.01 respectively). Reflectance sensitivity measurements agree with this result, showing
a significant reduction of CY needle reflectance in Ca-treated trees (Figures 10a, 11a).
Across needle years, reflectance difference and sensitivity curves show a general reversal
of the Ca effect, changing from decreased reflectance to increased reflectance from CY,
3Y, to MNY (Figures 10, 11). As CaOx tends to accumulate in older needle tissues
(Giilpen et al., 1995; DeHayes et al., 1997; Borer et al., 2004), this agrees with the
hypothesized connection between crystal presence and enhanced reflectance. The
decreased fraction of CY needles in samples of the mixed-needle boughs could also relate
to the reversal of this effect. It is not clear whether the amounts of oxalate we measured
in 3Y needles (Chapter I) would be sufficient to expect increases in the associated
spectral curves, although none were observed here (Figure 9b, 10b).

Cytoplasmic Ca levels in plants are kept low (0.1 — 100 pM; McLaughlin and
Wimmer, 1999) compared to those of the cell interstices, by active processes that may
include the biosynthesis and cellular extrusion of oxalate from precursors such as
oxaloacetate, L-ascorbic acid, and glycolate (Franceschi and Loewus, 1995; Giilpen et al.,
1995). The increased production of oxalic acid seen in red spruce trees in the Ca-
amended watershed at HBEF was likely in response to an over-abundance of Ca. A
change in allocation strategy may be required to actively maintain cytoplasmic Ca at low
levels by the precipitation of excess Ca in the needle apoplast, and this re-allocation may
then represent a physiological stress to the tree (McLaughlin and Wimmer, 1999). Our

data suggest that spectral impacts of extracellular CaOx crystallization become
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significant only when a number of aged needles are viewed simultaneously (i.e. in MNY
scans), whereas in CY and 3Y age classes, this impact is not apparent. Non-significant
stress related features in wavelengths 535-700 nm of the visible region, however, were
seen in the youngest needle class (Figure 11a), and these features were strengthened in
3Y (Figure 11b), and in MNY samples (Figures 11c). If this stress were apparent to the
nascent foliage of a given growing season, but before significant crystal accumulation
had occurred, then unchanged reflectance in the infrared region would be expected, even
as stress related areas of the visible spectrum had begun to respond positively. In Ca-
treated mixed-needle-year samples, there were several indices that suggested lower
chlorophyll, greater accessory pigments (carotenes and xanthophylls), and lower
photosynthetic efficiency, possibly related to the trees' response to the physiological
stress of high Ca influx through time. The causes of a decrease in infrared reflectance
(Landsat TMS and TM7 bands) of current-year needles from the Ca application site are

not clear.

Summary

The 1999 Ca-wollastonite amendment in WS1 of Hubbard Brook has caused changes in
the spectral properties of red spruce foliage measured in 2007. Mixed-needle-year
reflectance increased in the visible, near infrared, and short-wave infrared (400-2500
nm), but earlier needle years from the 2005 (3Y) and 2007 (CY) growing seasons did not
show the same differences, suggesting that an accumulating Ca pool affects reflectance
additively over multiple seasons. Increased refraction by calcium oxalate crystal deposits

on the external cell walls is the potential cause of this effect in older needle age classes.
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Spectral differences, particularly in the visible and red-edge transition wavelengths, may
be a sign these trees are experiencing a Ca-superabundance stress, where photosynthetic
function has yielded to increased oxalate synthesis for the maintenance of cytoplasmic Ca

at physiological levels.
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CHAPTER Il

Measurement of stand spectral responses following calcium application to a small
forested watershed using Landsat TM imagery.

Abstract. Imagery collected from the Landsat satellites was evaluated over an 8-year
period preceding and following the 1999 application of 1.2 metric tons Ca ha to
watershed 1 at the Hubbard Brook Experimental Forest. Landsat data were selected from
August/September near-anniversary dates in 1999, 2001, 2005, and 2007, and normalized
to the 1999 base image to conduct a before-after-control-impact assessment of the
spectral effects of Ca re-fertilization of a forest ecosystem. In spruce-fir stands,
reflectance properties in the visible bands 1 and 3, as well as the infrared band 7 appear
significantly decreased over 8 years relative to the reference area. This is suggestive of
increasing contributions of non-photosynthetic and reflective material to the overall stand
spectrum, e.g. soil, rock, and woody debris, and corresponds to a period of declining
stand density in the reference area. The sustained increase we observed in the near-
infrared band 4 in the Ca-amended watershed does not conform to this stand thinning
hypothesis, and is probably related to changes in conifer physiology. Increased near-
infrared reflectance has been tied to the accumulation of excess Ca as birefringent Ca-
oxalate crystals in both red spruce (Picea rubens Sarg.) and balsam fir (4bies balsamea
L.) in these stands, and this may explain the increased band 4 signal despite a canopy
which has a relatively lower ground reflectance component. A ratio of Landsat band 4 to
band 7 (TM4/7) could help determine areas of increased Ca supply in coniferous forests

by normalizing near-infrared reflectance increases for changes in canopy/ground cover.
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Deciduous pixel changes are also presented for reference and Ca-treated watersheds.

Introduction

Forest systems are valued for their diversity, forest products, carbon storage capacity,
stability, and regenerative potential. Understanding forests in the context of nutrient
cycles and constraints is necessary for their management and maintenance. Across areas
of eastern North America and Europe these systems may be particularly sensitive to
availability of calcium (Ca), due to its role as a macronutrient, along with recent trends in
soil acidification and base cation depletion (Federer et al., 1989; Likens et al., 1996;
Kram et al., 1997; Driscoll et al., 2001; Jandl et al., 2004). There has been considerable
effort to quantify fluxes of Ca in forest ecosystems at the landscape level, even as
concurrent studies focus on the specific mechanisms of Ca physiology in individual trees
and tissues (Likens et al., 1998; Bailey et al., 2003; Borer et al., 2005; Halman et al.,
2008).

Although Ca is a required plant nutrient, influential to forest ecosystem processes
(McLaughlin and Wimmer, 1999; Horsley et al., 2002; Juice et al., 2006), its
biogeochemistry amid various perturbations is complex and in some cases poorly
understood at large spatial and temporal scales (Lawrence et al., 1997; Yanai et al., 1999;
Bullen and Bailey, 2005). The twentieth century’s legacy of acid precipitation has been
identified as the primary cause of Ca deficiency in northeastern forests (Driscoll et al.,
2001). In forests, the belowground pool of available Ca is adsorbed to negatively
charged soil exchange sites: Low pH water delivers hydrogen ions (H") that displace

exchangeable calcium (Ca®") from the soil matrix, and results in Ca leaching losses
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(Federer et al., 1989). Increased Al mobility is another effect of low pH soils that hinders
fine root nutrient uptake, and may be directly toxic to trees (Shortle and Smith, 1988;
Delhaize and Ryan, 1995).

In research at the Hubbard Brook Experimental Forest (HBEF), Likens et al.
(1998) estimated that from 1940-1995 the exchangeable soil Ca pool of a typical
Northern Hardwood Forest system diminished by roughly 70 percent. Studies have cited
Ca leaching, either from soils or directly from foliage as a threat to northeastern
coniferous forests involving Al toxicity (Shortle and Smith, 1988; Borer et al., 2004),
cold tolerance (Halman et al., 2008), photosynthetic efficiency (Borer et al., 2005; Boyce,
2007), mechanical stresses (McLaughlin and Wimmer, 1999), or a combination of these
and other factors (DeHayes et al., 1999; Schaberg et al., 2001).

A recent large-scale fertilization has been designed to experimentally study Ca
processes in a small ecosystem. In October of 1999, wollastonite (CaSiOs) was added to
an entire watershed (WS1) at HBEF in order to mitigate soil Ca to approximately pre acid
- rain levels, and facilitate direct comparison with adjacent stands (WS6) of ambient soil
Ca levels (Peters et al., 2004). Effects measured in fertilized stands thus far include an
increase in sugar maple (Acer saccharum Marsh.) crown vigor and understory
regeneration (Juice et al., 2006), and decreased freezing damage in red spruce (Picea
rubens Sarg.) at higher elevations (Hawley et al., 2006). Measurements of foliar Ca
begun in 1999 have shown immediate and lasting increases of total foliar Ca levels in the
treated watershed spruce (P < 0.01; Chapter I) and fir (Hubbard Brook Ecosystem Study,
2008a) following a pattern of correlation between soil and foliar Ca pools (McNulty et

al., 1991; Littke and Zabowski, 2007).
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High spectral resolution laboratory measurements of red spruce foliage in the Ca-
treated and an‘adjacent reference watershed from HBEF have shown a significant Ca-
treatment effect (Chapter II). In laboratory measurements of fnixed-needle samples frorh
WS, there was increased reflectance in broad portions of the spectrum from 400-2500
nm, and significantly (P < 0.10) higher reflectance in all six Landsat band regions.
Laboratory spectra have proven useful in evaluating the potential for remote sensing of
foliar chemistry and soil nutrients (Peterson et al., 1988; Curran et al., 1992; Mutanga et
al., 2005), and constructing forest canopy and soil nutrient models at large spatial scales
(Martin and Aber, 1997; Ollinger et al., 2002; Ollinger and Smith; 2005). The present
study is an initial evaluation of Landsat data collected from four dates: one pre-treatment,
and three post-treatment (Table 9), in order to explore the utility of multispectral data in
the identification of a spruce-fir stand of elevated Ca supply. We anticipate the
multispectral reflectance response of a Ca-amended ~2.5 ha spruce-fir stand will parallel
the laboratory hyperspectral response of broadly increasing foliar reflectance measured

directly in red spruce.

Methods

Site description and experimental background

Work was conducted at the Hubbard Brook Experimental Forest (HBEF), located in West
Thornton, in the White Mountain region of New Hampshire (43 © 56’ N, 71 © 45° W;
Figures 12 and 13). The HBEF is part of the Long-Term Ecological Research (LTER)
network and has been extensively characterized in its climate, hydrology, geology, soils,

and biota (Likens and Bormann, 1995). Prevalent tree species in this Northern Hardwood
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community include American beech (Fagus grandifolia Ehrh.), yellow birch (Betula
alleghaniensis Michx.) and sugar maple (4cer saccharum Marsh.) at elevations below
~700 m, with red spruce (Picea rubens Sarg.), balsam fir (4bies balsamea L.), and paper
birch (Betula papyrifera Marsh.) more common at higher elevations, and on north-facing
slopes. Bedrock at the HBEF is granitic (schists, quartzites), with well-drained, nutrient-
poor Spodosol soils (typic Haplorthods) forming from a glacial till substrate (Barton et
al., 1997; Bohlen et al., 2001).

The forest receives approximately 140 cm of precipitation annually, with deep
winter snowpacks contributing about 30 cm of this (Juice et al., 2006). Average summer
temperatures are 19 °C (July), while winters (January) average -9 °C (Bohlen et al.,
2001). A Ca-poor parent material and moist climate result in poorly buffered soils (pH
commonly < 4.5) with low available soil nutrient content below thick organic horizons
(Fisk et al., 2006). A detailed summary of the Ca biogeochemical processes and pools at
HBEF is available (Likens et al., 1998), and is supported by extensive online resources
(Hubbard Brook Ecosystem Study, 2008b).

Experimental manipulations of entire watersheds at Hubbard Brook have focused
on ecosystem processes such as hydrologic export, nutrient cycling and storage, and
response to timber harvest techniques (Johnson, 1995; Likens et al., 1996; 1998). The
most recent manipulation is the wollastonite (CaSiO;) amendment of an 11.8-ha
watershed (WS1) in October of 1999. The application rate of 0.12 kg Ca m™ was chosen
in order to replenish soil pools of the Ca estimated to have been removed by acidic
precipitation over the previous 50 years (Hawley et al., 2006). The soluble mineral

wollastonite form was distributed by helicopter after leaf drop, on 19 and 21 October

73



1999 (Peters et al., 2004). A single watershed (WS6) has remained un-manipulated
throughout the HBEF study, functioning as a biogeochemical reference watershed, about
1 km to the west of the Ca-treated watershed. Distinct from WS6 is the adjacent "west
of six" (Wo6) area, which is of similar aspect, elevation, and composition; used for

destructive foliar sampling in this study.

Plot selection and foliar chemistry
Six cluster plots of three canopy-dominant or co-dominant spruce trees in each watershed
were selected (total n = 36). Selection was random, but an effort was made to choose
individuals of Visuallsl healthy appearance from within a continuous stand of
predominantly spruce and fir composition along the valley ridge (see aerial photo, Figure
14; ground photo, Figure 15). A differential global positioning system (Pathfinder GPS,
Trimble Inc.”, Sunnyvale, CA) was used to record the locations of trees. Base station
data for differential correction was acquired from a New Hampshire Department of
Transportation receiver, located in Concord, NH (about 85 km from HBEF). Single trees
were initially chosen to anchor each plot, and GPS coordinates and Landsat imagery were
then used to co-locate two additional trees within the same 28.5 m pixels (see below,
section "Landsat imagery processing"). A more detailed biometric description of plots,
including DBH, height, live-crown ratio, and needle retention is provided in a separate
study (Chapter I).

On 13 and 14 August 2007, needles were sampled from WS1 and Wo6 following
methods described separately (Chapter I). Chemical analyses of Ca, magnesium,

strontium, aluminum, iron, manganese, phosphorus, potassium, and oxalic acid were

" Use of brand names is for clarity and does not imply endorsement.

74



done on needles from each sample (Chapter I).

Laboratory spectra

All foliar samples were scanned using a GER 2600 portable laboratory spectroradiometer
(Geophysical Environmental Research Corp.”, Millbrook, NY) to provide comparative
hyperspectral characterization of spruce needles from within WS1 and Wo6 areas.
Spectra were produced at a bandwidth sampling resolution of 1.5-nm in the visible and
near-infrared regions (400-1020 nm), and 15-nm resolution in longer infrared (1020-2580
nm). Landsat band 1-5 and 7 reflectance was simulated for comparison with
multispectral data. Complete methodology and discussion of laboratory spectra from the

two watersheds are presented in a separate paper (Chapter II).

Landsat imagery processing

Image selection. Landsat 7 images collected after 31 May 2003 are problematic due to a
scan-line corrector error that affects the outer regions of each scene, where the Hubbard
Brook valley is located. We selected Landsat 5 Thematic Mapper (TM) and pre-2003
Landsat 7 Enhanced Thematic Mapper (ETM+) scenes of 28.5 m spatial resolution for 4
approximate anniversary dates over north-central New England (Table 9, Figure 12).

Late August was identified as the ideal period for imagery acquisition, since at this time, |
spruce have completed the rapid physiological allocation of nutrients to produce new
needle biomass, and we would expect low spectral variation due to phenology. However,
the selection was limited by availability of cloud-free data from the 16-day Landsat

- repeat-capture cycle, and we considered an acceptable window extending from the

" Use of brand names is for clarity and does not imply endorsement.
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completion of new needle flush in late July, to the onset of autumn senescence and
decreased photosynthetic rates in October (Fowells, 1965). Landsat 5 imagery was
determined to be of acceptable quality, despite a minor striping anomaly in bands 1-3
caused by inter-detector (within-scan) variability. Visible striping of these bands was
found to have an average difference of 1 digital number, or about 0.2 % reflectance,
within the study area of HBEF. All image processing was done using ERDAS Imagine 9
(ERDAS Inc.’, Norcross, GA).

Registration and rectification. The earliest Landsat pre-treatment scene (1999)
was selected as the base image for geometric rectification. The image was initially
evaluated to determine the extent of geometric rectification necessary using a USGS
Digital ortho-quadrangle (DOQ) aerial photograph of Woodstock, NH, acquired in the
spring of 1993 (Figure 14). Four ground control points were collected with Trimble GPS
Pathfinder equipment at corners of a rain gauge clearing in the Wo6 area, then compared
to corner points of the rain gauge clearing visible on the DOQ (Figure 16). Visual
inspection (ERDAS Imagine, image-swipe tool) showed that the close spatial agreement
of these four local ground control points with the aerial photograph was consistent
throughout the DOQ region and allowed the DOQ to serve as a local reference image.

The 1999 Landsat and DOQ images were co-registered in a single projection |
plane, and spatial registration error was determined using a series of 15 ground control
points collected both from within HBEF and throughout the scene with GPS. The root-
mean-square registration error was 13.5 m (about 0.5 pixel) over the entire scene, and
11.4 m (about 0.35 pixel) for the subset of four points in the Hubbard Brook study area.

The three subsequent Landsat scenes were referenced to the base image in order to

" Use of brand names is for clarity and does not imply endorsement.
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compose a four-date multi-image. No geometric rectification was done for either of the
1999 or 2001 images. Data from 2005 and 2007 were rectified using first-order
polynomial transformations, and all scenes were inspected to ensure alignment of visible
features.

Instrument cross-calibration. Data collected from the ETM+ and TM sensors are
not suited for direct comparison, due to differences in radiometric response (Teillet et al.,
2001). In order to allow comparison of spectral information across dates of the multi-
image, we performed a linear cross-calibration of Landsat 5 TM radiometric response
data (digital numbers) to the equivalent Landsat 7 ETM+ data following Vogelmann et al.
(2001).

Radiometric correction. All data were radiometrically corrected to convert raw
instrument response (digital number) to percent reflectance (Landsat 7 Science Data
Users Handbook, 2006). The spectral effects of atmospheric scattering and absorbance
were then corrected using a dark-object subtraction, whereby very dark features (such as
lakes) from within the scene are taken as non-reflective. The corresponding minimum
scene-wide reflectance values can then be subtracted from each pixel in a scaling
computation (Song et al., 2001; Paolini et al., 2006).

Image normalization. In order to allow direct inter-annual comparison of spectral
response, relative radiometric correction was done using features visually selected from
Landsat imagery. A total of 17 features representing a wide range of reflectance were
selected, including: 5 lakes, 4 exposed talus/scree fields, 4 upland deciduous stands, and
4 lowland coniferous stands. For the 1999-2001 image pair, only 12 of these

normalization targets were available due to cloud cover. In each band, a linear
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relationship was established between reflectance for three image pairs: 1999-2001,
1999-2005, and 1999-2007 (R’ values presented in Table 10). Relative correction
following Hall et al. (1991) produced reflectance data from 2001, 2005, and 2007,
normalized to the spectral response of the base image.

Pixel extraction. Watershed boundary maps were acquired from the Hubbard
Brook online repository (Hubbard Brook Ecosystem Study, 2008c¢), and rectified using
GPS ground control data. In each watershed, two zones were delineated corresponding to
coniferous and deciduous canopy using aerial photography (DOQ), which was acquired
prior to spring leaf-out. A pixelated area of interest was visually selected from each zone
in both WS1 and Wo6/WS6 (hereafter referred to simply as WS6 in discussion of
Landsat data), and included coniferous plot pixels established in ground sampling (see
Figures 14 and 17). A total of 65 pixels were used in the coniferous comparison, and 321

pixels in the deciduous, representing areas of 5.3 and 26 ha, respectively.

Statistical analysis.

All analyses were performed on unsmoothed reflectance data, using the Stata 10 data
analysis software package (StataCorp”, College Station, TX). Laboratory chemistry and
laboratory hyperspectral measurements were analyzed for significant differences with the
Student's t-test, nested within needle age class. A two-way factorial ANOVA was
performed to assess the relationship between Landsat pixel reflectance data and year,

treatment, and interactive effects of treatment by year.

Results

" Use of brand names is for clarity and does not imply endorsement.
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Laboratory measurements

Data showing the increased foliar Ca, Sr, and oxalate content of trees in WS1, along with
strong correlation between Ca and oxalate, are presented in a preceding paper (Chapter I).
Hyperspectral measurements of mixed-needle-year samples indicated the needles from
Ca-treated sites had a significantly higher (P < 0.05) percent reflectance in most areas of
the spectrum including the visible and far-red (400-739 nm), and near and short-wave
infrared (928-2500 nm), but excluding the near infrared region from 740-927 nm (Figure
18). The simulated Landsat band reflectance was significantly higher (P < 0.10) in WSI
samples for all band regions 1-5 and 7 (Figure 18). A complete treatment of these
hyperspectral results is presented (Chapter II), including a full range of vegetation stress

indices.

Image differencing and inter-annual comparison

A normalized Landsat data comparison between watersheds showed significant trends of
treated WS1 reflectance compared to WS6 for both coniferous and deciduous pixels
(Figures 19 and 20, respectively). Factorial ANOVAs showed a significant (P < 0.05)
treatment by year effect in four of six bands in both coniferous and deciduous data
(Tables 11 and 12, respectively). Notable trends in the Ca-treated pixels include:
sustained increase of infrared (Figure 19, band 4) reflectance in conifers, and a
diminished visible reflectance in WS1 compared to WS6 in both deciduous and conifers
(Figures 19 and 20, bands 1-3). In coniferous pixels, the reference area had lower band 3
reflectance than the Ca-treated in 1999, whereas the most recent data (2005 and 2007)

show this pattern has reversed, with higher band 3 reflectance in the reference watershed.
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A summary of net change in percent reflectance from 1999 to 2007, the two dates nearest
an eight-year anniversary, is also presented (Tables 11 and 12). Data from pre- and post-
treatment indicate that reflectance of coniferous pixels decreased significantly in band 1,
band 3, and band 7, while that of band 4 increased. Deciduous Ca-treated pixels show a
trend of decreasing reflectance in each of bands 1-3, and 7, compared to the reference
data.

The multispectral moisture stress index of Landsat bands 5 and 4 (TM5/4) showed
consistent and significant decreases in the coniferous pixels between 1999 and 2007
(Table 13). Calcium-treatment by year effects on the ratio in deciduous zones were also
significant (P = 0.002). Overall trends of decreased TM5/4 between 1999 and 2007 were
seen in Ca-amended deciduous zones, however, the magnitude of the decrease was much
less than coniferous zones, and similar in reference and Ca-amended watersheds (Table
14). The normalized difference vegetation index (NDVI) increased in WS1 coniferous
pixels compared to little change between 1999 and 2007 in WS6 pixels. Inter-annual
differences (2007-1999) in deciduous NDVI values were also comparable between the
two watersheds (Table 14), although ANOVA indicates there was a significant year by

treatment effect.

Discussion

The Ca application at Hubbard Brook allows the direct comparison of multispectral data
gathered from a stand characterized by recharged soil Ca (WS1), and one with base-poor
soil conditions (W S6) typical of the White Mountain region. The two watersheds have

the same aspect and elevation, and the close proximity eliminates atmospheric variables.
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Geometrically rectified, co-registered data spanning eight years were normalized to a
single pre-treatment base image in 1999, and showed comparable reflectance values from
year to year. The impacts of disturbance, e.g. the New England ice storm of February
1998 (Boyce et al., 2003), and unattributed species decline, e.g. increasing mortality of
paper birch (Battles JJ, unpub. data; Rock BN, personal observation), are thus taken to be
approximately equal in stands of both WS1 and WS6. This discussion focuses primarily
on data from coniferous stands, which may be related to previous work on red spruce
needle chemistry and hyperspectral characteristics following the Ca addition (Chapter I;

D).

Stand spectral effects
Previous work at HBEF has shown the effects of Ca application in enhanced vigor of
three tree species: sugar maple (Juice et al., 2006; Huggett et al., 2007), balsam fir
(Boyce, 2007), and red spruce (Hawley et al., 2006; Boyce, 2007; Halman et al., 2008).
Parallel studies have made direct chemical and hyperspectral measurements of red spruce
needles and boughs from WS1 and WS6, finding accrual of the applied Ca as
extracellular Ca-oxalate in multiple needle years (Chapter I). The sequestration of excess
Ca as crystal Ca-oxalate has been hypothesized as the cause of increased reflectance
measured across the entire visible and short-wave infrared spectrum of mixed-needle
boughs (Figure 18), and the possible cause of spectral index stress response patterns in
these needles (Chapter II).

The pan-spectral reflectance increases seen in spruce needles at hyperspectral

resolution were not observed in the Landsat satellite data from coniferous pixels. The

81



significant effects observed in WS1 coniferous and deciduous data from 1999 and 2007
amount to increased near-infrared reflectance, and decreases in the reflectance of visible
bands 1, 2 (deciduous only), and 3, and the infrared band 7. Increases in the band 4
signal were strong in the conifer pixels (P = 0.01) and marginally significant in the
deciduous (P = 0.06).

There have been measurements of increased visible/infrared reflectance responses
to the Ca addition in both conifer species present on the ridges of HBEF: spruce (Chapter
) and fir (McCarthy PM, unpub. data). The measurement of in situ forest spectra via
analysis of Landsat TM/ETM+ data, however, must take into account factors independent
of the spectral properties of constituent species. These factors include canopy
architecture, shading, and contributions of ground reflectance (Williams, 1991). There is
also the likelihood of a mixed vegetation signal in spruce-fir stands due to herbaceous
ground cover or the encroaching broadleaved specieé sometimes present at upper
elevations in the Hubbard Brook Valley, e.g. paper birch, American beech, or red maple
(Acer rubrum L.). Surveys done in WS1 and WS6 following the Ca-addition did not
show a net effect on the overall herbaceous cover (Siccama TG and Denny EG, unpub.
data), therefore, canopy-level effects are probably more important in interpreting these
results. Complete forest inventories done at 5-year intervals in the coniferous zones of
WS1 (1996-2006) and WS6 (1997-2007) show a roughly 15 % decrease in live deciduous
and coniferous stems greater than 10 cm DBH in WS6, compared to constant levels in
WSI (Battles JJ, unpub. data). One effect of a disturbed or broken canopy is greater
visible spectral reflectance due to the increased contribution of non-photosynthetic non-

absorbtive material, i.e. woody debris, standing snags, soil and rocks, to the overall
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spectral signal (Colwell, 1974; Entcheva Campbell et al., 2004). A parallel effect occurs
with the increaséd signals in the infrared bands 4, 5, and 7 due to the exposure of
increased level ground (Figure 13), and work by Baret et al. (1995) has shown positive
correlation between canopy gaps and infrared reflectance. We hypothesize that trends of
higher reflectance in the pigment associated visible bands 1, 2, and 3, as well as the
infrared band 7 followed from the decline of some species in the coniferous zone of the
reference watershed, particularly paper birch. Future Landsat work could include a
spectral un-mixing analysis to ascertéin the spectral contribution of different vegetation

and soil components.

Near-infrared reflectance increases

The increased near-infrared reflectance seen in WS1 conifers, compared to the relatively
stable reflectance of WS6 conifers, suggests effects of other canopy processes besides the
opening of gaps in WS6. Level ground features are highly reflective in the infrared
portion of the spectrum, and we would anticipate increased band 4 reflectance as the
spruce-fir WS6 canopy is thinning, rather than the opposite trend observed.

A previous study of the laboratory spectral effects of the WS1 Ca-amendment in
fresh red spruce foliage (Chapter II) offers two pieces of evidence that may tie the
infrared signal to Ca physiology in spruce at HBEF. First, the infrared region of band 4
(760-900 nm) is a region of high variation (s.d. > 7 % reflectance) in laboratory scans,
but nonetheless showed a marginally significant (P = 0.08) positive response to the Ca;
treatment. The same study also found that in mixed needle year samples, foliar oxalate

positively correlated more strongly with band 4 than with any other simulated Landsat
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band. Direct observation by Gausman (1977) has shown the highly reflective properties
of an extracellular crystal deposit in Zebrina pendula in the near-infrared (850 nm), and
this plant has been identified as producing Ca-oxalate crystals (Loetsch and Kinzel,
1971). The tendency of both spruce and fir at Hubbard Brook to form extensive amounts
of cell wall Ca-oxalate crystal deposits (Chapter I; McCarthy PM, pers. obs.), along with
trends of improving red spruce vigor (Hawley et al., 2006; Halman et al., 2008), and
overall conifer density (Battles JJ, pers. comm.) suggest there is an infrared-reflecting
evergreen component responsible for the observed response in band 4 data, possibly Ca-
oxalate.

In addition, Halman et al. (2008) have measured greater sugar and antioxidant
concentrations in WS1 spruce needles. Boyce (2007) has measured greater maximum
leaf fluorescence in WS1, which relates to the down-regulation of photosynthesis
(fluorescence quenching) over winters (Krause and Weis, 1991; Adams and Demming-
Adams, 1994) and is indicative of higher photosynthetic efficiency. The benefit of Ca to
physiological processes such as inter-cellular signal transduction (Borer et al., 2005),
cold-adaptive down-regulation of photosynthesis (Halman et al., 2008), wound repair and
recovery, and wood structural integrity (McLaughlin and Wimmer, 1999) could have led
| to a higher biomass increment in these trees, and subsequent increases in the band 4
infrared signal in the years following the Ca treatment. A previous study (Chapter I) did

- not find evidence of radial growth effects in the spruce of WS1 compared to Wo6é.

Indications of stress

An increase in stand normalized difference vegetation index (NDVI) seen at the
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coniferous pixel level, along with decreasing moisture stress signal (TM5/4) from 1999 to
2007 suggests improved health at the stand level following the Ca amendment. The
Landsat Thematic mapper 5/4 band ratio has been employed in past studies, showing
positive correlations with crown-level insect damage (Vogelmann and Rock, 1989) and
forest damage (Rock et al., 1986; Vogelmann and Rock, 1988), and NDVI is one measure
of green plant biomass signal (Rouse et al., 1973). These effects were not measured in
hyperspectral data collected in the laboratory, and there may be a complex factors at
work in situ giving the WS1 stands a comparative advantage in cold tolerance,
photosynthetic efficiency, and regulation of physiological processes (Hawley et al., 2006;
Boyce, 2007; Halman et al., 2008).

Coniferous Landsat pixels from WS1 also showed a relatively constant red-
absorption characteristic in band 3 across the eight years analyzed, compared to that of
WS6, which sharply increased between 2001 and 2005 implying a decrease in
chlorophyll at the pixel level. In 1999, WS1 had the higher band 3 value of the two
watefsheds, while in 2007 WS6 had increased and surpassed it. Studies at HBEF have
documented the connection between Ca and resistance to winter-injury, where current-
year needles experience cold stress, become reddened and desiccated, and eventually die
(Hawley et al., 2006). The winter of 2002-2003 was a year of particularly high winter
injury (Lazarus et al., 2006), and could be implicated in our observation of a roughly 14
% increase in WS6 red reflectance during the 4-year period from 2001 to 2005, while red

reflectance remained unchanged in WS1.
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Summary

The Ca fertilization of 1999 has had significant effects on the satellite-measured
reflectance properties of the conifer and deciduous stands of watershed 1 at Hubbard
Brook. Hyperspectral effects measured in laboratory work on red spruce were not seen in
Landsat spectral data, with the exception of the near-infrared region (band 4) related to
plant structural reflectance and refraction. In this region, Ca-treated pixels showed a

‘ sustained increase in reflectance from 1999 to 2007 that was comparable in magnitude to
increases measured in fresh needle samples in the laboratory. Measurements linking
needle infrared reflectance to bound oxalate crystal content in spruce suggest this is the
result of increased foliar scattering-reflectance properties in the near-infrared. The
decreased reflectance in WS1 conifer pixels' visible bands 1 and 3, relative to‘that of
WS6, may be due to changes in chlorophyll levels due to a measured decrease in stand
density in the reference area, compared to a Ca-treated stand that was increasingly
coniferous and of constant density. We suggest the Landsat infrared bands 4 and 7
(TM4/TM7) as a potential Ca response ratio to measure changing Ca supply in coniferous

forests, while normalizing for changes in canopy/ground cover.
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Figure 12. Map showing the location of multispectral data from Landsat 5 and Landsat
7, worldwide reference system (WRS) path 13, row 29. The Hubbard Brook

Experimental Forest (HBEF) sits in the southeast corner of the scene.

Acquisition date Time Satellite Sensor Path / Row % Cloud cover
31 August 1999 15:25 Landsat 7 ETM+ 13/29 0
4 August 2001 15:21 Landsat 7 ETM+ 13/29 18
24 September 2005 15:20 Landsat 5 ™ 13/29 0
29 August 2007 15:25 Landsat 5 ™ 13/29 1

Table 9. List of Landsat scenery used.
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Band |  Image pair: 1999 - 2001 1999 — 2005 1999 — 2007

1 0.966 0.988 0.970
2 0.994 0.992 0.990
3 0.998 0.982 0.995
4 0.992 0.992 0.993
5 0.993 0.994 0.999
7 0.996 0.994 0.999

Table 10. R?values for Landsat image-pair normalization, by band.

Reflectance difference Band 1 Band 2 Band 3 Band 4 Band 5 Band 7
WSI1: 2007-1999 -0.0506 -0.192 -0.111 5.48 -0.456 -0.531
WS6: 2007-1999 0.267 -0.0048 0.350 2.02 0.575 0.321
Treatment 0.036 <0.001 0.785 <0.001 <0.001 0.011
Year <0.001 <0.001 <0.001 <0.001 0.277 0.005
Year * Treatment 0.040 0.402 0.002 0.012 0.614 0.040

Table 11. Change in coniferous Landsat reflectance signature of watersheds 1 and 6 at

- HBEF, 1999 to 2007. Differences of mean pixel reflectance are presented for Ca-treated
(WS1; n=32) and reference (WS6; n = 33). Resulting P values for F-tests of
significance from ANOV As are also shown, by band.

Reflectance difference Band 1 Band 2 Band 3 Band 4 Band 5 Band 7
WS1: 2007-1999 0.169 -0.166 0.0377 3.94 -0.0759 -0.296
WS6: 2007-1999 0.359 0.0275 0.148 3.82 0.225 -0.0659
Treatment 0.028 < 0.001 < 0.001 <0.001 < 0.001 < 0.001
Year < 0.001 < 0.001 < 0.001 <0.001 < 0.001 < 0.001
Year * Treatment 0.011 < 0.001 <0.001 0.060 0.236 0.036

Table 12. Change in deciduous Landsat reflectance signature of watersheds 1 and 6 at
HBEF, 1999 to 2007. Differences of mean pixel reflectance are presented for Ca-treated
(WS1; n = 156) and reference (WS6; n = 165). Resuiting P values for F-tests of
significance from ANOVAs are also shown, by band.
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Index Landsat 5/4 NDVI

Year WS1 WSé6 WS1 WS6
1999 0.482 0.434 0.787 0.786
2001 0.448 0.425 0.813 0.813
2005 0.440 0.490 0.798 0.759
2007 0.400 0.426 0.819 0.788
Year <0.001 < 0.001
Ca-treatment 0.853 <0.001

Year * Ca-treatment <0.001 <0.001

Table 13. Descriptive indices from coniferous pixels in Ca-treated (WS1) and reference
(WS6) areas extracted from four Landsat scenes. P values are also listed for a two-way
factorial ANOVA for each index.

Index Landsat5/4 NDVI

Year WS1 WS6 WS1 WS6
1999 0.479 0.472 0.822 0.827
2001 0.434 0.450 0.843 0.841
2005 0.442 0.441 0.834 0.827
2007 0.431 0.434 0.836 0.836
Year < 0.001 < 0.001
Ca-treatment 0.240 0.393

Year * Ca-treatment 0.002 0.002

Table 14. Descriptive indices from deciduous pixels in Ca-treated (WS1) and reference
(WS6) areas extracted from four Landsat scenes. P values are also listed for a two-way
factorial ANOVA for each index.
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Figure 15. May 2008 photo of spruce-fir ridge zone of Hubbard
Brook showing unclosed, predominantly conifer canopy. Note the
white birch snag in the foreground, a common sight in these plots.
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Figure 16. Digital ortho-quadrangle (DOQ) image acquired before spring leaf-out,
showing the area west of watershed 6, and GPS ground control points collected at the
corners of a rain gauge clearing, approximately one Landsat pixel in size.
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Figure 18. (a) Mean (n = 18) reflectance curves for Ca-treated (WS1) and reference
(Wo6) needles in mixed-needle year boughs sampled at HBEF. Finely dotted lines show
+/- standard error of measurement for each age class. Landsat band regions 1-5 and 7 are
indicated by Roman numerals. (b) Reflectance difference curve (WS1 - Wo6); shaded
regions significantly (£ < 0.05) differed in a Student's t-test.
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CONCLUSION

The abundant soil Ca pool produced by the whole-watershed wollastonite
application has resulted in increased foliar Ca and oxalate levels in red spruce. Several
vegetation health indices measured from laboratory spectra show a surfeit of Ca resulted
in a physiological stress for the Ca-amended trees. The pan-spectral reflectance increases
seen in Ca-treated bough samples suggest the accumulation of crystal Ca-oxalate deposits
over multiple growing seasons has enhanced foliar refraction and reflectance, and
correlations were seen between foliar oxalate content and infrared reflectance. Stand
level processes related to tree mortality and conifer/deciduous canopy fraction complicate
the extrapolation of laboratory spectra to larger scales, and the laboratory hyperspectral
signs of foliar stress were not measured by Landsat data or stand inventories
corresponding to spruce-fir pixels. Nonetheless, there were several signs of an increased
near-infrared response that was common to Ca-treated spectra in both laboratory and
satellite data. Future work is needed for the evaluation of multispectral response ratios
(e.g. Landsat TM4/TM7) over known Ca gradients, or the un-mixing of spectral

components in the Ca-treated spruce-fir zone of Hubbard Brook.
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