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RESPONSES OF LEAF SPECTRAL REFLECTANCE TO
PLANT STRESS

GREGORY A. CARTER

Science and Technology Laboratory, National Aeronautics and Space Administration,
Stennis Space Center. Mississippi 39529

Leaf spectral reflectances were measured to determine whether leaf reflectance respuaséstiress may differ according to the agent of
stress and species. As a result of decreased absorption by pigments, reflectance at visible wavelengths increasedircastsistedljeaves
for eight stressgents and among siascular planspecies. Visible reflectance was most sensitive to stress BB#i640-nm and 685-700-nm
wavelength ranges. A sensitivity minimum occurred consistently 8%&nm. Infrared reflectance was comparatively unresponsive to stress, but
increased at 1,400-2,500 nmith severe leaf dehydration and the accompanying decreased absorption by etgrisible rather than infrared
reflectance was the most reliable indicator of plant stress. Visible reflectance responses to stress were spectrallyrgjradmnsrof stress and species.

Within the 400-2,500-nm wavelength range, which include€ngelm.),and senescence in liveak (Quercus virginianill.).
most of the incident solar spectrum (GatE880), the spectral Responses to stress agents of physicochemical origin were
reflectance of vegetation may indicate plant stress. Leaf reflectandetermined forexposure to herbicide (DCMU) in persimmon
responses to environmental conditions that inhibit growth generalliospyros virginiana..), increased atmospheric ozone in loblolly
involve increasedeflectance in the visible (380-760-nm, Rossotti,pine, the sandysoils and high salinity of darrier island vs.
1983) orinfrared (760-2,500-nm) spectr&uch reflectance in- mainland site in slash pine, and short-term dehydration in
creases have been reported in response to agents of stress thagwitthcane(Arundinaria recta[Walt.] Muhl.). Reflectance was
biological (e.g., Ahem1988) aswell as physicochemical (e.g., measured fofive replicates petreatment except in the cases of

Schwaller, Schnetzler, and Marshall, 1983) in origin. ectomycorrhizae in slagiine (N: 3) and ozone in loblolly pine (N=
Although leaf reflectance hdseen studied in response to 6).
numerous stress agents (see Carter etl@82 for additional To include reflectance responses to competition, ozone, and

review), the spectral regions, or wavelengths, at wiéai the barrier island environment, data were extrafiam earlier
reflectance is most responsivestoess remaitargely undefined.  studies (Carter et all,989, 1992G.A. Carter and D.R. Young,
Also, the extent to which particulatress agentgeld spectrally  unpublished data, respectively). Methods to determine reflectance
unique leaf reflectance responses has not been established (Jackessponses tdehydration also were described previou€harter,
1986).Thus, thepurpose of thipaperwas to: 1) summarizeaf 1991 ), and were used to compare leaf reflectances at 30% vs. 100%
reflectance responsder a variety ofstress agentand among relative water contents (RWCs) infecta. RWC was computed by
several species; 2) determine the wavelengths at weah subtracting leaf dry mass from fresh mass, multiplying the difference
reflectance is generally most responsive to stress; and 3) estimaie100, and dividing by the difference of fully turgid mass minus dry
the extent to which differing agentssifesamay yieldspectrally  mass.

unique reflectance responses. Reflectance responses to stress were The reflectance response to a plant disease was determined for
compared amonfpur biological and four physicochemicsttess  nonvariegated &ves of euonymus that were infected vs. uninfected

agents using six vascular plant species. with powdery mildew fungus (Fungi Imperfecti). Leavesre
collected from infecteghrubs that were approxi-mately 2 m in
MATERIALS AND METHODS height and growing on a local sun-exposed site. The leaves were

returned to the laboratory and cleaned using water and mild abrasion
Leaf spectral reflectances were meastoedtressed plants to remove fungal hyphae from the surfgméor to reflectance
vs. relativelyunstressed plants (controls) that were naturally omeasurements.
experimentally grown in the fiel®Responses to stress agents of The effect of insufficient ectomycorrhizae on leaf reflectance
biological origin were determined for plant competition in loblolly was determined foslash pine seedlings that were inoculated or
pine(Pinus taedd..), powdery mildew disease in golden euonymusnoninoculated with the beneficial mycorrhizal fungRisolithus
(Euonymus japonicavariety Aureo-marginata), insufficient tinctorius (Pers.) Cokeand Couch. Canopy reflectances for the
infection with ectomycorrhizal fungi in slash pi¢iginus elliottii noninoculated vs. inocatled seedlings were compared and methods
described previously (Cibula and Carter, 1992). During the earlier
'Received for puliation 17 September 1992; revision accepted 1 Decembegtudy' leafreflectances fotthree seedlingper treatment were
measured using bundles of approximately 200 needles per seedling
and methods that weagpropriate for pine needles (Carter, 1991 ).
Reflectance responses to evergreen senescence were determined
for senescent (yellow) vs. nonsenescent (green)
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Fig. 1. Reflectance differences for stressed vs. nonstressed leaves throughout the 400-2,500-nm spectrum. Visible ev@vefgrgttimately within the 400-760-nm
range. Differences were computed by subtracting the mean reflectance of nonstressed leaves (zero line) from that afegelSkthiewere for five replicates (N= 5) except
in D (N= 6) and E (N= 3). Darkened regions indicate differences 'hat were significar@.(®}&ccording to ANOVA and Dunnett's test, and numbers inside a graph indicate
wavelengths for difference maxima or minima. See Table | for exact wavelength ranges of the significant differencesp&seriesirare loblolly pine (A, D), persimmon
(B), euonymus (C), slash pine (E, F'), live oak (G), and switchcane (H).

oak leaves that were collectietally from a maturdree growing  bicide was determined for persimmon seedlings that had established

in an open field. Senescence in live oak involves a color changm a local abandoned roadside. Seedlings approxin@teiy in

from green through yellow to brown. height were exposed to a single application to the soil of 8 g/liter
The reflectance response to damage induced by a her-  DCMU powder (Diuron,
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Fig. 2. Spectral sensitivity of leaf reflectancel@ant stress. Sensitivities were computed by dividing the reflectance differences (Fig. 1) by reflectances of the nonstress
leaves (zero sensitivity). Darkened regiomiidate sensitivities for which the reflectance difference (Fig. 1) was significant (P ~ 0.05) according to ANOVA and Bastnett's
and numbers inside a graph indicate wavelengths of sensitivity maxima or minima. See Table 1 for exact wavelength raigrafiasfrthsensitivities. Species represented
are loblolly pine (A, D), persimmon (B), euonymus (C), slash pine (E, F), live oak (G), and switchcane (H).

du Pont de Nemours, Wilmington, DE) in water. Leaf reflectancefRIS model 11, GER, Inc., Milbrook, NY) and methods described
for herbicide-treated vs. untreated plants were measured 8edrlier (Carter1991 ).Reflectances were obtained at each of 768
following herbicide treatment. radiometer channels that were calibrated to wavelength using a

For all agents of stressd species, reflectance was measuredtrypton lamp and reflectance calibration standards (Labsphere, Inc.,
in the laboratory using a scanning spectroradiometer North
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TABLE 1. Wavelength ranges (nm) for significant reflectance differences Infrared reflectance generally did not change \sitless or
and sensitivities changed inconsistently. As exceptions, infrared reflectance
increased substantially wifingal infection in euonymugaves

== = = m— (Fig. I C), and patrticularly with dehydration 80% RWC in
Competition T g—Trers 205409 switchcane (Fig. 1 H). Peak differences accompanying dehydratu_)n
525-650 519-573 occurred near 1,400 nm, 1,900 nm, 2,000 nm, and 2,400 nm (Fig.
686-728 688-735 1 H)
1.384-1,401 . . . . .
1.875-1,905 Reflectance sensitivity (Fig. 2) indicates the wavelengths at
Pathogen g | e gt which a linear response detector, such as photographic film, would
1,390-1.595 1.865 most likely detect a reflectance response to plant stress (Cibula and
:;;ilggé Carter, 1992)Sensitivities were generally greatest in the orange
Insufficient 415-760  Barrier island 409-413 (585647-nm, Rossotti, 1983) and red spectra, except for peaks in
mycorrhizae PP the violet and greespectra that accompanied herbicide damage.
23:—33; These maxima occurred within the 535-640-nm and 685-700-nm
1,298-1,373 ranges except for the maximum near 409 nm in herbicide-damaged
:~g}§::-ggg persimmon. In most cases, sensitivity at 685-700 nm was greater
2.114-2,151 than or equal to sensitivities at shorter wavelengths. Sensitivities
§§g§t§§;; were generally least in the violet-blue spectrum, and a sensitivity
Senescence 498-715  Dehydration 506-519 minimum occurred also ne&70 nm inall cases. Dehydration in
e ® switchcane and fungal infection in euonymus yielded sensitivity
maxima near 1,450 nm, 1,9001,950 nm, and 2,500 nm.

DISCUSSION

Reflectances of stressed leaves were significantly differen(B5) from
those of nonstressed leaves in the specified wavelength ranges according 10 . o
ANOVA and Dunnett's test. Difference and sensitivity values arc obtained from  The constancy of increased visible reflectance r@sgonse

Figs. 1 and 2, respectively to stress was quite evident among the vargitess agents and
species. Notably, increased reflectance near 700 nm represents the
Sutton, NH). Spectral resolution was 1-2 nm in the 4001,113-nmften reported "blue-shift”; i.e., the shift towardshorter
range, 3-4 nm ithe 1,136-1,894-nm rangend5-6 nm in the  wavelengths of the red-infrared transition curve that occurs in
1,900-2,508-nm range. stressed plants when reflectance is plotted vs. wavelength (Horler,
For each agent of stress, reflectance differences wei@ockray, andBarber, 1983Rock, Hoshizaki, and Miller1988;
computed by subtracting the meaaf reflectance of relatively Curran, Dungan, and Gholz, 1990; Cibula and Carter, 1992). The
nonstressed leavefrom that of stressed leaves at each reflectance difference maxima n&w0 nmand710nm, and the
spectroradiometer channel (Carter, 1991 ). Significanc®(@5)  sensitivity maximanear 620 nm and 700 nm, occurred at
of the reflectance difference at each channel was determined avelengths where the absorptivity of chlorophyll a is relatively
ANOVA and Dunnett's means comparison (Steel and Tomdow (Hoff andAmesz,199 | ). With low absorptivity, even small
1960) to the unstressed controls. Reflectance sensitivity at a givelrcreases in chlorophyll content could resultsignificantly
wavelength was computed by dividing the reflectance differencdecreased absorption and increased reflectance. Thus, these
by the control reflectance at each channel (Cat@9]1). Sen- difference and sensitivity maxima can be explained by
sitivities were defined as significant if the associated differencstress-induced decreases in chlorophyll a content. However. small
was significant. decreases ichlorophyll content would not increase reflectance
greatly in the blue spectrum and near 670 nm because of the high
RESULTS absorptivity of chlorophyll in these spectral regiqhkoff and
Amesz, 1991)Thus, difference and sensitivity minima occurred
Visible reflectance, particularly in the green spectrumconsistently in the blue spectrum and near 670 nm.
(491-575nm) near550 nmand red spectrun47-760 nm, Visible reflectance responses to strgeserally were not
Rossotti,1983)near710nm, increased consistently in responseunique for a giverstress agent, lending support to Hew that
to stress regardless of stress agent or species (Fig. 1; Table dant physiological responses to stress are similar
Differences nea710 nmwere greater than those n&&0 nm.
With dehydration, a peak difference occurred in yledow
spectrum (575-585 nm, Rossott83) at 584 nnfFig. 1H).
Differences in the visible spectrum generally were least at violet
(380-424nm) and blue (424-491-nm, Rossotti, 1983)
wavelengths. The exception was substantially increased
reflectance near 409 nm in response to herbicide damage (Fig. 1
B; Table 1).Difference minima occurred also ne@f0 nm
in all cases.
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regard|ess of the cause of stress (Chamgl) With p|ant —,R.J. MITCHELL, A.H. CHAPPELKA, AND C.H. BREWER. 1992. Response

. : - of leaf spectral reflectance in loblolly pine to increased atmospheric ozone and
stress, major reflectance differences occurred generally in the precipitation acidityJournal of Experimental Botang3: 577-584.

green and red spectra, and magensitivity peaks occurred __ k. PALIWAL, U. PATHRE, T.H. GREEN, R.J. MITCHELL, AND D. H.

generally in the orange and red spectra. The importance of subtle GJERSTAD. 1989. Effect of competition and leaf age on visible and infrared
spectral differences in peak responsestiess (e_g_ Figﬂ. 2) reflectance in pine foliag@lant Cell and Environmerit2: 309-315.

. . - LI L CHAPIN, F.S. 1991. Integrated responses of plants to sBieScience 41
remains undetermined. These might be explained by differences” " ,g'5¢"

in pigment metabolism induced by different agents of stress, bafiBuLA, W.G., AND G.A. CARTER. 1992. -ldentification of a far-red

it seems probablthat they resultfrom variables such as inter- reflectance
specific differences in pigmentation response to ectomycorrhizae in slash piniaternational Journal
. e " . . of Remote
The prominent sensitivity maxima in the wa@sorp_tlon Sensingl3: 925-932.
bands near 1,450, 1,940, and 2,500 nm thai occurred with fungalRRAN, P.J., J.L. DUNGAN, AND H.L. GHOLZ. 1990. Exploring the
infection in euonymus and dehydration in switchcamere relationship between reflectance red edge and chlorophyll content in slash pine.

e . . Tree Physiology': 33-48.
characteristic of decreased absorptionldsf internal water GATES, D.M. 1980. Biophysical ecology. Springer-Verlag, New York. NY.

(Carter, 1991 ). Similar maxima might have occurred in responsgorr, A.J., AND J. AMESZ. 1991. Visible absorption spectroscopy of

10 the other stress agents also if reflectances had been measuredchlorophylls.In H. Scheer [ed.], Chlorophylls, 726-738. CRC Press,Boca

later during the physiological responses to stress. Reflectance jn _Raton, FL.

th i gb F; y b % Ig b ted 1o . ““HORLER, D.N.H., M. DOCKRAY, AND J. BARBER. 1983. The red edge of plant
€ water absorption bands wou € EXpected 10 INCrease IN any e4f reflectancelnternational Journal of Remote Sensig273-288.

leaf following stress-induced damage as a result of dehydratiQIACKSON, R.D. 1986. Remote sensing of biotic and abiotic plant stessal

(e_g_, Carter et al., ]_992)_ Review of Phytopathologg4: 265-287.

To conclude, increased reflectance in the visible spectruf@OCK: B-N., T. HOSHIZAKI, AND J. R. MILLER. 1988. Comparison of in situ
. . and airborne spectral measurements of the blue shift associated with forest
is the most consistent leaf reflectamesponse to plant stress. decline Remote Sensing of Environmext109-127.

Infrared reflectance respondsnsistentlyonly whenstress has ROSSOTTi, H. 1983. Colour: why the world isn't grey. Princeton
developedsufficiently tocause severeaf dehydration. Results ggH\\/’ﬂSL'tLYEFF’{e’\SAS;YQCgth‘émETZLER AND P.E. MARSHALL. 1983, Th
. : . . , MLR., C.C. , .E. . . e

suggest that Igajpectral reﬂ?Ctance is mdsiely 10 indicate changes in leaf reflectance of sugar mgfleer saccharunMarsh) seedlings
plant stress in the sensitiv&35640-nmand 685-700-nm in response to heavy metal strdagernational Journal of Remote Sensing
wavelength ranges. Photography or digital imaging within these  4:93-100.

; STEEL, R.G.D.. AND J.H. TORRIE. 1960. Principles and procedures of statistics.
spec_trall_ynarrow ranges_(e.g., Cibula and CartE992) may MeGrawtil, New York. NY.
provide improved capability to detect plant strassonly in
individual leaves, but for whole plants and densely vegetated land-

scapes.
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