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ABSTRACT

A new method of dating is presented by which stable -carbon isotope ratio
variations in dated tree -ring time series are matched with isotopic patterns from
samples of unknown age. Like ring -width variations, these patterns appear to be
persistent in time, areally widespread, and not species restricted. Results are
developed using time series divided into 5 -yr. groups, yet pronounced isotopic
signatures in the reference chronology may still be detected in the sample time series
even if there is a 1 or 2 -yr. offset in their pentads. Foremost applications would
probably involve complacent samples; sensitivity decreases as the number of missing
years in the sample increases. A test with undated wood from the Hubbell Trading
Post in northeastern Arizona yields promising results.

Es wird eine neue Datierungsmethode vorgestellt. Hierbei dienen die Verältnis
der stabilen Kohlenstoffisotope in Jahrringfolgen als Grundlage, mit der die
Isotopenmuster von Proben unbekannten Alters verglichen werden. Diese Muster
scheinen wie die Jahrringbreitenschwankungen zeitbeständig, weitreichend verbreitet
und artunabhängig zu sein. Die Ergebnisse beruhen auf Zeitreihen, die in
Fünfjahresgruppen unterteilt wurden. Aber deutliche Isotopen- Signaturen der
Referenz -Chronologie können auch dann noch in der Zeitreihe der
Untersuchungsprobe entdeckt werden, wenn eine ein- bis zweijährige Abweichung
zwischen den Proben vorliegt. Die Wichtigste Anwendung bezieht sich vermutlich auf
sog. "complacent" Holzproben; die Sensitivität nimmt mit der Zunahme ausfallender
Jahrringe ab. Ein Test mit undatiertem Holz von Hubbell Trading Post im
nordöstlichen Arizona war verheißungsvoll.

Une nouvelle néthode de datation est présentée dans laquelle les variations du
rapport des isotopes du carbone stable présent dans des séries de cernes sont utilisées
comme référence vis -à -vis du comportement isotopique observable dans des
échantillons d'âges inconnus. Comme les variations d'épaisseur des cernes, ce
comportement isotopique parait persistant dans le temps, observable sur de vastes
surfaces et non restreint à une espèce.
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Les résultats sont obtenus en utilisant des séries chronologiques divisées en groupe
de 5 ans. Des signatures isotopiques prononcées dans la chronologie de référence
peuvent encore être détectées dans la série inconnue, même si elles n'affectent que 1 ou .
2 années du groupe de cinq (5).

Les applications futures s'adresseront probablement à des échantillons
"complacents," la sensibilité décroît lorsque le nombre de cernes manquants
augmente. Un test mené sur du bois non daté provenant de "Hubbell Trading Post"
dans le Nord -Est de l'Arizona a fourni des résultats prometteurs.

INTRODUCTION

Conventional tree -ring dating involves matching of ring -width patterns in samples
of unknown age with patterns in dated samples comprising a reference chronology
(Stokes and Smiley 1968). This similarity in patterns of variable ring width exists
because some external factor such as climate induces a common response in tree
growth over a wide area. Because carbon -13 /carbon -12 ratios (expressed as ô13C1) in

plants have been related to temperature (Long 1982), they may vary to produce
distinctive and correlatable time series such as those of tree -ring widths. One study by
Mazany, Lerman and Long (1980) found a strong inverse relationship of 613C with

standardized ring -width indices of Pinus ponderosa and A bies concolor from Chaco
Canyon, New Mexico for the period A.D. 820 -1045. Rather than a direct climate
effect on isotope fractionation, however, Mazany et al. (1980) attributed this relation
to changes in the quantity of regional vegetation with commensurate inputs of
isotopically light, respired carbon dioxide to the atmosphere.

S'sC ( ° /o°) = (CC /12C) sample -11X 1000, where the reference is calcium

CC/12C) reference

carbonate from a belemnite from the PeeDee Formation in South Carolina (Craig
1957).

Following 613C measurements on numerous tree -ring series in the American
Southwest (Leavitt and Long 1983, 1985), evidence is accumulating that, indeed,
patterns of isotopic variation are common over great distances. The distinctiveness of

these patterns may be as useful in certain dendrochronological applications as are ring
widths. This study examines the regional ubiquity of these isotopic patterns, factors
affecting the clarity of the pattern, and those circumstances for which dating with
these isotopic patterns may be particularly relevant. A test case with undated wood
from the Hubbell Trading Post in northern Arizona has produced promising results.

NATURE OF ISOTOPIC TIME SERIES

The 613C time -series from 9 Pinus edulis (pinyon) trees in Arizona and New Mexico
have recently been reported by Leavitt and Long (1985). These results represent
analysis of cellulose in 5 -yr. ring groups milled around the full circumference of a
cross -section from each tree. The reproducibility of preparation and analysis is
estimated to be ± 0.1 ° /00. Figure 1 contains two of these isotopic time series for the
interval 1840 -44 through 1980 -81. The Red Mountain site in northwestern Arizona is
380 km distant from the Reserve site in west -central New Mexico, yet their613C curves

show a fair degree of similarity. This likeness is most pronounced in the "N "- shaped
pattern at 1855 -59 through 1870 -74, the sharp drop from 1900 -04 to 1905 -09, and the
minima at 1885 -89 and 1940 -44.
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Figure 1. The (513C time -series for individual pinyon trees at the Red Mt. site in
Arizona and the Reserve site in New Mexico. Analyses in this and succeeding
figures are on cellulose from 5 -yr. ring groups, and are plotted at the midpoints of
pentads.

These pinyon results may additionally be compared to earlier results from juniper
( Juniperus spp.) tree rings sampled at 10 sites throughout Arizona (Leavitt and Long
1983) in Figure 2. Only a 50 -yr. record had been developed for the juniper trees
because 9 of the 10 trees had ring ages determined through simple ring counting, yet
their mean S'sC curve from the 9 pinyon trees (Leavitt and Long 1985) over the same
interval. Notably, maxima are common at 1935 -39, 1950 -54 and 1970 -74, and a
common minimum occurs at 1940 -44. The reproducibility of patterns thus seems to
extend over both distance and species.

The response of the common isotopic signatures to ring -width complacency or sen-
sitivity may be seen in the results from several of the pinyon isotopic time series. Figure
3 contains ring width and isotopic results for the interval from 1855 -59 through
1870 -74 which is characterized by the widespread N- shaped pattern seen in Figure 1.
The sites in Figure 3 are near Reserve (RE), New Mexico, and Nutrioso (NU), Ganado
(DE), and Camp Verde (HC), Arizona, and all show the same isotopic pattern (solid
curves, right side of Figure 3), although it is much more subdued in the DE site than
the others. The 5 -yr. mean standardized ring -width indices for these sites are plotted
(dashed curves) with the isotopic curves and are essentially inverse to the isotopic
signature, although a strong isotopic pattern does not necessarily ensure a pronounced
mean index pattern or vice versa.

The indices for each year and the ring widths for the isotopically analyzed tree are
plotted as dashed and solid curves, respectively, in the left side of Fig. 3. RE is the most
complacent of the four trees as exemplified by the site indices and especially by its ring
widths, yet the isotopic pattern is pronounced and appears to reflect the regional
isotopic signal despite its ring -width complacency to pick up the regional signal. HC is
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Figure 2. Comparison of mean stable- carbon isotopic time series for the period
1930 -34 through 1975 -79 from 10 juniper trees in Arizona (Leavitt and Long
1983) and 9 pinyon trees in Arizona and New Mexico (Leavitt and Long 1985).

the most sensitive tree over this period as seen in ring widths and it also has a strong
isotopic pattern. The DE and NU ring widths in this interval are all appreciably less
than 1 mm with good sensitivity, yet NU shows the isotopic pattern strongly, whereas it
is very weak in DE. Recalling that the isotopic measurements were made on 5 -yr. ring
groups, the relative mass contribution from each of the rings (each presumably with
some distinct isotopic composition) may influence the collective pattern. Comparing
individual ring widths of NU and DE in the 1860 -64 interval, both are missing 1861
and have very small 1864, but 1860 is large in NU but absent in DE, whereas 1862 is
large in DE but small in NU. If 1860 is a relatively 13C- enriched ring, its absence in DE
could explain why 1860 -64 does not have a pronounced isotopic maximum when NU
does. Furthermore, the 1862 ring appears unlikely to be the year primarily responsible
for producing 1860 -64 isotopic maxima because it is relatively large in both DE and
HC and very small in NU, but NU and HC have large isotopic peaks and DE does not.
In summary, the isotopic pattern emerges clearly through patterns of complacent or
sensitive rings, except in the case of extreme sensitivity with a high proportion of miss-
ing rings. In this sense, the isotopic pattern of a tree appears to be linked to some
regional (climatic) influence unless the tree experiences acutely detrimental conditions
to the point of no growth.

DATING APPLICATION

As demonstrated thus far, matching of patterns of an undated sample with some
isotopic reference chronology may be difficult if the sample has a high percentage of
missing rings. Furthermore, the application would work best if the undated sample
happened to fall into those time periods with pronounced or characteristic isotopic
signatures as in Figures 1 and 3. Another obvious consideration is that isotopic com-
positions of 5 -year ring groups are being compared. However, the boundaries of 5 -year
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Figure 3. The 313C patterns in individual pinyon trees from 4 sites for the interval
1855 -59 through 1870 -74 (solid lines, right side of figure). The 5 -yr. mean stan-
dardized ring -width indices for these sites are plotted as dashed curves on the right.
The index values for each year are plotted as the dashed curves to the left, and the
actual ring widths (in mm) for the individual trees analyzed isotopically are the solid
curves to the left.

groups from the undated sample are likely to be offset with respect to those from the
reference chronology. Thus the dating accuracy will not be absolute unless the outside
ring of the undated sample is the last year of one of the reference pentads, i.e., ending
in 4 or 9. Even if all rings are present in the undated specimen, the average probability
of the ring being a year ending in 4 or 9 is only 20 %. Therefore, isotopic signature pat-
terns may appear smoothed or perhaps even dissimilar to those of the reference isotope
chronology. To test for the effects of offset between pentads of the undated sample
and the reference isotopic chronology, we (A.L. and S.W.L.) sampled various pentads
from one radius of a pinyon at the Stoneman site, about 50 km south of Flagstaff,
Arizona. The following sequences were isolated: I- 1853 -57, 1858 -62, 1863 -67,
1868 -72; II- 1854 -58, 1859 -63, 1864 -68, 1869 -73; III- 1855 -59, 1860 -64, 1865 -69,
1870 -74; IV- 1856 -60, 1861 -65, 1866 -70, 1871 -75; and V- 1857 -61, 1862 -66, 1867 -71,
1872 -76. Sequence III, of course, contains the pronounced reference signature com-
mon to most of the Arizona pinyon trees (Figure 3). The results shown in Figure 4
reveal some variation of the N- shaped isotopic pattern in all of these pentad
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sequences. The size of the maximum in each series apparently changes in response to
the losses of isotopically light or heavy years as they are offset from the reference time -
series III. Those series based on pentads offset 1 year forward or backward remain
truest to the reference series, but those offset by 2 years show increased deviation from
the reference pattern. A maximum (corresponding to the 1860 -64 peak) is seen in all
sequences except V. However, a minimum (corresponding to the 1865 -69 minimum)
exists in all 5 sequences. Within each time series there is large isotopic variation, with
values ranging from 0.5 to 0.9 ° /oo. From this test we infer that for an isotopic
signature composed of successive maxima and minima, regardless of any error
introduced by offset between the reference and sample pentads, at least one of the
troughs or peaks will be revealed. Furthermore, because these offset pentads still
reproduce the reference signature, there is an error of 3 years in pattern- matching
associated with this offset potential alone, i.e., if the peak in sequence I were assumed
to be the reference peak (1860 -64 of III), an outside age for I would then be inferred as
1869 (the end of the 1865 -69 interval), whereas the outside age of I is actually 1872.

_20.0, `
T i T T

1855 1860 1865 1870 1875

CENTER OF 5-YR RING GROUPING

Figure 4. The S13C pattern in one radius from a pinyon tree from the Stoneman site
south of Flagstaff, Arizona. Curve Ill corresponds to analysis of the ring groups
1855 -59, 1860 -64, 1865 -69, 1870 -74, whereas the other curves correspond to
offsetting the 5 -yr. groups 1 and 2 years forward and backward with respect to Ill.
Results of replicate analysis are shown on the third point of curve I and the second
point of curve V. The unconnected solid squares represent analyses on groups of
the same age as in curve III, but collected from the full circumference of the
Stoneman cross -section.
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A test of this method was conducted with tree rings of beams collected from the
Hubbell Trading Post on the Navajo Indian Reservation in northeastern Arizona. The
'core of the trading post was apparently built in the 1880's with substantial additions
and remodelling done periodically over the next 60 years (Robinson 1985). The
trading post is still operating today. A systematic sampling of 102 beams throughout
the 3 major buildings was made by Robinson (1985), which helped constrain the ages
of various construction activities. Some cross -sections of wood from Hubbell 'Trading
Post that had not been previously dated were made available (J.S.D.) for an isotopic
test. Sample HUB -6 from a door frame in the rug room of building HB -1 had been
dendrochronologically dated and here serves as the isotopic reference specimen.
HUB -12 was a lintel of the south wing of the store in building HB -1 and is fairly com-
placent. HUB -15 was the end of a pole supporting a modern floor but believed to be
recycled material. A narrow wedge was cut from each section, divided into 5 -yr.
groups starting with the outside ring for the undated specimens, then isotopically
analyzed as cellulose.

The general age of Hubbell materials suggests that we might be able to pick up
such characteristic isotopic signatures as that at 1855 -59 through 1870 -74 (Figure 3).
The isotopic results for HUB -6, HUB -12 and HUB -15 are plotted as the solid curves in
Figure 5. The reference HUB -6 has the N- shaped signature at 1855 -59 through
1870 -74 and the undated samples show some pronounced isotopic variability perhaps
related to this signature.

HUB -12 is initially plotted with the large isotopic drop in the outer 2 pentads cor-
responding to the large drop in HUB -6 from 1860 -64 to 1865 -69. This would then put
an age of -1869 on HUB -12. To test for changes with an offset in HUB -12 pentads, a
second sample set was developed starting with an outside triad of rings followed by suc-
cessive pentads inward (effectively offsetting the initial sample set by 2 years). The pat-
tern (dashed HUB -12 curve in Figure 5) changes to the extent that now the sharp 613C
increase between the oldest 2 pentads would better match the rise from 1865 -69 to
1870 -74 from HUB -6, making the outside ring of HUB -6 -- -1887.

The HUB -15 isotopic curve has a pronounced drop in 613C which also may match
the 1860 -64 to 1865 -69 drop in the reference curve. With this match, the outside ring
then becomes --- 1889. A similar set of offset pentads was developed for HUB -15 as that
for HUB -12, and these are plotted as the dashed HUB -15 curve in Figure 5. This offset
curve does not differ substantially from the original and the sharp drop apparently
corresponding to 1860 -64 to 1865 -69 still persists so that the outside ring age would be
--1887. Unfortunately, following the apparent 1860 -64 to 1865 -69 613C drop, the 613C
values do not rise again immediately as do HUB -6, Reserve and Red Mt. in the
1865 -69 to 1870 -74 interval. Referring to Figure 1, the 613C drop of HUB -15 might
actually better match the drop from 1900 -04 to 1905 -09 seen in both the Red Mt. and
Reserve trees. This alternative fit thus indicates an outside age for HUB -15 of -1929.

Even though we had a priori knowledge of the general age of these materials
because of the known age of Hubbell Trading Post, the isotopic pattern method has
left us with 2 alternative dates for both the HUB -12 and HUB -15 wood. For HUB -12,
dates of 1869 and 1887 are possible by the isotopic method with 1887 perhaps a better
choice, because the offset series (1887 date) matches not only HUB -6 but the Reserve
and Red Mt. chronologies as well, whereas the non -offset series (1869 date) does not
show the 1860 -1864 pk. For HUB -15 the possible dates are 1889 or 1929 with the 1929
date a better choice. Independent evidence substantiates the 1887 date for HUB -12, in
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Figure 5. Hubbell Trading Post isotopic patterns. HUB -6 is the reference
chronology produced from a dendrochronologically -dated cross section. HUB -12
and HUB -15 were undated sections first separated into 5 -yr. ring groups starting
from the outside (solid curves). Ring groups of HUB-1 2 and HUB -15 were then
offset by two years by taking the outer three rings as one group and 5 -yr. groups
inward (dashed curves). HUB-1 2 and HUB -15 curves have been placed where they
seem to best match the HUB -6 reference chronology.

that all of the beams dated by Robinson (1985) from the store in building HUB -1
(from which HUB -12 came) had outside (cutting) dates from 1883 to 1889. Unfor-
tunately, no independent dates of other wood from building HB -8 (from which
HUB -15 was collected) are available. However, after determination of these isotopic
ages one of us (J.S.D.) reexamined the wood sections HUB -12 and HUB -15. For HB -12
a dendrochronological date of 1888 appears nearly certain. HUB -15 also appears to
date dendrochronologically as either 1900 or 1929, with an outside age of 1929 pro-
ducing the better match with the local ring -width chronology.



Pattern- Matching 9

CONCLUSIONS

The results presented in this paper favor the application of this stable= carbon
isotope method of pattern- matching to date wood under certain circumstances. The
basis for the method rests in the patterns found in tree -ring isotopic time series (of
5 -yr. ring groups), characterized by marked PC fluctuations, which are regionally
widespread and apparently not restricted by species. These properties, together with
an inverse relationship to standardized tree -ring indices, suggest a climatic influence
on the isotopic patterns. The isotopic signatures even emerge in complacent ring
sequences, further supporting a link with some regional influence rather than solely
the microenvironmental conditions affecting an individual tree's growth.

It appears that the very characteristics of ring -width patterns that render them dif-
ficult or impossible to date dendrochronologically (complacency) may be optimal con-
ditions for dating by isotopic pattern- matching. The absence of years from a ring
sequence (extreme sensitivity), however, can mask these isotopic signatures.
Therefore, highly sensitive series from undated samples may not produce reliable or
recognizable patterns. Also, if pentads in the undated sample are offset with respect to
the reference sample (highly likely), isotopic patterns might emerge somewhat
modified, although an isotopic signature consisting of a sequential maximum and
minimum should retain one or both, even with an offset (Figure 4). If the interpreta-
tion of the isotopic time series of the undated sample is ambiguous, a second series off-
set by 2 or 3 rings may be analyzed to test for differences (Figure 5).

Obviously, this method would not be useful for determining dates on wood of com-
pletely unknown age. A reference chronology for the anticipated age from the region,
or better the same site, is needed for the pattern matching. It is not known whether
distinctive isotopic time -series can be developed in regions with climatic regimes
distinct from the American Southwest. Finally, the longer the ring series of the
undated sample, the greater the probability that it might include a characteristic
isotopic pattern along with other features that would link it to the appropriate time
period of a reference isotope chronology.

Preparation of cellulose from wood, combustion to carbon dioxide, and mass -
spectrometric isotopic analysis are both time -consuming and relatively expensive.
Even if cellulose is prepared in batches of 15 to 20 samples, it takes about 5 days of
processing with our methods before the dry cellulose is available for combustion. The
standard commercial cost for isotopic analysis including combustion is typically about
$35 -45 per sample. Thus we can develop 5 times as many isotopic chronologies using
5 -year ring blocks than if we used single years. About 2 -5 mg. of cellulose is needed for
isotopic analysis, so single -year analysis might be limited by ring size as well. Par-
ticularly if only 5 -mm cores are available for this type of study.
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ABSTRACT

Dendrochronological sampling of sixteen stands of kauri (Agathis australis)
covering almost the whole range of the species in northern New Zealand is described.
Eight new chronologies were obtained and compared to previous results from the same
species. It is concluded that north -facing slopes are most suitable for tree -ring studies
in this species. The chronologies cover a maximum period from A.D. 1580 to 1981 and
show from 20 to 35 percent common chronology variance over the sample period 1790
to 1976. All the chronologies are significantly correlated with all others, and the
degree of correlation appears unrelated to the spatial separation between the sites.
Some longer -term (15 to 30 year) trends are also shared by most chronologies; narrow
rings and high between -tree and between -site correlations were a feature of the first
two decades of the Twentieth Century. Similar tree ring patterns, and similar site
characteristics suggest that the chronology network described here is suitable for
palaeoclimatic reconstruction back to at least 1750.

Es wird die dendrochronologische Analyse von 16 Kauri- Beständen (Agathzs
australis) beschrieben, die nahezu über das gesamte Areal dieser Art im nördlichen
Neuseeland verteilt sind. Acht neue Chronologien wurden aufgebaut und mit bereits
vorliegenden Ergebnissen derselben Art verglichen. Hieraus wird gefolgert, daß
Nordhänge am besten für Jahrringanalysen mit dieser Baumart geeignet sind. Die
Chronologien überdecken eine maximale Periode von 1580 bis 1981 und zeigen einen
Anteil von 20 bis 35% gemeinsamer Varianz zwischen 1790 und 1976. Sämtliche
Chronologien sind signifikant miteinander korreliert, und die Korrelation scheint von
der Entfernung der Standorte unabhängig zu sein. Die meisten Chronologien haben
einige längere Trends (15 bis 30 Jahre) gemeinsam; ein Merkmal für die beiden ersten
Jahrzehnte dieses Jahrhunderts sind enge Jahrringe und eine hohe Korrelation
zwischen den Bäumen und zwischen den Standorten. Die Ähnlichkeit der
Jahrringmuster und Standortsmerkmale läßt vermuten, daß das Chronologie -Netz für
eine paläoklimatische Rekonstruktion bis mindestens 1750 zurückreicht.

Un échantillonnage dendrochronologique de seize sites de kauri (Agathis
australis) couvrant toute l'aire occupée par l'espèce en Nouvelle- Zélande du Nord, est
décrit. Huit nouvelles chronologies ont été obtenues et comparées aux résultats
obtenus précédemment sur la même espèce. Il en a été concluque les pentes exposées
au Nord sont les plus favorables à l'étude de cette espèce.

Les chronologies couvrent une période maximum s'étendant de A.D. 1580 à 1981
et montrent un pourcentage de la variance commune à chaque chronologie variant de
20 à 35% pour la période de 1790 à 1976.

Toutes les chronologies sont corrélées significativement entre elles et le coefficient
de corrélation ne parait pas lié à l'écart géographique entre sites. Des tendances à plus
long terme (15 à 30 ans) sont aussi communes à la plupart des chronologies.

Des cernes étroits et un maximum dans les corrélations à l'intérieur d'un arbre et
à l'intérieur d'un site constitue un fait remarquable des deux premières décades du 20e
siècle.
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Les similitudes dans les courbes dendrochronologiques et dans les caractéristiques
des sites, suggèrent que le réseau d'observation décrit ici est utilisable pour des
reconstructions paléoclimatiques au moins jusqu'en 1750.

INTRODUCTION

This paper is the third in a series presenting modern New Zealand tree -ring
chronologies developed since the work of Dunwiddie (1979) and LaMarche et al
(1979). The first two papers (Norton 1983 b,c) described chronologies developed from
Nothofagus species in South Island, while the present paper outlines chronology
development from Agathis australis (kauri) in the north of North Island.

The importance of site selection in dendrochronological studies is well known, and
the criteria of good site selection have been well established for many species in Europe
and America. However relatively few attempts have been made in this connection in
New Zealand, and attempts to obtain cross -dating between trees have often been
unsuccessful (reviewed by Ogden, 1982). In the case of kauri good cross -dating from
some sites (Dunwiddie 1979, Palmer 1982) but failure at others (Bell and Bell 1958,
Dunwiddie 1979) suggested that site selection could be important.

AGATHIS AUSTRALIS (KAURI).

The genus Agathis (Araucariaceae) comprises some 13 species occurring naturally
in Australia, Fiji, New Caledonia, New Hebrides, East Indonesia, New Britain, New
Guinea, Malaysia, Santa Cruz Islands, Phillipines and Borneo (Whitmore 1980).
Agathis australis is the only species found in New Zealand, and is now restricted to the
northern half of North Island (Ecroyd 1982). During the latter part of the nineteenth
century a timber industry based on kauri was a mainstay of the New Zealand economy
(Fleet 1984) so that now relatively few mature virgin stands remain, although there are
extensive areas of younger `second crop' forests.

Kauri is a large long -lived evergreen tree. Diameters over 5 m and heights over
50 m are known (New Zealand Forest Service 1983). In its mature form it has a clear
erect bole surmounted by a spreading crown of large branches. It is predominantly a
lowland species and not common above 450 m although it occurs up to 820 m.
Optimum development of kauri forest is in areas with a rainfall ranging from 1000 to
2500 mm and annual mean temperatures in the range 13° to 16° C. However,
individuals are also found in colder and wetter sites at higher elevations.

The ecology, life history and distribution of Aga this australis has been reviewed
recently by Ecroyd (1982). It is usually co- dominant with a wide range of species
including Ackama rosaefolia, Beilschmiedia tarairi, Beilschmiedia tawa, Ixerba
brexioides, Weinmannia sp, Leptospermum ericoides, Phyllocladus trichomanoides,
Knightia excelsa, Dacrydium cupressinum and Nothofagus truncata (Ahmed 1984).

SITE SELECTION AND SAMPLING

The locations of sampling sites are shown in Figure 1 and site characteristics sum-
marized in Table 1. Other sites were also sampled for vegetation composition, but as
adequate core samples were not obtained from them, they are not discussed here.

Site selection concentrated, as far as possible, on mature kauri forest in which no
previous logging or other type of disturbance was known to have occurred. A few of
the stands comprised largely younger trees, (MWIL; KON; LTBR) but these
originated from pre- European disturbances. The criteria of site selection were:
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Figure 1. Map of the northern portion of the North Island of New Zealand showing
location of chronology sites. Cross -dated sites indicted by circles, non -cross dated
sites by triangles. The dotted line represents the approximate southern limit of kauri.

(1) that it show no obvious signs of recent disturbance;
(2) that trees > 60 cm dbh were present; and
(3) that the mature undisturbed forest covered an area of at least two hectares.
This latter criterion was imposed because detailed vegetation sampling was also

carried out at each site using point- centred quarter sampling (Cottam and Curtis
1956). The vegetation descriptions are not dealt with here (Ahmed and Ogden -in
preparation).

Using the above criteria, within each forested region study stands were selected
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Table 1. Characteristics of 19 Agathis australis sites.

Location Abbreviation Code Latitude Longitude

S E

Altitude

m

Slope

(degrees)

Aspect

Cross -Dated Sites

Warawara State Forest WARA 008 35°22' 173°17' 468 32 N

Onekura Bluff, PUBL 015 35 °11' 173 °45' 305 30 N

Puketi Forest

Southern Puketi State PUKF 014 35°15' 173°44' 290 33 N

Forest

Trounson Kauri Park TROU 012 35 °43' 173 °38' 175 19 N

Thumb Track, Little LTBR 011 36°13' 175°04' 274 29 NE

Barrier Island

Huia, Waitakere Ranges WAIT 010 36 °58' 174 °34' 274 31 NW

Mount William, MWIL 009 37 °13' 175 °02' 350 26 N

Hunua Range

Konini Forks, KONP* 003 37 °04' 175 °08' 335 30 NE

Hunua Range

Konini Forks, KOND ** 239 37 °04' 175 °08' 335 30 NE

Hunua Range

Mount Te- Moehau MOEH* 004 36 °31' 175 °24' 450 29 NW

Katikati State Forest KATI 013 37 °36' 175 °52' 350 30 NW

Non -Cross Dated Sites

Te Paki Coastal Park TP 001 34°28' 172°46' 220 24 W

Russell State Forest RU 002 35 °23' 174 °15' 221 26 SW

Waipoua Coastal area WC 006 35 °37' 173 °29' 244 21 SW

Waipoua Sanctuary WS 005 35 °29' 173 °34' 145 19 SW

Mount Manaia, ME 016 35 °49' 174 °31' 320 31 E

East facing slope

Mount Manaia, MW 017 35 °49' 174 °31' 320 26 W

West facing slope

High altitude, HA 018 36 °12' 175 °04' 426 38 S

Little Barrier Island

Manaia Sanctuary, MS 007 36 °52' 175 °32' 350 30 NW

Coromandel

*Palmer (1982)
**LaMarche et al (1979)

subjectively. Where a choice was possible sites were located on ridge crests or steep
slopes rather than on the flat, as it was anticipated that trees on such sites would be
more sensitive to climate. A similar subjective decision was made in the choice of
individual trees for coring within each stand. Where possible trees growing on slopes,
with free crowns emergent above the general canopy were chosen. Deformed or
damaged trees, or those growing close to larger neighbours were avoided. As the study
progressed it became apparent that large old trees often had very narrow (and /or
missing) rings towards their outsides and presented cross -dating difficulties. In view of
this, dendrochronological sampling was concentrated on trees < c. 170 cm dbh. Trees
< 60 cm dbh were sampled only to assess growth rates, although a few of these shorter
cores were subsequently incorporated into the chronologies.
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Field sampling, core mounting and sample preparation followed standard pro-
cedures (Stokes and Smiley 1968). Two cores were extracted from (usually) at least ten
trees on each site. A total of about 800 cores were obtained from 392 trees. In addi-
tion, eighteen cross -sections supplied from an area adjacent to two of the stands
(PUKF; PUB L) were also used in the cross -dating.

CROSS -DATING AND MEASUREMENT.

Cores from each site were examined under a binocular microscope and visual
cross -matching (or cross- dating) was attempted. If this was achieved among the cores
from at least 6 trees the site was considered a `cross- matched site'. In such sites only
those cores which visually cross -matched - averaging 51% of the cores collected -were
measured. All of the cross -matched sites were of northerly aspect. (Table 1). In sites on
other aspects, despite an apparently adequate sample size, cross -dating could not be
reliably established except in a few cores from different trees. These sites were
designated `non cross -matched sites'. In these cases all cores which had countable rings
were measured whether they cross -dated with other cores from the tree or not, and the
results are presented for comparison.

Examination of cross -sections revealed pronounced `flaring' on certain radii, often
associated with `suppression' on others, giving poor circuit uniformity in absolute ring -
widths; in extreme cases groups of up to 20 rings 'wedged out' completely on some
radii. This situation must have exacerbated cross -dating difficulties using cores, and
may account for the high core rejection rate even in cross -matched sites.

Ring widths were measured to the nearest 0.01 mm using a computer -compatible
Henson measuring stage and the program PULSE COUNTER on an APPLE II com-
puter (Robinson and Evans 1980). Each core was measured twice. Because the grow-
ing period of kauri covers two calendar years (Palmer and Ogden 1983), the years were
designated by the year in which growth commenced. Thus when the outermost ring
was formed in the 1981 -82 summer it was designated the 1981 ring.

CHRONOLOGY CONSTRUCTION.

Chronology construction followed a standard approach using programs RWLIST,
INDEX and SUMAC (Fritts 1976, Graybill 1979). In all cases standardization used the
polynomial curve fitting option. It was thought that one technique only should be
applied, and that this option was most suitable for removing low frequency ring width
variance (growth flushing and suppression) observed in most cores and cross -sections,
and thought to be due to the branch dynamics of the individual tree crowns rather
than secular climatic trends. Although use of this option may carry the risk of remov-
ing variance due to climate, Hughes et al (1978), Lawson et al (1980) and Norton
(1983, a,b,c) found only small differences in their results using different curve -fitting
techniques.

CHRONOLOGY AND SAMPLE STATISTICS.

Chronology statistics from eleven cross -dated sites and eight non -cross -dated sites
are presented in Table 2. Sample statistics from ANOVA and cross -correlation
analyses performed by SUMAC are given in Table 3. The chronologies are plotted in
Fig. 2. Fifteen year running means were also calculated and plotted but are not shown
here. Full site descriptions and the final chronology listings are given in Ahmed (1984)
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Table 2. Chronology statistics for 19 sites. Notes: 1, autocorrelation; 2, mean sen-
sitivity; 3, standard deviation; 4, percentage missing rings; 5, mean ring width in
'mm. For a further discussion of these terms see Fritts (1976) and Graybill (1982).

Abbreviation No. of trees No. of cores Period A.D. AC' MSZ SD3 SAbs4 MRW5

Cross -Dated Sites

WARA 16 30 1640 -1979 .19 .29 .28 .44 1.4

PURL 8 20 1630 -1982 .23 .31 .30 .43 1.6

PUKF 10 20 1700 -1981 .53 .20 .26 .12 1.6

TROU 13 22 1630-1980 .58 .20 .27 .10 1.5

LTBR 14 23 1790 -1981 .37 .23 .25 .09 1.8

WAIT 8 15 1720 -1981 .04 .33 .29 .03 1.3

MWIL 6 11 1580 -1981 .45 .22 .28 .10 1.3

KONP* 20 44 1619 -1980 .56 .22 .34 .04 1.9

KOND* * 11 33 1712 -1976 .00 .21 .18 .00 1.8

MOEH * 18 27 1707 -1980 .16 .24 .24 .16 1.4

KATI 7 15 1698 -1981 .26 .29 .41 .12 1.7

Combined data Mean 0.306 .249 0.282 0.148 1.572

(11 chronologies) Standard 0.205 .047 0.058 0.149 0.210

deviation

Non -Cross Dated Sites

TP 11 15 1630 -1979 .51 .33 .48 .04 1.6

RU 10 17 1730-1979 .55 .16 .22 .03 1.3

WC 8 12 1550 -1978 .60 .16 .24 .02 .88

WS 7 7 1550 -1978 .42 .26 .33 .12 1.8

ME 8 21 1560 -1979 .42 .22 .34 .16 .93

NW 7 14 1510 -1979 .70 .26 .44 .11 1.3

MS 12 24 1090 -1982 .58 .22 .33 .10 .44

HA 10 16 1690 -1981 .35 .23 .26 .18 .67

Combined data Mean 0.516 0.23 0.33 0.095 1.128

(8 chronologies) Standard 0.115 0.056 0.092 0.06 0.443

deviation

*Palmer (1982)

* *LaMarche et al (1979)

and have been deposited (along with the raw ring -width measurements) in the Inter-
national Tree -Ring Data Bank at the Laboratory of Tree -Ring Research, University of
Arizona.

Although all the chronologies begin in the 1700's A.D. or earlier, each chronology
looses reliability further back in time because it is based on fewer cores. In general the
period from c. 1750 to present can be considered adequately sampled at most sites.
The statistics of the cross -dated sites contrast with those of the non cross -dated samples
in several respects. The cores from the non cross -dated sites generally had narrower
rings, and consequently covered a greater time period. Another feature of the non
cross -dated samples was the high average autocorrelation, because they came from old
trees showing periods of `suppression' and `release' along the cored radii. In many cases
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Table 3. Sample statistics for 19 sites. Notes: 1 , subset of main chronology with
two cores per tree for the common period given in the previous column; percent
common variance; 3, percent variance due to difference between trees; 4, Average
correlation coefficient.

Analysis of Variance

Abbreviation Period No. of trees' %Y2

Cross -Correlation Analysis

%Y x T /G3 % Other No. of trees No. of cores r4

Cross -Dated Sites

WARA 1855 -1970 9 30.72 14.06 55.26 16 30 .272

PUBL 1880 -1980 8 34.73 28.61 36.66 8 20 .398

PUKF 1870 -1981 7 27.80 25.66 46.54 10 20 .307

TROU 1790 -1900 9 20.15 6.08 73.97 10 22 .254

LTBR 1900 -1980 9 32.89 20.21 46.90 14 23 .351

WAIT 1860 -1980 7 32.76 16.18 51.06 8 15 .362

MWIL 1790 -1900 4 22.27 18.65 59.08 6 11 .287

KONP* 1619 -1980 12 29.33 16.57 54.10 12 24 Not given

KOND** 1712 -1976 9 23.00 20.00 57.00 9 18 .320

MOEH* 1810 -1980 7 21.67 16.41 61.92 9 18 Not given

KATI 1880 -1970 5 27.65 10.01 62.34 7 15 .273

Combined data Mean 27.543 17.492 54.311 0.314

(11 chronologies) Standard

deviation

5.083 6.382 10.719 0.048

Non -Cross Dated Sites

TP 1900 -1950 4 5.94 35.97 41.91 11 15 .098

RU 1850 -1975 4 4.18 20.54 75.28 10 17 .094

WC 1760 -1977 4 2.85 9.95 87.30 8 12 .007

WS 1890 -1978 7 2.98 0.0 97.02 7 7 .065

ME 1790 -1978 8 7.85 1.06 91.09 8 14 .053

MW 1850 -1978 4 2.95 10.21 86.84 7 14 .073

MS 1800 -1978 12 1.30 13.60 85.10 12 24 .016

HA 1850 -1970 6 1.90 0.64 97.46 10 16 .002

Combined data Mean 3.744 11.496 82.375 0.05

(8 chronologies) Standard

deviation

2.18 12.237 18.162 0.039

*Palmer (1982)

**LaMarche et al (1979)

the outer portion was highly suppressed; and the high probability of absent rings in
suppressed areas may account for the cross -matching difficulties. However some cores,
or portions of cores, were cross -matched in all these sites.

The cross -dated sites had mean ring- widths ranging from 1.3 to 1.9 mm and fairly
low mean sensitivities (0.20 to 0.33). Higher mean sensitivity values were not
associated with larger proportions of missing rings (as in Nothofagus; Norton 1983
a,b), suggesting perhaps that they result primarily from poor circuit uniformity. First
order autocorrelation values were generally lower than those of the non cross -dated
sites, but were highly variable, both between cores from a site, and between sites. This
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Figure 2. Ring width chronologies from 9 sites. Vertical solid lines show narrow
rings consistently present in most individuals of most chronologies; dashed lines
indicate generally wide rings.

range in average autocorrelation values (from 0.00 to 0.58) reflects the lobate growth
characteristics mentioned earlier. A barely significant correlation (P <0.1) between
average autocorrelations and total stand basal area for the cross -dated sites suggests
that the amount of autocorrelation may increase as the trees get larger and /or in
dense stands where competition is more severe. There seems to be no correlation
between the amount of autocorrelation and the common chronology variance or
climatic signal (Y, Table 3).

Biennial fluctuations in ring -width series occurred at the Warawara sits (WARA)
and less commonly ellsewhere. This phenomenon has been reported in kauri and other
New Zealand species by Lloyd (1963), Dunwiddie (1979) and Ogden (1981). Although
an intrinsic phenological origin seems most likely, the possibility that it reflects quasi -
biennial climatic oscillations, reported in New Zealand by Trenberth (1975, 1977)
should not be totally ruled out. However, the average chronology autocorrelation
results imply that it is not a major problem in the interpretation of kauri chronologies.
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As expected, the percentage of common variance (Y) and the average between-
cores correlation coefficient are both much greater in the cross -dated sites, reflecting
the importance of sample selection and visual cross -matching in chronology construc-
tion (Table 3). Overall the mean common variance was 27.5% and the average cor-
relation coefficient 0.314. These values probably reflect the strength of, or sensitivity
to, the climatic signal at the sites. It may be noted that the common variance (Y) and
correlation values are significantly correlated with each other (r = 0.78; P' < 0.01),
and that the higher values are shown by chronologies with relatively high mean sen-
sitivities (e.g. PUBL, WAIT).

INTERCHRONOLOGY CHARACTERISTICS.

During visual cross -dating it was observed that distinct wide and narrow `indicator'
rings appeared in all sites in the same year, despite diverse site topography and loca-
tion. Figure 2 shows this similarity, and the agreement with Dunwiddie's (1979)
chronology. The chronologies also correlate closely with those constructed
independently by Palmer (1982) and Fowler (1984).

Quantitative measures of the agreement between the chronologies were provided
by correlation analyses. The `t' values obtained using the program CROSS (Baillie and
Pilcher 1973) over the full lengths of all chronologies, and correlation coefficients (r)
based on the common period 1790 -1976 were all highly significant (Table 4). Cropper

Table 4. Correlation among cross -matched sites. t values for correlation over whole
shortest chronology for each paired comparison. Note t > 3.5 = p < 0.001
(Baillie 1982). Correlation coefficients (r) calculated for a period common to all the
above sites (1790 -1970) were also highly significant (P < 0.001) in all cases.

MWIL MWIL

PUBL 7.9 PUBL

TROU 7.9 7.21 TROU

WARA 5.87 8.42 8.73 WARA

KATI 9.92 10.78 5.89 9.0 KATI

PUKF 8.85 13.12 7.2 9.04 9.18 PUKF

WAIT 10.65 9.86 10.8 12.07 8.93 7.55 WAIT

LTBR 7.71 11.10 6.07 8.62 8.79 11.69 11.21 LTBR

KONP 7.76 5.55 5.20 4.55 3.90 7.19 6.98 9.32 KONP

KOND 11.07 7.14 4.93 6.93 6.71 8.99 8.48 9.30 7.52 KOND

MOEH 4.52 4.44 5.27 7.08 4.52 4.0 8.75 6.22 5.51 5.39 MOEH

and Fritts (1981), Norton (1983 a,b,c,) and others have reported that the correlation
between chronologies generally declines as the distance between them increases. This
relationship was barely apparent in the case of the chronologies described here (Figure
3) so that despite considerable spatial separation the sites contain similar signals. It
may be noted that some of the highest between - chronology correlations were between
widely separated sites (e.g. KATI:PUBL, WAIT:WARA) while some much closer sites
had lower correlations (e.g. MWIL:MOEH, KATI:KONP).
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Figure 3. Regression of the correlation coefficient between each cross -matched
chronology pair on their distance apart. Y = 0.467 - 0.000263 X where Y is
correlation coefficient, Xis distance between sites in km. (r = 0.224; n = 55; N.S.)

In each chronology the period common to all cores was considerably shorter than
the total chronology length. However with the exception of TROU and MWIL all
sequences used in cross -correlation analyses covered most of the 1890 -1970 period.
The average correlation between cores on each site, based on 20 year intervals within
this period, is shown in Figure 4. During the period centered on 1910 -1920 most trees
in most sites were relatively highly correlated. In contrast the previous (beginning
1890) and subsequent (beginning 1930) periods had reduced between -tree correlations
at all sites. The general similarity in the running correlation pattern between the sites
is a further indication that the chronologies reflect similar tree /climate responses over
a wide area.

LONG TERM TRENDS

Some of the low- frequency variance in the individual chronologies might be
expected to reflect competitive interactions within and between trees, and some might
be induced statistically by the curve fitting process. Such variance would be unlikely to
show much agreement between sites, so that similarities in long -term trends over cer-
tain periods strongly imply a climatic cause. A fuller discussion of this will be
presented elsewhere, here we simply draw attention to the main features.

During the latter part of the 18th Century (1760 -1800) growth was generally below
average, but increased steadily to reach higher values on all sites during the first two
decades of the nineteenth century. Thereafter a general decline in growth rate seems
to have occurred at most sites, but with some marked exceptions. Relatively higher
growth occurred again from 1860 to about 1880 followed by a marked drop in the first
decade of the 19th Century at all sites except Trounson (TROU). This synchronous
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Figure 4. Average correlation of indices between trees within each site for 20 -year
periods (with 10 year overlap) common to all cores on the site. Note that periods in
which the ring -width variations in trees on a site is highly correlated are the same at
between different sites.

reduction in growth not only influenced almost all sites, but is also reflected in similar
within -site (between tree) growth patterns at this time (Figure 4). Subsequently growth
rates have generally incrased, but with considerable differences between sites. A peak
during the late 1950's or early 1960's is indicated from most sites.

DISCUSSION AND CONCLUSIONS.

Although Dunwiddie (1979) collected kauri cores from various sites he was able to
produce a dated chronology from only a north - facing slope (KOND). A similar situa-
tion was found in the present study, with good cross -matching being achieved only on
such sites. Even within non cross- matched sites it was noted that individual trees on
slopes with a northern orientation tended to cross -date. Palmer's (1982) and Fowler's
(1984) chronologies were also from north -facing slopes.

Most of the sites occupy the sides of ridges, or straddle their crests. The ridge -top
trees were frequently found to be faster growing, and to have more complacent ring -
width sequences than those on the slopes. This may be because trees on ridge tops have
more space available for crown development than do those on slopes, and tend to
receive more insolation, and conceivably more orographic rainfall (and `fog- drip'; see
Palmer and Ogden 1983). North facing slopes receive more sunshine than other
aspects, and are drier and warmer at all seasons. However, especially in northern New
Zealand they may also periodically receive higher rainfall due to the infleunce of
northerly wind systems (Salinger 1982). Consequently, the superior cross -dating
between trees on such sites may reflect their greater extremes of temperature and soil -
moisture status from year to year, depending upon the dominant climatic patterns.
This will be discussed further in a paper dealing with response- function analyses of the
chronologies described here.
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In general no clear relationship was observed between ring -width and altitude,
although this was specifically looked for in trees along an altitudinal transect on Little
Barrier Isladn (LBTR; see also Ahmed 1984). Norton (1983a) reported generally
reduced autocorrelation, higher mean sensitivity and standard deviation with increas-
ing altitude.

It is concluded that, for dendroclimatological reconstruction based on kauri, sites
should be selected on medium to steep slopes with a northerly aspect. Within such sites
healthy trees with emergent crowns and boles of 60- to 160 cm dbh should be selected
at least in the first instance. Two, or preferably three, cores should be obtained from
each tree and at least ten trees cored. Due to the difficulties of cross -dating where both
missing and apparently false rings occur, a fairly high core rejection rate (25 -50 %)
might be anticipated. Computer- assisted cross -dating may be more successful (Fowler
1984) but is unlikely to much reduce the time involved in this crucial phase of the den -
drochronological process.

Because the chronologies described here are all highly correlated, sequences from
some of the longer but non -cross -dated sites could be valuable in extending the
chronologies of cross -matched sites, but this would require cross -dating them with
existing dated chronologies. This would require computer- assisted screening of many
sequences against many chronologies, using a program similar to CROSS, and has not
yet been attempted.

Although fires, storms or other factors may sometimes influence all trees on a site
similarly, and even occasionally influence widely separated sites, the high correlation
between all the chronologies, covering several centuries and unrelated to their spatial
separation, provides strong presumptive evidence of a common climatic signal. This is
further suggested by the similar patterns of between -tree correlation over time within
sites (Figure 5), and by the similar (north facing) nature of the sites on which cross -
dating was achieved.

The average level of common variance (Y) in the chronologies (27.5 %) is not as
high as that reported for Nothofagus species in South Island by Norton (1983 a,b,c).
However, the range of values are similar to those obtained for several other species in
Australasia (Ogden 1982). There is some agreement between long -term growth fluc-
tuations on different sites suggesting the influence of secular climatic trends. The
marked synchronous dip in growth during the first two decades of this century,
associated with higher mean sensitivity and between -tree correlations at this time sug-
gests a less favourable climatic regime.

It is concluded that the kauri chronology network described here provides a useful
addition to the proxy -climatic data base available from New Zealand.
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ABSTRACT

Dendrochronological problems in dating tropical tree species are responsible for a
large gap in global dendroclimatic reconstructions. Study of Cedrela and_Juglans in
the low -latitude forests of northern Argentina and Bolivia has resulted in development
of four chronologies. These genera have good tree -ring characteristics, and statistics
indicate that they have good potential for dendroclimatology. Longer series should be
obtained from older stands.

Les problèmes dendrochronologiques posés par l'interdatation de nombreuses
espèces d'arbres tropicaux sont responsables d'un large hiatus dans les reconstructions
dendroclimatiques globales.

L'étude de Cedrela et juglans dans les foréts de basse altitude d'Argentine, a
fourni quatre chronologies. Ces deux espèces ont de bonnes caractéristiques
dendrochronologiques et les statistiques indiquent qu'elles constituent un bon matériel
potentiel pour la dendroclimatologie. De plus longues séries devraient étre obtenues à
partir de parcelles plus anciennes.

INTRODUCTION

The tropics form a large portion of the earth's surface and contain a good deal of
man's agriculture which is strongly affected by climate. Despite the very large diversity
of species to be found in tropical forests and the extent of these forests, the problems in
dendrochronologically crossdating tropical trees have impeded dendroclimatological
studies in the region. Some work has been done in India at 20 °N latitude using
Tectona grandis (Jacoby and Pant, 1980). High altitude conifers from Guatemala
were successfully crossdated using densitometric techniques (Jacoby 1981).

The lack of dendroclimatic data from the vast tropical regions leaves a very large
gap in global coverage for paleoclimatic reconstruction, particularly since phenomena
in the tropics such as the Intertropical Convergence Zone and the Southern Oscillation
are major influences on global climate.

Several tree -ring chronologies were developed by V. C. LaMarche and his group in
Argentina and Chile between the latitudes of about 32 °S and 44 °S (LaMarche et al.
1979). Our proposal was to extend the area covered by chronologies to the northern
part of Argentina by studying the characteristics of the species that are found in the
vegetation type known as the Tucuman - Bolivian forest. This forest extends from 20 °S
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to 28 °S latitude in both Argentina and Bolivia. From the several genera studied there,
Cedrela and Juglans seem to offer the most promising dendrochronological qualities
such as clarity of tree -rings, longevity, and high correlation between radii from a
single tree.

In this paper we report the development of four chronologies using Cedrela
angustifolia and Juglans australis. As well as the chronologies and their statistics,
information on the species and sampled sites is included as this may be of value for
future research in tropical dendroclimatology.

CLIMATE AND VEGETATION

The Tucuman -Bolivian Forest covers the foothills and eastern edge of the high
Andean plateau in northwest Argentina and western Bolivia north of 28 °S latitude
(Figure 1). The east -facing slopes receive precipitation in the austral summer from the
humid air penetrating the South American continent from the South Atlantic high -
pressure cell centered about 24 °S latitude (Hoffman 1971). The environment on the
eastern slopes is highly favorable to the growth of very dense forests.

Trees are typically represented by Tipuana tipu (Leguminosae), Cedrela
angustfolia (Meliaceae), Blepharocalyx giganteum (Myrtaceae), Phoebe porfiria
(Lauraceae), Juglans australis (Juglandaceae), Podocarpus parlatorei (Podocar-
paceae), Alnus acuminata (Betulaceae) and Polylepis australis (Rosaceae).

Orographic factors cause the formation of vegetational zones based on altitude
above sea level. Cedrela angustifolia is found in the lower and mid -montane forest
zones (200 to 1900 m); Juglans australis is found from 600 m to at least 1850 m in these
zones. Both species are codominant in this forest type (Meyer 1963).

We tested the possible use in dendrochronology of the majority of the species in the
forest. Several of them have visible growth rings but the wood is of such high density
that it is almost impossible to sample with the conventional increment borer. Our find-
ings may be summarized as follows:

1. Phoebe porfiria has visible rings and very good circuit uniformity but it is very
difficult to sample because the trees form buttresses at the base of the trunk.

2. Alnus acuminata also has well defined rings and crossdates easily, but the
species attains no more than 50 -60 years of age.

3. Above 1300 m grows the only conifer in the forest, Podocarpus parlatorei,
increasing in frequency of occurrence at higher altitudes (Tortorelli 1956). Unfortun-
ately this conifer exhibits a very high quantity of locally absent rings ( "wedging- out "),
making it of doubtful value to dendrochronology.

4. Cedrela angustifolia and 5. Juglans australis proved to be the most suitable
species for dendrochronological studies. Buttresses do not form at the base of the
trunk, the wood is not too hard to sample with an increment borer, the ring are fairly
distinct and are produced annually, and circuit uniformity is good. With careful
examination of the ring structure, crossdating of high quality is attainable. Cedrela
angustifolia and Juglans australis were sampled intensively, and from the core collec-
tions four chronologies were developed.

GROWTH CONDITIONS

In tropical climates the period of cambial activity is usually longer than in the
temperate regions. However, according to Butterfield and Meylan (1980), even under
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ideal conditions the growth of trees is never continuous. Tropical trees normally have a
dormant period during the dry season.

In several deciduous trees the boundary between rings is due to the occurrence of
different type of cells and /or the spatial disposition of the xylem elements such as
vessels and parenchymatic cells. We tested the annual nature of the rings in both
Cedrela angustifolia and Juglas australis by sampling trees during the year 1980 and
again the same trees in 1982. We always found that two more rings had been produced.

No detailed phenological studies on Cedrela angustifolia orJuglans australis have
been undertaken. Field observations suggest that the growth period begins in early
September and continues to April or May, when the leaves fall.

THE GENUS CEDRELA (MELIACEAE)

The genus Cedrela is widely distributed in almost all South and Meso- America
(Hueck 1978). From Mexico to Argentina it is possible to find Cedrela fissilis, C.

glaziovi, C. odorata, C. montana, C. lilloi and C. angustifolia in more or less similar
phytogeographic formations. A review of this genus has been made by Smith (1960).
Cedrela angustifolia sometimes forms communities where it is the dominant species,
but it never forms pure stands. Frequently it has been observed in association with
Blepharocalyx giganteum, Phoebe porfiria and Juglans australis. In its climax forest it
attains 40 m in height and 1.5 m diameter. At the upper forest border it is usually
associated with Alnus acuminata and Podocarpus parlatorei, but it is shorter here
than in the climax forest. We have found the oldest trees in the best health at the
higher elevations.

Cedrela angustifolia has yellow sapwood and red -brown heartwood. The rings are
made clearly visible by the arrangement of vessels in circular bands in the earlywood
(ring porosity). The maximum age attained by the trees in the sampled sites was 169
years. Ressini (1956) indicates that in the Bolivian forest (yunga) it is possible to find
Cedrela 400 years old.

THE GENUSfUGLANS (JUGLANDACEAE)

The genus Juglans is widely distributed in all the New World. From the United
States to Argentina it is possible to find various species ofJuglans, which indicates the
plasticity and adaptability of this genus (Manning 1960).

Juglans australis is the southernmost species of the genus. According to Tortorelli
(1956) the best specimens off. australis grow in the altitudinal range of 600 -1000 m
associated with Phoebe porfiria, Cedrela angustifolia and Blepharocalyx giganteum.
But it is also possible to find trees on the slopes of the mountains in the vicinity of per-
manent rivers at 1800 m associated with Podocarpus parlatorei. Sometimes Juglans
australis forms pure stands, especially on alluvial terraces.

The sapwood is white -gray and the heartwood dark violet -brown. Annual growth
rings are differentiated by the compression of the fibrotracheids at the end of the
growing season. The maximum age we have found is 330 years.

SAMPLING AND CHRONOLOGY DEVELOPMENT

Field sampling was undertaken during the austral winters of 1980 and 1982. Site
selection was based on two main criteria: lack of recent disturbances in the forest and
proximity to the altitudinal and latitudinal limits of distribution of the species to be
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sampled. The description of the sites sampled is as follow:

1. Finca del Rey National Park, 24 °36'S; 64 °35'W; 1400 m altitude

The area is situated in Finca del Rey National Park, Salta Province, 7 km from the
Administration Office, on the south -southeast facing slope of Cerro Chanar. The
sampled trees are near the upper limit of the forest which appears to be approximately
at climax. The trees reach 40 m height and 1.5 m trunk diameter in a very dense forest
and subforest. Trees found in the area are Cedrela angustifolia, Alnus acuminata,
Podocarpus parlatorei, Juglans australis, Sambucus peruviana, Eugenia mato and in
at lower altitudes, Blepharocalyx giganteum.

We collected 56 cores from Cedrela angustfolia from 20 trees at this site in June
1982.

2. Rio Blanco, 24 °26'S; 65 °25'W; 1900 m altitude

The site is 10 km from the town of San Antonio in Jujuy province. The trees are on
a south - facing slope in the Rio Blanco basin. The forest is of medium density with pro-
minent subforest. Trees associated with Cedrela angustifolia are Alnus acuminata and
Phoebe porfiria. The Cedrela attain 35 m height and 1.3 m trunk diameter and repre-
sent the westernmost stand we found in the area.

We took 48 cores from 19 Cedrela angustifolia in June 1980 and June 1982.

3. Rio Bolsas, 23 °55'S; 65 °19'W; 1850 m altitude

The site is 60 km from the town of Tiraxi in Jujuy province, on a southwest facing
slope. Juglans attains here a height of 24m and a trunk diameter of 0.7m. The stand is
near the upper limit of the Juglans australis dispersion. Also found here are Cedrela
angustifolia, Sambucus peruviana, Podocarpus parlatorei and Alnus acuminata.

We sampled 48 cores from 22 trees of Juglans australis in June 1980 and in June
1982.

4. Rio La Sala, 24 °36'S; 64 °36'W; 700 m altitude

The site is located in Finca del Rey National Park, 500 m north of the road
between the Park Administration Office and the Popayan district. The sampled stand
is a nearly pure Juglans formation in which the trees reach 15 m height and 0.6 m
trunk diameter. The forest is in transitional state between the montane forest and the
xerophytic Chaco formation. This site is considerably lower in altitude than the other
three.

We collected 35 cores from 16 Juglans australis in June 1982.
Preparation of the core samples and crossdating followed the standard procedures

described by Stokes and Smiley (1968). Rings were measured with a Bannister
incremental tree -ring measurement machine and the crossdating was verified with
computer program COFECHA (Holmes 1983) on a VAX -11 computer. With properly
crossdated series, a chronology was developed for each site using program ARSTAN
(Cook 1985). This program incorporates several approaches to tree -ring chronology
computation that are new to dendrochronology. The techniques of cubic spline curve -

fitting, two -stage removal of the growth trend, biweight robust estimation of the mean
value function, autoregressive modeling, and returning the common pooled per-
sistence to the residuals, are used to enhance the common signal contained in an
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assemblage of tree -ring series while reducing noise and non -synchronous variance to a
minimum (Cook and Holmes 1984, Cook 1985).

RESULTS AND DISCUSSION

Selected statistics of the four chronologies are presented in Tables 1 and 2. For the
common interval, the correlation between the trees, the signal -to -noise ratio and the
percent of variance explained by the first eigenvector are consistently high in the
detrended series, in the white noise (residuals) and red noise (persistence) fraction.
This indicates that there is good agreement among the trees both in high- frequency
variance and in persistence.

Table 3 compares the average of selected statistics for these chronologies with
chronologies from eastern and western North America, New Zealand, Australia, and
South America. Mean sensitivity, first -order autocorrelation and standard deviation
are all close to the average for 102 chronologies from western North America. This is
surprising for a closed- canopy forest and especially for one in a tropical climate.

Linear correlations among the four chronologies were calculated using the com-
mon interval from 1850 to 1981. The chronologies near the same altitude (1400m or
higher) are significantly intercorrelated (mean r = .32). Rio la Sala, situated at 700 m
altitude shows no significant correlation with the other three (mean r = .08).

Response functions were calculated between the residual chronologies and
temperature and precipitation data from the cities of Tucuman, Salta and Jujuy over
the period 1931 -1960. The total variance explained by climate using 12 monthly
temperature and 12 monthly precipitation variables from April to March as predic-
tors, without prior growth, was 68% for the Finca del Rey chronology with Salta, 38%
for the Rio Blanco chronology with Jujuy, 54% for the Rio Bolsas chronology with
Jujuy and 61% for the Rio La Sala chronology with Tucuman. In general, low
temperatures and high precipitation during the beginning of the growing season
(September to November) seem to lead to increased ring widths.

CONCLUSIONS

The statistical characteristics of the chronologies provide a clear indication that
Cedrela angustifolia andJuglans australis can be used in dendrochronology. The wide
distribution of these species in the tropical regions of South- and Meso America make
them attractive for further chronology development. The high mean sensitivity and
signal -to -noise ratio, the percent of variance explained by the first eigenvector and the
relatively high correlation between trees suggest that these chronologies have a strong
common signal and a considerable potential for climatic reconstructions. More
chronology development will be necessary to determine the nature of the spatial
variability in the species studied. An effort should be made to obtain longer time series
from older stands.
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Table 1. Statistical analysis of chronologies produced with program ARSTAN.

Statistics Species and Site

Cedrela angustifolia Juglans australis
Finca del Rey Rio Blanco Rio Bolsas Rio La Sala

Altitude, m 1400 1900 1850 700
No. Trees 13 13 16 15
No. Radii 26 24 27 24
Time span 1810 -1981 1850 -1981 1688 -1981 1849 -1981
Total years 171 132 294 133

"STNDRD" Chronology
Mean 1 .000 1 .000 1 .000 1 .000
Median .948 .994 .950 1.017
Mean Sensitivity .356 .300 .344 .295
Std. Deviation .432 .339 .373 .381
Skew .697 .282 1.443 .200
Kurtosis 3.818 3.631 7.168 3.255
Partial Autocorr.

1st Order .427 .386 .181 .600
2nd Order .049 .145 .095 .038
3rd Order -.064 -.121 .054 -.101

% Variance due to
Autoregression 27.9 18.3 4.5 36.2
Error Variance .0174 .0109 .0412 .0095
Autoregressive

Model selected 1 3 1 1

" ARSTAN" Chronology
Mean 1.019 1.006 .999 .996
Median .938 1 .036 .952 1 .006
Mean Sensitivity .339 .297 .331 .295
Std. Deviation .421 .350 .401 .425
Skew .809 .248 1.612 .005
Kurtosis 4.212 3.939 8.068 3.064
Partial Autocorr.

1st Order .403 .319 .360 .717
2nd Order .039 .224 .031 .019
3rd Order -.054 -.260 .061 -.120

% Variance due to
Autoregression 20.1 27.4 13.1 51.6
Error Variance .0180 .0112 .0337 .0138
Err. Var. relative
to Stndrd Chron. 98.6 102.9 81 .9 145.8
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Table 2. Results of common interval analysis.

Statistics Species and Site

Cedrela angustifolia Juglans australis
Finca del Rey Rio Blanco Rio Bolsas Rio La Sala

Interval Analyzed 1922 -1981 1931 -1978 1839 -1954 1889 -1977
No. years 60 48 116 89
No. trees 11 10 6 14
No. radii 18 18 12 21

Detrended series
Correlation:

Among all radii .513 .462 .449 .503
Between trees .492 .447 .412 .496
Within trees .763 .688 .702 .680

Signal /noise ratio 10.65 8.07 4.20 13.78
% Agreement with
Population Chron. 91 .4 89.0 80.8 93.2
% Var. Explained
by 1st Eigenvector 53.7 48.7 49.1 52.5

Series residuals from AR modelling
Correlation

Among all radii .476 .447 .497 .410
Between trees .458 .386 .468 .404
Within trees .707 .631 .700 .570

Signal /noise ratio 9.32 6.27 5.28 9.48
% Agreement with
Population Chron. 90.3 86.3 84.1 90.5
% Var. explained
by 1st Eigenvector 50.4 43.4 53.5 43.9

Detrended series minus residuals
Correlation:

Among all radii .485 .447 .449 .496
Between trees .464 .432 .410 .489

Within trees .744 .679 .706 .668
Signal /noise ratio 9.50 7.60 4.17 13.38
% Agreement with
Population Chron. 90.5 88.4 80.7 93.0
% Var. explained
by 1st Eigenvector 51.2 47.6 49.0 51.8
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Table 3. Comparison between Cisne chronology and nearby Austrocedrus
chronologies (LaMarche et al. 1979).

Chronology Rio El Estancia Laguna Cerro
Cisne Maiten Teresa Terraplen Los Leones

Mean ring width (mm) 0.42 1.24 0.53 1.37 0.56

Absent rings (percent) 0.004 0.35 0.09 0.00 0.30

Autocorrelation 0.66 0.62 0.70 0.54 0.62

Standard deviation 0.26 0.30 0.32 0.23 0.26

Mean sensitivity 0.17 0.20 0.20 0.18 0.17

Correlation between trees 0.26 0.26 0.10 0.30 0.32

Correlation with Rio Cisne chron. 1.00 0.25* 0.13 0.26* 0.08

Percent variance in frequencies: (1)
0 -12 years 73.7 67.5 69.3 61.8 62.5

13 -30 years 15.6 20.3 21.2 23.8 27.8

Notes:
* Values significant at the 95% level.

(1) Sum of the variances of the indicated lags in the frequency spectra, expressed as percent of the
total spectral variance.
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ABSTRACT

The longest tree -ring chronologies for the Southern Hemisphere published to
date go back to A.D. 1011 in central Chile; 1028 in Tasmania, Australia; 1140 in
western Argentina; and 1256 on the North Island, New Zealand. For paleoclimatic
and other studies longer time series would be very desirable. Here we report on the first
successful crossdating and chronology development for Fitzroya cupressoides, a
redwood -like conifer in western Argentina, which goes back to 441 and exhibits
desirable statistical characteristics.

INTRODUCTION

Fitzroya cupressoides (Molina (Johnson)), common name "alerce," is a tall conifer
which grows in the subantarctic forest of Argentina and Chile. The species is long -
lived, a highly desirable characteristic in the development of tree -ring chronologies.

Increment core samples of Fitzroya cupressoides were collected from adjacent sites
by Schulman in 1949, Lerman in 1962, and by a group of us under the direction of
LaMarche, in 1975. In this paper we describe the characterics of a chronology
developed with these samples and compare it to Austrocedrus chilensis chronologies
from nearby sites.

GROWTH CONDITIONS

According to Tortorelli (1956), Fitzroya cupressoides grows in very humid locales
and in swamps. The species is dominant and frequently associates with Saxegothea
conspicua, Laurelia sempervirens and Drimys winteri. The trees often attain 50 m in
height and 3 m trunk diameter. The sapwood is yellow and the heartwood red -brown.
Annual growth rings are clearly visible with a sharp transition from earlywood to
latewood. Fitzroya has been observed growing outside its described habitat, associated
with Pilgerodendron uviferum and A ustrocedrus chilensis in peat -bogs (Boninsegna et
al. 1981) and in a marsh associated with Pilgerodendron and Nothofagus (LaMarche
et al. 1979).

SITE DESCRIPTION

The following description of the sampled site has been taken from LaMarche et al.
1979:
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Río Cisne, Chubut, Argentina, 42 °09'S, 71°33'W, 524 to 600 m altitude Rio Cisne is a
short river connecting Lago Cisne to Brazo Norte del Lago Menéndez in Los Alerces
National park, accessible only by boat. Two subsites were sampled here. One is a steep

ridge south of Río Cisne, encircled by a path, covered with a dense mature forest of
Fitzroya cupressoides and Nothofagus dombeyi, with heavy underbrush largely of cane

(Chusquea sp). The other subsite is a level, very humid dense forest of the same
association of species near a swampy forest and adjacent to the shore of Lago
Menéndez just south of the mouth of Río Cisne.

METHODOLOGY

The sample collection is curated at the Laboratory of Tree -Ring Research of the
University of Arizona. It consists of increment -borer samples from three different col-
lections: nine collected by Schulman in 1949 (Schulman 1956); thirty-five taken by
Lerman in 1961 -62 and seventy -seven obtained by LaMarche's group in 1975. The
samples collected by Schulman and by Lerman exhibit several fractures and in some
cases loss of material. It was necessary to resurface them to observe the rings clearly.
The annual rings of several samples collected by LaMarche's group had been previ-
ously sequenced (counted). Crossdating was done following the technique described by
Stokes and Smiley (1968). There was only one absent ring of a total of 22,862 rings in

the selected high -quality data set.
Rings were measured with a microcomputer - linked Bannister incremental measur-

ing machine (Robinson and Evans 1980) and the crossdating was verified and cor-
rected with computer program COFECHA (Holmes 1983). Crossdated series were
selected for high sensitivity, high correlation with the master series (mean of all other
series) and length (more than 200 years). Forty -three selected series from twenty -eight

trees were used to build a chronology using computer program ARSTAN (Cook and
Holmes 1984, Cook 1985). The "STNDRD" chronology derived by program ARSTAN

was compared with five chronologies of Austrocedrus chilensis from sites near Río
Cisne (LaMarche et al. 1979). The comparison was made through the computation of
a correlation matrix for the common interval of the six chronologies from 1700 to 1974
(275 years) and through the analysis of the cospectra (coherence and phase) for the
same interval, between the Río Cisne chronology and each of the other five.

RESULTS AND DISCUSSION

The individual Fitzroya series show "waves" of surging and suppression (several

wide rings followed by several narrow rings). This condition was observed in almost all
the series studied. Frequently there are groups of microrings very difficult to measure
with accuracy. Also the presence of some wedge rings makes the crossdating occa-
sionally problematic. From 110 samples examined, only 53 were successfully

crossdated, which probably indicates a great heterogeneity in the sampled site.

Some statistics obtained with program COFECHA are shown in Table 1. Par-
ticularly notable is the variability in the values of the mean sensitivity of differentseries

(.166 to .531). Selected statistics obtained with program ARSTAN are presented in
Table 2. The signal -to -noise ratio (7.64), percent of the variance explained by the first
eigenvector (30.23) and the mean correlation between trees (.258) fall in the lower

part of the usual range of these values in a chronology. Table 3 gives some com-
parative statistics between the Río Cisne chronology and four nearby chronologies of
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Table 1. Program COFECHA statistics based on 43 ring -width series from 28 trees.

Characteristics
of series

Mean
value

Maximum
value

Minimum
value

Mean sensitivity .275 .531 .166
Autocorrelation, original measurements .800 .938 .477
Correlation with master series .494 .687 .336
Length of series, years 532 1440 219

Table 2. Program ARSTAN chronology statistics, Rio Cisne, Chubut, Argentina
[Fitzroya cupressoides] chronology 441 to 1974 (1534 years) 28 trees, 43 radii.

Chronology type STNDRD RESID (AR 5) ARSTAN

Mean 1 .000 1 .000 1 .006

Median .979 1.005 .987
Mean sensitivity .167 .197 .152
Standard deviation .256 .172 .249
Skewness .843 -.234 .812
Kurtosis 5.080 3.978 4.902

Autocorrelation order 1 .664 -.035 .694
Partial autocorr. order 2 .290 .021 .183
Partial autocorr. order 3 .189 .044 .127

Variance from autoregression 36.7 pct 43.6 pct
Error variance .016738 .012814
Ratio of error variance of chronologies (ARSTAN /STNDRD) .766

Common interval 1630 to 1899 (270 years) 22 trees, 33 radii
DETRENDED RESIDUALS

Mean correlations SERIES (WHITE NOISE)

Among all radii .271 .250
Between trees (Y variance) .258 .243
Within trees .637 .487

Signal -to -noise ratio 7.64 7.06
Agreement with pop. chron. .884 .876
Variance in eigenvector 1 30.23 pct 27.55 pct
Chron. common interval mean .997 1 .000
Chron. common interval st dev .213 .149

Austrocedrus chilensis. The percentage of absent rings, chronology first -order
autocorrelation, standard deviation and mean sensitivity in the Fitzroya chronology
are within the range of values reported for Austrocedrus. The Río Cisne chronology
has a larger proportion of a variance in the high frequencies, a result that needs to be
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Table 3. Comparison between Rio Cisne chronology and nearby Austrocedrus
chronologies (LaMarche et al. 1979).

Chronology Rio
Cisne

El

Malten
Estancia
Teresa

Laguna
Terraplen

Cerro
Los Leones

Mean ring
width (mm) 0.42 1 .24 0.53 1 .37 0.56

Absent
rings (percent) 0.004 0.35 0.09 0.00 0.30

Autocorrelation 0.66 0.62 0.70 0.54 0.62

Standard deviation 0.26 0.30 0.32 0.23 0.26

Mean sensitivity 0.17 0.20 0.20 0.18 0.17

Correlation
between trees 0.26 0.26 0.10 0.30 0.32

Correlation with
Rio Cisne chron. 1 .00 0.25* 0.13 0.26* 0.08

Percent variance in
frequencies: (1)

0 -12 years 73.7 67.5 69.3 61.8 62.5

13 -30 years 15.6 20.3 21.2 23.8 27.8

31 -50 years 10.7 12.2 9.5 14.3 9.7

Notes:
* Values significant at the 95% level.

(1) Sum of the variances of the indicated lags in the frequency spectra, expressed
as percent of the total spectral variance.

studied in more detail. Correlations between the chronologies are significant for El
Maitén and Laguna Terraplén. Figure 1 is a plot for the "STNDRD" chronology com-
puted with Program ARSTAN. It should be pointed out that the interval between the
beginning (A.D. 441) and A.D. 924 is less reliable due to the low number of samples in
the chronology (less than five).

CONCLUSIONS

Fitzroya cupressoides can be crossdated well and used in the development of long
chronologies. The Río Cisne chronology is the longest one in the Southern Hemisphere
and its quality is comparable to the other chronologies developed in the same region.
The presence in the samples of frequent "waves" of surging and suppression indicates
that the relationship between the chronology and climate must be carefully analyzed
in order to establish the quality of climatic information contained in the chronology.
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ABSTRACT

The variation in wood density within growth rings was determined from X -ray
negative images of wood samples of Gmelina arborea. The within -tree and between -
tree comparisons showed that no two growth rings had exactly similar patterns of
variation in the radial direction. The proportions of wood in four within -ring density
classes were estimated. The variations in the proportions of wood in the four classes
with age were nonlinear. On the average, the proportion of low density wood
decreased with increasing age, while the proportion of high density wood increased
with age. Regression analysis testing different curvilinear models showed that 37 to 99
per cent of the variations in the proportions of wood were associated with variations in
age. Maximum and minimum ring density were negatively correlated with dry season
rainfall. Variations in the proportion of high density wood and mean ring density were
not associated with corresponding variation in dry season rainfall. The proportions of
low and high density wood, mean ring density, maximum ring density and minimum
ring density were not determined by annual rainfall.

INTRODUCTION

Although an annual ring is formed in one growth season, it is made up of wood
cells formed in different periods or seasons of the year. Since environmental factors
play some part in the determination of the ultimate structure of the wood, variation in
wood properties should be expected (and have often been observed) within growth
rings. The magnitude and pattern of such variation should be studied in important
species in order to determine the degree of wood uniformity or variability in one year
of wood formation. A good way of studying the effect of any environmental factor on a
wood property is by within -ring analysis. Nowadays, it is easy to carry out a detailed
study of the variation in the density of wood formed in one year by X -ray photography.

Studies on the variation in wood properties within growth rings were regarded in
the past as being only of academic interest. There is growing evidence suggesting that
this kind of variation may affect industrial processing (Ifju 1969). For example, if
growth rings are wide, with very light earlywood and extremely dense latewood, the
wood may be rejected by "moulding" manufacturers and perhaps degraded in veneer
plants. 2.5 cm boards cut from it would tend to `cup' from differential shrinkage and
would be subject to splitting from nails. Some carpenters do not like 5 cm by 10 cm
boards cut from such timber (Echols, 1973).

The objectives of this study were:
(a) To determine the pattern of within -ring density variation in Gmelina arborea.
(b) To determine the proportions of wood of different density classes within the rings.
(c) To assess the relationship between within -ring variation in density and rainfall.
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MATERIALS AND METHODS

Study Areas and Sampling Technique

Wood samples were obtained from seven -year old Gmelina plantations in four dif-
ferent localities in Nigeria; the plantations were established at a planting espacement
of 2.44 m x 2.44 m on a square. The natural vegetation at each locality comprising
mixed hardwood species, shrubs, herbs, and other humid tropical species was cleared
and Gmelina seedlings were planted. The study areas were:

(a) Ajebandele, Omo Forest Reserve in Ogun State, a high forest area referred to
as 'site l' in this study. Annual rainfall 2150 mm, altitude 61 m, slope 11°;
latitude 6 °51'N, longitude 4 °23'E. High Forest.

(b) Awi, Oban Forest Reserve in Cross River State, a secondary growth forest,
referred to as `site 2'. Annual rainfall 4030 mm, altitude 229 m, slope 4 °;
latitude 5 °19', longitude 8 °34'. Secondary forest.

(c) Ubiaja, Udo Forest Reserve in Bendel State, a derived savanna woodland
-`site 3'. Annual rainfall 1870 mm, altitude 168 m, slope 4 °; latitude 6 °39',
longitude 6 °23'E. Derived savanna woodland.

(d) Onitsha, Akpaka Forest Reserve in Anambra State, a degraded derived
savanna woodland - `site 4'. Annual rainfall 2180 mm, altitude 61 m, slope
6 °; latitude 6 °12'N, longitude 6 °45'E. Degraded derived savanna woodland.

The climate of these study areas is of equatorial type: the rainfall is heavy and the
temperature is high and equable. The total annual rainfall of the localities ranged
from 1870 to 4030 mm with a similar pattern of seasonal distribution. Temperature
conditions are similar in these areas. The mean annual temperature is about 25.5 °C,
the mean daily maximum is about 31 °C and the mean daily minimum between 18°
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and 24 °C. The mean relative humidity at 9.00 a.m. varies from 80 to 87 per cent.
The following sampling strategy was adopted:

4 Sites
2 Plots (randomly chosen) per site, each plot enclosing about 30 trees
5 Trees (randomly chosen) per plot
3 Billets per tree at 5, 25, and 45 percent of tree height
2 Radial strips (randomly chosen) per billet.

Measurement of Wood Density by X -ray Densitometry

X -ray technique for determination of wood density was used in this study because
it is an efficient and rapid method, capable of measuring density at short intervals (as
small as 0.01 mm). X -ray densitometry was pioneered by H. Polge and co- workers in
France (Polge, 1963, 1965) and it is increasingly popular because of its versatility in
wood quality studied.

X -ray film images of radial strips cut from the billets were scanned on a micro -
densitometer at intervals of 0.04 mm across each growth ring. The scanning produced
optical density values which were transformed to values of physical density (Hughes
and Sardinha, 1975; Akachuku, 1980). Radial strips 6 mm wide and 4 mm thick were
cut from the billets and dried to equilibrium moisture content (about 12 %) corre-
sponding to laboratory conditions of temperature and humidity. Negative images of
the radial strips were produced by projecting X -rays onto Kodak X -ray films on which
the wood strips were placed.

Sampling for Within -Ring Pattern of Variation

Patterns of within -ring variation in density were determined by obtaining density
values of every one -fifth of the ring width from the beginning to the end from the scan-
ning output of the densitometer and plotting these values against radial distance per
cent.

Within -ring density variation patterns were determined for:
(i) rings from different radii obtained from the same billet but of the same age or

ring number from the pith (Figure 1);
(ii) rings from different billets (or levels) obtained from the same tree but of the

same ring number from the pith (Figures 2);
(iii) rings from different trees from different sites but from the same percentage

height and the same ring number from the pith (Figure 3).

Sampling for Within -Ring Density Classes
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Figure 1. Patterns of within -ring density variation within trees.

At the 5 per cent level of the tree height, where all the sample trees had seven
growth rings, the density values for intervals of 0.04 mm within each ring from the
pith to the bark were divided into the following density classes:
Class 1: Low density, less than 0.399 gm /cm3
Class 2: Medium density, 0.400 to 0.499 gm /cm3
Class 3: Medium -high density, 0.500 to 0.599 gm /cm3
Class 4: High density, over 0.600 gm /cm3.
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Computations and Statistical Analysis

The following computations were carried out for the within -ring density classes:

y 47
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Figure 2. Patterns of within -ring density variation for different sites.

(a) The proportion of wood in each of the classes for every ring, equal to 100 times
the width of the density class divided by the total ring width.

(b) The mean proportion of wood of each class in each ring for each site.
(c) The regression of the proportion of wood in each class on cambium age using 12

12 test models (Table 1) to determine the best fit and its coefficient of
determination, r2, or the index of determination, i2.

The term coefficient of determination (r2) was used to describe linear relationships
between the dependent and independent variables. Curvilinear relationships between
dependent and independent variables were described by the term index of determina-



48 AKACHUCKU

tion (i2). These terms show what proportion of the variation in the values of the depen-
dent variable can be estimated from the concomitant variation in the values of the
independent variable. However, because the degrees of freedom for these analyses are
limited by the short length of the series, the regression results represent only the best -
fit empirical models rather than a basis for estimation on independent data.

Regression analyses were performed to determine the relationship between rainfall
and density in site 1, Omo Forest Reserve, where rainfall data were available.

Regression analyses were first carried out to determine the extent to which the total
amount of rainfall in a growth season (as the independent variable) explained the
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Figure 3. Variations with age in the proportions of wood in
classes.
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following density variables:
(i)
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proportion of low density wood within the ring,
(ii) proportion of high density wood within the ring,
(iii) mean ring density,
(iv) maximum ring density,
(v) minimum ring density.

The values of r2 were computed.
Regression analyses were also computed for the linear model to determine how the

amount of rainfall in the dry season (that is from November to February inclusive)
explained the following density variables:

(i) proportion of high density wood within the ring,
(ii) mean ring density,

(iii) maximum ring density,
(iv) minimum ring density.

RESULTS AND DISCUSSION

Within -Ring Pattern of Density Variation

The within -tree and between -tree comparisons show that no two rings had exactly
similar patterns of variation in density in the radial direction. The closest resemblance
was found only when two growth rings of the same ring number (or physiological age)
were sampled from different radial strips obtained from a billet.

In most of the rings, there was a gradual increase in density from the beginning of
the ring till a peak was reached, followed by a gradual decrease and another increase
to a higher peak at the end of the ring. In few cases density increased from the begin-
ning of the ring to the end in an irregular manner, or density decreased from the
beginning of the ring and gradually rose to a peak but decreased slightly near the end
of the ring.

It was clear that the pattern of within -ring density variation was not consistent.
This may be an indication of the complexity of the tree's environment during a growth
season and the fact that the cambial activity, in response to extrinsic and intrinsic fac-
tors, is variable within and between trees. Unlike the case of some species of softwoods
in temperate regions where there are well defined patterns of within -ring variation,
Gmelina's inconsistent pattern makes it difficult to develop a mathematical model
relating the density of a piece of wood to its percentage distance from the beginning of
the growth ring.

The Proportions of Wood in the Density Classes and Age

On the average, the proportion of low and medium density wood decreased with
increasing age (Table 2 and Figure 3). Age had no consistent effect on the proportions
of medium density and medium -high density wood (Figure 3). The general tendency
was an increase in the proportion of high density wood with age (Figure 3). The regres-
sion analyses detected close correlations between the proportions of wood in the dif-
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ferent density classes and age for the curvilinear models. However, the proportions of
wood in each density class were different for different sites (Table 3). Out of the 12
regression models tested only four gave the best fit in different samples (Table 4).

The decrease in the proportion of low density wood (or the increase in the propor-
tion of high density wood) with increasing age explains why the mean ring density in
Gmelina usually increases with age.

Table 1. Regression models.

Model
Number Equation

1 Y=a+bx
2 Y=a+b/x
3 Y=a+bx+cx2
4 Y = a + be-°X
5 Y=a+(1 -e-bx)
6 Y=a+bx°
7 Y = axb
8 Y= 1/(a+bx)
9 Y = x/(a + bx)

10 Y = 1 /(a + be-°X)
11 Y = a(1 - e-bx)o
12 Y = x/(a + bx + cx2)

Within -Ring Density and Rainfall

Total annual rainfall did not considerably determine the proportion of low density
wood (r2 = 27 per cent, positive), proportion of high density wood (r2 = 16 per cent,
negative), mean ring density (r2 = 0.8 per cent, positive) and minimum ring density
(r2 = 0.0 per cent).

However, dry season rainfall negatively determined the maximum ring density (r2
= 83 per cent) and minimum ring density (r2 = 42 per cent). It only slightly deter-
mined the proportion of high density wood (r2 = 18 per cent negative) and did not
determine mean ring density (r2 = 0.0 per cent).

Although water is very important in wood formation, rainfall per se is not the only
factor that controls wood density. The poor or negligible correlations between the
density and rainfall variables were therefore likely to occur.

A decrease in the amount of dry season rainfall (that is, an increase in the severity
of dryness) increased the ring maximum density because the two variables were
observed to be negatively correlated. This should be expected because the latewood,
usually formed during the time of water deficit, has a higher density than the
earlywood, formed when there is sufficient water. However, wood formation is con-
trolled by complex biochemical and physiological processes which are influenced by
several intrinsic and extrinsic factors.



Wood Density 51

Table 2. Proportion of wood in four density classes within rings in Gmelina arborea.

Year of
formation Low

Density Class

Medium Medium -High High

Site 1
1967 -68 14.8 45.4 32.6 7.2
1968 -69 28.5 41.6 23.6 6.2
1969 -70 34.3 36.3 24.0 5.5
1970 -71 30.1 34.2 27.4 8.3
1971 -72 22.7 39.6 29.1 8.6
1972 -73 15.4 43.5 22.5 16.7
1973 -74 3.1 25.1 39.3 32.5

Mean 21.3 38.0 28.4 12.1

Site 2
1967 -68 40.3 37.1 18.1 4.6
1968 -69 28.7 53.8 15.8 1.4
1969 -70 23.0 55.1 18.3 3.6
1970 -71 25.1 53.5 16.8 4.5
1971 -72 23.3 45.9 23.3 7.6
1972 -73 4.1 33.7 44.7 17.5
1973 -74 2.9 22.0 58.5 16.6

Mean 21.1 43.0 27.8 8.0

Other environmental factors such as light, temperature and biotic factors control
wood formation and structure (Kramer and Kozlowski, 1960; Kozlowski, 1964;
Panshin and De Zoeow, 1970; Kozlowski, 1971; Fritts, 1976) and consequently wood
density, which is an index of wood quality.

CONCLUSIONS

1. Wood formed in one growth year was not of uniform density. That is, within -ring
variation in density was observed.

2. The pattern of within -ring variation in density in the radial direction was not con-
sistent; it varied with positions within trees, among trees and sites.

3. The proportions of wood in within -ring density classes were different in different
years of wood formation in different sites.

4. Density and rainfall variables were not closely correlated except for dry season
rainfall and maximum ring density, which were negatively correlated.
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Table 2. continued.

Year of
formation Low

Density Class

Medium Medium -High High

Site 3
1967 -68 43.8 36.6 16.8 2.8
1968 -69 6.1 37.2 51.8 4.9
1969 -70 1.4 39.2 50.8 8.6
1970 -71 8.7 54.6 30.0 6.8
1971 -72 6.5 43.9 40.2 9.3
1972 -73 1.1 19.6 66.2 13.1
1973 -74 0.0 9.0 44.3 46.8

Mean 9.6 34.3 42.9 13.2

Site 4
1967 -68 25.8 37.9 23.6 12.6
1968 -69 11.1 45.9 31.4 11.6
1969 -70 0.2 18.5 51.4 29.9
1970 -71 0.0 9.9 59.6 30.5
1971 -72 3.2 21.5 38.3 31.3
1972 -73 0.0 5.2 42.0 52.8
1973 -74 0.0 0.0 12.4 87.6

Mean 6.0 20.0 37.2 36.8

Table 3. Overall mean values (in %) of the proportions of wood in four within -ring
density classes for the four sites.

Density Class
Site Low Medium Medium -High High

1 22.9 37.5 27.9 1 1 .6

2 21.1 43.0 27.8 8
3 9.7 34.3 42.9 13.2
4 6.0 37.2 37.2 36.8
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Table 4. Results of regression of within -ring density classes on age.

Density Class
Low Medium Medium -High High

Model 3 3 12 12
Site 1 i2 95% 37% 54% 99%

Model 3 3
i2 54% 95%

Model 3 3 3 12
Site 2 i2 87% 95% 97% 90%

Model 3
i2 88%

Model 6 3 2 12
Site 3 i2 96% 82% 40% 99%

Model 3 3
i2 68% 93%

Model 3 3 3 12
Site 4 i2 88% 77% 83% 97%

Model 3
i2 93%
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