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TRENDS IN THE NITROGEN, PHOSPHORUS, POTASSIUM AND CALCIUM CONTENT OF
THE LEAVES OF SOME FOREST TREES DURING THE GROWING SEASON

By H., L, MircnsLL

InrorMATION regarding the movement of nutrient cle-
ments to or from the leaves of forest trees is of
importanee from several points of view. DBesides being
of academic interest to plant physiologists and botanists,
such information is of material value to foresters con-
cerned with either tree mutrition or the réle played by
various species in soil upbuilding or deterioration. Pre-
liminary investigations (Mitchell, 1935) indieate that
some of the chemical aspects of site quality may be
evaluated on the basis of leaf analysiz. And there is some
evidence (Mitehell and Finn, 1935) that silvieal data
regarding the relative feeding power of various free
species for soil nutrients may be similarly obtained.
(ranting that these fundamental problems can be profit-
ably approached in thiz way, through leaf analyges,
there remains the question of sampling technique.

It is well known that the concentration of the various
nutrient elements in tree leaves changes with the age of
the leaf as well as with site quality or speeies, There-
fore, if aceurate quantitative comparisons (of nutrient
content) are to be made, the time of leaf ecollection
must be either standardized, or some correction made
for the inflnence of this factor.
the physiological data regarding nutrient translocation

are discussed with special reference to this phase of
the sampling problem.

Data were obtained on both the concentration and the
absolute quantity of nitrogen, phosphorus, potassium
and calcium in the leaves of seven commercially im-
portant species (red, white and chestnut oak, sugar and
red maple, shagbark hickory and Norway spruce) at
five different times during the growing season. Observa-
tions were also made of the dry weight inerease, and
changes in the moisture content of the leaves. The
absolute amount of N, P, K or Ca in an average leaf at
any given time was caleulated as the product of nutrient
concentration (as a per cent of dry weight) and leaf
mass. Although many somewhat similar studies have
been reporied, few others have included data on chang-
ing leaf mass or, consequently, the total quantity of the
various elements in the leaves at different times.
Without such absolute values it is imposstble to
determine, with any degree of accuracy, either the
direction or magnitude of nutrient migration at various
times during the growing period.

DETAILS OF EXPERIMENT

During the summer of 1935 leaf samples were taken
on May 27, June 26, July 26, August 26, and September
25 from single trees of each of the seven species listed
in Table 1. All trees were within 600 yards of the Black
Rock Forest Liaboratory and all on essentially the same
type of soil, a Gloucester stony loam as mapped by Crabb
and Morrison (1914). Congiderable care was exereised in
sampling leaves for there is some evidence to show that

Tn the following report
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TABLE 1

Specles and Approximate Age of Trees I'rom Which
Leuf Bamples Wore Talken,

Approximate
Bpeeles “Age
White Oak (Quereus albo L) oooveiiii i 55
Chestnut Oak (Quercus mortone Willd,) «..ooviivnna., a5

Red Oak (Quercus borealis Miehx.) 60
Shagbark Wiekory (Hicoria ovate (Mill) Britton) .... 35
Sugar Maple {dcer saccharum Marsh.) .......iii 20
Red Maple (deer rubrum To) o ovaeniiiiiiniian, 20

45

Norway Spruce (Picea abies L.)

....................

chemical composition may vary with loeation on the
tree, not only as regards elevation, but exposure {north
or south) as well. Rather than attempt to obtain a
representative sample of the entire leaf mass of each
tree on each sampling date, it was thought best to
standardize on a given location on each tree and take all
samples therefrom. Limbs of a convenient height on the
south side of each tree were selected and marked with
tags. Successive samples were eomposed of leaves taken
at random from branches of the marked limbs. In Lhe
case of Norway gpruce only needles of the current year’s
growth were colleeted, As a very small portion of the
total leaf mass of each limb was removed at a time,
these minor losses probably caused no abnormal varia-
tions in the nutrient flow. In no case were leaves taken
which had been subject to insect or fungus attack, or
damaged in any way that might affeet either their
weight or nutrient content.

Lieaves of each sample were counted and bagged in
the field, brought to the laboratory and weighed in the
fresh state within one-half hour after eollection, and
then dried to constant weight ai 4-70° O. After re-
weighing (dry) all leaves were ground in a Wiley mill
to pass through a 0.55 mm. mesh sereen. The moisture
content of all samples was determined and expressed as
a per cent of dry weight, and the dry weight of the
average leaf in each sample of deciduous leaves was
caleulated. Because of their gmall size and great
number no attempt was made to defermine the average
weight of individual sprice needles.

Duplicate determinations of each sample were made
for nitrogen, phosphorus, potassium and caleium,
nsually considered the four most important nutrient
elements because they are more apt to be deficient in -
natural soils than the others, A modification (Mitehell,
1984, p. 28) of the Pregl (1930) micro-Kjeldahl
technigue wag used to determine nitrogen., TFollowing
perchlorie acid digestion phosphorus and potassium were
determined colorimetrically; the former by the method
of Fiske and Subbarow (1925), and the latier by the
Hoffman and Jaecobhs (1931) method. Calecium was
determined aceording to the usual gravimetrie procedure
in which caleium is precipitated as the oxalate, and the
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almost nothing in September. Bnf,
according to the above percentages,
the growth rate apparently varied
somewhat with gpecies, - As will be
shown later these differences in the
rate of dry weight increase are of
particular interest because of their
influence upon irends in nutrient
econcentration. From June 1 to Oe-
tober 1 leaves of the oaks and espe-
cially hickory inereascd considerably
more than did those of the maples.
This may be attributed to the faet
that maple leaves start to develop
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three to four weeks earlier, and are
therefore partly through their pe-
riod of most rapid growth by the
time hickory and oak leaves begin to
form. If a 30-day correction is
made for differences in time of ini-
tial growth, the trends are more
comparable. Thus, sections of the
maple growth eurves from June 1 to
September 1 are quite similar in
both slope and general shape to those
of hickory and the oaks from July 1
to Qctober 1 (see Fig. 1).

It is believed that the frends
shown in Fig. 1, although based in
each case on samples from a single
limb, express fairly sccurately the
inecrease in total leaf mass on trees
of the different species. Weights on
supplementary samples taken from
time to time indicated that neither
clevation  (distance from  the
ground) nor exposure (north or
gouth) had any appreciable effect
upon the rate of dry weight inerease.

Lo Moisrure CoNTENT oF LmAvES

JUNE ! JULY T AUG.I

loaves of some forest trees during the growing seapon.

SEPTI
Fre. l-—Average trends in the moisture content, and the dry weight increase of the

ocT. ! Data on the moisture content of

the various leaves at different times
during the summer were obtained

oxalate converted to the oxide by strong ignition. The
data on dry weights, moisture contents and chemical
analysis are summarized in Table 2,

DISCUSSION OF RESULTS
Dry WEIGHT INCREASE oF LiEAVES

Leaves of the various species inereased in dry matter
from June 1 to Qctober 1 by the following approximate
amounts : hickory, 340% ; ocaks, 190% ; and maples, 100%
(Fig, 1; Table 2, col, 4), Although leaf sampling is
somewhat erude at best, deviations of observed data
from the smooth curves shown in Fig. 1 are relatively
small (see comparisons, Table 2, cols.” 4 and 5). The
rate of increage in dry matter was, in each case, great-
est during the first two months and then dwindled to
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{Table 2, col. 6), Trends are shown
in Fig. 1. As there were no significant differences be-
tween the various hardwood species only mean values for
the entire group were plotted {Fig. 1). DBut it iz appar-
ent that spruce needles had a higher moisture content
than the leaves of any of the hardwood species. This is
probably due to morphological differences hetween
gpruce needles and the deciduous leaves.

Aceording to the data presented in Fig. 1, trends in
moisture contents were exactly opposite to those of dry
weight increase. As with all plants the leaves were most
suceulent during the period of rapid growth. Thus,
hecause of the high meisture content early in the season,
the fresh weight of the average leaf was about as great
on July 1 as at the end of the summer. This probably
aecounts for the rather general belief that leaves
“orow’’ but little after the initial early spring spurt,
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But, due largely to increments in total ash and earbo-
hydrate which more than halance the moisture deerease,
the total leaf mass, expressed as dry matter, increases
considerably after July 1, This increase is not accom-
panied by an inerease in surface area which preliminary
measurements show to be relatively eonstant after
mid-sumnmer,

Variarions N HE CAepMican CoMrPosiTioN oF Limaves

Tt is well known that the concentration of mineral
nutrients in the condueting vessels of a tree is greatest
in the early spring, Ahbout this time there is a move-
ment of these nuirients up the bole and through the
various limbs, branches, twigs and into the newly-formed
Ieaves. The forces concerned with the upward transfer,
and the réle of phloem and xylem in the conduction of

Schiitz (190%), Serex (1917), Palladin (1923), Seiden
(1926), Combes (1926), Quartaroli (1929), Mellargue
and Roy (1932), Alway, Maki and Methley (1934) * and
Sampson and Samiseh (1935), Although some minor
discrepancies are apparent, due possibly to differences
in climate, species or experimental technique, a review
of the literature reveals numerous similarities. Tt is
gencrally agreed, for example, that the concentration of
ash, silica, manganese and calcium in tree leaves (on
per cent dry matter basis) increases as the season ad-
vances; that the concentration of magnesium, copper,
and crude fiber tends to remain eonstant; but that the
concentration of nitrogen, phosphorus, potassinm and
sulphur decreases. Results of the present study are in
agreement with those of a majority of previous investi-
gations as regards trends in the mitrogen, phosphorus,

Taerm 3

Average dry weight, and the nitrogen, phosphorus, potassium and caleium content of the
leaves of three oak and two maple speeies at different times during the growing secason,

Date Dry Wi. of Av. Nitrogen Content | Phosphorus Content | Potassium Content COaleium Confent ®

Species Sampled Leaf in Mg. N Nug P Pz Ko K Uazn Camg
(1) (2} (8) (4) (5). (6) (7) (8) (9) (10 (11)
May 27 192 3.747 719 0.342 0.66 1.470 2.82 0.639 1.04

Average |Jume 26| 386 o759 | 10.65 | 0172 | 067 | 1208 | 466 | 0652 | 252
of Oala! |July 26 485 0635 | 1278 | 0151 | 073 | 1037 | 503 | 0754 | 366
Aug. 26 530 2.473 13.11 0.151 0.80 1.002 - 5.31 0.909 4.82

Sept. 26 551 2.403 13.25 0149 0.82 1.000 5.51 0.953 5.25

May 27 175 . 2.314 4.05 0.289 0.51 1.280 2,24 0.741 1.30

Average |June 26 280 1891 | 5830 | 0287 | 067 | 0810 | 227 | 1187 | 332
of Maples®| 701y 26/ 826 1887 | 614 | 0234 | 076 | 0686 | 228 | 1086 | 3.37
Aug. 26 343 1.847 6.34 0.233 0.80 0.687 2.36 1.169 4.02

Sept. 20 350 1.805 6.32 0.230 0.81 0.682 2.39 1,372 4,80

T White, red and chestnut oak. Avorages based on data in
Tabls 2.
*Qugar and red maple. Avernges based on date in Table 2,

inorganie solutes, are controversial questions that need
not be discussed here, This study is coneerned with
the changes that take place within the leaves from the
time they are formed until they drop in the fall. In
the following diseussion this period will be divided into
two intervals, the one preceding and the one following
that time at which the leaves start to yellow in the early
fall. The former, which will be considered firsi, very
nearly corresponds to the period of dry weight increase.

Changes During the Period of Dry Weight Increase.—
Available data show that the concentration of nitrogen
and various agh constituents in the leaves of deciduous
trees may alter considerably as the leaves increase in age.
But it should be emphasized that so long as the leaves
are growing—increasing in dry matter-—changes in the
coneentration of the various elements do not necessarily
indicate movement of mineral nutrients to or from the
leaves. OFf previous investigations having a direct
bearing upon thig subject the following may be cited:
‘Wehmer (1892), Riesmiiller (see Palladin), Schulze and

1 Because of excsedingly discordant vesults with chestnut oak
(see calcium content for Sept. 1 in Fig. 8) the data from this
species were not used in ealeulating the following averages.

potassiumn and caleium concentration of leaves. Hxperi-
mental data (from Table 2, eols. 7-14) are shown in
Figs, 2 and 3, .

It is apparent (Figs, 2 and 3) that although the
nitrogen, phosphorus and potassium eoncentration of all
leaves decreased as the season advanced, the absolute
quantity of these elements tended to increase. As
regards caleium, both the concentration and the absolute
amount of this element in all leaves showed an inerease.
To facilitate further discussion and description of the
various illustrations the symbols Ny, Py, Ko and Cag
will be nsed to denote the concentration (as a per cent
of dry weight) of these elements in leaves, and Npg, Py,
Koe and Cag,, to represent the milligram content.

Since the absolute amount of N, P, K and Ca in the
leaves of all species excepl hickory was greater on

* Aeeording te the suthors the headings to Table 3 (Alway,
Maki and Methley, 1934) should be corrected to read, left to
right, as follows: Date, Ash, (a0, MgO, Py0;, 0, Na,0, 80,
and N, .
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Oectober 1 than at the beginning of the season, these data
tend to show that there was mo ‘‘backward’’ transloca-
tion of these elements during this period. In the
literature that has been examined there is no eonclusive
evidenee of nutrient movement out of the leaves so long
a8 they aro alive and growing, although some plant
physiologists and botanists have interpreted decreases in
nutrient eoncentration to mean backward (into twigs,
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Data presented by Palladin (loc. cif.), based upon
Riesmitller’s analyses, show that the potassium eoncen-
tration of beech loaves deereased considerably from May
to November, but that during the period of growth there
was no deerease in the absolute quantity of this element
in samples of 1,000 leaves harvested at intervals of one
month. Results of several other interesting experiments
are diseussed by Palladin, all of which indicate that
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Fia. 2—The nitrogen and phosphorug content, as per cent and milligrams per leaf, of the leaves of some forest treey af different
timea during the growing season.

branches and stem) translocation. But conelusions
based upon variations in percentage values ignore the
diluting or eoncentrating powers of changing leal mass
and, as has been shown (Fig. 1), the leaves of most
species continue to grow until early fall. It is therefore
apparent that changes in concentration are, in them-
selves, no evidence of nutrient migration. This was
pointed out by Wehmer as early as 1892, and hag sincé
been referred to by many others (Palladin, 1923;
Combes, 1926; Raber, 1928; McHargue and Roy, 1932;
Mitehell, 1935 ; and Sampson and Samiseh, 1935).

KES

there is an increage rather than a backward movement
of the various nutrients during the period of growth.

Tt will be observed (Tigs. 2 and 8) that the N, P and
K concentrations of all species deereased quite rapidly
during the early summer, but that after mid-summer,
and especially during September, Ny, Py and Ko
tended to be relatively comstant. The following ex-
planation, which seems to agree with the observed data,
is suggested. During the period of most rapid leaf
growth the rate of dry weight inecrease exceeded the
rate of N, P and K flow into the leaves, and the met




result was a ““dilution’’ of these elements, apparent in
the decreasing percentage values, As the growth rate
fell off and beecame equal to the rate of N, P and K flow,
the dilution process tended to cease, causing the con-
centration values (per eent nutrient content) to remain
eonstant so long ag the two rates were equal. Trends
of the several variables, based upon averages of oaks
and maples only, are shown in Figs. 4 and 5 (data from

JUNE | JULY |

AUG

SEPT.I OCT. |

the leaves. Since maples start ecarlier they approach
thig period sooner than sither hickory or the oaks. BSo,
if a 30-day corrcetion is made for differences in the time
of initizl leaf growth, the Ny and P, trends of the
various species are, as with trends in dry weight increage,
more comparable, Seetions of the maple Ny, and P
enrves (Fig, 4) from June I to September 1 are guite
comparable to those of the oaks from July 1 to Oetober
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Fida. 3—The potassium and ealeinm content, ag per cent and milligrams per leaf, of the leaves of some forest trees at different
times during the growing seasom.

Table 3). A study of these flgures reveals the inter-

relations of the different variables better than any

amount of written deseription,

Trends in Ny, and Py, were not identieal for all species.
During June, for example, the rate of decrease in the
concentration of these two elements was significantly
greater for hickory and the oaks than for the maples
(Tigs. 2 and 4). This was probably due to differences
in the time of initial growth. As pointed out above the
greatest changes in nubrient concentration take place
during the period of most rapid dry weight increase of

35

1., It is evident that many interesting points may be
obscured, and the accuracy of trends affected, by the
tendency of some investigators to group, and express
only as a mean, the data for all trees irrespective of
speeies.

K., and Cay, trends seem to be about the same for all
deciduous species (Figs, 3 and 5). The absolute amount
of potassium in the leaves of maples apparenfly in-
ereased but little between June 1 and Oectober 1. This
may account for the similarity (in Ky trends) between
the maples and oaks, According to the data presented



the movement of caleium into the leaves of all species
proceeded at approximately the same rate during the
entire growing season. Thus, unlike any of the other
elements studied, the relation between leaf age and eal-
cium coneentration is a linear increase of approximately
the same slope for ail deciduous species. Because of

MEAN OF OAKS
MEAN OF MAPLES

variations in nutrient concentration do mot necessarily
indicate translocation, No data were obtained on
changing mneedle mass or, consequently, the absolute
amount of the various mineral elements in the spruce
needles at different times, Tor this reason no conelu-
siong can be drawn regarding the movement of mineral
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T1a, 4.—Average trends in the nitrogen and phosphorus content, as per cent snd milligrams per lenf, and the dry weight inerease
of the leaves of oaks and maples during the growing seasen.

eertain irregularities in the experimental data, due
possibly to errors in sampling or analysis, the Ca varia-
tions are probably best shown as the average frends in
Fig. 5.

Agide from minor differemnces the Ny, Pg and Ky
trends for Norway spruee {eurrent year’s growth) were
quite similar to those of the deciduous species studied
{figs. 2 and 3). But, unlike any of the deciduous
specie, the concentration of calcium in spruce needles
tended to deercase after about August 1, However,
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nutrients to or from the needles of spruce during the
growing season,

Translocation During the Peried of Changing Leaf
(Oolor.—Rxperimental evidence presented in the fore-
going discussion indicates that there is no movement of
the various nutrient elements out of the leaves so long
ag they are living or growing organs. There iz evidenee,
however, of such a migration just previons to the death
of the leaves. Apparently this translocation beginsg
about the same time that leaves turn from green to



the autumnal eolors characteristic of the species. The
leaves of hickory, which usually start to yellow three to

four weeks before those of oaks and maples, were green’

when sampled late in August, bul wore. obviously dead
and in full autumnal color by the next sampling date.
It was during this period—one month—that leaves of

MEAN OF OAKS

LEAF WT.

ducting system of the tree during September. The
leaves of oaks and maples, which remained green
through September, evidenced no significant changes
during this month., However, leaves of these species
sampled after leaf fall (about November 1) showed
marked decreases in N, P and K. These regults are not
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por cent and milligrams per leaf, and the dry weight inerense of

this species showed marked decreases in the ecncentra-
tion of nitrogen, phosphorus and potassium (see IMigs. 2
and 3)., BSinece decreages in Ng, Py and K., were ae-
companied by like decreages in the milligram eontent,?
there can be little doubt that relatively large quantities
of these elements were transloeated back into the eon-

?For comparison with other species the higher milligram ecox-
tent values of the heavier {compound) hickory leaves were plotted
againgt redueed ordinate seales in Figs. 2 and 3. Bec Table 2,
cols, 8, 10, 12 and 14 for actual daia.
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given in Table 2, ginee the leaves remained on the
ground some time before the analyses were made.
Therefore the indicated decreases in nutrient content
were not all attributable to translocation, for there un-
doubtedly was some leaching while the leaves remained
on the ground (see Lumt, 1933 and 1935), TUnfortu-
nately no analyses were made dutring or immediately
following leaf fall. Towever, the data of Alway, Maki
and Methley (1934) show very cle'n-ly what takes place
at this time,



Alway ef al. (1934) sampled and analyzed leaves
from nine species at five different times during the 1933
growing season: June 1, July 1, August 1, September 1
and (‘“freshly fallen’’) October 11-16. Leaves of every
species—Norway and silver maple, red, white and bur
oak, basswood, American elm, box elder and green agh—
showed marked decreases in N and P concentration
during the five or six weeks previous to leaf fall. On
the basis of an average for all species, the same was true
of K (no individual K values were given). Since it is
certain that the leaves grew litile if any during this
interval, the decreasing percentages may, in this case,
be safely interpreted as indicating nutrient migration.
There may have been some leaching, even before the

TABLE 4

The nitrogen and phosphorus content of the leaves of

some forest trees growing at Minneapolis, Minnesota,

compared with gimilar analyses of the same and different
species growing at Cornwall, New York.!

Date
Speeies and Liocation Sampled [P,Oy%2 | Pe® N
(1) (2) (3) 4) | (5)
June 1 | 0.603 | 0.263 | 2.053
July 1 | 0483 | 0211 | 2.486
Average of 3 Onks o 1 | g'ae (07105 | 2976
(Minneapolis, Minn.) Joort 1 | 0446 | 0195 | 2160
Oct. 11-16| 0.273 | 0.119 | 0.963
May 27 0.342 | 3.747
June 26 0.172 | 2.759
Avorage of 8 Oaks > |57 og 0151 { 2.635
(Cornwall, N. Y.} Fayn og 0.151 | 2.473
Sept. 25 0149 | 2.403
June 1 0.640 | 0.279 | 2.905
July 1 0580 | 0.253 | 2.675
Average of 2 Maples |40 1 1 o460 | o201 | 2480
(Minneapolis, Minn.) (g0t 1 | 0465 | 0201 | 2485
: Oct. 11-16| 0175 | 0.076 | 0.525
May 27 0.289 | 2.314
June 26 0.237 | 1.891
Average of 2 Maples 2 July 26 0.234 | 1.887
(Cornwall, N. V.) | 4uq 26 0.233 | 1.847
Sept. 25 0.230 | 1.805
June 1 2.670
: July 1 1.870
Green Ash Al:lg 1 1.920
(Minneapolis, Minn. ) Sept. 1 1.250
Oct. 11-16 0.630
May 27 3.785
. 26 2.08
Shagbark Flickory * :}Eﬁ? 26 2_113
(Cornwall, N. ¥.) Aug. 26 2012
Sept. 25 1.566

' Minneapolls, Minnesota data after Alway, Maki and Methley
(1934).

*Data from Table 2.

¢ Phosphorua is expressed as P; Oy in Table 2, Alway et al., loe.
oit. These values are shown in col. 3 of the above table for com-
parison with the Pe equivalents in col. 4, Calenlation as P, 04
gives the impreasion of more phosphorns thau is actually present,

leaves fell, The data of Combes (1926) suggest this
possibility.  But the majority of the loss can un-
doubtedly he atiributed to nutrient translocation.

Additional information regurding the time at whieh
the backward iranslocation of nutrient elements takes
place can be obtained by comparing the Alway et al.
data with thosoe of the prosent study. The Necessary
data from Table 2 (Alway et al., loc. cit.) are repro-
duced, with permission of the authors, in Table 4, and
various comparisons are made in Fig, 6. Because of
climatic differences certain corrections are neeegsary,
Ifor example, aceording to the U. §. Weather Burean
reports, the growing scason is somewhat shorter at
Minneapolis, Minnesota, than at Cornwall-on-Fludson,
New York, At the former place the leaves of most trees
fell about October 15, in the autumn of 1933 (see Alway
et al., loc. cit.). But at Cornwall, in the antumn of 1935,
the leaves from trees nsed in the present study did not
fall until November 1. The difference in the time of leaf
fall at the two places, and for the years of the respeective
experiments, appears to be about 15 days. With thig
15-day correction made, as in Fig. 6, the gimilarity of
trends is striking, especially for the latter part of the
season. The agreement is not as good for the early
part of the summer, This, however, is to be expected,
for the growing season at Minneapolis does not start as
early in the spring as at Cornwall, But we are inter-
ested chiefly in what takes place in the autnmn, g0 no
attempt was made to ‘“‘compress’ the entire {New
York) growing season to a comparable bagis,

According to available information {personal com-
munication) the leaves of oaks and maples started to
yellow at Minneapolis about September 15, while at
Cornwall there was no yellowing until after October 1.
In neither case was there any significant change in N,
P and K concentration for the month previous to this
time. But it is evident (Pig. 6; Alway et wl., loc. cit.,
Table 2) that both oaks and maples lost considerable N,
P and K during the period in which the leaves ware
changing color—dying. Tt ig perhaps more significant
that hickory at Cornwall and agh at Minneapolis, two
species whose leaves ordinarily start to vellow three to
four weeks sooner than oaks or taples, both showed
marked nutrient losses approximately one month sooner
than the oaks and maples of the respeetive locations
(Figs. 2 and 8; Alway ¢t ol., loc. cit., Table 2). In Fig,
6 the nitrogen concentration trends of these two species
are compared with each other, and with similar trends
for oaks and maples.

QuanTITATIVE COMPARISONS

In the foregoing discussion comparison of the mineral
coneentration in the leaves of the different species at
any given time has been purposely avoided. Successive
analyses of leaves from a single tree of each species or,
better still, several species of the same genera, ars
apparently sufficient to show characteristic frends in
mineral nutrient content during the growing season

(Fig. 6). But such data, sinee each species is repre-
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sented by only a single tree, are insufficient as a basis
for comparing the nutrient intake of the different



species. Tven though all trees sampled occur on essen-
tially the same site, it is possible that the apparent
differences in nutrient absorption, as reflected in the
leaves, may be due to some peculiarity of the individual
or its local environment, and not charaeteristie of the
species in gemeral. It so happens that the phosphorus

eussed. in another paper), in which numerous analyses
were made of the leaves of the three speecics of oaks
growing together on a wide variety of sites, indicate
that the reverse is usually true. However, the high
N eontent of this red oak—higher than any sampled
to date—dis easily oxplained. This partieular tree is
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T16. 6.—Trends in the nitrogen and phoaphorus content of the leaves of some forest trees growing st Minneapolis, Minnesota,
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Maki and Methley (1034), aro compared with the Black Roek Forest data in Table 4, p. 38.

intake of the maples and oaks sampled in this experi-
ment ig, in each instance, quite typical, but such is not
the case with nitrogen.

Aceording to the data presented (Figs. 2 and 4) the
phosphorus concentration of the maple leaves just pre-
vious to yellowing was considerably higher than that
of the oaks. This iz in line with previous observations
based upon more numerous data (Mitehell and Finn,
1935), But it iz not charseteristic of red oak for its
leaves to have a higher nitrogen content than those of
white and chestnut oak, as the data (Fig, 2) seem to
indieate. 'The results of recent experiments (to be dis-
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located in the corner of a pagture, and beneath if is a
water ftrough where cows congregate to drink., The
abundant fertilizer which this tree now receives is very
much in evidence. But such is not always the case,
gince soil fertility differences are seldom so apparent.
Therein lies the danger of basing quantitative com-
parisons on data obtained from single trees of each
gpecies, It is interesting, however, that although the
general level of N ig higher in the leaves of red oalk than
in those of the other two oaks, the irends during the
summer are very similar. And the higher N and K
content of the red oak leaves is further preof of the




semsitivity of lealf analysis as an indicator of soil
nutrient supply (Mitehell, 1935},

Evipuncr or Mineran Nutrmnt Moviment Frowm
Lmaymg To Roor

Evidence has been presented to show that relatively
large amounts of nitrogen, phosphorus and potassinm
disappear from tree leaves during the period of yellow-
ing. But since neither siems nor roots were analyzed,
the guestion arises ag to whether these logses are
attributable to translocation or to leaching. In the pre-
ceding discussion it has been agsumed, on the basgis of
data presented by Combes (1926), that most of the
nutrients lost by yellowing leaves tend to move back
into the conducting system of the tree, This is the
opinion of most plant physiologists, although based in
many instances on results obtained with species other
than trees.

Combes (1926} was perhaps the first to present con-
clugive evidence of nitrogen transfer from the leaves
to the stem and roots of tree species. In one experi-
ment, the nitrogen content of horse chestnut, beech and
chestnut leaves, yellowing naturally on the trees, was
compared with that of leaves yellowing on branches
removed when the leaves were green. Bases of the de-
tached branches were kept in water during the experi-
ment, and the leaves were exposed in the open air.
Successive analyses showed that leaves yellowing
normally on the trees lost much of their nitrogen—
absolute amounts were caleculated—uwhereas those yellow-
ing on the detached branches lost very little, due to
leaching or transloeation, even though they were ai-
tached to & branch through which the N wouid normally
move. In another experiment the leaves, stems, and
roots of young beech and oak trees were analyzed for N
at various times during the period of yellowing. It was
found that nitrogen lost by the leaves during yellowing
accumulated first in the gtems and then in the roots.
‘Sinee nitrogen was caleulated in absolute amounts as
well ag in terms of concentration, these results, unlike
those where N is expressed only in terms of concentra-
tion, may be accepted as positive evidence of N move-
ment out of the leaves, through the stem and into the
roots. The net inerement of N in the stem and roots
wag very mearly, but not quite, equal to the N lost by
the leaves. This suggests a small loss due to leaching
while the leaves were yellowing on the trees.

The data of Combes show that the migration period of
N covers about two months, and that the outward flow
becomes more rapid toward the end. This agrees with
the decreasing N trends of ash and hickory, as shown
in Fig. 6. '

TaE INFLUENCE oF NITROGEN AvArrabinity UPON THE
TiMeE aT WHIcH LEaves YeLnow

Apparently the external (soil) nitrogen supply,
through its influence upon internal (leaf) N concentra-
tion, controls to a certain extent the time at which tree
leaves begin to yellow in the fall. A brief summary of
a recent experiment—to be diseussed fully in another
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paper—will illustrate. Tour quarter-aere plots were
egtablished in an even-aged stand of mixed hardwoods
in the spring of 1935, One plot served as a eontrol, and
the others were supplied varying amounts of nitrogen
fertilizer (Mitchell and Hosley, 1986). The leaves of
ash and hickory on the eontrol plot started to yellow
about September 1, whereas thoge on the fertilized plots
remained green until October 15. As might be expeeted
in view of previous diseussion, analyses showed that N,
P and K started to migrate from the leaves of ash and
hiekory on the control plot soon after the leaves began
to yellow on September 1. Although it does mnot
necessarily follow, leaves of these same species growing
on the nitrogen fertilized plots evidenced no loss of N, P
and K until after their leaves started to yellow about
October 156—six weeks later. Since all other factors of
site were identical, the six-week difference in the time at
which leaves of the same species started to yellow and
logse nutrient elements through translocation, ean be
explained only the basis of nitrogen availability. The
results of similar experiments, in which plots were fer-
tilized with wvarying amounts .of phosphorus and
potagsium, indicate that the time of yellowing iz not
influenced by the available supply of either of these
elements.

Additional evidence of this effect of nitrogen is
available, In the autumn of 1935 notes were made on
the time of initial yellowing of trees growing in z wide
range of seils on the Black Rock Forest. The previous
year most of these soils were evaluated for nitrogen
supplying power on the basis of leaf tests. When the
data on N supply and date of yellowing were grouped
into elevation classes, o as to eliminate the influence of
this factor on local climate, a good ecorrelation wag
found between nitrogen availability and the time of
yellowing : the higher the nitrogen supply, the longer the
leaves of the various species remained green, No study of
nufrient movement was made. Observations made during
trips through the northern tier of Penngylvania countios

in the fall of 1934 and the fall of 1935 are also of

interest in this conneetion. Within -a limited range in
elevation, the Ieaves of species growing on poor, rocky
slope sites appeared to yellow two fo three weeks sooner
than the same species on the deeper, and probably more
fertile, valley soils, Although such goneral observations
are by mo means conclusive, they do tend to confirm
conelugions drawn from the controlled fertilizer
experiment,

Supplements of nitrogen above the minimum necessary
for survival probably aeccelerate tree growth more than
equal amounts of any other single nutrient element, Tt
is well known that within the critical range of supply,
nitrogen inerements stimulate the rate of dry weight in-
crease, Duf since relatively high nitrogen supplies
appear to keep the leaves green longer, and possibly
functioning longer, part of the fofal inerement attrib-
utable to nitrogen in any single season may be due to
prolonging the lengih of the growing period.

It is diffieult to explain why, as the data seem to
indicate, high nitrogen supplies defer the movement of
mineral nutrients from the leaves in the autumn, The



chiel difficulty iz that so little is known about the forees
concerned with the translocation of inorganie solutes.
Autumnal growth of tree roots is well known. If is
possible, therefore, that the downward movement of
mineral nutrients is in response to some attracting foree
set up by the growing roots. On the other hand the
downward migration of nutrients may be the eause
rather than the result of autwmnal root development.

Revarive Mopmary oF Minmran, ELTMENTS

It appears that during the period of yellowing certain
mineral elements are translocated to a greater extent
than others. Although some apparent discrepancies may
be found in the literature, the trends for certain ele-
ments are fairly well established. Available data
indicate, for example, that during the period of
yellowing there is an outward movement of potassium,
nitrogen and phosphorus from the leaves, whereas there
ig little or no change in the ealeium, silicon or mag-
nesium content at this time (Figs. 2, 8, and 6; Wehmer,
1892; Riesmiiller, cited by Palladin; Schulze and
Schiitz, 1909; Palladin, 1923; Combes, 1926; Raber,
1928; MeHargue and Roy, 1932; Alway, Maki and
Methley 1984 ; and Sampson and Samisch, 1935). Some
of these studies inelude mo data on absolute guantities
of nutrients. But sinee, as shown in Fig. 1, leaves
grow little if any after they start to yellow, variations
in nutrient concentration can, during this period, be
interpreted as indicating changes in the absolute amount
of the various elements present.

The relative stability, eomplexity and solubility of
the inorganic and organie compounds formed in the leaf
by the various elements probably determine which are
translocated, and to what extent. Thus, although the
physiological réle of potassium i not definitely known
{(Miller, 1931; p. 255), experimental evidence (Kostyts-
chew and Eliasberg, 1920; André and Demoussy, 1927;
Janssen and Bartholomew, 1929) indicates that this ele-
ment oecurs in plants in forms readily soluble in water,
and that it is ome of the most mobile of the essential
mineral nutrients. It is significant, therefore, that
during the period of yellowing hickory leaves lost,
through transloeation or lsaching, more potassium than
either nitrogen or phosphorus (seé¢ Figs. 2 and 3}).
These two elements, N and P, although it iz generally
believed that they are less mobile than K, apparently do
oecur in leaves in forms quite readily transferable. A

considerable amount of the phosphorus—necessary for:

the formation of lecithin, the nucleoproteing and nuecleie
acid—in plants is soluble in wafer (Ames and Boltz,
1912: Hartwell of al., 1917; Peterson and Peterson,
1926). Nitrogen enters into the strueture of chloro-
phyll, amino acids, protein, alkaleids, and the proto-
plasm of the plant, and is seldom found in very great
amounts as ammonia, nitrates or nitrites, Nevertheless,
the experiments of Schulze and Sehiitz (1909), Combes
(1926) and Alway et al. (1934) suggest that the
nitrogen in the leaves of tree species is relatively mobile,

Apparently the compounds formed by caleium and
silicon in the leaves of trees are wvelatively insoluble,
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This probably explains why, as the data seem to indicale,
these two elemeénts are not transported out of the leaves
during the period of yellowing. Although in plants sueh
as cabba,ge up to 60 per cent of the Ca is soluble in eold
water, it is known that in many other species of plants
and possibly in tree leaves, much of the caleium is
deposited as ealcium pectate and caleium oxalate, hoth
of which are practically insoluble in water. Silicon is
a common constituent of tree leaves and, according to
available information, is wsually found deposited in
the cell walls, In ash analysis of tree leaves silicon
invariably oeeurs, and makes up practically all, of the
insoluble residue. Magnesium is one of the constituents
of chlorophyll, which dlsmtegrates as the leaves yellow,
and is also quite abundant in various soluble forms in
the green leaf, It is difficult, therefore, to explain the
apparent immobility of this element on the bagis of
solubility.

TEE VALUE oF LEAT ANALYSIS

As suggested in the introduetion there is reason to
believe that much valuable information regarding tree
nutrition and the chemical aspects of site can be obtained
from leaf analysis, Available data indicate a high
degree of eorrelation between the external (soil) supply
of nitrogen, phosphorus, potassium and calcium, and the
concentration of these elements in the sap, foliage and
other parts of tree seedlings and mature trees; also
that, within certain critical ranges, and when other
growth factors are not limiting, tree and seedling growth
varies in proportion to the internal nutrient concentra-
tion (Aldrich-Blake, 1930; Gast, 1936; Mitchell, 1934,
1935 and unpublished data; Mitchell and Finn, 1935;
Mitchell and Hosley, 1936), Since tres speeies appar-
ently absorb mineral nutrients in proportion to the

available supply, the nutrient content of the foliage or

some other part of a iree growing in a given soil
complex should be a good index to the mineral supplying
power of that soil. Agriculiurists have for many years
been utilizing this principle of proportional nutrient
absorption to determine the fertilizer requirements of
various erop plants (see Mitchell, 1934, pp. 5-9 for a
disenssion of the literature). '

Artificial fertilization of forest crops is not being ad-
vocated since, aside from nursery fertilization, such a
practice is probably not economic at present in this
courttry. But it is suggested that the chemical aspects
of different sites can be evaluated and compared on the
bagis of leaf analysis, The advantage is that the ques-
tion of ‘*availability,’’ which always arises in connection
with either direct or so-called extraetion methods of soil
analysis, is satisfactorily solved. It must be eonceded
that any nutrients absorbed are neeessarily available
and, perhaps more important, available to the plant
that absorbed them from a given soil complex. The
gignificance of the latter point becomes apparent in view
of recent experiments showing that different species of
trees vary in ability to extract nitrogen and phosphorus
from identical subsirates (Mitchell and Finn, 1935;
Mitehell, unpublished data).

Chemieal fertility evaluations based upon leaf analyses



are not confined to any particular soil zone or horizon,
and they are selective only in so far as the tree roots
are selective in their absorption of nutrients. "The
chemical eomposition of the foliage on a single tree is
influenced by, and is therefore a measure of, conditions
in the entire so0il volume pensirated by iis roots.
Mineral nutrients are extracted, not from an arbitrarily
fizxed zone, but from the soil horizon or horizons which
the roots of a particular tree species naturally occupy
in any given soif complex. Nubrient intale, as measured
by the internal eoncentration of the leaves, depends
upon the external supply and the absorhing power of the
roots. Tt is doubtful if the extraction properties of
chemical solutions in the laboratory imitate the latter,
especially since most tree specics are mycotrophic and
may obtain large quantities of mineral nutrients through
their symbiont fungi. '

 Leaf tests give promise of providing the silvieulturist,
and egpecially the ecologist, with a very useful tool. Tt
is believed, therefore, that in any intensive study of
forest soils, both soil and leaf samples should be taken:
the former to determine physical conditions, and the
latter to evaluate nutrient availability.

SAMPLING TECHNIQUE

The value of gquantitative eomparisons depends to a
great extent upon the care used in taking leal samples.
The concentration of nutrient elements in tree leaves
may vary with factors other than the available external
(soil) supply. A knowledge of these factors is therefore
esgontial if aceuracy in sampling is to be attained. Of
such factors, leaf age is perhaps the most important and
will be discussed first,

Data from the present and other experiments indicate
- that the eoncenfration of nitrogen, phosphorus, potas-
sium and certain other elements in tree leaves decreases
with leaf age—quite rapidly in early summer during
the period of greatest dry weight increase—but becomes
relatively constant for the two or three weeks previous
to yellowing. It has also been shown {Tigs, 2, 3, and 6)
that just previous to yellowing, leaves contain the great-
est total quantily of the various nutrient elements,
Backward translocation apparently does not start until
the leaves begin to change color. Tt appears, then, that
for quantitative comparisons of nitrogen and ash content,
the best time to make leaf collections is during the two
or three weeks preeeding yellowing, when the total
mineral eontent is near maximum, and the concentration
is relatively constant. At the Black Rock Forest in an
average year experience has shown that the best time
to sample such species a8 ash and hickory is from August
15 to September 1. Oaks and maples are usnally sampled
during the last two weeks in September. But gince the
time at which leaves start to yellow varies with Iloeal
climate, speeies and nitrogen supply, these dates are
applicable only to localities with soil and climatic con-
ditions gimilar to those at the Black Rock Forest. It is
simple, however, to work out similar dates for any given
region or species, Twcal residents usually know to

within a week or two the fime at which the various
gpecies ordinarily start to color,

Although the data presented show that the mineral
and nitrogen content of leaves is maximum just previous
to yellowing, after which the backward translocation
starts, there is some evidence that this migration removes
only about half of the amounts originally present in the
leaves. It also appears that species which are able to
absorb large guantities of nitrogen and phosphorus from
a given soil ecomplex, retain in their leaves, after trans-
location, greater amounts of these elements than species
of lower nutrient extractive (‘‘feeding’’) powers
(Mitchell, unpublished data). If this is truoe it may be
possible to compare species for relative *‘feeding power”’
on the basis of samples taken immediately after leaf
fall. But until more data are available on this subjeet
such comparisons, as well as site evaluations, should be
based upon results obtained from leaves sampled during
the two or three weeks preceding yellowing, ITowever,
if it is desired to compare deciduous species for the
amount of mineral nutrients they deposit on the forest
floor with the annual leaf fall, it is probably best to
obtain leaf samples just previous to, or immediately after
leaf fall. If taken sooner, translocation may still be
taking place, and the analyses will indicate amounfs
greater than will actually reach the soil; if samples are
composed of leaves which have remained on the ground
very long, the results are apt to be low because of loss
due to leaching (see Lunt, 1933 and 1935},

Another point to be considered is the time of day atl
which to take leaf samples. The investigations of Frank
and Otto (1891), Schulze and Schiitz (1909), Otto and
Kooper (1910), Chibnall (1924} and Miller (1926) show
the nitrogen econtent of iree leaves, and the leaves of
many other plants, to be slightly, but significantly,
higher at night than in the morning. However, gince
the differemce between samples taken at the two
extremes, twelve hours apart, is relatively small, no great
error would be incurred if sampling times differed by
only four or five hours. But comparison of samples
taken at extremes should be avoided. It might be well
to standardize on mid-day as a convenient sampling time,
and limit the collection interval to from two to three
hours before and affer noon,

There is much difference of opinion as to whether

‘samples should be compofed of leaves from a gingle, or
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from many different losations on eack free. In most
cages samples taken according to the latter proecednre
are supposed to be representative of the total leaf mass.
Such a sample, if truly representative, is highly desir-
able. There are, however, several factors which may
affeet the accuracy of this method of sampling. Seiden
(1926) presents data to show that the ash content of
tree leaves varies with elevation (distance from ground),
and there is some evidence that exposure (north or
south) infiuences the nutrient concentration of leaves.
Because of these factors there is reason to doubt whether
a truly representative sample (of the entire leaf mass)
ean be obtained unless all foliage is removed, thoroughly
mixed, and then subdivided. It is obvious that such a
procedure is impractical except for very careful ex-




perimental work, The short cut to this method, in
which leaves are taken at random from many different
eleyations and cxposures, may not produce a sample that
is suffeiently representative of the enfire leal mass to
justify the extra work involved. _

A sampling method favored by some investigators i8
that which requires leaves from single limbs of a
standardized clevation on each of four exposures, ¢. e.,
north, south, cast and west. Sueh a sample is not
agsimed to be representative of the entire leaf mass,
since leaves are taken from only four places on each
tree, Wor the same reason this method is more rapid
than those requiring leaves from many different clova-
tions and exposures. ‘This method, although somewhat
slower than that in which leaves are taken from only a
single location on each tree, has one apparent advantage
over the latter procedure. It scems there iy little or
no lateral transfer of inorganie solutes in tree species
(Miller, 1931, p. 695). Available data indicate that
mineral nutrients absorbed by roots on one side of a
tree are moved to, and used by, that portion of the bole
and the limbs, branches, twigs and leaves directly above
those roots. 'Thus, if soil eonditions vary significantly
from one side of a tree to another, a sample composed
of leaves from four cxposures should be a better index
to the nutrient absorption of the entire root system than
a sample taken from a single limb on any one exposure.

Tf leaf tests are to be of practical value to foresters
a rapid method of sampling must be devised. Because
of the time and expense of climbing, or moving an ex-
tension ladder to many different locations on each iree,
as would be necessary if the sample is to represent the
. entire leaf mass, it iy exceedingly doubtful if this method
will be generally used. This leaves two methods to be
congidered ;: the one in which leaves are taken from a
single standardized locatiom on each tree, and the one
requiring leaves from single limbs of a standardized
elevation on each of four exposures. Neither proeedure
is assumed to produce a sample representative of the
entire leaf mass, although it is possible that they may.
The former is by far the faster method, but the latter,
gince there is little or no lateral transfer of inorganie
solutes, is supposed to yield a sample more representa-
tive of the nutrient absorption of the entire root system.
However, the extra work of sampling three more loea-
tions on each tree may not be justified on the basis of
inereased accuracy. Although this question cannot be
settled until more data are available, it is doubtful if,
in a majority of cases, soil eonditions vary sufficiently
from one side of a tree to another so that, sinee there is
no ‘‘equalization’’ by lateral movement, the mineral
content of the leaves on one side would differ greatly
from those on any other.

The praetice of taking leaves from a single standard-
ized location on each iree is certainly move rapid than
any of the other methods discussed, and is believed to
be sufficiently aceurate for practical purposes. Although
samples taken in this way may not correspond exactly
with the average for all foliage on each tree, they do
afford a rapid means of making relative eomparisons of
irees of the same or different species on various sites.
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Purthermore, svailable data indicate that samples taken
from a standardized location {(near-the top of the erown
on the south exposure) on each tree deviate only slightly
in nutrient content from samples composed of leaves
taken from fifteen or twenty locations on the same trees.

If samples are to be taken from a single place on each
tree, the question of location arises. In the fertilization
experiments at the Black Rock Forest all samples are
taken from a limb near the top of the erown on the
south side of each tree. A five-mav erew equipped with

two ladders and iwo extension pruners can take as many

as 200 such samples in four hours. In all cases within
critical ranges of nutrient supply a good correlation
has been found between the external (soil) supply and
the nutrient concentration of leaves sampled in this way
(Mitchell, 1935 ; Mitchell and Finn, 1935, and unpub-
lished data). This particular location was decided upon
because of the possible influence of varying degrees of
shade upon the nuirient concentration of leaves. The
light received by leaves on the lower branches of trees
in a fully stocked stand would be variable. For the
same reason only trees of the dominant and codominant
crown classes are sampled.

The number of trees of a single species to be sampled
on a given area, if an cvaluation of the chemical aspects
of site iz desived, will depend upon the deviations of
individual samples from the mean of all trees sampled.
Under conditions prevailing at the Black Rock Forest
a mean based upon analysis of samples from fifteen in-
dividuals seattored over an area of one acre has been
found to be statistically significant as an indicator of the
available nutrient supply. On some areas where soil
conditions are more uniform the standard error of the
mean of fewer samples has been acceptable,

SUMMARY AND CONCLUSIONS

Leaf samples were taken on May 27, June 26, July 26,
August 26 and September 25 from single trees of each of
the following speeies: white, red and chestnut oak, red
and sugar maple, shagbark hickory and Norway spruce.
The moisture content and the dry weight of the average
leaf in each sample were determined. All samples were
analyzed for N, P, K and Ca. Results of analyses were
expressed as milligrams per average leaf, as well as in
terms of concentration (per eent dry matfer basis).
Only changes in the former (absolute amounts) consti-
tute evidence of movement of these elements to or from
the leaves.

It was found that leaves of the deciduous species
studied continued to inerease in weight as long as they
remained green, The rate of dry weight inerease was
greatest during the first two months after the leal buds
burst, and dwindled to almost nothing in the month pre-
ceding initial yellowing. Trends in the mdisture content
were exactly opposite to those of dry weight inerease.

The concentration of N, P and K in the leaves of all
species decreased quite rapidly during the period of
greatest leaf growth, but tended to become relatively
constant for the month previous to initial yellowing. In




every case the caleimmn concentration inereased steadily
during the entire growing period.

The adsolute amount of N, P, K and Ca in the leaves
Inereased ag the season advanced, reaching & maximum
just previous to the time at which the leaves turned
from green to the autumnal colors characteristic of the
species. After yollowing the absolute amounts of N, P
and K decreased, indieating a movement of these ele-
ments out of the leaves. There was no loss of Ca either
hefore or after yellowing,

Although thers appears to be a movement of N, P
and K out of the leaves and back into the conducting
gystem of the tree, starting about the time the leaves
begin to yellow (die), the experimental evidence pre-
sented in this and other reports referred to in the text
indicates that there is no sneh migration so long as the
leaves are alive and growing, Decreases in mineral
concentration during the period of leaf growth, which
are sometimes interpreted as indicaling mineral nutrient
migration, are due to the ‘‘diluting’’ effect of rapidly
inereasing leaf mass and, taken alone, are not evidence
of translocation. '

It is believed that much valuable information regard-
ing tree nutrition and the ehemical aspeets of site quality
can. be obtained from leaf analysis, The best time to
collect leal samples for quantitative ecomparison of nitro-
gen and ash content ig during the two or three weeks
preceding yellowing, when the total mineral content is
near maximum, and the coneentration is relatively
constant. 'The exact time will vary with species, nitro-
gen supply and loeal climate, since these factors all
influence to some extent the time at which leaves start
to yellow.
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