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Abstract. Vertical profiles in leaf mass per unit leaf area [Mg]pw, although there was no systematic difference ob-
(Mp), foliar 13C composition {13C), nitrogen (N), phospho-  served between trees of different heights, strongly negative
rus (P), carbon (C) and major cation concentrations were eswithin-tree gradients were found to occur.

timated for 204 rain forest trees growing in 57 sites across the When expressed on a leaf area basis (denoted by the sub-
Amazon Basin. Data was analysed using a multilevel mod-script “A’), significant positive gradients were observed for
elling approach, allowing a separation of gradients within in-[N]a, [P]a and [K]a both within and between trees, these
dividual tree canopies (within-tree gradients) as opposed tdeing attributable to the positive intra- and between-tree gra-
stand level gradients occurring because of systematic differdients in M mentioned above. No systematic within-tree
ences occurring between different trees of different heightsgradient was observed for either [Gadr [Mg]a, but with
(between-tree gradients). Significant positive within-treea significant positive gradient observed for [Mdbetween
gradients (i.e. increasing values with increasing samplingtrees (i.e. with taller trees tending to have a higher Mg per
height) were observed fava and [Chw (the subscript de-  unit leaf area).

noting on a dry weight basis) with negative within-tree gra- Significant differences in within-tree gradients between in-
dients observed fo813C, [Mg]ow and [Klpw. No signifi-  dividuals were observed only fo¥a, 813C and [P}. This

cant within-tree gradients were observed forgi] [Plow  Was best associated with the overall average [} each

or [Capw. The magnitudes of between-tree gradients werelree, this also being considered to be a surrogate for a tree’s
not significantly different to the within-tree gradients fdp, ~ average leaf area based photosynthetic capadigx. A

813C, [Clow, [Klow, [N]ow, [Plow and [Capw. But for ~ new model is presented which is in agreement with the
above observations. The model predicts that trees charac-

terised by a low upper canop¥max should have shallow,
Correspondence tal. Lloyd or even non-existent, within-canopy gradientstifay, with
BY (i-loyd@leeds.ac.uk) optimal intra-canopy gradients becoming sharper as a tree’s
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upper canopyAmax increases. Nevertheless, in all cases it  Nitrogen need not, of course, always be the primary lim-
is predicted that the optimal within-canopy gradienflifax iting nutrient for photosynthesis in higher plants (Field and
should be substantially less than for photon irradiance. Al-Mooney, 1986). This may be especially the case for trop-
though this is also shown to be consistent with numeroudcal forest trees whose photosynthetic rates may be more
observations as illustrated by a literature survey of gradi-closely correlated with foliar phosphorus content (Cromer et
ents in photosynthetic capacity for broadleaf trees, it is alscal., 1993; Raaimakers et al., 1995; Reich et al., 1995; Love-
in contrast to previously held notions of optimality. A new lock et al., 1997; Domingues et al., 2010).
equation relating gradients in photosynthetic capacity within  Associated with within-canopy gradients in photosyn-
broadleaf tree canopies to the photosynthetic capacity of theithetic capacity may also be gradients in folld?C which,
upper canopy leaves is presented. rather than reflecting a substantial recycling%¢ depleted
carbon dioxide lower down plant canopies, probably re-
flects genuine vertical gradients in physiological processes
for tropical forests (Lloyd et al., 1996). This could be at-
tributable to upper canopy leaves being exposed to more se-
It has long been observed that the light saturated photosyrivere water deficits during the day (Niinemets et al., 2004),
thetic rates of leaves located low in plant canopies can bdhough for conifers at least, it is also associated with varia-
much less than leaves receiving much more irradiag®e ( tions in foliar nitrogen concentrations (leaf area basis), and
higher up (Jarvis et al., 1976), and this has been typicallyby implication variations in photosynthetic capacity (Du-
attributed to gradients in foliar nitrogen contents on a leafursma and Marshall, 2006).
area basis (Field, 1983). Nitrogen is a critical component of Although not yet studied in any great detail to date, gra-
the photosynthetic apparatus (Evans, 1989) and it has beegients in foliar cations within plant canopies also occur. For
shown that the theoretically optimal distribution of nitro- e€xample, Grubb and Edwards (1982) found magnesium con-
gen concentration which maximizes canopy photosynthesigentrations (dry weight basis) to decrease with height for
is that where the foliar nitrogen concentration gradient (leafa New Guinea montane rain forest, attributing this to the
area basis) closely follows the distribution ¢f, thus ap-  central role of Mg within chlorophyll complex and the ten-
proaching zero whe also does (Field, 1983; Chen et al., dency for shaded leaves to have higher chlorophyll concen-
1993). Nevertheless, one regular observation in tree canopigéations (again, expressed on a dry weight basis) than more
is that vertical gradients in photosynthetic capacity are muchexposed leaves higher up Bkman et al., 1981). Gradi-
less than that associated with the optimal distribution max-ents in other physiologically important cations might also be
imising individual plant carbon gain (e.g. Hollinger, 1996; anticipated. For example, potassium has a critical role, not
Kull and Niinemets, 1998; Meir et al., 2002; Wright et al., only in stomatal function, but also as an important foliar om-
2006). soticum (Leigh and Wyn-Jones, 1984), potentially being re-
Understanding and quantifying within-canopy gradients quired in higher concentrations for leaves towards the top of
in photosynthetically important nutrients and associatedthe canopy where gas exchange rates would be expected to
changes in plant physiological properties is also importantoe higher (Carswell et al., 2000) and with the leaves there
for simulating rates of canopy photosynthesis and the associalso tending to have greater osmotic potentials (Oberbauer et
ated light response (Lloyd et al., 1995; Haxeltine and Pren-al., 1987).
tice, 1996; de Pury and Farquhar, 1997; Mercado et al., 2009) We here analyse vertical variations in leaf properties for
as well as for simulations of canopy leaf areas (themselveg04 trees sampled at a range of locations across Amazonia,
affecting predicted rates of photosynthetic carbon gain) inattempting to quantify variations in nitrogen, phosphorus,
dynamic vegetation models (Sitch et al., 2003; Woodwardmajor cations (Ca, Mg and K), carbon stable isotope compo-
and Loomis, 2004). Within tropical forest canopies, this vari- sition andMa with height. As well as analysing this obser-
ation may be expected to be especially complicated due tyational data, we also present a new model which shows that
the very high number of species present in any one foresthe true “optimal” gradient in plant canopies does not neces-
with an associated high tree-to-tree variation (Fyllas et al.,sarily mimic the gradient i@. This model, described imme-
2009), some of which can be related to asymptotic tree heighédiately below, is predicated on the observation that foliar leaf
(Lloyd et al., 1995; Thomas and Bazzaz, 1999; Rijkers et al.nutrient concentrations are to a large degree genetically con-
2000), successional status (Popma et al., 1992; Reich et alstrained (Fyllas et al., 2009) and thus for any given species
1995) and/or shade tolerance (Turner, 2001). Mean vertithere is a practical limit for the maximum nutrient concentra-
cal variations in nutrient concentrations and associated phystion possible. Once this is taken into account, it emerges that
iological characteristics within tropical forests may thus be trees with a low overall photosynthetic potential should have
as much due to tree-to-tree variations correlated with actuaft shallow (or even zero) decline in photosynthetic capacity
or greater osmotic potentials tree height as with variationswith canopy depth, with higher photosynthetic capacity trees
within individual trees themselves. having sharper gradients for the optimisation of canopy pho-
tosynthesis. But with the predicted optimal gradients still

1 Introduction
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Extinction coefficient for photosynthetic capacity, 4;

Fig. 1. Effect of variations in extinction coefficient for photosyntheti

Extinction coefficient for photosynthetic capacity, 4,

c capatityat a range of different leaf area indicds,for an overall

canopy photosynthetic capacitg¢) of 42 pmolnm2s~1 (ground area basis) and at an incoming photon irradiance of 2000 prfan
(a) Variations in canopy C®assimilation rate (in the absence of any leaf respirati@))required CQ assimilation rate for the uppermost

canopy Ieaves/(’a) in order to fulfill the requirements of Eq. (1).

substantially shallower than the within-canopy light profile.

for a forest near Tapag (Para State, Brazilian Amazovig

Data from a range of Amazon forest trees presented here sug-=5.5,A§=12.0 umol nr2s~1 (full sunlight) and with an ex-
gests this to be the case, with these results also being corinction coefficient for photosynthetic capacify, of 0.15.

firmed through a global survey of vertical gradients of pho-

Taking then a simple integral equation of thAgayz) term in

tosynthetic capacity within the canopies of broadleaf treesEq. (A2), we obtain

and forests.

2 Theoretical considerations

The model used to evaluate the optimal distribution of re-

sources for species of a fixed maximum photosynthetic Car =42 umol nT2

pacity is outlined in Appendix A. In short, it consists of the
use of integral equations combining gradients in photosyn
thetically active radiationQ, photosynthetic capacityA max,

and leaf respirationR, throughout plant canopies, also al-

lowing for leaf respiration rates to be reduced at higher irra-

diances (Atkin et al., 2000). Gradients (h and Ay are

=L Aj(l—e 'l
= o

where Aj is the maximum (light saturated) GQssimila-
tion rate at the top of the canopy, with the superscript “*”
indicating that we are ignoring dark respiration. This yields
s~1 (ground area basis).

Now, keeping this canopy photosynthetic potential con-
stant, the first question we ask in a series of investigative
simulations is how should the canopy photosynthetic rate,
Ag, vary across a range of potentigl? And how is this
variation inA¢ with kp influenced byL? To do this we use
Egs. @4) and A5) as detailed in Appendix A. For these sim-

I

Cc= Age |
C= 4o
z=0

@)

expressed in terms of exponential decay coefficients and arations, we always use a value for the light extinction within

expressed as a function of canopy depth, this being define
for any point within the canopy} as the cumulative leaf area
index measured downwards from the canopy top. That is t
say,z=0 for the uppermost leaves of the canopy and for
the lowermost canopy leaves, withbeing the canopy leaf
area index.

2.1 Simulations with a canopy of fixed photosynthetic
capacity

We first apply the model above to a rain forest canopy with
L of either 2.0, 5.0 or 8.0, but in all cases having the sam
photosynthetic capacity, denoted heraCas To obtain a re-

alistic estimate of the latter, we take representative observa-

Ghis re

e

ﬂwe canopy ok;=0.7 as reported for tropical forest (Wirth et
al., 2001). Becaus€c is held constant for all simulations,
quires thati;j varies askp changes. This is achieved
via a rearrangement of Eq. (1viz. At=kpCc/(1—e*PL).
Using the above procedure, we can thus estimate Apw
andAg{ should vary withkp for a givenL and this is shown in
Fig. 1. Figure 1la shows that, as expected from theory (Field,
1983), the maximumAg, is indeed always observed when
ki = kp = 0.7. Also as expected, the higher thethe greater
the A¢ at this optimumkp. But askp declines (or increases)
away from the optimum 0.7 value, the decline4p is much
greater at highef.. So much so that a=0.15A¢. actually
declines with increasing.

tional values from data presented by Domingues et al. (2005)
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AJIA, (= 0; & = kp= 0.7)] t.he grad?ent in photosynthe.tic capacity to.ma_ttlch that of the
light environment actually gives rise to a significantly lower
0.0 0.2 0.4 0.6 0.8 1.0 canopy photosynthetic capacity wete to be substantially
O 11 1 1 l 1 ; 11 l l/l 11 l 11 1 1 l 11 1 1 I IOWer

But why, despite higher canopy light interception, ddés
decline with increasind. at low kp? This also turns out to
be critical in Sect. 2.3 in determining what is the optimiim
whenCc and Aj are taken as fixed. The answer can be seen
from Fig. 2. Here, the required gradients in £&¥similation
rate in the absence of dark respiratieri) at depthz, A3, are
shown for various combinations &p and L with all values
standardised talj = 1.0 whenk; = kp = 0.7. As would be
expected from Fig. 1b, whetp<0.7 thenAj is also less than
this “optimal case” and a& increases the greater is the re-
duction in A§. The vertical variation photosynthetic losses
or gains associated wittp#£0.7 can also easily be seen by
comparing thed; profiles forkp = 0.15 with that forkp = 0.7.
This shows that, irrespective &f and as would be expected,
that A} is lower towards the top of the canopy for lowe,
but that this is to some degree compensated for by a greater
A% lower down. What can be seen from Fig. 2, however, is
that the extent to which this highet; lower down in the
canopy can compensate for low&} towards the top dimin-

Cumulative Leaf Area Index (m? m%)
N
llllllllllllllllllllllllllllllllllllllll

7 ishes ad. increases. As to why this occurs can be deduced
from Fig. 1b. Because the higtflow kp combination neces-
o sitates a low maximum photosynthetic capacity in the upper

layers, much of the relatively high there cannot be utilised.
On the other hand, a substantial proportion of the extra pho-
tosynthetic capacity lower down is more or less wasted as
occur at the top of the canopy when the extinction coefficient forCOZ aSSImIIatlon rates_at low ;f‘re much less dependent on
photosynthetic capacityp, is equal to that for lightky which has ~ Amaxz) (Fig. Alb). It is for this reason, as has also been
in this case been set at 0.7. Values are shown for different combinaoted by Hirose and Werger (1987), that the reductioAdn
tions ofkp and leaf area index,, at an incoming photon irradiance  askp deviates from its “optimum value” increases &asn-
of 2000 pmolnT2s~1, creases.
It is also worthwhile pointing out at this stage that the
higher the value ofAj the greater the relative cost for any

Figure 1b shows the changes i}, required to satisfy imbalances in the light versus photosynthetic capacity gradi-
Eq. (1) withCc conserved. Agp increases then so dod§.  ents at any giverL. This is because any removal of photo-
Likewise, at any giverkp then if A7 is lower then a higher  synthetic capacity away from the top of the canopy results
L is required. As has already been pointed out by Pons ein a proportionally greater loss i for high capacity as
al. (1990) for herbaceous species and Hollinger (1994) foropposed to low capacity trees (see Fig. Alb).
the New Zealand trelothofagus fusgaFig. 1b implies that
there are certain combinations 4f, kp andCc which may 2.2 What constitutes the optimal combination ofL and
not be physiologically realistic. For example, most trop- kp?
ical tree species have maximum photosynthetic rates sub-
stantially less than 20 pmolmM s~ (Turner, 2001, p. 97; As argued above in Sect. 2.1, due to the highrequired,
Domingues et al., 2010). Thus an “optimudp may not be  what is often considered the “optimurkp may in fact not
possible in the case of Fig. 1b unleSg were substantially even be physiologically possible, especially when observa-
lower (see Eq. 1). But this would then mean thdtwas also  tion based values of c and L are employed. Indeed, it
correspondingly reduced (again as shown in Sect. 2.3). Thigan even be argued that for such cases the “optimality” ques-
contradiction is the fundamental reason why “optirkg’as  tion may have been inappropriately posed. This is because,
implied by Fig. 1a are not, in fact, optimal at all. That is rather than asking what the optimum profile in photosyn-
to say, if one accepts that there is a fundamental limit to thethetic capacity should be for given valueslofandCc, one
maximum photosynthetic rate possible for any given specieshould rather be inquiring as to, given the considerable ge-
(see also Sect. 6.1), then the sharp “optimémfequired for  netic and environmental limitations oty that undoubtedly

Fig. 2. Variations in the rate of photosynthesis at canopy dejith
the absence of dark respiratiofi;, normalised to that which would

Biogeosciences, 7, 1838859 2010 www.biogeosciences.net/7/1833/2010/
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occur (e.g. Wright et al., 2004; Fyllas et al., 200@yhat is 300 0.30
the combination of., Cc andkp that serves to maximise the ] et [ N
net carbon gain of the canopy for any given valueig? ] e L g
Such a simulation requires that one looks at timescales 250 < e - 0.20 %
greater than hours or days, and so we drive the model using & ] Gp C g
dataset collected above the 87 km tower at Tapésoulden o ] L 010 £
et al., 2004) consisting of about 3.8 years of net (incom- S 200 L g
ing less reflected) averaged over hourly times steps and = ] , S C 2
running from 1 July 2000-11 March 2004. Using different @ 1 Ny S T = 0.00 %
symbols to identify the much longer timescales we are now é 150 C 8
working at, we write _§ ] L 010 %
NRZG*C_ Rc — Ic, (2) § 100 i L &_‘i
_ _ _ E 1RcH e i |- -==--— L 020 3
whereNR is the net carbon gain to the canopy provided by & i = r c
the foliage on an annual basis, after accounting for the in- < . r 2
vestment of carbon as new leaves within the plant canopy 30 7] L 030 g
(Ic) with Rc representing the annual respiratory losses by ] - is
the canopy (estimated as detailed below) &ifdbeing the )] kp L 00
annual net carbon gain (Gross Primary Productivity) by the rrorrrrrTraTer e e o
leaves in the absence of respiration in either the dark or the 0 2 4 6 8 10
light. The latter is equivalent td ¥, calculated hourly, but Leaf area index

summed over one year.

Noting also that elements such as nitrogen and phosphorusig. 3. Variations in the rate of Gross Primary production (in the
which are likely to be the key modulators of variations in absence of any leaf respiration in the lighj, the sum of leaf
Amaxz) tend to stay constant on a dry weight basis with depthrespiration (day anq night) plus investment costs in leaf construction
within the canopy and with variations on an area being due(R§3+IC) and the difference t_)etween the two, the annual net_carbon
to variations in leaf mass per unit arell{), see Sect. 5.2 gain of the canopyNR as defined through Eg. (2) as a function of

for Amazon tr nd Sect. 6.1 for neral di ion. th leaf areaindexl.. Associated variations in the extinction coefficient
.O azonftrees a . eg. . oragenera SC.USS on, theg,, photosynthetic capacityp, are also shown, with the vertical
it _follows that the decline in C |nve§tment per unit leaf area |ine indicating thel. associated with the maximisation k.

with canopy depth should approximate that of the decline

in photosynthetic capacity and it then follows that we can

simply expresdc as specified to be through a paramaterisation of data presented
s el by Atkin et al. (2000) as specified in Eq. (A7) or Eq. (A8)
= M. (3) and as shown in Fig. Alb. ThRc values in Eq. (2) repre-

=0 kp sent average annual sums.

To estimatelo we assume an average leaf lifetime) ( Results from s’u.ch a ;lrnulat|on are shown ;n Fl|g. 3 for
of one year and taking typical values ®fa and carbon OUr standard Tapas conditions og=12 umolnT“s™ and
content for upper canopy leaves at T&ma{88.5gm2and  Cc=42umolnT?s™1. To create the curvesp has been in-
491 mg g']-’ respective|y) also accounting for construction creased in increments Starting from a Value—(ﬁ.35, with
respiration costs as in Masle et al. (1990) we obtain an estieach output increment calculated to be sufficient to increase
mate forlg of 4.5 mol C nt2 for an A} of 12 umol nr2s1, L by about 0.1. This has been achieved throidbeing cal-
Given that there is generally little correlation between pho-Culated via a simple rearrangement of Eq. (1).
tosynthetic capacity ansi/a when the former is calculated ~ AS kp is increased, the gradient away from the top of the
on an area basis (Wright et al., 2004) we thus mak- canopy must by definition become sharper. And associated
dependent ofdg and as a simplification (also noting that it With this an increase it is required; this being necessary
has no effect on the main conclusions of these simulations§o “hold” the sameCc within a greater leaf area. Figure 3
we also maker independent ofAmax and Io (For a further shows that associated with this increasé&grand L is first
discussion of the effects of these and other assumptions, sed! increase irG¢, associated with an increase in light inter-
Sect. 6.3) A% is calculated as in Eq. (A4) or Eq. (A5) and in- ception. Nevertheless, dsincreases above a value ob.4
tegrated annually to obtaii.. Based on data of Domingues N this simulation,G¢ begins to decline. This is because
et al. (2005) night time respiratioRf) is simply calculated  the aggravating effects of highér on kp/k imbalances as
as 0.08C% but with daytime respiration by the leaves within demonstrated in the previous Section (Fig. 2) outweigh the
the canopy dependent upon the illumination received. Thencreasingly diminishing advantage of increased light inter-
extent of any decline in leaf respiration rates during the day isception.

Ic = e kpz

www.biogeosciences.net/7/1833/2010/ Biogeosciences, 7, 18332010
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220 — k=057, L= 9.4 kp =024 L=51 2.3 What constitutes the optimal combination ofA§ and
~ \ < kp=0.04, L= 4.4 Cc?
& 200 3
5 ] In Sect. 2.2, we took our best estimate of the inte-
3 180 A =000.L=42 grated canopy photosynthetic capacity for the Tap&prest
% ] N \ ’ ’ (A§=12 umol nT2s~! and Cc=42 pmol nT2s1) and found
2160 N ke0InL=4s that, although effects of variations i andkp on G, Rc
§O ] Ap=031,L=54 and Nr were relatively modest, our model optimus had
g 140 Ap =057, .= 89 associated with it values @, L andkp that were surpris-
E ] Ap = 0.00, .= 3.9 ingly close to those actually observed. But what happens
2 120 with other combinations ofAj and Cc? To the extent that
2 ] kp =029, L=5.1 foliar nutrient concentrations are related to variations in leaf
S 100 . L =057 -84 photosynthesis (Domingues et al., 2005, 2010; Mercado et
Z ] v ’ al., 2009), A§ should reflect some combination of genetic
80 +——r——r7 17 and environmental influences (Fyllas et al., 2009). On the

0 20 40 60 30 other hand, it might be reasonable to expect that the potential
Cc for a given species would be more strongly influenced
by edaphic conditions and/or climate than by genotype — this
Fig. 4. Relationship between net canopy carbon gain (as de-bemg mediated thro‘fgh Vam_itlonsmnd/orkp'
fined by Eq. 2) and canopy photosynthetic capacity according to 10 help answer this question, Fig. 4 shows the results of
the model presented in Appendix A and Sect. 2. Curves showrSimulations where we have kept the model formulation and
are for different photosynthetic capacities?, at the top of the  driving Q exactly as for Sect. 2.2, but investigating now how
canopy; ¥: As=6umolm?s1; e: Aj=12pmolnT?s7L; m: Nr varies for three different photosynthetic capacities at the
Az=18pmolm 251, top of the canopyyiz A§=6 umolnt2s~1, 12 pmol nT2s~1
and 18 pmol m2s-1 and for a variety ofCc, the range of
which examined depends on tA¢g investigated. This selec-
Although both/c and night-timeRc do not change with  tion has occurred because a higy Cc ratio leads to unrea-
the concurrent variations ip andL, daytime respiration in-  sonably highL. Conversely a lowA§/Cc leads tokp<0.0.
creases. This is because associated with highare more  In all cases, the symbol plotted reflects the value at the op-
and more leaves at very low light levels where the inhibition imum Ngr as determined from simulations such as shown
of daytime respiration is considerably reduced (Fig. Ala).in Fig. 3, Associatedp and L are also shown for selected
Thus, the net carbon gain of the canopis, peaks at inter-  points.
mediatekp and L: the optimum values from this simulation This shows that, as might be anticipated (asincreases
being 0.123 and 4.5, respectively. These values compare sufrom the lowest values, then so dodg. Associated with
prisingly favourably with what is actually observed for the these increasing/r are reductions in the optim&b. This
Tapaps forest fp~0.15) as discussed above witk5.1+0.5  allows a higherCc to be more evenly distributed over a
(Aragao et al., 2005). This may, however, be especially forti- smaller L. Importantly, the lowerl reduces overall respi-
tuous because, as is discussed in Appendix B, there are goadtory losses. This is especially the case for high photosyn-
reasons to think that both andkp should actually be a lit-  thetic capacity leaves at the bottom of high canopies. Yet,
tle higher than the simple estimates predicted here. We alsehere is also a clear maximum for eat, beyond whichVg
note that an estimate f@rg. of 262molCnr2a ! obtained  declines. This maximum occurs because the enhancement in
from eddy covariance and other measurements at theG&paj G¢ with higher Cc shows a shallower increment than the
tower (Hutyra et al., 2007) is in remarkably good agreementiosses associated witkc, including those at night. In short,
with our model based estimate 6f; of 265molCn2a! above a certain point, little of the extra photosynthetic ca-
atL=4.5. pacity can be put to good use. Though it still costs the tree in
It is also worth noting that althouglp<0.0 (i.e. photosyn-  terms of respiratory carbon losses.
thetic capacities increasing with canopy depth) is both math- - ot surprisingly, theCc at which this point occurs in-
ematically and physiologically possible, it is also at 0dds ¢creases witha3; this being associated with a higherand
ywth one central tenant _of the approgch heri. (that A a higherkp. For A%=6 umol nr2s~ the optimal prediction
is a maximum physiologically constrained value). Thus, al-is o gragient in photosynthetic capacity at all. This is be-
thoggh mclu_ded inFig. 2 fqr |I_Iustrat_|ve purposes, in the sim- .o use such a tree should maximise its annual carbon gain by
ulations which follow we limit our interpretations to cases compressing as much photosynthetic potential into as small
wherekp=0.0. a leaf area as possible. A%, increases the predicted “op-
timal” kp also increases as a partitioning of resources, more

Canopy photosynthetic capacity, C.. (umol m? s-1)

Biogeosciences, 7, 1838859 2010 www.biogeosciences.net/7/1833/2010/
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in-line with the light distribution, assume relatively more im- achieved by severing a branch (usually ca. 4cm in diame-
portance. This also being associated with a higheBut ter) from the tree, this being subsequently allowed to fall to
in no case is the predictdg even close to that of the light ground. From each branch a sub-sample was made, gener-
extinction coefficient §,=0.7 in all simulations). Thus, our ally distal to the area of twig used by Hadi et al. (2009)
simulations here suggest that if physiological constraints orfor wood density analysis. One A4 sized plastic zip-bag of
the maximum photosynthetic rate possible for upper-canopyeaves of a range of possible different ages (but excluding ob-
leaves are taken into account along with the mutual depenviously juvenile or senescencent leaves) was then filled and
dencies ofL andC,. and respiratory losses @g, then within ~ sealed, kept as cool and shaded as possible, and then trans-
canopy profiles okp should always be substantially less than ported to the laboratory or field station the same evening as
k). This is because a lowp gives a greater overall canopy the day of collection.

photosynthetic capacity and thus a higher overall potential

rate of carbon gain. 3.2 Tree and canopy height determinations

2.4 Model validation The heights of both the lowest branch and canopy of sample
trees were determined using a clinometer (Model PM5/360

For the remainder of this paper, we focus on gradients in keyPC, Suunto, Turku, Finland) with “middle canopy” leaves

foliar properties such as leaf mass per unit area and foliar niassumed to have been at the average crown height; calcu-

trogen and phosphorus concentrations within Amazon forestated as the arithmetic mean of the upper and lower crown

canopies. Taken together these three functional traits accoumtimensions.

for much of the variability in the photosynthetic rates of trop-

ical trees (Domingues et al., 2010) thus providing good sur-3.3 Leaf mass per unit area )

rogates for variations itimaxz) (Sect. 5.3). Within the Dis-

cussion (Sect. 6.2), the extent to which the model accountSub-samples of 10-20 leaves were taken for the leaves col-

for variations observed for broadleaf trég as a whole is lected from each tree/measurement height combination and

also considered through a literature survey. Although vari-imaged using a locally purchased document scanner attached

ations inL are not explicitly considered in this data analy- to a Laptop or PC. The scanned images were then saved as

sis, how model estimates @f andkp may be modified by image files with leaf area and other associated characteristics

a consideration of evolutionarily stable versus instantaneousf each image subsequently analysed ustig Folia Basic

solutions (Anten, 2005) is considered in Appendix B. 2001a(Regent Instruments, Quebec, QC, Canada). Scanning
was usually done on the evening of collection, but when for
logistical reasons this was not possible, leaves were stored in

3 Materials and methods a cool, dry, and shaded place in tightly sealed plastic bags for
a maximum of two days to avoid desiccation and any associ-

Of a total of 1508 trees sampled in 65 permanent plots inated reduction of the leaf area.

Brazil, Bolivia, Colombia, Ecuador, Peru and Venezuela be- Once scanned, leaves were air dried in the field or when an

tween January 2002 and April 2005 for foliar nutrients and oven was available they were dried af@or about 24 h or

other properties (Fyllas et al., 2009; Fatiet al., 2009), with a microwave oven in 5 min steps until death was consid-

204 had also been sampled at three canopy heights for foliagred to have been achieved. Once transported to the analysis

nutrient composition, carbon and nitrogen isotope ratios andaboratory leaves were redried at °@ for about 24 h and

leaf mass per unit areafn). Locations, vegetation and ba- their dry mass determined after being allowed to cool in a

sic soil and climatological characteristics of the sample ma-dessicator.

terial plots are given in Pdto et al. (2009) and Quesada et

al. (2010). 3.4 Sample preparation and analysis locations

3.1 Leaf sampling Samples from Bolivia, Peru, Ecuador, Colombia and
Venezuela were analysed in the Central Analytical and Sta-
Twelve to 40 trees per plot had been chosen at randonble Isotope Facilities at the Max-Planck Institute for Biogeo-
for collection of upper canopy leaves. A professional treechemistry (MPI-BGC) in Jena, Germany. Samples from the
climber usually climbed three to eight trees in different points Brazilian sites were analysed for cations and phosphorus at
of the plot. From each climbed tree, branches of 1 tothe Instituto Nacional de Pesquisas da Afiraa (INPA) in
2m length from the exposed crown of two to four nearby Manaus and for carbon and nitrogen in the laboratory of the
trees were also usually harvested. For randomly selecte@Empresa Brasileira de Pesquisa Agrof@@(EMBRAPA),
trees (generally three trees per plot) branches were additioralso in Manaus. In both laboratories leaf sample not used
ally collected from the middle (sunny-shaded) and from thefor M determinations was dried as described above with a
lower canopy (shaded) portion of the canopy. Sampling wassub-sample of about 20 g DW then taken, for which the main
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vein of all leaves was removed and the sub-sample subse3.7 Carbon isotope determinations
quently ground. Sub-samples of ground material were also
analysed for'3C/12C ratios (Sect. 3.7), the Brazilian anal- In the Jena laboratoryC/*%C isotopes were measured as

yses being undertaken at the Centro de Energia Nuclear n@escribed in Werner and Brand (2001). In short: within the

Agricultura (CENA) in Piracicaba. same sequence of analyses, bulk tissue samples, laboratory
reference materials (including quality control standards) and
3.5 Carbon and nitrogen determinations blanks were combusted quantitatively using an NA 1110 el-

emental analyser equipped with an AS 128 autosampler (CE
In both laboratories, analyses for C and N were carriedinstruments, Rodano, ltaly) attached to a Delta-C isotope
out using 15-30 mg of finely ground plant material using aratio mass spectrometer (Thermo-Finnigan MAT, Bremen,
“Vario EL” elemental analyser (Elementar Analysensysteme,Germany) using a ConFlo Ill interface (Werner et al., 1999).
Hanau, Germany). Inter-laboratory consistency was mainin the CENA laboratory, Brazilian samples were analysed as
tained via the regular use of the same CRM 101 spruce needlgescribed in Ometto et al. (2006). In brief, 1-2 mg of sam-
(Community Bureau of Reference, BCR, Brussels, Belgium)ple was combusted in an elemental analyser (CE Instruments,
and SRM 1573a tomato leaf (National Institute of StandardsRodano, Italy) coupled to an isotopic ratio mass spectrome-
of Technology, Gaithersburg, MD, USA) standards in bothter (IRMS Delta Plus, Thermo-Finnigan MAT, San Jose CA,
laboratories. Within the Manaus laboratory, laboratory con-ysA) operating in continuous flow mode.
sistency with Jena values was also checked from time to time |nter-calibration exercises between MPI-BGC and CENA
by the comparison of ground rain forest tree foliar material of ysing secondary standards and other plant material showed
various C and N concentrations previously analysed in Jenasmall but significant and systematic differences between the
two laboratories (2=0.99). These have been corrected for
here with results from the CENA laboratory adjusted to pro-
In the Jena laboratory about 100 mg of sample material WaélIde full isotope scale equivalence with the MPI-BGC re-
) . 4 . : . sults.
first submitted to a microwave-assisted high pressure diges-
tion (Multiwave, Anton Paar, Graz, Austria) after addition
of 3ml of 65% HNG. Maximum reaction temperature was 4 Statistical analysis
230°C with maximum pressures of 25-30 bar. To check for
possible contamination of reagents and vessels, a blank waks we were interested in vertical variations in foliar char-
run with each series of standard reference materials or san&cteristics with individual trees and variations in these char-
ples. After digestion, blank solutions and samples (referencecteristics between individual trees as a function of canopy
materials and plant samples) were transferred to 50 ml glasbeight (and not so much concerned with plot-to-plot vari-
vessels which were filled to the mark with ultrapure water ations — these are considered in Fyllas et al., 2009) we
(Millipore, Eschborn, Germany) and analysed by ICP-OESused multilevel modelling techniques (Snijders and Bosker,
(Model Optima 3300 DV, Perkin Elmer, Norwalk, CT, USA) 1999) treating both tree-to-tree variation (within a plot) and
with a 40 MHz, free-running RF-Generator and an array de-variations in overall mean values (between plots) as ran-
tector allowing for the simultaneous determination of the el-dom (residual) effects. The Basin-wide average within- and
ements using wavelengths as given in Boumans (1987) antietween-tree gradients was thus determined according to
DIN EN ISO 11885 (1998). In the Manaus laboratory, con- _
centrations of P, K, Ca and Mg were determined after di—®lth = Poip =+ Prhup + Fohe + Repr. @
gestion with a nitric/perchloric acid mixture as described in Where®yp can be taken to represent any physiological pa-
detail by Malavolta et al. (1989). Concentrations of K, Ca rameter of interest (measured on le&f tvithin tree “t” lo-
and Mg in the extracts were subsequently determined uscated within plot “p”), Boy is an intercept term which, as
ing an Atomic Absorption Spectrophotometer (Model 1100b, indicated by its nomenclature, is allowed to vary both be-
Perkin Elmer, Norwalk, CT, USA) as prescribed by Ander- tween trees and between individual plggs.is a coefficient
son and Ingram (1993). Phosphorus was determined by colthat describes how varies with the height at which it was
orimetry (Olsen and Sommers, 1982) using a UV visible sampled (common to all leaves, trees and plof)js an
spectrophotometer (Model 1240, Shimadzu, Kyoto, Japan)additiona| coefficient describing hO@(tp varies with mean
As for the Jena laboratory, to check for possible contami-tree canopy heightic, and Ry is a residual term.
nation of reagents and vessels, a blank was run with each The tree and plot dependent intercepts can be split into an
series of standard reference materials or samples. Inteverage intercept and group dependent deviations. Firstly we
calibration between the two laboratories was achieved by théVrite
use of the same external and internal standards as for C an‘gjOtp = 800p + Uotp, (5)
N (Sect. 3.5).

3.6 Cation and phosphorus determinations

where dgop is the average intercept for the trees sampled
within each plot and/gyp is a random variable controlling
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for the effects of variations between trees (i.e. with a uniqueThis shows that the between-tree regression coefficient in the

value for each tree within each plot). Likewise, we also write random intercept model igy10+y100. Thus, when the rela-

tionship between any parameterand height is different for

between-tree as opposed to within-tree variation in the analy-

where yooo is the average intercept for the entire datasetsis which follows then this meang:o is significantly differ-

and Voop is a random variable controlling for the effects of ent from zero. Where this is not the case, any variatio® in

variations between each plot (i.e. with a unique value forwith height is of a statistically similar magnitude irrespective

each plot). Using a general notation then, we can combinef whether or not the source of variation is sampling at dif-

Egs. (4-6) to yield ferent heights within the one tree or comparing the average
values for trees of different heights.

Oitp = 000 + ¥1001et + Y010t + Voop + Uotp + Retp. - (7) All analyses were undertaken with tMLwinN software

where y100 describes how variations i® between leaves package (Rabash et al., 2004). Heights were centered ac-

within a tree vary with canopy height (with the same value cording to the mean tree height for the dataset (19.8m) so

for all trees within all plots) anglp1ois a between-tree regres- the intercept estimatespg) given represent the estimated

sion coefficient that describes hawvaries with the overall ~ value of eact® at that height.

(mean) canopy height for each tree (with the same value ap-

plying to all trees within all plots). For théygp andUgyp, just

as is the case for thRyp, it is assumed they are drawn from 5 Results

normally distributed populations and the population variance L

of the lower level residualsiy) is likewise assumed to be -1 Sources of variation

constant across trees. Note that within each plot the meap . . .
. . : n order to examine the inherent sources of variability in the
value of Upp=0 and likewise the weighted mean value of

Vo=0 for the dataset as a whole. As is the normal case indataset, we first fitted a “null model” to untransformed data

any regression model, for each tree the meap=0. according to

Equation (7) is a “three-level random intercept model” _
withqleaves ((Iezlel 1) nested within trees (level 2) F\)Nhich are Ottp = yooo+ Voop + Uowp + Retp. 13)
themselves nested within plots (level 3). Associated with theFrom this model and Eq. (8) the contribution of variations
three residual terms there is variability at all three levels andwithin and between trees and plots to the overall variance
we denote the associated variances as within the dataset can be simply apportioned and the results
are shown in Fig. 5. This shows that, without exception (us-
ing the subscript “DW” to denote concentrations are here be-
The total variance between all leaves®+12+¢2 and the  ing expressed on a dry-weight basis), the variability observed
population variance between trees fs-¢2. in the eight® examinedviz. Ma ands'3C, [N]ow, [Plow,

Equation (7) is flexible in that the within-tree regression [C]pw, [Calbw, [K]pw and [Mglbw was greater between
coefficient is allowed to differ from the between-tree regres-trees than the variance associated with the sampling of the
sion coefficient. In analogy with the two-level model deriva- three different heights within trees. Moreover, with the no-
tion in Chap. 4 of Snijders and Bosker (1999) and consid-table exception of [R}yw, the between-plot variance was also
ering the terms within a given tree, these terms can be regenerally less than the within-plot variance, the latter being
ordered as associated with tree-to-tree variations within individual plots.

8oop = y000 + Voop, (6)

var(Rep), = o2, var(Uotp) = t2, var(Voop) = $°. €)

BO¢tp = (Yooo+y010hc+Uotpt+Voop) +y100etp+ Retp. ®) 52 Vertical profiles

The random part between the parenthesis is the intercept for ] o ) )
this tree and the regression coefficient for variatiomafith 1€ underlying raw data giving rise to Table 1 and used in
height within trees is100. The systematic (non-random) part the subsequent multilevel analysis is shown in Fig. 6, with a

is the within-tree regression line different colour coding for the different region;. This_“Jack—
son Pollock Plot” shows that, although there is considerable
Outp = (Y000 + Y010hc) + Y100hetp- (10)  variability in the data, certain patterns exist. For example,

pn average there is a trend for an increas&/in with in-
creasing height and the opposite is the casestd€. On

the other hand, generally speaking, concentrations ipN]
and [Pbw are quite consistent within a given tree, although
© tp = Y000 + Y010hc + y100ic + Voop + Uotp, (11)  there are of course exceptions, especially at higher concen-
trations. Foliar carbon varies substantially between trees,
and close examination shows that although usually very con-
O tp = Y000 + (Y010 + Y100/ (12) sistent within a given tree, there is often a slight tendency

On the other hand, considering only the relationship betwee
the average value o® within a canopy and the average
canopy heightic, then Eq. (9) becomes

and the systematic part of the model can then be written as
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Fig. 5. Partitioning of the observed variance in the dataset according to Eq. (13). Green = variability with height within individual trees;
purple hatches; variability between trees within individual plots; white = variability between plots.

for [C]lpw to increase with height. Variations in [Mg}y 2. There is no detectable within-tree gradient for N}
were similar to [Cajw and [K]pw with no strong trend with [Plow or [Capw. Nor is there any significant over-
height readily apparent. all tendency for mean canopy [Ml or [Plbw con-

From Fig. 6 it can be seen that there is considerable het-  centrations to increase with mean tree canopy height
eroscedastity in the data with the variance of the dependent  (P>0.10).
variables tending to increase with their absolute value but not
with the value of the independent (height) variable. This was 3. Foliar [§13C| decreases with height irrespective of

the case for al® except maybe [Cd\N and513C_ Moreover, whether the source of variation is within-tree or
an examination of residual variances showed marked depar-  between-tree. That is to say, taller trees have less nega-
tures from normality, even when plot-to-plot differences in tive 8'3C than shorter trees and higher leaves also tend
overall mean values were taken into account. We therefore  to have less negativigC than those lower down within
transformed all data (taking the absolute valué'dt) prior the same tree. The gradients with height are similar for
to analysis, fitting the equation both sources of variation and are both significantly dif-

ferent from zero (R0.05).
109e(Oetp) = yoooty100tet+ Y010+ VooptUotpt Retp. (14) _ o ,
_ o 4. There is a significant tendency for [&) to increase
Noting that due to the logarithmic transform of tiep, with height within an individual tree, and also for taller

terms, the height coefficients in Eq. (14)§ and yo1) now trees to have a higher foliar C content(®.05).
refer to the proportional changes in tky, with Ay and

hc per metre respectively, results are listed in Table 1. Here 5. Although there is a significant tendency for [Mg}

the null hypothesis that a certain regression paramgfgrq to decrease with increasing height within a given tree
zero (i.e.Hop: yh=0) can be tested according to a two taited (P<0.05), no such pattern is observed for the variation
test,T, (yn)=7n/[S.E.¢n)], the so calledVald test This in- in [Mg]pw between trees withyfoo+1010)/[S-E.(hc)]

dicates (as shown in bold font) that within tree canopy gradi- Tp10. Potassium also shows a significant tendency
ents were significantly different to zero only fdfa, [Clpw, to decrease with increasing height within a given tree
813C and [Mgbw. From Eq. (12), the parametggio can (P<0.05). Contrary to magnesium, this effect persists,

be taken to reflect the difference between the within-tree and  or is perhaps even amplified when tree-to-tree variation
between-tree slopes and a separate Wald test can be used to is additionally considered.

determine if the overall coefficient for the between-tree coef- ) )

ficient (/100+y010) is significantly different from zero (Sni-  Figure 7 shows the fitted slopes and the data, in all cases

jders and Bosker, 1999). From such an analysis we concluggormalised to the fitted value for each tree at the average
sampling height of 19.8 m. Here a comparison of the plots

1. The between-tree coefficient fdf is not significantly  for within-tree and between-tree variation show the generally
different to the within tree coefficient €0.05). Both  similar increases foMa with height and decreases s4°C
are significantly different to zero @ 0.05) with Ma and [Cphw with height, irrespective of the source of varia-
increasing with increasing height. tion. On the other hand, the much steeper gradient fas K]
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Table 1. Estimated intercept and coefficients according to Eq. (14) for leaf mass per unit area, leaf [N], leaf [Ef@&4éaf [P], leaf [Ca],
leaf [Mg] and leaf [K] all expressed on a leaf dry weight basis. Significant valug8.d%) are shown in bold.

Loge [Leaf mass/area] Lag[Nitrogen] Loge|s13C] Loge [Carbon]
(@m~2) (mggt) (%) (mgg?)
Fixed effect Coefficient S. E. Coefficient S. E. Coefficient S. E. Coefficient S.E.
yooo= Intercept 4,560 0.0270 3.004 0.0267 3.673 0.0032 6.185 0.0077
y100= Coefficient ofh 0.00981 0.00123 —-0.00121 0.00081 —0.00151 0.00019 0.00114 0.00018
yo10= Coefficient of ¢c—h) 0.00104 0.00354 0.00332 0.00329 0.00013 0.00048 0.00036 0.00082
Random Effect Parameter S.E. Parameter S.E. Parameter S.E. Parameter S.E.

g0§= between plot variance 0.01693 0.00689 0.01783 0.00689 0.00026 0.00009 0.00201 0.00058
r0=between-treevariance 0.06047 0.00757 0.05876 0.00711 0.00747 0.00010 0.00334 0.00041

ag: within tree variance 0.01382 0.00099 0.00611 0.00044 0.00033 0.00002 0.00028 0.00003

Loge [Phosphorus] Log[Calcium] Log: [Magnesium] Log [Potassium]

(mggY) (mgg?) (mgg?) (mgg?)

Fixed effect Coefficient S. E. Coefficient S. E. Coefficient S. E. Coefficient S. E.
yooo= Intercept —-0.1244 0.0508 1.532 0.098 0.6991 0.0485 1.646 0.070
y100= Coefficient ofh —0.00107 0.00130 —0.00520 0.00320 —0.00684 0.00218 —0.00538 0.00220
yo10= Coefficient of ¢c—h) 0.00206 0.00460 0.00106 0.009370.01490 0.00642 —0.00853 0.00604
Random Effect Parameter S.E. Parameter S.E. Parameter S.E. Parameter S.E.

<p§: between plot variance 0.10919 0.02691 0.41396 0.09744 0.05785 0.02232 0.22444 0.04989
Tg= between-tree variance 0.09322 0.01150 0.30900 0.04009 0.18150 0.02292 0.12120 0.01604
ogz within tree variance 0.01519 0.00109 0.09229 0.00663 0.04282 0.00307 0.04371 0.00314

when between-tree variations are considered is also appanot statistically significant. The negative gradient in{Gls

ent as is a strong contrast in directions for [iMg] Taller on a DW basis is maintained, as is the positive gradient for
trees tend to have slightly higher [Mg};, but within individ- [K] A, though in the case of [i]the between-tree gradient is
ual trees [Mgpw declines with increasing height. Though no longer statistically stronger than observed within individ-
not significant, the trends for slightly decreasedgiN]and ual trees. The pattern for magnesium is also very different on
[Plow with height in individual tree canopies can also clearly leaf-area versus dry-weight basis. The negative DW gradient
be seen. Note that because all values are normalised to th@ower values higher up in the canopy) is counterbalanced by
of the fitted value at the average sampling height, the tree-tothe positive gradient ia meaning that within individual
tree variations appear in this graph to be much less than fotree canopies no gradient in [Mggxists. On the other hand,

the actual data themselves (see Fig. 6). the positive between-tree gradient in magnesium is amplified
when expressed on an area basis, with taller trees having sig-
5.3 Area based profiles nificantly higher [Mgh than their shorter counterparts.

Gradients for [N) and [Phare shown in Fig. 8, again with
Vertical variations in foliar nitrogen and/or phosphorus con- each tree having its value normalised to the fitted value at the
centrations within plant canopies can be expected to subaverage sampling height of 19.8 m. This illustrates the simi-
stantially affect photosynthetic rates which are normally ex-lar overall patterns observed for [Njand [P, a result that
pressed per unit leaf area (Carswell et al., 2000; Domingueds Not surprising as a comparison of Fig. 8 with Fig. 7 in con-
etal., 2005; Mercado et al., 2009; Domingues et al., 2010). [junction with Tables 1 and 2 shows that almost all the vari-
was thus also of interest to examine vertical gradients withination observed in [Ny and [Ph; both within and between
and between trees also expressing nutrients on a leaf ardEees, is due to the increase M with height with [Njpw
basis (Table 2) — this simply being calculated as the prod-2nd [Pbw staying more or less constant within a given tree
uct of the nutrient concentration (DW basis) ath, and and also showing no systematic variation withwhen dif-
with area based concentrations here identified by ah « ferent trees within the one stand are compared.
subscript. When done, this shows similar and significant
within-tree positive gradients to exist for both [INand [Ph.
The between-tree gradients are in both cases about 50%
steeper than the within-tree gradients, but this difference is
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Table 2. Estimated intercept and coefficients according to Eq. (14) for leaf [N], leaf [C], leaf [P], leaf [Ca], leaf [Mg] and leaf [K], all
expressed on a leaf area basis. Significant valug® (#5) are shown in bold.

Loge [Nitrogen] Log: [Carbon] Log [Phosphorus]
(mgm~2) (mgm2) (mgm2)

Fixed effects Coefficient  S. E. Coefficient  S. E. Coefficient  S. E.
yooo= Intercept 7.572 0.021 10.75 0.011 4.448 0.0475
y100= Coefficient ofa 0.00873 0.00136 —0.01112 0.00135 0.00893 0.00167
yo10= Coefficient of tc—h) 0.00372 0.00351 0.00066 0.00426 0.00465 0.00398
Random Effects Parameter  S. E. Parameter S.E. Parameter  S. E.
@2= between plot variance 0.00215 0.00463 0.02856 0.01155 0.09834 0.02210
rgz between-tree variance 0.05775 0.00773 0.06670 0.00850 0.05822 0.00782
agz within tree variance 0.01642 0.00135 0.01521 0.00119 0.02460 0.00226

Loge [Calcium] Log: [Magnesium] Log [Potassium]

(mgm2) (mgnm2) (mgn2)
Fixed effects Coefficient S.E. Coefficient S.E. Coefficient S.E.
yooo= Intercept 6.126 0.0979 5.268 0.0498 6.232 0.07187
y100= Coefficient ofa 0.00372 0.00234 0.00264 0.002440.004425 0.00223
yo10= Coefficient of ¢c—#) —0.00156  0.00654 0.01712 0.00700 —0.00155 0.00654
Random Effects Parameter S.E. Parameter S.E. Parameter S.E.
(p§= between plot variance 0.3553 0.0915 0.05574 0.02276 0.3553 0.09146
0= between-tree variance 0.3867 0.0538 0.18610 0.02458 0.3867 0.05381
agz within-tree variance 0.1072 0.0072 0.05135 0.00388 0.1072 0.00721

5.4 Do tree-to-tree variations in within-canopy
gradients exist?

The analysis so far has assumed that foraalthe within-

coefficients”) were not random, but inter-related and corre-
lated with the meaa, |§13C| and [P} of the trees con-
cerned. In particular, tree-to-tree variation in all three of
the above parameters were well correlated with mean canopy

tree gradients are the same for all plots and trees, but thgp],, this being the average of all three measurements taken
different plots and the trees within them may assume dif-on each tree, and denoted here(f&a). The very simi-
ferent overall nutrient concentrations (a “random interceptiar patterns for the gradients ifa and [Pk with ([P]a)
model”) But, especially in light of the model results of Sect. 2 suggests that most of the between-tree variability in within
wh|_ch suggest that trees.wnh the_h|ghest photosynth_etlc cacanopy gradients in [R]was due to variations i rather
pacity should have the highest within canopy extinction co-than [Phw. The strong decline ins13C| with increasing
efficients, it was also of interest to determine if gradients ob-([P],) is also of note, suggesting that variations in photo-
served differed between trees, and if so, in a systematic waysynthetic'3C discrimination within tropical tree canopies are

Given the “noise” apparent in Fig. 6, this was obviously not intricately linked with plant metabolic processes.
an easy question to answer, but it was attempted by taking

Bitp=v100hetp+U1tpherp (S€€ EQ. 4), this then adding an ad-

ditional random term to Eq. (R)iz, 6 Discussion

Oetp = ¥000 + Y1001 etp + Yo10hc + Voop + Uotp (15)
+ Uitphetp + Retp.

6.1 Gradients in nitrogen, phosphorus and
photosynthetic capacity

The additional term allows different trees to have different That plants can acclimate to different irradiances at chloro-
within-canopy gradients — a so called “random slope model”plast, leaf and canopy level has long been appreciated (Monsi
(Snijders and Bosker, 1999) with @2 test then employ- and Saeki, 1953; Boardman, 1977:6Bjman, 1981) and a
able to see if the model fit has been improved. And indeedkey focus of recent years has been understanding the way
when this was attempted, it was found that significant tree-plants that allocate their resources throughout their canopies,
to-tree variations in within canopy gradients were observedwith one main emphasis being the extent to which observed
(P<0.05), but only forMa, |813C| and RB. Moreover, as distributions serve to maximise photosynthetic carbon gain
is shown in Fig. 9 these variations in slopes (or “extinction (Niinemets, 2007). It was Field (1983) who first proposed
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Fig. 8. Vertical gradients in leaf [N], and leaf [P] expressed on a leaf area basis. Different colours refer to different regions.

that plant photosynthetic carbon gain would be optimized ifthat plants do not grow as isolated individuals but rather in
key physiological resources required for photosynthesis (incompetition with others (Anten, 2005), that it might be re-
his case nitrogen) were allocated in direct proportion to thelated to direct versus diffuse radiative transfer (Buckley et
averageQ received. Especially when considered in con- al., 2002; Alton and North, 2007) or not all nitrogen being
junction with the mathematical simplicities that ensue (Far-related to photosynthesis (Hikosaka, 2005); that there may
quhar, 1989) this idea of “optimization” is conceptually at- be optimisation of N to light gradients within leaves as well
tractive, even being incorporated into some canopy gas exas canopies (Terashima et al., 2005); that the required very
change models (Lloyd et al., 1995; Sands, 1995; Sellers ehigh nitrogen concentrations at the top of the canopy may
al., 1996). But it is also now clear that although the de- place leaves at strong risk of herbivory (Stockhoff, 1994);
cline in photosynthetically important elements such as ni-that there may be considerable costs of retranslocating nutri-
trogen and phosphorus within plant canopies can be conents within the plant (Field, 1983; Wright et al., 2006), that
siderable, and sometimes even impressive, this decline iplants may over invest in Rubisco in order to cope with tem-
never to the same extent that it matches the reduction irporal variabilities in their environment (Warren et al., 2000)
QO (De Jong and Doyle, 1985; Carswell et al., 1980; Meir and, especially as gradients in nutrients and photosynthetic
et al.,, 2002; Anten, 2005; Wright et al., 2006; see alsocapacity are generally driven by gradients\iia rather than
supplementary informatiorhittp://www.biogeosciences.net/ by variations in dry-weight nutrient concentrations (Reich et
7/1833/2010/bg-7-1833-2010-supplement)pdf al., 1998; Ellsworth and Reich, 1993; Evans and Poorter,
As to why this should be so has proved somewhat 0f2001), that there may be a practical lower limit to the mini-
an enigma, it being generally accepted that natural selecum Ma and hence N that any species can achieve (Meir
tion should have resulted in plants optimising their resourceet al., 2002).
strategies. Various hypotheses have been proposed to ac- Although with some affinity with the latter sugges-
count for this apparent “non-optimality”. These include tion, and the observation of both Pons et al. (1989) and
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Hollinger (1996) that there may be practical limits Agax within individual sample plots (Fig. 5) is a consequence
for any given species, the answer we present to this longf species-to-species variations, this being closely linked to
standing apparent discrepancy differs somewhat to other sugther aspects of their physiological strategy including leaf
gestions made to date. That is to say, we believe the optitifespans (Wright et al., 2004) and hydraulic characteristics
mality question has actually been incorrectly posed. And we(Santiago et al., 2004; Meinzer et al., 2008). Such species de-
suggest from our simulations and results presented in Sect. @endent differences in key foliar physiological properties are
that once correctly posed, it turns out gradients of photosynalso linked to practical morphological and anatomical con-
thetic resources within plant canopies are, in fact, close testraints such as variations in leaf and palisade layer thick-
optimal. ness and exposure of mesophyll surface area to the intercel-
For example, in some cases it has simply been assumellar airspaces (Kenzo et al., 2006). That is not to say, of
that the problem is simply one of allocating resources forcourse, that both within-species variability and the modula-
a canopy of a given leaf area index and photosynthetic Catlon of key phySIOloglcaI traits by the environment does not
pacity (as observed). But when this is done (e.g. dePury an@Cccur- Both clearly do (Spechtand Turner, 2006; Fyllas etal.,
Farquhar, 1997) what emerges are unrealistically high nutri2009). Nevertheless, that an individual species can only vary
ent concentrations being required at the top of the canopy, inih Such functional traits to a limited extent and with this being
consistent with the physiological tradeoffs that clearly exist MUch less than the observed global range (and thus with finite
in terms of leaf structure and function (Wright et al., 2004). SPecies overlap occurring) is fundamental to current theories
This is similar to the point of Meir et al. (2002) already men- ©f functional plant ecology (e.g. Reich et al., 2003; McGill
tioned above, that there is probably also a realistic lower limit€t al-, 2006). It therefore seems reasonable to argue that the

to the Ma and nutrient content that any species can attain. guestion of optimisation within plant canopies should also be
viewed within the constraints of these known physiological

boundary conditions such as the maximum (species depen-
dent) photosynthetic potential of the leaves at the top of the
canopy. In some cases, the practical minimum value achiev-
able at the bottom of the canopy may also be important, this

It is now well established that different species have
characteristically different values of fundamentally linked
physiological properties such ada, [N]Jpw and [Pbw.
For example Fyllas et al. (2009) showed that much of
the considerable variability in these properties occurring
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perhaps being structural (as suggested by Meir et al., 2002gap-independent species) as observed by Popma et al. (1992)
or alternatively being a consequence of the need for all leavefor a tropical forest in Mexico. They found that gap-
to maintain a positive carbon balance once mature (Turgeondependent species also had higkigi]a) and ([P]a) than
2006), as discussed in Appendix B. the other two species groups.

One simple way to view the argument and it's conse- As well as increasing with height within trees{s also
quences is through following the individual lines shown in tended to be greater for taller trees within the same stand
Fig. 4. If A is kept constant, then a plant with an “opti- with [N]pw and [Pbw also showing similar patterns within
mal” distribution of its photosynthetic resources (hiksh) and between different treedz no significant gradient at all
unavoidably has less total photosynthetic resource availabléTable 1, Fig. 7). Consequently, as was the case for within-
to it than one that does not (lowp). Thus, it is actually  tree variation, taller trees also tended to have highex pxid
to a plant’'s advantage to have a shallow gradient in photo{P]a (Fig. 8). This has been reported before for {Ndnd
synthetic resources as this allows it to have a greater overd, in dipterocarp forests in Malaysia (Thomas and Bazzaz,
all photosynthetic capacityC¢) and hence a higher net rate 1999; Kenzo et al., 2006) with a tendency for taller trees to
of carbon gain,Nr. As discussed in Appendix B, it turns have a greateda being an apparently general phenomenon
out there are several complexities which end up influencPoorter et al., 2009). This phenomenon will be dealt with
ing the minimumkp and maximum¥g which should occur, in more detail in an accompanying paper utilising a much
but nevertheless, the theory and model as presented here dmrger additional data set of individual trees for which only
lead to the (intuitive) prediction that plants with a low over- upper-canopy leaves had been sampled. But suffice to say,
all photosynthetic capacity should have shallower gradientst emerges that simple scaling relationships such as between
in their photosynthetic resources than those with higher phoa and [Npbw or [Plow (Fyllas et al., 2009) are markedly
tosynthetic capacities. This can be inferred, for example, ifimproved when tree height is also considered as a covariable
we accept that phosphorus has a role in the photosyntheti¢S. Patfio et al., unpublished results).
process for tropical tress (Raaimakers et al., 1995; Lloyd et
al., 2001; Domingues et al., 2010), from the relationship be-6.2 Extrapolation to the stand level
tween([P]a) and the gradients shown in Fig. 9.

As is evidenced from Fig. 8 these tree-to-tree variations inAs shown in Fig. 5, even when considering a study such
the gradients oM and [Pl are also accompanied by cor- as this encompassing sites across a wide range of soil sub-
related variations iB13C. This suggests that for such trees strates and climates within the Amazon Basin, the variabil-
compensating gradients in stomatal conductances do not nedy in nutrient concentrationsi/a, ands*3C observed was
essarily occur (Rajendrudu and Naidu, 1997; Miyazawa etmostly attributable to differences between trees within indi-
al., 2004) with leaves further down within the canopy having vidual stands (plots). This is as opposed to being associated
relatively higher ratios of intercellular to ambient €Gon- with the height of sampling within individual trees or even
centrations d/ca). Thus any gradient in overall photosyn- due to the trees being situated in different plots (see also
thetic rates may actually be less than that which would be inthe random error variances as listed in Table 1). This high
ferred on the basis of nutrients (or photosynthetic capacity)within-plot heterogeneity has been noted before for tropical
alone. One reason for highey'c, for leaves lower down in  forest [Npw and [Pbw (Townsend et al., 2008) and is at-
tropical forest canopies may be the significantly lower leaf-tributable to the typically high species diversity of most of
to-air vapour pressure deficits which typically occur there the plots sampled combined with the presence of substantial
(Shuttleworth, 1989). However, this does not readily explainwithin- and between-species variations in nutrient concentra-
why tree-to-tree variations in the magnitude of the gradienttions (Fyllas et al., 2009). Combined with the typical com-
in §13C are so closely linked to variations in the gradients plexities of tropical forest phyto-structure (e.g. Kellner et al.,
in Mp and [Ph (Fig. 9). This has been observed before for 2009) this then makes it virtually impossible to take relation-
conifer trees by Duursma and Marshall (2006) and may beships such as shown in Fig. 9 and somehow scale them up to
attributable to taller trees with higher than average tigh ~ estimate some sort of averaged stand level gradient. This is
and [P} tending to occur in more exposed conditions and because one would not only need to know the relative abun-
thus experiencing a greater likelihood of their upper canopydances of the different trees with different characteristic nu-
leaves being exposed to more severe water deficits duringfient concentrations, but also their individual height, canopy
times of high insolation than those lower down (Niinemets etdimensions and the leaf area density distributions within their
al., 2004). Consistent with this explanation is the less neg-canopies.
ative overalls13C for those trees with the sharpest gradients But being able to predict such gradients is of critical im-
(Fig. 9). portance, not only in the modelling of tropical forest carbon

The relationship of Fig. 9 is, interestingly, also consis- acquisition (Mercado et al., 2009), but also for simulations of
tent with greater differences between sun and shade leavdsrrestrial carbon exchange in general (Mercado et al., 2007).
in Ma and many other leaf characteristics (including For In most studies attempting to simula®, gradients in
gap-dependent species (as opposed to obligate-gap speciesgitotosynthetic capacity are typically expressed in terms of
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the cumulativeL down from the top of the canopy (Hirose 0.500 —
and Wegner, 1987; de Pury and Farquhar, 1995; Mercado log (k) = 0_00963me<0) -243 4
et al., 2009) as is also the case for our simulations here in _
Sect. 2. In search of a general equation and also to fur-~ o
ther confirm one fundamental thesis here — that the mag- &
nitude of vertical gradients in photosynthetic capacity (ex-
pressed as an extinction coefficient) should scale with photo-
synthetic capacity (Sect. 2.3) — we have thus surveyed the lit-
erature, and attempted to estimate a forrkpodis in Eq. A2)
for as many broadleaf forests and/or trees as possible. As:
most terrestrial carbon exchange models utilise the activity of
ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco %
for the uppermost leavelgnax), as a critical input variable B
(e.g. Sellers et al., 1996) we have therefore attempted to also &
estimate this value from the same studies as is described in &
the Supplementary Informatiohttp://www.biogeosciences.
net/7/1833/2010/bg-7-1833-2010-supplement.pdin all,
18 profiles were identified and, when taken together, show S LA A i e e e
a relationship between the vyithin canopy extincti_on coeffi- 0 20 40 60 80 100 120
cient for Rubisco Kv, per unitL) and Vmaxo) that is sur- ) i o
prisingly good (Fig. 10) with a very strong positive rela- Maximum Rubisco activity at top
tionship betweerVimaxoy and ky observed. This was de- of canopy, I, (wmol m?s™)
spite the many assumptions required (see Supplementary
Information:  http://www.biogeosciences.net/7/1833/2010/ Fig. 10. Relationship between within canopy gradients in activity
bg-7-1833-2010-supplement.paifith associated uncertain-  of ribulose-1,5, bisphosphate carboxylase/oxygenase, Rubisco, and
ties in the true values, and for which it should also be maximum Rubisco activity in upper-canopy leaves for a range of
noted we have used a robust rank-based regression procedurmadleaf forests and/or trees taken from a literature review. Details
(Terpstra and McKean, 2005) to avoid any overinfluence ofof the individual studies and means of calculation are given in the
outliers on the fitted line. Supplementary information. Note the logarithmic scalefprDue

Especially as the range &f is virtually identical to that ~ t© uncer_tainties in the_esFimates of both the independent and o_Iepen-
simulated forkp in Fig. 4 this gives us increased confidence den.t vanables from.thls literature survey (see .Supplelmentary |nfqr-
in the validity of the approach taken in Sect. 2 and, perhapénat'on)’ the .ﬁtted I|ne_ has been obtained using a h!gh_brggkpomt

. . .. _rank regression technique (Chang et al., 1999) and is significant at

along with data from other vegetation types such as conlfersP<o.01.
and monocots, also suggests a way forward in terms of mod-
elling photosynthesis at larger scales. According to the mod-
elling study (Sect. 2) generally shallow gradients in photo-useful to note that that study and several others (e.g. Hirose
synthetic capacity but withky increasing with upper leaf and Werger, 1987) have used a slightly different paramater-
Vmax can be interpreted as reflecting a likely optimisation of isation of Eq. A1) where the exponent is normalised by
canopy carbon gain potential across a wide range of specieghe two different mathematical forms give rise to very dif-
with different photosynthetic capacities and geographic locaferent results wherl is allowed to vary. The latter form
tions. effectively changes the gradients in photosynthetic capacity

We also believe that previous schemes based on “big-leathroughout the entire plant canopy with any variatiord.in
assumptions” also equating to optimality such as for Sellers
et al. (1996), Haxeltine and Prentice (1996) and, of coursef.3 Model and data uncertainties
as also advocated by Lloyd et al. (1995), should probably
now be abandoned. Indeed, it is interesting to note that, alAlthough the model described in Appendix A and utilised
though a separate consideration of direct versus diffuse raanalytically in Sect. 2 does seem to be able to simulate
diation may lead to improved model fits for canopy gas ex-L, Gp and kp for Amazon forests, as well as making the
change models (e.g. Mercado et al., 2006), much of the effecgeneral predication that within-canopy gradients should in-
attributed to the improved description of canopy light regime crease as does upper canopy photosynthetic capacity (Figs. 9
in the sun/shade model of de Pury and Farquhar (1997) waand 10), it should be emphasised that the model presented
actually a consequence of their sun/shade model and multis more conceptual than quantitative. For example, it does
layer model calculation using /a, of ca. 0.3 rather than a not take into account effects of direct versus diffuse radia-
value of more like 0.7 which is what a big-leaf model actu- tion (Buckley et al., 2002) and considers the forest canopy
ally assumes (J. Lloyd, unpublished results). It may also bdo consist only of one generic phenotype. This overlooks

fficient
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the clear intra- and inter-species variations in photosyntheti@area increasing more strongly with tree height than crown
characteristics and associated leaf traits that clearly occulength. They interpreted this as suggesting that crown area
especially for tropical forest canopies (Domingues et al.,expansion is the more efficient way to increase the number of
2005; Fyllas et al., 2009), along with substantial within and apical meristems and leaf area,so as to occupy space, over-
between-tree variations in leaf angle and size (Kitajima etshade neighbors, and reduce self-shading. Nevertheless, the
al., 2005; Poseda et al., 2009) which should also give rise tanature of this relationship varies with tree developmental
attendant variations iky. stage (Poorter et al.,, 2003, 2006) and, indeed, it does not
The model simulations also involve some simplistic necessarily follow that highek trees need to be taller. This
assumptions regarding leaf lifetimes and associated anis because leaf area density within tropical tree crowns can
nual construction costs of the photosynthetic machineryalso vary widely (Ashton, 1978) and thus a deep crown does
(Sect. 2.2). Itignores, for example, that shaded leaves lowenot necessarily imply a high number of leaf layers. More-
down in the canopy may have much longer lifetimes thanover, taller trees also tend to have a lower bole wood density,
their sun-exposed counterparts (Lowman, 1992; Tong andis well as low density and weak branches, short branches,
Ng, 2008). We have also assumed an average leaf lifetiméigh resource costs per unit branch length, and low resource
of one year, independent @f5 or Amax. Nevertheless, as costs per unit stem length (Stark et al., 2006). Taken together,
mentioned already (Sect. 2.2), leaf lifetimes tend to corre-the above considerations suggest that the carbon construction
late very poorly withAmax when the latter is expressed on costs of supporting tissue may not vary to any great degree
a leaf area basis. And indeed, for Amazon forest trees, soi(or systematically) withl. and that their omission from the
fertility seems to be able to strongly influenceff]without calculations of Sect. 2 is unlikely to have caused any signifi-
affecting Ma to any large degree (Fyllas et al., 2009). This cant error in the simulations or affected the basic conclusions
suggests that the structural component of leaf longevity mayeached.
be unlinked to concurrent changes in photosynthetic capacity The  calculations  undertaken  for  Fig. 10
when soil fertility is the primary source of variation — at least (Sect. 6.2) as detailed in the Supplementary infor-
for tropical forest trees mation: http://www.biogeosciences.net/7/1833/2010/
Similarly, the carbon costs of nutrient acquisition which bg-7-1833-2010-supplement.pive in many cases also
may be considerable (Lynch and Ho, 2005) have not beemequired assumptions in the derivations Waxo, and/or
included in the calculations of Sect. 2.3. Effectively, if they ky. For example in the study of Ellsworth and Reich (1993)
were to be included (associated with variation<ig), the ~ we have had to make assumptions abgutin order to
optima in Fig. 4 would be shifted slightly to the left, with a estimateVmaxo). also assuming it did not vary with canopy
less dramatic increase Mr asCc increases at low values, height. Also, as many studies have reporied Qg (see
but with a more rapid decline at supra-optinia. Eq. A2) rather than cumulative leaf area index, it was often
Although not critical for the overall conclusions of the necessary to make assumptions abigufor example as in
model, there are several assumptions regarding leaf respiradeir et al. (2002) — this being taken as uniform throughout
tory costs which also involve uncertainties. For example, wethe canopy, although it may also be the case that leaf
have simply assumed that for all leavRg,)=0.084maxz), angles, and hendg, may vary with canopy depth (Poseda
even though this fraction has been reported to decline taet al., 2009). The required assumptions for each study are
some extent with depth within the canopy for tropical treeslisted in the right hand column of Table S1 (Supplementary
(Cavaleri et al., 2008). A slightly lower than modell&g, Information:  http://www.biogeosciences.net/7/1833/2010/
lower down within the canopy would effectively serve to bg-7-1833-2010-supplement.pdaind it is because of the
make both the modelled optimaVr and kp to occur at  considerable uncertainties involved with the estimates of
slightly higher L in simulations such as shown in Fig. 3. both Vihaxo, and/orky that we have used a robust high
Also important in this respect is that the model in Sect. 2breakpoint rank regression technique (Chang et al., 1999)
allows for significantly reduced leaf respiration rates in light to estimate the slope and its significance for the relationship
at all but the lowesp (Fig. Ala). The precise mechanism(s) shown in Fig. 10.
and magnitude of this effect remain highly uncertain at the
current time (Hurry et al., 2005). For the model described6.4 Gradients in carbon and cation concentrations
in Sect. 2, less inhibition at higiw than modelled would
serve to reduce overaNr and also makec less sensitive  Gradients with height were observed in plant carbon concen-
to changes inL. as long asCc remains constant, and thus trations, both within and between trees. Small within canopy
with a slightly higher optimal. andkp being simulated for  gradients in [Cw have been reported before by Poorter et
any givenCc, but also with a loweNg. al. (2006) who accounted for lower construction costs of low
One further consideration is that variations in the con-irradiance leaves in terms of lower levels of soluble pheno-
struction and maintenance costs of foliar supporting tissuedics. Studying upper-canopy leaves from across the Amazon
(twigs, branches and boles) have not been accounted faBasin, Fyllas et al. (2009) also observed significant variations
when allowingL to vary. Poorter et al. (2006) found crown in foliar carbon content, relating this to variations Mia
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and the extent of investment in constitutive defenses. Connegative osmotic potentials (Myers et al., 1987; Oberbauer et
sistent with this and the observed positive vertical gradiental., 1997; Niinemets et al., 1999; Niinemets and Valladares,
in [Clpw both between and within trees is the tendency for2004). Nevertheless, soluble carbohydrate concentrations
leaves higher up rain forest canopies to have greater levels adre usually high for sun exposed leaves (Lichtenthaler et al.,
carbon based defense compounds (Lowman and Box, 1983,991; Gleason and Ares, 2004) with these sugars making a
Downum et al., 2001; Dominy et al., 2003), this perhapscritical contribution to the required more negative osmotic
being associated with higher abundances of herbivores sucpotentials for the leaves higher up the canopy stratum (Ni-
as insects and other arthropods also occurring there (Suttoimemets and Valladares, 2004), perhaps also replacing potas-
1989; Kato et al., 1995; Koike et al., 1998; Basset et al.,siumin this role to some extent (Leigh and Wyn Jones, 1984).
2001). It is also the case that leaf densities tend to be higher for
The decrease in [Mg]y with height within individual  high Ma leaves (e.g. Kenzo et al., 2006), mostly likely due
trees (Table 1, Fig. 7) seems similar to that reported by Grublio greater cell wall thicknesses (Syvertsen et al., 1995) and
and Edwards (1982) comparing saplings and mature treethat associated with these high leaf densities are lower wa-
within a New Guinea montane rain forest. They attributedter contents (at saturation) per unit dry weight for higlh
this to the central role of Mg within the chlorophyll (Chl) leaves (Prior et al., 2004; Poorter et al. 2009) as well as a
complex (Shaul, 2002) with increased [G] for shaded greater relative apoplastic water content (Oberbauer et al.,
leaves being a well documented phenomenon (Boardmar,987). Taken together, these observations mean that mes-
1977; Bprkman, 1981) — as generally seems to be also thephyll protoplasmic volumes per unit dry weight should be
case for tropical forest trees (Rozendaal et al., 2006). Thesubstantially less for highta upper canopy leaves and thus
within-tree Mg gradient was not, however, significant when any potassium present being relatively more effective as an
expressed on a leaf area basis, despite botR pid [Ph osmoticum per unit foliar dry-weight.
declining with increasing canopy depth. Particularly for N,
this is consistent with the idea that in shaded conditions a
large portion of N is invested in chlorophyll for light capture, 7 Conclusions
leading to high Chl:N ratios. On the other hand, for light ex-
posed leaves a large proportion of N is invested in Rubiscol his paper provides a new explanation as to why gradients in
with commensurate lower Chl:N ratios (Poorter et al., 2000;photosynthetic capacity within plant canopies are almost in-
Evans and Poorter, 2001). By contrast [Mglid increase evitably shallower than that of the light environment. This
with height along with [NA and [Pk when between-tree occurring despite the fact that simple optimization theory
differences in tree height were the source of vertical variationsuggests that maximum plant carbon gain should be achieved
(Table 2). Nevertheless, when comparing different rain forestvhen both gradients are identical. The argument is pred-
trees [ChIj seems to be independent of light environment oricated on the observation, as already noted by others, that
tree height (Rijkers et al., 2000). Probably then, this increasdhere is a practical limit to the maximum photosynthetic ca-
in [Mg]a with tree height relates to its other physiological pacity a leaf can attain. The analysis here extends this notion
functions, for example in the process of thylakoid acidifica- through numerical simulation — showing that species with a
tion (Pottosin and Sdnkmecht, 1996), as an activator of high intrinsic maximum photosynthetic capacity should have
several photosynthetic enzymes including Rubisco (Gardesharper gradients than those with a lower GBsimilation
mann et al., 1986; Portis, 1992) and as a ATP-cofactor repotential. This prediction is verified in two ways. First, it
quired for phloem loading of sugars (Shaul, 1992). All theseis shown for Amazon trees that variations in the magnitude
physiological functions would be expected to need to be pro-of intra-canopy variations in phosphorus, a likely good sur-
ceeding at higher rates in taller trees with higherNijnd rogate for photosynthetic capacity, increase with the overall
[P]a. This is because such trees would also most likely haveaverage concentrations of phosphorus (leaf area basis) for in-
higher photosynthetic rates by virtue of greatgy (associ-  dividual trees. Secondly, across a wide range of broad leaf
ated with higher [N} and [Ph: Domingues et al., 2010) as trees from various environments, it is also shown that the
well as a greater probability of high light interception com- magnitude of estimated gradients in the activity of Rubisco
pared to trees occurring lower down the canopy stratum.  within plant canopies tends to be greater for those trees with
Potassium showed a different pattern to magnesium, witlthe highest Rubisco activity in their upper canopy leaves.
a decline in [Kbw with increasing height, both within- and In contrast to previous notions, it is found that in all cases
between-trees (Table 2, Fig. 8). As potassium plays a keyhe optimal within-tree gradient in photosynthetic capacity
role in the maintenance of leaf osmotic potentials as well asshould be less than that of the vertical light profile. The
being critical for stomatal function (Leigh and Wyn Jones, model presented also calculates the leaf area index associated
1984, Lebaudy et al., 2008) this may appear counter-intuitivewith these optimal gradients in photosynthetic capacity, with
as, other things being equal, leaves higher up in the canoppredictions surprisingly close to those actually observed.
should have both higher gas exchange rates (Carswell et As has been reported for other forest canopy types, gra-
al., 2000; Kenzo et al., 2006; Niinemets, 2007) and moredients in physiologically relevant nutrients such as N and P
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are more or less non-existent for Amazon forests when exintegrated downwards through a canopy of leaf area iddex
pressed on a dry weight basis, with lower concentrations ons

a leaf area basis lower down in the canopy associated with a Lo, .
decline in leaf mass per unit leaf area. As is also the case for,, _ / Ape™ "9 Qoe 11* (A3)
§13C, and foliar carbon content, within-tree and between-tree” © Afe= kP 4 pQoe hiz

gradients are, on average, similar. 0

Gradients in other physiologically relevant nutrients suchwhereAg is the photosynthetic rate of the canopy, ignoring
as Mg and K are also reported. By contrast with the other fo-any respiration in the light. An analytical solution to Eq. (A3)
liar properties examined, variations in the magnitude of pro-€Xists, being

files within- and between-trees exist for Mg. Possible expla- _ — k2 z=L

nations for these observed gradients in cations as well as fon % = Aotki —kp)e " 2Fala.b.c.Cl (Ad)
the observed vertical variations in foliar carbon content and ke z=0

813C are discussed. Here 2F1 [a,b,c,¢] is Gauss's hypergeometric function

(Abramowitz and Stegun, 1972) witb=kp/(kp—k;), b=1,
= (2kp—ki)/ (ki—kp) and;=—Aoe"~*) /(¢ Qo). Gauss's

Appendix A hypergeometric function can be estimated numerically, for
example using the algorithm of Forrey (1997). When=k,
Gradients of photosynthetic capacity in plant canopies then Eq. A4) is undefined, but calculation is still possible as
for this special case
We first start with a general equation describing the light de- A% e ke [FTE 4 1_e kL
pendence of photosynthesis, this being a rectangular hypedy, = OfQO = 0¢Q0*( ). (A5)
bola,viz ki(Ag+¢Qo) |,_,  ki(Ag+¢Qo)
Note that Eqg. A5) is very similar in form to Eq. A1) with
= _Ama$Qz R,, (Al the term(1—e%1L)/k; representing the co-ordinated decline
Amaxz) + ¢Q; of both light and photosynthetic capacity down the canopy.

A respiration term can be now be added to E&4) or
where A, represents the net G@ssimilation rate of a leaf Eq. (A5). We first take the result of Atkin et al. (2000) who
at some pointz, within the canopyAmaxz) is the maximum  showed folEucalyptus pauciflorthat at 30°C the rate of res-
net CQ assimilation rate of the leaf in question (at light sat- piration in the light first rapidly declines with irradiance, then

uration),¢ is the quantum yieldQ: is the photon irradiance  sybsequently increases at a much slower rate. From their
at the leaf surface ang; is the rate of respiration by the gata, we fitted a curve of the form

leaf. Equation A1) is of a slightly different form to that of

arectangular hyperbola usually presented (Causton and Dal®, = Ry, (1 S + VQz)» (A6)
1990), allowing a constagt (independent 0 maxz)). From B+ 0Q:

both empirical and functional points of view better equa- where Ry is the (maximum) rate of foliar respira-
tions exist, for example the monomolecular (Causton andion in the dark, and witha, 8 and y being fit-
Dale, 1990) or hyperbolic minimum functions (Farquhar etted constants with values of 0.9575, 29.85umofsi?
al., 1980). But unfortunately, both equations lead to intran-and 5.11410~°umolquanta pmoil COy, respectively
sigent integrals when applied in the approach shown below(-2=0.999). This is shown in Fig. Ala.

(see also Buckley and Farquhar, 2004). Numerous studies have shown that leaf respiration rates in
We first ignore respiration, allowing bothmax and Q to the dark tend to scale with variations in photosynthetic capac-
decline exponentially through the canopy according to ity, this also being the case for tropical forests (Domingues
et al.,, 2005). We can therefore expre®g as a constant
Amaxz) = Aje kpz. 0, = Qo™ hz, (A2) fraction, f, of Amax, @ typical value of which is 0.08, al-

though this fraction may decline to some extent with depth

where Qg is the incident photon irradiance at the top of the Within the canopy (Cavaleri et al., 2008). Light response
curves for a range 0fmaxz and with f=0.08 are shown

canopy,Aj is the maximum (light saturated) photosynthetic ** X ¢ ; )
rate of the leaves at the top of the canopy in the absence df Fig- 1b,viz. Eq. Al combined with Eq. 46) and with
respiration,kp is an “extinction” coefficient describing the Rd(%>=0'08Ama><Z)- )
decline in photosynthetic capacity,is an “extinction” coef- Light response curves for a range @faxz combined
ficient describing the decline in photon irradiance, both ex-With EQ.AZ gives

tinction coefficients being expressed as a function of the cu-

mulative leaf area index as measured downwards from the s age-te—kz{ Qoakp—(kp-+h) B ?+y2Qokp—aFila, b c,¢]) ZZL(A?)

top of the canopy. A combination of Eq. (A1) and (A2) when Re= Bkp/ (kp—k))

z=0
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with a=1, b=(kp—k))/ kp, c=kp/ ki andc=—pBe M2/ 0q. As
for Eq. (A4), we can also express EAR) in an alternative
and simpler form for the special casekpt=k, viz

—1e kiz 672k|z
Rc = ng<(“ k? - QOVZ . (A8)
_ ap logelB + Qo€ "'Z]> .
Qoki 70

In all simulations presented here, E&7) has been sub-
tracted from Eq.A4) (or Eqg. A8 subtracted from EgA5)

to give a net CQ assimilation rateAc=Ag—Rc with the
hypergeometric functions solved using the algorithm of For-
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Fig. Al. Key features of the mode(a) Inhibition of leaf respira-

tion in the light (Eq.A6); (b) Predicted variations net CQassimi-
lation rates for a range of leaf photosynthetic capacities (expressed
as a maximum Cg@assimilation rate in the absence of dark respi-

rey (1997). When applying this algorithm if was found, how- ration, A, with units of umol T2 s~1) including an allowance for
ever, that agp— k| sometimes the numerical solution did not innibition of leaf respiration in the light according to Eq. (A1) with
converge, especially at low light whetecould be strongly g, from Eq. (A6) and withp=0.008 mol CQ mol— quanta).
negative and: andc took on large values for the hyperge-

ometric function in Eq. (A4). For such cases, we therefore ) ) )

substituted a representation of a continued equation form of But what might be the magnitude of this effect? As
the hypergoemetric function which for most of the offending Peinted out by Anten (2002) this evolutionarily optimal
combinations of:, » andz did allow a stable solution to be Would be that where the relative lossesNR incurred in re-
obtained. Here we used the general approach of Lenz (197(gucing the photosynthetic gain of one’s competitors was not

as modified by Thompson and Barnett (1986). balanced t_)y the relative gain in in_creasing th_eir Io_sses. Ina
mathematical sense then, the optimal “evolutionarily stable”

L would be one where
d. — dL’
with N¢ representing the net carbon gain of the competitors.
Computing the right-hand term is difficult for such a het-
erogeneous system as a tropical forest, but we have made
From Sect. 2.3, estimates of within canopy gradients in pho-a simple, albeit crude, attempt of the likely effect assum-
tosynthetic capacity and leaf area index are intimately inter-ing the L of any tree affects the photosynthetic gain of only
related, and indeed the earliest models of canopy structuréhose trees in lower stratums within the same canopy with-
and function (Monsi and Saeki, 1953) were based on theout any direct competition between different trees sharing
idea that the optimal leaf area index of a canopy would bethe same canopy layer. We assume that the affected un-
that where the lowest leaves existed at the light compensaderstorey trees have a relatively low photosynthetic capac-
tion point where daily leaf photosynthesis was just cancelledty of A§=5pmol m2s~1 with L=1.0 and withkp=0.15. We
out by respiration (see also Hirose, 2005). Nevertheless, asmphasise that this is only a very rough estimate, designed
pointed out by Anten (2002, 2005) such a calculation as-merely to give an indication of the likely importance of the
sumes that the optimum for an individual is not affected by effect, also noting that it overlooks the importance of leaf
the characteristics of its neighbours, being “simple optimiza-production and vertical positioning as well as the dynam-
tion” in the sense of Parker and Maynard Smith (1990). Thatics of leaf production in relation to the optimisation bf
is to say, the calculations in Sect. 2.3 overlook the fact that(Hikosaka, 2003; Boonman et al., 2006).
by increasing it'sL. above the estimated “optimum” value, a  Estimates of the upper tree “evolutionarily stablé”
plant may also gain in its chances of survival and increase itso calculated from Eq. (4) (denotdd’) are given in Ta-
long term growth rate by shading its neighbour(s) within the ble B1 for selected combinations afj andCc. Also listed
same canopy stratum as well as its potential competitors beare estimates of. from the “individual optimization case”
low. Looking at Fig. 4 then, one might conclude that for any (Fig. 4) and a third estimate where the original Monsi and
given A, the “evolutionarily stable” optimal solution with a  Saeki (1953) criterion is considereuiz. the L where the
higherL might, in fact, be somewhat to the left of the identi- leaf at the bottom of the canopy has its photosynthetic car-

Appendix B (B1)

Evolutionarily stable versus instantaneous model
solutions

fied optimal value and with a slightly lowe¥g andCc. Al-
ternatively, whilst still maintaining the sand&:, a tree might
simply increasd. through an increase itp, as for example
in Fig. 3.

www.biogeosciences.net/7/1833/2010/

bon gain exactly balanced by its respiratory losses. In our
case this “compensation point” represents the average pho-
tosynthesis and respiration rates over the 3.5 year period at
Tapaps forest (see Sect. 2.2), and is denoted.by
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Table B1. Different potential “optimal” values of leaf area index and associated decay coefficients for photosynthetic capacity through the
canopy,kp (in brackets) for various combinations of total canopy photosynthetic capégitgxpressed in pmol ii? (ground area) st,

and photosynthetic capacity for leaves at the top of the canopy in the absence of dark respifat®mressed in pmolﬁ? (leaf area)

s~1. Three values are given (in order); that where the photosynthetic productivity is maximised as in Fig. 4: i.e. with no consideration of
“evolutionarily stable” strategies or the need for the light compensation point, for the lowest leaves to be greater thantkatayhere

the “evolutionarily stable” leaf area index has been estimated as in Eq. [Bl)and that where the long term light compensation point

is equal to zero (i.e. photosynthesis is exactly balanced respiration for the lowest leaves of the canopy over a 3.5 yehf pexBd:

“Not Reached” which means this point occurred above the maximum tested leaf area index of 10.0; ND = “Not Determined”, usually because
the value ofkp required to fulfill these simulations was0.0 (see text). Values in bold suggest the most likely values (see text) and lightly
shaded cells correspond to the “optimal” solutions as shown in Fig. 4.

Model Cc=15.75 (c=21.0 Cc=315 Cc=42.0 Cc=52.5 (c=63.0

A%=6 L 5.1(0.29) 4.3 (0.10) ND ND ND ND
L° NR 7.2(0.23) ND ND ND ND
L* NR 7.4(0.24) ND ND ND ND

Af=12 L NR 8.9(0.57) 5.4(0.31) 4.6(0.12) 4.2(0.00) ND
L° NR NR 8.4(0.36) 6.7(0.22) 5.9(0.10) ND
L* NR NR 7.9(0.36) 55(0.18) 4.5(0.01) ND

Af=18 L NR NR 9.4(0.57) 6.2(0.39) 5.1(0.24) 4.7 (0.14)
L° NR NR NR 9.0(0.42) 7.4(0.30) 6.6(0.22)
L* NR NR NR  80(0.41) 55(0.26) 4.5(0.12)
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thanL°, and fpr the hlghesﬂg/cc Combmatl‘ons, actually manuscript and Shiela Wilson helped with manuscript editing.
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