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I. Introduction

A symposium held in Montpellier, France, in 1965 on the functioning of ter-
restrial ecosystems and the link to primary production (Eckardt, 1968) was
an important milestone in our understanding of the controls and distribu-
tion of the Earth’s primary productivity. At this symposium Professor M.
. Monsi presented his classic paper on mathematical models of plant com-
- munities (Monsi, 1968). This extraordinarily rich paper contained new
and fundamental approaches to understanding the relationships between
- canopy distribution in time and space and stand productivity. Among the
many issues discussed was the relationship between allocation and produc-
~ tivity. Monsi showed, for example, how production was dependent on the
- proportion of dry matter allocated to photosynthetic tissue, as well as the
~ proportion of time this tissue was active on the plant (its phenology). Be-
- cause of the analogy of “compound interest,” the gain in dry matter is high-
- er for photosynthetic tissue than for nonphotosynthetic tissue when there
are no environmental limitations.
The ideas we discuss in this chapter on the importance of phenology,
growth, and allocation for terrestrial primary productivity build on the foun-
dation laid by Monsi (1968). The topic is far too broad to be reviewed com-
prehensively here; consequently, we provide background and examples for
a subset of issues relevant to global change. We highlight trees and forest
‘ecosystems because these systems contain the predominant fraction of glob-
al terrestrial carbon stores in plants. We end by highlighting several promis-
ng areas of research: (1) extension of the present theory of the timing of
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allocation to include the phenology of belowground organs and reproduc-
tion, (2) techniques for improving estimates of belowground productivity
and patterns of global allocation above- and belowground, and (3) the use
of remote sensing combined with modeling for estimating global phenolo-
gy and productivity.

Ii. Phenology

A. The History of Phenological Studies

Phenology is the study of the seasonal timing of biological events (Lieth,
1974, 1994), typically those that are readily observable such as the timing of
bud burst in spring, the ripening of fruit, or the coloring of leaves in fall.
Less observable but equally important is belowground phenology, including
the seasonal timing of fine root growth. Intimate knowledge of phenology
was essential in preindustrial societies because phenological events were
used to decide when to plant crops or gather natural products. The apho-
rism that “seed should be sown when oak leaves are as big as a sow’s ear”
springs from folk knowledge accumulated over millennia, knowledge held
by people throughout north temperate zones where oaks predominate. The
species of oak change from place to place, but the wood anatomy that char-
acterizes oaks ensures that in a local forest they will be among the last trees
to produce leaves (Lechowicz, 1984, 1995). The leafing of oak is a reliable
natural indicator that the danger of late frost is past, and it is not surprising
that this phenological event became a benchmark in characterization of the
seasons.

Beginning in about the seventeenth century, folk knowledge of pheno-
logical events began to be transformed by the ongoing scientific revolution
in western societies. There was a great vogue for publishing “calendars of
nature” (Stillingfleet, 1791; Aikin, 1799; Howitt, 1835), essentially collations
of phenological sequences drawn from folk knowledge. These were super-
seded as formal records of the phenology of agricultural and natural systems
began to be kept, sometimes at the behest of governments (Clarke, 1936)
or as a pastime of the aristocracy ( Jenyns, 1846; Molesworth, and Ormerod,
1880; Sparks and Carey, 1995). There is an extraordinary number of these
historical records of phenology, although many are published obscurely if
published at all (Balatova-Tulackova, 1970). These records, which are as-
suming greater importance as we struggle to assess the possible impacts of
climate change on natural ecosystems, are beginning to be collected and
made more available in electronic databases (Lieth, 1994; Lechowicz and
Koike, 1995; see also links to the International Phenology Network,
http://mmf.math.rsu.ru/phenology/links.en.html; contact, listserv@nic.
surfnet.nl). In the past few decades (see Schnelle, 1955; Lieth, 1974, 1994),
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phenology has also emerged as a scientific discipline dedicated to modeling
and predicting the seasonal timing of biological events, not simply observ-
ing and recording them. It is this science that concerns us here, with an em-
phasis on woody species in natural ecosystems.

Most of the science has focused on the prediction of the seasonal timing
of bud burst for leaves and flowers. The large part of the work is phenome-
nological and not well rooted in an understanding of the mechanisms un-
derlying a phenological response. Emphasis is often on the prediction of the
timing of an event in a given species using readily available data (daily tem-
perature or hours of daylight). The most notable exception to this phenom-
enological approach is the detailed work on Pinus sylvestris by Sarvas (1974)
and others who have studied the biochemistry and physiology of phenolog-
ical responses such as dormancy and flowering (Luomajoki, 1986; Cham-
pagnat, 1989; Hanninen et al, 1985; Cannell, 1990). Such detailed work is
important for parameterizing future generations of phenological models.

B. Phenology and Phenomenological Models

Three elements are woven together in phenomenological models: a period
of chilling in fall and winter, a period of warming in late winter and spring,
t  and photoperiodic signals that may affect responses to temperature (Hunter
-~ and Lechowicz, 1992). Differences in the detail and form of the inputs de-
fine three types of phenomenological models: warming models, sequential
models, and parallel models. The simplest and oldest phenological models
i use only the daily progression of temperature to predict the timing of events
£ such as bud burst. An event is predicted to occur when a measure of cumu-
lative warming (measured as degree-days) reaches a species- and event-spe-
E cific threshold; tallying degree-days requires specifying a day of the year
when the tally will begin and a base temperature above which temperature
- increments will be accumulated. Hence, despite the apparent simplicity of
| their dependence on only a single datum (daily mean temperature), these
| warming models in fact require the estimation of three parameters: a start-
- ing date, a base temperature, and a temperature sum.

. A second class of phenomenological models, referred to as sequential
. (Hanninen, 1987), focuses on what sets the starting date when a plant be-
. gins to respond to and accumulate warming temperatures toward its thresh-
§ old for a particular phenological event. Rather than assume a fixed starting
~ date (e.g., January 1), these sequential models mandate that a chilling re-
 quirement be met before the plant responds to warming. By analogy to the
| accumulation of warmth in late winter and spring, the models tally chilling
| degree-days through the fall and winter. They also require specification of a
| day on which the chilling will begin to be tallied, but this is often readily tied
 tosuch recognizable events as leaf fall in deciduous species or the day of the
 first killing frost.
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The third model class, parallel (Hanninen, 1987), is so named because
these models allow an interaction between chilling and warming (usually
more warming is required if less chilling has occurred). A variant in this class
of models brings photoperiod into consideration, with the warming re-
quirement reduced as photoperiod lengthens. The net effect of these par-
allel models is to reduce the likelihood that a period of warmth in midwin-
ter, such as a February thaw, will trigger bud burst when the risk of a return
to freezing conditions is still great.

With their focus on the timing of an event in relation to environmental
conditions, present phenological models fail to account for the possible de-
pendence of a phenological response on endogenous factors. We might ex-
pect coordination of different phenological responses in plants, not simply
because they are responding to similar environmental cues but also because
they depend on common internal resources. For example, both leafing and
flowering of trees draw on stores of carbohydrates, proteins, and minerals
(Kozlowski, 1992). There is of necessity some coordination in the timing of
these demands on stored resources. Some species produce flowers and
leaves simultaneously, whereas others separate these two competing re-
source demands to different parts of the season (Lechowicz, 1995). Similar
differences arise in the timing of root and shoot growth; some species syn-
chronize allocation to above- and belowground growth and others separate
them (Lyr and Hoffmann, 1967; Riedacker, 1976; Harris et al., 1995). In this
view it is clear that phenology is really a question of the timing of allocation
in plants, not simply the prediction of responses to exogenous environ-
mental cues. Phenological responses to exogenous cues are likely to have
evolved as a way to coordinate resource allocation for competing plant func-
tions in a seasonal climate. Our understanding of the mechanisms underly-
ing a phenological response cannot be sought solely in the biochemistry of
chilling factors or phytochrome-mediated responses to photoperiodic cues.
We also need to consider the costs imposed by a phenological event and the
return in acquired resources that follows from alternative timing of the
event—the legacy of Monsi’s (1968) pioneering insight.

C. Toward a Theory of Functional Types in Phenology

Kikuzawa (1991, 1995; Kikuzawa et al., 1996) developed a theory of phenol-
ogy that begins to move beyond phenomenological models toward an analy-
sis of the costs and benefits that accrue from alternative strategies of phe-
nology and allocation. He focuses on the timing of allocation of resources
to leaves, recognizing two alternative strategies in leaf phenology: one fa-
vored in high-light environments that are not limited by nutrient or water
resources and the other in environments that are more resource limited. He
shows that resource-rich environments favor a steady production of short-
lived leaves through the growing season and their array in multilayer
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canopies with vertically oriented shoots (Kikuzawa et al., 1996). Resource-
poor situations conversely favor the production of a single cohort of long-
lived leaves each season and their array in a monolayer canopy with more
horizontally oriented shoots. These analyses are an important first step to-
ward a general theory that would place the many observations of pheno-
logical responses to exogenous factors (e.g., temperature, photoperiod) in
the context of alternative plant production strategies. This is the funda-
mental context of phenology that Monsi (1968) recognized when he iden-
tified the consequences of the timing of allocation to different plant func-
tions.

There are some important challenges to be met if we are to come to a
comprehensive theory of phenology relevant both to functional ecology and
to ecosystem ecology. From the viewpoint of functional ecology, we must ex-
tend the rudimentary theory to include allocation to belowground tissues
and to reproduction. Kikuzawa’s analysis (Kikuzawa, 1991, 1995) empha-
sizes light resources, which have different temporal patterns of availability
compared to water and nutrient resources. Consequently the cost-benefit
analysis of allocations to above- versus belowground organs involved in re-
source acquisition is likely to differ and lead to a greater diversity of phe-
nological strategies at the whole-plant level. The same argument applies to
reproduction, whereby the seasonality of pollinator availability and suitable
conditions for seedling establishment will influence the timing of allocation
to reproduction within and among years. If we secure a more comprehen-
sive theory of the timing of allocation to different vegetative organs and to
reproduction, we will also serve the needs of ecosystem ecologists interest-
ed in global change. For example, our relative ignorance of the contribu-
tion of belowground biomass to net primary productivity is a significant
problem in the analysis of ecosystem responses to global change. If we have
asound theoretical basis to link the wealth of observational data on the tim-
ing of aboveground production to belowground production, then we can
refine our estimates of seasonal production in diverse ecosystems.

D. Phenology and Climate Change

Itis clear that the timing of phenological events can directly and significantly
.affect plant growth and reproduction. Tree breeders recognize that geno-
types of deciduous trees with earlier leafing and/or later leaf senescence
(longer periods of annual production) have higher rates of growth (e.g.,
Wang and Tigerstedt, 1993 for Betula; Farmer, 1996 for Populus). The loss of
flowers in a late spring frost and the failure to mature fruit before an early
fall frost are problems familiar to growers of fruit and nut trees (Alston and
Tobutt, 1989; Germain, 1990).

As climate at a location changes, the timing of a particular phenological
response may shift, as may the costs and benefits associated with the phe-
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nological response. Photoperiodic cues on ecological time scales and in a
specific location are stable, whereas temperature regimes are not. Conse-
quently, trees under climate change could end up responding to environ-
mental cues that are poorly synchronized with local seasonal cycles (i.e., cli-
mate change could decouple existing photoperiod/ climate relationships).
On the other hand, though the phenology of some trees is apparently influ-
enced by photoperiod (Nizinski and Saugier, 1988; Heide, 1993), in gener-
al it appears that tree phenology responds predominantly to thermal cues
rather than to photoperiodic ones (Hunter and Lechowicz, 1992; Kramer,
1995a).

There is a fairly large, but somewhat inconsistent, literature on the effects
of phenology when trees are moved hundreds of kilometers within or close
to the limits of their present geographic range. Most commonly, trees moved
to higher latitudes respond with an earlier phenology than do the local
stock—they leaf out and flower earlier (Kramer, 1995a; Deans and Harvey,
1995; Farmer, 1996). In general, displacements of a few hundred kilometers
seem to be without penalty and often lead to growth advantages (Farmer,
1996), at least in fairly short provenance trials. In the longer term, climatic
extremes that occur only very infrequently may pose problems for the dis-
placed stock compared to the local provenance.

Excellent examples of the importance of phenology for ecosystem pro-
ductivity come from recent eddy covariance and satellite studies in forests.
Goulden et al. (1996) examined changes in productivity at the Harvard For-
est in response to interannual climate variability. In 2 years of the study,
leaves emerged 6-10 days earlier than in other years, leading to a cumula-
tive increase in net ecosystem exchange of 20-40%. The timing of the end
of the growing season was also important. Canopy senescence occurred 5-
10 days later in 1992 and 1993 than in the other years of the study, increas-
ing annual gross production by 50 g C m~2 (Goulden et al., 1996). Such a
lengthening of the growing season may be likely during the next few cen-
turies, with large potential consequences for ecosystem productivity. In fact,
recent atmospheric and satellite analyses show up to a 12-day advancement
in the initiation of CO, uptake from 45°N to 70°N latitudes in the past few
decades (Keeling et al., 1996; Myneni et al., 1997).

Storage poses a significant complication in viewing phenology as an ex-
pression of the timing of allocation in that the production and utilization of
stored resources are uncoupled. In general there is a regular annual cycle
of movement of photosynthate into and out of storage pools. In both conif-
erous and hardwood trees, stored carbohydrate reserves are highest in win-
ter, drop to a low midway through the growing season, and then gradually
recover to winter levels (Wargo, 1971; Essiamah and Eschrich, 1985; Egger
et al., 1996; Hansen et al., 1996). There can also be short-term cycling into
and out of storage reserves within the growing season that is associated with
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rhythmic shoot growth (Alaoui-Sosse et al., 1994). In many trees there are
also interannual cycles of storage buildup, transformation (e.g., the con-
version of starch to soluble sugars in winter), and depletion associated with
intervals between reproductive events (Silvertown, 1980; Monselise and
Goldschmidt, 1982; Kozlowski, 1992).
Phenological studies traditionally emphasize the timing of leaf emer-
gence in spring, but in fact this only marks the onset of the annual produc-
tion cycle in deciduous trees. In temperate forests the timing of leaf-out typ-
ically spans 3-6 weeks (Lechowicz, 1984) and it is this “green wave” that
most satellite indices track (Schwartz, 1994). To put this green wave in the
context of seasonal patterns of actual production, it helps to consider the
different ways that trees organize the actual timing of shoot extension
growth through the warm season, a phenological character that applies
equally to evergreen and deciduous species. There are fewer data of this sort
b available, but we can draw on a careful report by Anic (1964) to illustrate
, the diversity of shoot growth phenology among European forest trees. Be-
b tween 1948 and 1960, Anic regularly observed thousands of trees growing
L in the vicinity of Zagreb and recorded their shoot extension every few days
. throughout the growing season. He monitored 9 gymnosperm and 30 an-
 giosperm tree species that occurred naturally. The local forests, which are
t described by phytosociologists as a Querceto roboris—Carpinetum betuli
_ type, occur on brown forest soils in a region with a continental climate show-
E ing strong seasonality. The mean annual temperature is 10.6°C with an an-
. nual mean maximum temperature of 34.9°C in summer and a minimum of
i —15.7°C in winter. Mean annual precipitation is 871 mm and is evenly dis-
+ tributed throughout the year. The forests are part of the Balkan refugium
| from which trees recolonized northern Europe after the Quaternary glacia-
L tions (Bennett et al., 1991; Willis, 1994). Anic’s (1964) observations of the
- seasonality of shoot growth are therefore relevant to a broader geographic
| range in Europe than might initially be apparent.
[ The annual cycle of shoot growth of trees in this region may be charac-
| terized primarily by (1) the time at which the shoot growth begins and (2)
L how long it proceeds (Fig. 4-1). The onset of shoot growth spans about 4~5
weeks in spring, beginning in early April for some species but as late as ear-
| lyMay for others. There is a much greater difference among species in their
£ duration of shoot growth, which ranges from 44 to 127 days. Such interspe-
 cific variation in the duration of shoot growth is correlated with annual
£ height growth (Fig. 4-1), which is a good indicator of tree productivity. These
¢ different seasonal patterns of shoot growth could indicate important differ-
- ences among species in their responses to climate change. We might assume,
 for example, that the productivity of species with longer periods of shoot ex-
f tension would be subject not only to adverse climatic events such as late
¢ spring frosts, but also summer droughts. With a few exceptions, however,
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Forest saplings near Zagreb, 1948-1960

wb A)

* Alnus incana
* Popuius nigra v italica

Pinus nigrd’ Fagus sylvaticas oAt aaals

60 |~ *Acer monospessulanum

»
>
3]
o
o 120 [~
2 Alnus glutinosa * Betula pendula
o 110 Ostrya carpinifolia . * Platanus orlentalis
o *Populus aiba
g 100 I~
*
* Carpinus betulus Populus tremula
O gt Quercus robur * olarix decidua
§ Acer pseudoplatanuss * Quercus petraea
£ 80 Acer campestre™® ’ﬁf,{'x’" fnguwfolln
ia cordata
7] Uimus laevis, i rifolia
Acer platanoides* *% us olia g b
8 o Ulmus glabra,, xgmm“a sativa axus baccata
& 7 Fraxinus excelsidt® THa platyphylios
k]
c
o
5= ]
g
S
[a)

* Sorbus aucuparia " OPinus leucodermis _.0 °
50 |- OPicea peuce o, Ficea abies picea omorica
OPinus sylvestris* Fraxi Abies alba
40 L A i i 1 rax ?us ornml 1 i
85 90 98 100 105 110 115 120 125 130 135

Onset of Shoot Growth Period, day of the year

100 |- B) Alnus incana *

%0 F
5 | Popuius
€ 80 Populus tremula * . »nigra v Ralica
@ Betula pendula
E 70 *Ac“ piatanoides » *Platanus orientalis
g Fraxinus excelsior * Fraxinus angustifolia Populus alba
£ 60 [Aesculus Tilia cordata,, %*Acor pseudoplatanus
= hippocastaneum ~ Ulmus ef campestre
5 *  glabra, éu :“ A carpit?vlfolla ‘Carpinus betulus
k= nea saf
o PO Fm'::auemm cenmit ¥ e Iaovis - Ainus glutinosa
ot orbus aucupLria Pinu® Tilia platyphylics * Quercus petraea Ostrya carpinifoila
w 40 nigra_  Larh® Quercus robur
3 Picea ables ° *Celtis y?uqrans decidua
E g [inue sHivenre oy o ospessdianum
< Opicea omonca P

20  Picea peuc?a OPinus leucodermis

OAbies alba oTaxus baccata
1 o 1 L L. i 1 L L 1 L
40 50 60 70 80 90 100 110 120 130 140

Figure 4-1 The seasonality of shoot growth in 30 angiosperm and 9 gymnosperm tree
species growing near Zagreb in former Yugoslavia (data from Anic, 1964). (A) The relationship
between the timing of the onset of shoot growth and its duration; (B) the correlation between
annual height growth and the duration of shoot growth. Open symbols are needle leaf gym-
nosperms; asterisks are broadleaf angiosperms. The values are the means of observations made
between 1948 and 1960.
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that may be an unwarranted assumption because most species achieve the
majority of their annual height increase in an initial flush of growth.
The diversity of phenological responses and associated variation in
£ growth among this broad sample of European trees is an indication that the
- forests we have now are not necessarily the forests of the future. If climate
. change alters seasonality sufficiently, the competitive interactions among
these species will likely shift and lead to forests of different composition and
L different predominant phenology. In the previous interglacial period Picea
| omorica was dominant throughout Europe, but in the current interglacial it
b is restricted to a small part of former Yugoslavia (Bennett ¢t al., 1991). This
. species has the latest onset and one of the shortest durations of shoot growth
of any of the European forest trees (Fig. 4-1). Picea abies, the dominant Eu-
I ropean spruce today, is similar in phenology to P. omorica. At the ecosystem
- scale, should we take the shifting dominance in the European spruces as an
 indication that the part of the annual cycle in which the forest functions as
E acarbon sink might be altered under climate change? We do not know, but
- the possibility that forest composition may differ in a future climate, with ef-
. fects on the seasonality of production, is an important unknown. This pos-
- sibility also illustrates the potential longer term importance of biodiversity
k10 ecosystem functioning: species that are a minor component of present
L systems may become more important under climate change, and their elim-
ination now might limit ecosystem functioning in the future.

lil. Growth and Allocation

A. Growth Models

b Ecosystem productivity depends not only on the timing of allocation to dif-
ferent aspects of plant growth, but also the nature of the growth functions
i that determine future rates of production. A critical issue is balancing allo-
. cation to belowground tissues involved in soil resource uptake with alloca-
i tion to shoots involved in the capture of carbon and energy. For forest trees,
growth models fall into two broad categories, those emphasizing the devel-
: opment of tree form and those emphasizing the process of growth. Models
of tree form define rules for branching architecture in considerable detail,
i but devote less attention to productivity processes that determine how much
§ material is available for growth. Conversely, there are a number of detailed
E models of the physiological processes underlying growth that adopt simpli-
E fied tree forms (e.g., root/stem/leaf without explicit architectural detail).
Models such as LIGNUM (Pertunnen et al., 1996) and AMAPpara (Forcaud
 etal, 1998) set out to combine models of form and process to more realis-
 tically mimic tree growth.
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This is not the place for a full review of whole-tree growth models, but it
is useful to consider how the available models treat allocation processes. If
we consider phenology as essentially the timing of resource allocation, then
the way such models deal with allocation is important (Nikinmaa, 1992; Can-
nell and Dewar, 1994). Approaches to modeling the allocation of photosyn-
thate to competing functions or structures in whole-plant growth models ba-
sically fall into two classes. One group uses the observed forms of trees to
dictate allocational rules that lead to similar tree form; the other attempts
to identify allocational rules with reference to actual physiological pro-
cesses. In general, there are far too few data on the mechanisms governing
the partitioning of biomass, and no compelling reason at this time to favor
one modeling strategy over another.

The models that depend on observed form to guide allocation are easier
to parameterize and were generally developed earlier. The simplest ap-
proach (partitioning rules) is to assign fixed partitioning coefficients that
define the allocation of photosynthate. The effect of this fixed partitioning
isa changing ratio in the accumulated investment in different structures and
functions over time. A second approach (allometric rules) posits fixed ra-
tios between certain structural parts of the plant, with photosynthate parti-
tioned to maintain those ratios. A variant of this approach (functional rules)
posits the maintenance of some functional balance in the plant that is main-
tained through appropriate allocation of photosynthate. The former vari-
ant emphasizes form, and the latter, function, but both act to keep a fixed
set of proportions among plant parts and activities. All these approaches are
essentially descriptive and do not allow much dynamic response to chang-
ing environmental conditions. The proportionate investments among com-
peting structures are set by empirical measurements of existing plants rather
than by general physiological processes.

'Two other approaches to modeling allocation build on processes that
might affect changes in allocation during plant development or across en-
vironments. The first of these (priority rules) assigns priorities to each struc-
ture or function through a series of equations describing allocation when
photosynthate is insufficient to meet all demands. The steeper the alloca-
tion curve for a particular structure or function, the more likely that de-
mand will be met even when photosynthate is in short supply. On the other
hand, this approach allows some photosynthate to be allocated to most
structures or functions in all but the most adverse situations. Competing de-
mands are met in parallel, not sequentially. The other more mechanistic ap-
proach (transport rules) determines the resistances to movement of pho-
tosynthate between sources and sinks and assumes that these resistances
determine partitioning to competing structures or functions. These two ap-
proaches are really variants on a common theme. Both try to define the ba-
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‘ sis for allocation by measurements of alloc‘ational process, rather than by
1 simple measurements of the plant.

B. The Coupling of Root and Shoot Growth

[ Had we a more complete understanding of allocation, we would be better
E able to predict the general patterns of coordination between root and shoot
. growth. Despite the difficulties of studying belowground systems, the im-
 portance of root phenology and its coupling to shoot phenology have been
¥ recognized for centuries (see Lyr and Hoffmann, 1967). Belowground phe-
E nology is less likely to be useful as an indicator of global change than above-
& ground phenology because monitoring roots is more difficult and because
- there are fewer discrete events in root systems, such as flowering. But there
b can be no doubt that the effects of global change on belowground phenol-
. ogy and allocation will have important consequences for global productivi-
ty. Global warming may extend the length of the belowground growing sea-
F- son, and phenological differences among species may lead to important
. changes in species composition in response to global change.

f- . The initiation of root growth in the spring generally occurs before the ini-
tiation of shoot growth, a fact observed by Theophrastus more than 2000
E years ago (Lyr and Hoffmann, 1967). Roots of Acer saccharinum resume
E growth at a cooler temperature than do shoots (5° and 10°C, respectively),
f but root and shoot growth are not independent; an auxin signal from shoot
k buds of Acer appears necessary for the initiation of spring root growth
[ (Richardson, 1958). In addition to beginning earlier, root growth also tends
 to extend longer into the fall and winter than does shoot growth, even after
. leaf abscission in deciduous forests (Hendrick and Pregitzer, 1996). In gen-
. eral, root growth slows or ceases during winter, but it may continue at soil
| temperatures very near freezing (Bhar et al., 1970). It may also continue in
¢t deep soil layers when roots of the same individual plant are in frozen soil lay-
- ers near the surface (Fernandez and Caldwell, 1975). Soil warming can ex-
E tend the active period of root growth (Lyr and Hoffmann, 1967) and roots
- have been shown to grow 2—4 months longer in unfrozen soil covered in
 snow than in frozen soil (Kolesnikov, 1971). Clearly global warming has the
. potential to alter belowground productivity through an extended growing
[ season.

b - In addition to generalizations about the initiation and timing of root and
i shoot growth, there are strong species effects on the coupling of above- and
k. belowground phenology. The timing of root and shoot growth in seedlings
f of Robinia pseudoacacia was relatively synchronous, whereas that of Pinus
b 'ylvestris was almost completely segregated (Lyr and Hoffmann, 1967). Oth-
- er trees studied in the experiment showed intermediate coupling. For cold-
‘ desert shrubs in the field, more than half of all root growth of Artemisia tri-
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dentata occurred before any shoot growth was visible, and root growth was
minimal during fruit development (Fernandez and Caldwell, 1975). For the
co-occurring shrub Atriplex confertifolia, there was much greater overlap in
the timing of root and shoot growth and almost all root growth in deeper
layers occurred during fruit development. Although such phenological dif-
ferences are important for niche partitioning, it not clear to what degree
such differences are genetic compared to environmental. The greater the
role of genetics in controlling phenology, the greater the potential for large
changes in community composition with global warming and other aspects
of environmental change.

IV. Future Directions

Estimating patterns of global phenology and productivity have been priori-
ties since the efforts of the International Biological Programme. Refining
current estimates is especially important for identifying the missing carbon
sink and for establishing an accurate baseline for measuring the effects of
global change. Two areas of pressing importance are (1) the use of remote
sensing coupled with global models to refine estimates of phenology and
aboveground net primary production (NPP), and (2) improving estimates
of carbon turnover in roots and the soil.

A. Remote Sensing and Modeling of Global
Phenology and Productivity

Remote sensing provides a powerful new tool for addressing patterns of
global phenology, particularly when combined with global models. Satellite
data from the Advanced Very High Resolution Radiometer (AVHRR) and
normalized difference vegetation indices (NDVIs) have been used success-
fully to examine regional and global vegetation types and phenology for
more than a decade (Tucker, 1986; Townshend and Justice, 1986; Moulin et
al., 1997). NDVIs are based on the normalized ratio of the visible and near-
infrared (IR) spectral bands, because photosynthesizing vegetation reflects
proportionally more radiation in the near-IR range than at visible wave-
lengths. Higher NDVI values indicate greater photosynthetically active leaf
area (Hobbs, 1990). A framework for using the seasonality of NDVI to esti-
mate phenology and productivity was developed by Running et al. (1995)
(Fig. 4-2). These satellite data essentially integrate the tree-to-tree and place-
to-place variation in observational records of phenological events.
Although satellite data can be used successfully for determining regional
phenology, they are more useful in regions with pronounced phenological
changes (e.g., temperate deciduous forests) than in regions without (e.g.,
tropical evergreen forest). Li ef al. (unpublished observations) investigated
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Figure 4-2 NVDI seasonality analysis. The potential use of satellite-derived NDVI data for
" determining phenology and primary productivity. The idealized curve shows how the amount
of productivity (ANDVI), the length of the growing season, and the timing of leaf onset and off-

U set are all potentially available from satellite data (from Running et al., 1995). LA Leaf area in-

dex.

the use of changes in the NDVI [ANDVI = NDVI(z — 1) — NDVI(¢), where
tis a monthly time period] as an indicator or correlate of litterfall. They
.. found that the metric worked well for systems with clear on/ off leaf cycles
(Fig. 4-3), but was not universally good at predicting litterfall (Fig. 4-4). The
NDVI typically has a relatively poor temporal resolution for most grasslands
and evergreen systems (though the relationship for the Spanish coniferous
¢ forestin Fig. 4-4 is relatively good, analyses for three other coniferous forests
showed poor correlations).

White et al. (1997) developed a method of using satellite data to deter-
¢ mine phenological development at the continental scale. The raw NDVI is
used as an input to create a smoothed index that defines the beginning and
end of the green period (Fig. 4-5). Based on this method they mapped the
:- onset and offset of greenness for the vegetation of the United States (ex-
cluding shrubland and evergreen forests). From their analyses they noted
that during a 3-year period from 1990 to 1992 the continentally averaged
“length of the growing season varied by 17 days, an amount that could have
alarge effect on regional productivity.

-Remotely sensed data are especially useful for clarifying global patterns
of phenology and productivity when combined with ecosystem and global
modeling (Running, 1990). Phenology is becoming increasingly integrated
into such models. Jorg and Heimann (1996) were among the first to address
the role of phenology in regulating vegetative growth in a global ecosystem
model. Their model simulated two phenological sequences, bud burst and
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Figure 4-4 Relationships between litterfall and ANDVI for a hardwood forest and a ter-
- perate grassland in the United States, a coniferous forest in Spain, and a tropical deciduous
- forest in Mexico (Li ef al., unpublished data). ANDVI = NDVI(¢ — 1) — NDVI(?), where tisa
. monthly time period.

leaf fall, based on a set of climate-dependent, biome-specific rules. Bud burst
- was predicted after the growing-degree-day requirements were satisfied. Lit-
 terfall was predicted based on the temperature below 5°C (for temperate de-
: ciduous ecosystems), the ratio of actual to potential evapotranspiration for
- tropical deciduous ecosystems, or a constant litterfall production for ever-
. green ecosystems. Because of almost universal limitations in knowledge of
 the timing of belowground allocation, their analysis did not explicitly con-
-sider root turnover or biomass; this limited the success of the model in sys-
. tems with relatively large belowground allocation, such as grasslands ( Jorg
- and Heimann, 1996). Burton and Cumming (1995) simulated plant re-
- sponse to global change using a forest patch model that integrates species-
 specific phenology and site-specific frost events. The simulations showed
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Figure 4-5 Daily AVHRR observations of a 1-km? pixel in a deciduous, broadleaf forest in
the northeast United States (a) and 400 NDVI curves for the same site averaged and trans-
formed to generate the best fit to the NDVI data (b). (a) The solid line represents the Best In-
dex Slope Extraction (BISE) of the phenological time course. (b) The striped area corresponds
to the growing season, the dark area corresponds to the nongrowing season, and the points
where the curve crosses NDVI = 0.5 represent leaf onset and offset (from White e al., 1997).

major shifts in equilibrium forest composition and productivity. Kramer
(1995b, 1996) carried out a comprehensive analysis of the potential impact
of altered phenology on the productivity of European trees under climate
change. He compared estimates from a number of different models of tree
growth and forest productivity involving contrasting assumptions about al-
location and controls on net primary productivity. Phenological effects were
important in all instances, about the same order of magnitude as changes
in other key parameters influencing net production. By using remote-sens-
ing data to establish regional estimates of production and litterfall, and to
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parameterize global models, significant progress should be forthcoming for
global estimates of aboveground phenology and productivity. The challenge
is to generate climate-driven phenological models that are applicable at the
global scale.

B. Belowground Productivity and Its Distribution in the Soil

A second area where progress is needed is in refining estimates of below-
ground productivity and allocation to above- and belowground structures
(Casper and Jackson, 1997; Jackson, 1998). Despite the difficulty in esti-
mating belowground production, several relatively new techniques offer
promise for improving our understanding of belowground phenology and
production. Minirhizotrons have made the in situ study of root growth and
demography feasible for field studies, highlighting the role of fine roots in
ecosystem functioning (Taylor, 1987; Hendrick and Pregitzer, 1993). Al-
though the technique is not new, the use of increasingly small rhizotron
tubes, the ability to place these tubes in almost any field setting, and im-
provements in video technology have made the technique more widespread
and much more fruitful. A second promising approach is the use of stable
isotopes (e.g., 13C, 2H, and 80) for partitioning ecosystem carbon fluxes.
In the next decade great strides will likely be made in using these isotopes
to separate root respiration from microbial decomposition, to partition soil
fluxes from canopy fluxes, and to estimate the coupling of CO, and H,O
fluxes in plant canopies (Broadmeadow and Griffiths, 1993).

A database of climate, soil, and root attributes was constructed to exam-
ine patterns of root biomass, length, and surface area with depth in the soil
and their relationship to environmental variables globally ( Jackson et al.,
1996, 1997; Canadell ¢t al., 1996). Based on results from hundreds of field
studies, the data were used to examine patterns of global root biomass and
annual belowground NPP. Total root biomass is approximately 290 X 108
g globally (or approximately 140 X 10'% g C) (Table 4-1). Global fine root
biomass is approximately 80 X 105 g, equivalent in size to 5% of the at-
mospheric carbon pool, and the live fine root fraction is approximately half
the total fine root pool (Table 4-1). If one assumes that fine roots turn over
on average once a year, then 20 X 105 g C of net primary production cycles
through fine roots annually, one-third of total net primary production for
plants globally (Jackson et al., 1997).

Such an analysis necessarily glosses over many important phenomena,
particularly spatial and temporal variation in ecosystems. Temporal varia-
tion is in part a synonym for phenology, and, as discussed above, such phe-
nological data are especially lacking for root systems. Minirhizotrons, stable
isotopes, and other techniques should go a long way to filling in such gaps
and improving global estimates of belowground primary productivity.
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Table 4-1 Global Classification Scheme?

Total root Total fine Live fine root

Land area biomass root biomass biomass

Biome (10° km?) (10° Mg) (10° Mg) (10° Mg)
Tropical rainforest 17.0 83 9.7 5.7
Tropical seasonal forest 7.5 31 4.3 21
Temperate evergreen forest 5.0 22 4.1 2.5
Temperate deciduous forest 7.0 29 5.6 3.1
Boreal forest 12.0 35 7.2 2.8
Woodland and Shrubland 8.5 41 4.4 2.4
Savanna 15.0 21 149 7.9
Temperate grassland 9.0 14 13.6 8.5
Tundra/alpine 8.0 10 7.9 2.7
Desert 18.0 6.6 49 2.3
Cultivated 14.0 2.1 2.1 1.1
Totals 121 292 78.2 40.8

A5cheme of Whittaker (1975); estimates are based on data in Jackson et al. (1996, 1997).

V. Summary and Conclusions

We have emphasized that phenology is best viewed as the timing of resource
allocation to different plant functions (above- and belowground growth, re-
production, etc.) that in turn set the long-term trajectory of plant growth
and productivity. Various models of phenology, allocation, and growth are
available, but there is as yet no comprehensive theory to integrate such mod-
els. Our empirical and theoretical analysis of belowground growth is espe-
cially deficient given the importance of belowground biomass and turnover
for primary production. Both the literature on tree breeding and ecosystem
models incorporating measures of aboveground phenological events show
that the phenology of vegetation is important to ecosystem net primary pro-
duction. In addition, satellite data using the greening of the landscape as an
indication of production are increasingly important in global models of the
carbon cycle. It would be especially useful if we could relate these remotely
sensed data of aboveground events to seasonal patterns of belowground pro-
duction. Our ability to use such global satellite data and to adjust the re-
gional signals for vegetation heterogeneity should advance our under-
standing of the roles of phenology, growth, and allocation in global plant
productivity.
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