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Abstract

Using a global database, we found that forest turnover rates (the average of tree mortality

and recruitment rates) parallel broad-scale patterns of net primary productivity. First,

forest turnover was higher in tropical than in temperate forests. Second, as recently

demonstrated by others, Amazonian forest turnover was higher on fertile than infertile

soils. Third, within temperate latitudes, turnover was highest in angiosperm forests,

intermediate in mixed forests, and lowest in gymnosperm forests. Finally, within a single

forest physiognomic type, turnover declined sharply with elevation (hence with

temperature). These patterns of turnover in populations of trees are broadly similar to

the patterns of turnover in populations of plant organs (leaves and roots) found in other

studies. Our findings suggest a link between forest mass balance and the population

dynamics of trees, and have implications for understanding and predicting the effects of

environmental changes on forest structure and terrestrial carbon dynamics.
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I N TRODUCT ION

In the absence of significant disturbance or environmental

changes, mature plant assemblages experience little net

change in living mass through time. That is, their rate of gain

of new plant mass [net primary productivity (NPP)] is

closely matched by the rate of loss of plant mass to death

(e.g. Peet 1992). However, the relationship between this

mass balance and plant population dynamics is poorly

understood. On more productive sites, is the higher rate of

mass turnover driven by a higher rate of turnover of plant

organs (leaves, roots, etc.), a higher rate of turnover of

individuals (whole plants), or both? The answer will affect

our understanding of forest carbon storage and dynamics.

Available evidence suggests that turnover rates of at least

some plant organs (leaves and roots) do indeed broadly

follow global and regional patterns of NPP (e.g. Reich et al.

1992, 1995; Gill & Jackson 2000). However, comparably

extensive data have not been used to determine whether

similar patterns exist in turnover rates of individuals. Some

of the clearest results so far come from forests of the New

World tropics, where tree turnover rate (mortality and

recruitment) has been shown to increase with increasing soil

fertility (and more weakly with decreasing seasonality of

precipitation) (Phillips et al. 2004), and, at least in Panama,

with increasing mean annual precipitation (Condit et al.

2004). Additionally, over the last several decades both

tropical tree turnover rates and aboveground forest biomass

apparently have increased (Phillips & Gentry 1994; Baker

et al. 2004; Lewis et al. 2004a; Phillips et al. 2004). While the

authors reporting these changes suspect that they are a

consequence of increasing resource supply rates (resulting in

increased NPP), the causes have not yet been identified.

We sought to provide a first systematic, global analysis

aimed at testing the hypotheses that broad-scale patterns

exist in turnover rates of forest trees (the average of tree

mortality and recruitment rates, hereafter simply referred to

as �forest turnover rates�), and that turnover rates follow

broad-scale patterns in NPP. To reach this end, we

assembled a global database of forest turnover rates and

used it to test the following four predictions.

(1) Forest turnover rates should be higher in tropical than

in temperate forests. This prediction arises because

temperate forests are, on average, less productive

(Saugier et al. 2001; Pregitzer & Euskirchen 2004),

partly because their long winter dormant season limits

potential for NPP.
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(2) Within a given latitudinal zone or forest type, forest

turnover rates should be higher on more fertile soils

than on less fertile soils, paralleling associated patterns

in NPP (e.g. Malhi et al. 2004).

(3) Within the temperate zone, turnover rates of angio-

sperm forests (mostly broad-leaved deciduous trees)

should be higher than those of gymnosperm forests

(mostly needle-leaved evergreen trees). Temperate

angiosperm forests are more productive than temperate

gymnosperm forests (Zheng et al. 2003), and these

forest types segregate sharply according to annual

actual evapotranspiration, a measure of climatic poten-

tial for NPP (Stephenson 1990, 1998).

(4) Within a single forest type in a region of relatively

uniform precipitation regime and soils, turnover rate

should be positively correlated with mean annual

temperature, because temperature should in turn be

positively correlated with NPP (cf. Runyon et al. 1994).

Our analyses support all four predictions, revealing up to

three- and fourfold differences in turnover rates among and

within forest types. These results suggest that a significant

amount of the notoriously high site-to-site variation in forest

turnover rates may reflect differences related to site potential

for NPP, similar to the results of broad-scale analyses of leaf

and root turnover rates (Reich et al. 1992, 1995; Gill &

Jackson 2000). Further, our results have implications for

understanding and predicting the effects of environmental

changes on forest structure and terrestrial carbon dynamics.

For example, all else being equal, environmental changes that

result in higher turnover rates will result in forests dominated

by proportionally more small trees (Condit et al. 1998),

potentially affecting total forest carbon storage.

METHODS

Data

Our global database of turnover rates (Appendix S1 in

Supplementary Material) was compiled largely from pub-

lished results. Extensive bibliographical and internet

searches identified > 200 candidate publications, which we

then examined in detail. After excluding publications that

duplicated data, 47 of those remaining were associated with

data meeting our criteria [which broadly followed those of

Phillips et al. (2004)]. Among our most important criteria

were: (i) forests were old-growth or otherwise described as

late-successional, multi-aged, and not heavily manipulated

by humans (such as by heavy livestock grazing or extensive

thinning or selective logging), (ii) forests had not experi-

enced a major disturbance within the last several decades

(although we included sites for which chronic fre-

quent disturbances, such as high winds, were normal),

(iii) mortality and recruitment rates were determined

through repeated censuses of individually identified trees,

(iv) minimum tree size was < 15 cm diameter at breast

height (dbh) (if data were available for several different

minimum dbh, we chose the minimum dbh that was both

< 15 cm and closest to 10 cm), and (v) the species sampled

comprised ‡ 85% of all trees at a site (all but four of our

sites sampled 100% of trees). Sources presented data at

different levels of resolution (i.e. individual forest plots or

averages of several plots), which we collectively refer to as

�sites.� We compiled data at the level of resolution given in

the original sources; in some cases, each of several closely

clustered plots would therefore be called a site. If data were

given for several non-overlapping time periods at a site, we

averaged across the periods.

The near absence of adequate data from sites at > 50�
absolute latitude meant that we limited our analyses to

tropical and temperate forests. Data from 242 sites met our

criteria: 158 for tropical forests (absolute latitude 0–21�,
mean ¼ 8�), and 84 for temperate forests (absolute latitude

28–50�, mean ¼ 41�). At least some data came from every

forested continent, although the New World dominated (81

and 64% of tropical and temperate sites, respectively).

To test our fourth prediction (see Introduction), we

wished to have intensive data from a region of relatively

uniform forest physiognomy, soils, and precipitation regime,

yet with a steep temperature gradient. Such data are quite

rare; we therefore used our largely unpublished data from a

network of 22 gymnosperm forest plots (0.9–2.5 ha) arrayed

along a steep elevational gradient (1500–3400 m) in the

Sierra Nevada, California (36–38� N, 118–120� W). Forest

physiognomy is effectively uniform across the gradient,

being overwhelmingly dominated by needle-leaved ever-

green conifers (mostly Abies, Pinus and Calocedrus; Rundel

et al. 1977). With one exception, all plots were on relatively

young soils (mostly inceptisols) derived from granitic parent

materials. Mean annual precipitation varies little with

elevation (from c. 1100 mm at 1500 m, peaking at

c. 1400 mm at about 2000 m elevation, then declining

slightly with increasing elevation beyond 2000 m; Stephenson

1988). In contrast, mean annual temperature declines

sharply [c. 5.2 �C for every 1 km increase in elevation

(Stephenson 1988), yielding a roughly 10 �C difference

between our lowest and highest plots], suggesting that site

potential for primary production also decreases with

increasing elevation. Mortality and recruitment were meas-

ured over periods of 7–21 years. In each plot, recruitment

was measured every 1–6 years, whereas with a few

exceptions, mortality was measured annually (see van

Mantgem et al. 2004 for a further description of methods).

As we wished to avoid overwhelming our global data for

temperate gymnosperm forests with data from a single small
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region, these Sierra Nevada plots were not included in our

global database.

Ideally, each of our sites would also be associated with a

site-specific measurement or estimate of NPP, or at least a

reliable surrogate.However, forestNPP is difficult tomeasure

(Clark et al. 2001), and the majority of our data sources were

associated with neither a site-specific estimate, nor the data

needed to produce such an estimate. Additionally, we judged

the resolution of global data sets of estimated NPP or

terrestrial climate (e.g. 0.5�; Zheng et al. 2003) – especially

when combined with sometimes substantial uncertainty in

forest site locations – to be too coarse to provide site-specific

values of NPP or climatic surrogates of NPP, particularly in

mountainous regions where NPP and climate can change

radically over distances of a few kilometres. We therefore

chose to analyse turnover rates relative to broad forest

classes associated with published values of NPP.

Relationships among mortality, recruitment and turnover

In the absence of significant disturbance or environmental

changes, old-growth forests should experience little or no

long-term change in tree density, with losses of individuals

(mortality) equalling gains of individuals (recruitment) (e.g.

Oliver & Larson 1990). Thus, rather than analyse mortality

and recruitment rates separately (which, in theory, would

yield identical results), some authors have simplified their

presentations by analysing turnover rate, the average of

mortality and recruitment rates (e.g. Phillips & Gentry 1994;

Lewis et al. 2004a,b; Phillips et al. 2004). Confirming that

such a simplification was justified, we found that for the 183

sites in our global data set that had both mortality and

recruitment data, mean mortality and recruitment rates (1.64

and 1.62% year)1, respectively) did not differ (P ¼ 0.80,

paired randomization test with 10 000 iterations; Manly

1997). Additionally, when we analysed mortality and

recruitment rates separately, we found that they yielded

the same conclusions regarding our four predictions as

analysing turnover rates alone.

We therefore present analyses and results for turnover

rates alone. For the 59 sites for which recruitment rates were

not available, we followed convention by using mortality

rate as our best estimate of turnover rate (Phillips 1996;

Phillips et al. 2004).

Potential sources of bias

Conclusions drawn from comparisons of published forest

turnover rates can be influenced by several sources of error

or bias (Sheil 1995). We considered the three sources of bias

that potentially could have the greatest influence on

our analyses: census-interval bias, census-year bias, and

minimum-dbh bias.

Census-interval bias arises because different subpopula-

tions of trees at a site usually have different turnover rates,

leading to a decline in calculated turnover rate with

increasing census interval (Sheil & May 1996; Lewis et al.

2004b). Thus, if calculated mean turnover rates of two

groups of sites differ, the lower of the two rates might be an

artefact of that group having longer average census intervals.

For tropical forests, census-interval bias for a site can be

addressed using rs ¼ rut
0.08, where rs is turnover rate

standardized to a 1-year census interval, ru is unstandardized

turnover rate, and t is length of census interval in years

(Lewis et al. 2004b). No equivalent correction has been

derived for temperate forests.

Tropical forest turnover rates have increased over the last

several decades (Lewis et al. 2004a,b; Phillips et al. 2004).

Thus, a difference in calculated turnover rates between two

groups of sites might be an artefact of when the data were

collected (census-year bias), with the group having the oldest

average census midpoint also having the lower turnover rate.

For tropical forests, census-year bias of a site can be

addressed by adding 0.0261g to its calculated turnover rate

(in % year)1), where g is the mean census midpoint year of

the entire data set minus the site’s census midpoint year

(Lewis et al. 2004b). This correction is applied after

correction for census-interval bias has been applied. No

correction for census-year bias has been derived for

temperate forests, or is it even known whether one is needed.

Minimum-dbh bias might arise because, in both temperate

and tropical forests, small trees usually have higher turnover

rates (mortality, and recruitment into the size class) than large

trees (e.g. Nakashizuka 1991; Condit et al. 1999). Addition-

ally, small trees numerically dominate most forests, meaning

that the smallest trees measured have great weight in

determining forest-wide turnover rates. Thus, if two groups

of sites have different calculated mean turnover rates, this

could be an artefact of the group with the lower turnover rate

having a larger minimum dbh. No correction, tropical or

temperate, has yet been derived for minimum-dbh bias.

Given that correction factors have only been derived for

tropical forests (and none for minimum-dbh error), we

chose to present results in terms of raw (uncorrected) data.

(For some tropical comparisons, we were also able to

evaluate corrected results.) However, the nature or our data

was such that any biases because of any of the three

potential sources almost certainly either would be small, or

would be conservative – likely to have diminished rather

than accentuated the differences we found (see Results).

Analyses

To determine whether New World sites (which dominated

our data set) could be pooled with Old World sites, we

tested for a difference between New World and Old World
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mean forest turnover rates, by forest type (tropical,

temperate angiosperm, temperate mixed and temperate

gymnosperm). We compared means using two-tailed rand-

omization tests with 10 000 iterations each (Manly 1997).

Unless otherwise stated, all other comparisons of means

used equivalent randomization tests. Randomization tests

are nonparametric, making no assumptions about underly-

ing distributions (Manly 1997).

Finding no difference between New World and Old

World sites, we used the full global data set to test our first

prediction, seeking a difference in mean annual turnover

rates between tropical and temperate forests. We next

sought differences in turnover rates associated with soil

fertility. However, most of our data sources did not give

adequate information to consistently classify soil fertility.

We therefore chose to re-analyse data from Phillips et al.

(2004) [eliminating a single site (CEL-08) that did not meet

our minimum-dbh criterion, and using randomization rather

than t-tests], who segregated sites in Amazonia into those

with richer soils (alfisols, eutrophic histosols, ultisols, clay-

rich entisols, and alluvial and basaltic inceptisols) and poorer

soils (oxisols, oligotrophic histosols, and spodsols and other

white sands).

To test our third prediction, we segregated temperate

forests according to taxonomic class (and thus effectively

by physiognomy): angiosperm forests (dominated mostly

by broad-leaved deciduous trees), gymnosperm forests

(dominated mostly by needle-leaved evergreen trees), and

mixed forests [which we defined as forests in which

neither angiosperms nor gymnosperms comprised ‡ 70%

of trees (or basal area)]. If precise numbers or basal areas

for angiosperms and gymnosperms were not available,

forest composition was estimated based on the authors�
written descriptions, or the reported composition of

nearby sites.

Finding that turnover rates of temperate angiosperm and

gymnosperm forests differed, we wished to determine

whether the difference was likely the result of direct

environmental effects, or indirect effects mediated by

intrinsic phylogenetic or life-form differences between

angiosperms and gymnosperms. We therefore used a paired

randomization test (Manly 1997) to compare mean mortality

rates for angiosperms and gymnosperms growing together

at the same sites, hence experiencing similar local environ-

ments. To qualify for this analysis, the minority taxonomic

class of a site had to include > 100 tree-years of observation

(e.g. > 20 trees observed for ‡ 5 years; the average of our

qualifying sites was > 2500 tree-years of observation for the

minority group). If angiosperms and gymnosperms growing

together at the same sites had similar turnover rates, it

would suggest that turnover rates were controlled directly by

environment, rather than indirectly through phylogenetic

affinity or life form.

Finally, to test our fourth prediction we linearly regressed

turnover rates of our 22 gymnosperm forest plots in the

Sierra Nevada against elevation.

RESUL T S

As found by Lewis et al. (2004b) for a smaller sample, after

correction for possible census-interval and census-year

biases we could find no difference between mean turnover

rates of New World and Old World tropical forests (P ¼
0.19). Additionally, we could find no differences between

uncorrected mean turnover rates of New World and Old

World temperate angiosperm forests (P ¼ 0.90), mixed

forests (P ¼ 0.71), or gymnosperm forests (P ¼ 0.96). We

therefore pooled New World and Old World sites for the

remaining analyses.

Although much overlap occurred in the distributions of

values, uncorrected mean annual turnover rate of tropical

forest (1.74%, SE ¼ 0.06) was greater than that of temperate

forest (1.19%, SE ¼ 0.07) (P < 0.0001) (Fig. 1). The trop-
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Figure 1 Tropical and temperate forest turnover rates. Each box

encompasses the 25th through 75th percentiles; the other solid

horizontal lines indicate the 10th, 50th (median), and 90th

percentiles. Dotted horizontal lines indicate the mean. The number

above each box plot indicates the number of sites in the sample.

The tropical and temperate means are significantly different

(randomization test, P < 0.0001).
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ical and temperate samples had nearly identical mean census

intervals (9.1 and 9.4 years, respectively) and census mid-

points (1984 and 1986), suggesting that significant bias from

these sources was unlikely. (Additionally, when we applied

the tropical corrections for census-interval and census-year

biases to both forest zones, the difference in mean turnover

rates remained significant at P < 0.0001.) The mean

minimum dbh of temperate samples (7.2 cm) was somewhat

less than that of tropical samples (9.5 cm), suggesting that

any minimum-dbh bias would have diminished, not

accentuated, the difference in turnover rates.

As recently demonstrated by Phillips et al. (2004), mean

annual turnover of tropical Amazonian forest was greater on

richer soils (2.26%, SE ¼ 0.08) than on poorer soils (1.39%,

SE ¼ 0.09) (P < 0.0001) (Fig. 2). Mean minimum dbhs of

forests on richer and poorer soils were indistinguishable

(10.0 cm). When corrections were applied for census

intervals (means of 5.9 and 6.5 years for richer and poorer

soils, respectively) and census years (mean midpoint years of

1993 and 1991), the difference remained significant

(P < 0.0001).

In temperate latitudes, mean annual turnover was highest

in angiosperm forest (1.71%, SE ¼ 0.14), intermediate in

mixed forest (1.03%, SE ¼ 0.09), and lowest in gymno-

sperm forest (0.77%, SE ¼ 0.07) (P < 0.05 to 0.0001 for all

pairwise comparisons) (Fig. 2). In all but one case,

differences among the temperate forest types in mean

census interval (10.5, 10.4, and 7.0 years respectively),

census midpoint year (1984, 1988 and 1988), and minimum

dbh (7.9, 8.0 and 5.8 cm) would be expected to have no

effect or to have diminished rather than accentuated the

differences in turnover rates. For the one exception (7.9 and

8.0 cm minimum dbhs for angiosperm and mixed forests,

respectively), the difference was so small that any significant

bias is extremely unlikely.

Fifteen temperate sites had adequate data for calculating

turnover rates separately for angiosperms and gymnosperms

growing at the sites (Appendix S1 in Supplementary

Material). When they grew at the same sites, mean annual

turnover rates of angiosperms (1.12% year)1, SE ¼ 0.16)

and gymnosperms (0.85% year)1, SE ¼ 0.15) did not differ

significantly (paired randomization test, P ¼ 0.23). Angio-

sperms had the highest turnover rates at eight of the sites,

gymnosperms at seven.

As our sample in the preceding analysis was relatively

small (15 pairs), we wished to explore the chance that a

similarly small sample from the global data set would have

produced a difference in turnover rates of £ 0.27% year)1

(which is the difference between the means of the sam-

ples in the preceding paragraph). We randomly drew

15 angiosperm and 15 gymnosperm forest sites from our

global data set (without replacement; 10 000 iterations), and

calculated this chance to be quite small (P < 0.0001),

consistent with the notion that environment is contributing

to the differences in the global data set.
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Figure 2 Turnover rates in different tropical and temperate

forests. Interpretation of the box plots is as in Fig. 1. Tropical

forests of Amazonia are segregated according to soil fertility

(Phillips et al. 2004), and global temperate forests according to

taxonomic class (see Methods). All possible pairwise comparisons

of mean turnover rates in the figure are significantly different

(randomization tests, P < 0.05 to 0.0001).
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Figure 3 Relationship between forest turnover rate and elevation

for coniferous forests of the Sierra Nevada, California. Minimum

dbh sampled was 0 cm. Turnover rate declines significantly with

increasing elevation (decreasing temperature).
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In the gymnosperm forests of the Sierra Nevada,

turnover declined significantly with increasing elevation

(r2 ¼ 0.49, P < 0.001) (Fig. 3), and therefore with decreas-

ing temperature. At lower elevations, turnover rates in the

Sierra Nevada were high relative to gymnosperm forests in

the global data set (Fig. 2). This difference is partly because

of the much smaller mean minimum dbh for the Sierra

Nevada sites: 0 cm vs. 5.8 cm for the global sample.

D I SCUSS ION

Our analyses revealed significant broad-scale patterns in

turnover rates of forest trees, both between and within

tropical and temperate latitudes. At the extremes, the mean

turnover rate of tropical forests growing on fertile soils

was nearly three times greater than that of temperate

gymnosperm forests. Over a 1900 m elevational gradient in

a relatively small region (the Sierra Nevada), coniferous

forest turnover rates varied by almost a factor of four.

While the notoriously high plot-to-plot and site-to-site

variation in forest turnover rates often has been attributed

to such things as small samples, random spatial and

temporal variation, differences in plot methods and

analyses, differences in species composition, and site

history (e.g. Sheil 1995; Lugo & Scatena 1996; Hall et al.

1998), our results suggest that a significant amount of that

variation may also reflect differences that are intrinsic to

the local environment.

Consistent with the hypothesis that NPP is positively

correlated with turnover rates of individuals in plant

populations, each of our four predictions was met. First,

tropical forests had higher turnover rates than temperate

forests, for which production usually is limited by a cold

winter season (Saugier et al. 2001; Pregitzer & Euskirchen

2004). Second, as recently demonstrated by Phillips et al.

(2004), forests of tropical Amazonia that grew on more

fertile soils had higher turnover rates than those on less

fertile soils. Malhi et al. (2004) have demonstrated that

Amazonian forests on more fertile soils are also more

productive. Third, temperate angiosperm forests had

higher turnover rates than temperate gymnosperm forests

(with mixed forests falling in between). Temperate

angiosperm forests are more productive than temperate

gymnosperm forests (e.g. Zheng et al. 2003), and angio-

sperm forests also distinctly occupy sites with higher

climatic potential for primary production, as estimated by

actual evapotranspiration (Stephenson 1990, 1998). Finally,

within a single forest physiognomic type (coniferous

forest) in the Sierra Nevada, turnover rate declined

significantly with elevation, and therefore with temperature.

While we did not have complementary data on NPP along

the elevational transect, a climatically similar portion of the

�Oregon Transect�, c. 900 km to the north, shows a distinct

decline in coniferous forest NPP with increasing elevation

(Runyon et al. 1994).

Further supporting the case for direct environmental

controls, turnover rates appeared to be little influenced by

forest phylogenetic affinity or life-form. We could find no

differences in turnover rates of New World and Old World

forests, or could we find differences in turnover rates of

angiosperms and gymnosperms growing at the same sites

(hence experiencing similar environments).

We offer three non-mutually exclusive mechanisms that

might explain the correlation between NPP and forest

turnover rate. The first might be considered the bottom–up

mechanism. On intrinsically productive sites, faster tree

growth might simultaneously lead to increased fecundity,

more intense competition, and quicker outcomes of

competition (i.e., tree death), translating to higher turnover

rates (Phillips et al. 1994; Phillips 1996; Lewis et al. 2004a).

Second (the top–down mechanism), sites with high potential

for primary production will usually also have high potential

for secondary production. For example, the warm, moist,

aseasonal environments that best favour rapid plant growth

also best favour the organisms that attack plants (such as

insects, fungi and nematodes), potentially leading to higher

death rates (Givnish 1999). [Indeed, rates of herbivory

appear to be higher in tropical than in temperate forests, in

spite of greater plant defences in the tropics (Coley & Aide

1991).] These higher death rates translate to frequent

creation of forest openings and local reductions in

competition, leading to higher recruitment rates. Third

(the tradeoffs mechanism), trees may face significant

tradeoffs between allocating resources towards growth or

towards persistence. Specifically, rapid growth may come at

the expense of reduced defences or structural integrity, and

the abiotic environment may directly or indirectly select for

a particular balance between the two (Grime 1979). For

example, nutrient-poor soils might select for species that

allocate significant resources towards anti-herbivore de-

fences, simultaneously reducing both growth rates and

mortality rates (Fine et al. 2004).

Particularly in the case of top–down control of turnover

rates, increased NPP might be a consequence, not a cause,

of increased mortality rates. That is, herbivores and

pathogens would cause tree mortality to be higher, which

in turn would result in proportionally more forest area being

maintained in younger forest patches. As NPP is generally

highest in young forest patches (Pregitzer & Euskirchen

2004), the forest as a whole would express higher NPP.

The results we have presented have potentially broad

implications for understanding and predicting the effects of

environmental changes on forests, hence on terrestrial

carbon storage and dynamics. Perhaps most important

among these is that environmental changes that increase site

productivity (e.g. increasing insolation, nitrogen deposition,
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or certain climatic changes) also might be expected to

increase forest turnover rates. [Indeed, this argument has

been invoked to explain the apparent parallel increases in

aboveground live biomass and turnover rates in Amazonian

forests over the last several decades (Lewis et al. 2004a)].

Simultaneous changes in tree growth rates and turnover

rates in turn can be expected to affect forest size structure

and age structures (Condit et al. 1998), with potentially

complex and non-intuitive effects on forest carbon storage.

For example, more rapid turnover might also be associated

with changes in wood density and tree stature (e.g. Sheil

1996).

Our findings point to several possible directions for

future research. First, environmental correlates of forest

turnover rates should be explored in greater detail. For

example, for those forest sites for which adequate data are

available (particularly in the little-examined temperate

latitudes), quantitative relationships should be elucidated

among site-specific soil properties, climatic parameters,

production and forest turnover rates. Second, analyses

should be expanded beyond old-growth forests. Do early-

successional forests show similar patterns? Third, potential

mechanisms driving the relationships should be explored.

For example, can data on tree growth rates, fecundity,

defences, and causes of mortality be used to estimate the

relative influences of the three possible mechanisms

described earlier (bottom–up, top–down, or tradeoff con-

trols of turnover rates)? How do mechanisms driving

turnover of whole trees compare with those driving

turnover of plant organs (Reich et al. 1992, 1995; Gill &

Jackson 2000)? Fourth, for a number of different forest

types and environmental scenarios, forest dynamics models

should be used to explore the possible consequences of

changing turnover rates on forest carbon storage and

dynamics. What forest structural differences are associated

with variation in turnover and productivity? Finally,

metabolic theory, which predicts that both NPP and

turnover rates should be positively correlated with

temperature (Brown et al. 2004), should be explored as a

broader framework for these lines of inquiry.

Our analyses would have been impossible without the

results of numerous long-term monitoring efforts conduc-

ted worldwide. In the tropics, the extent and intensity of

long-term forest monitoring has increased greatly in recent

decades, and has included the establishment of extensive

networks using common protocols (e.g. Malhi et al. 2002;

Losos & Leigh 2004). Equivalent efforts have lagged

somewhat in temperate latitudes (but see, e.g. Gillespie

1999; Greene et al. 2004). Our ability to understand and

predict the effects of environmental changes on forests,

hence on terrestrial carbon dynamics, depends in part on

the diligent establishment and maintenance of such

networks.

SUPP L EMENTARY MATER IA L

The following material is available from http://www.

blackwellpublishing.com/products/journals/suppmat/ELE/

ELE746/ELE746sm.htm

Appendix S1 Data for the 242 sites.

ACKNOWLEDGEMENTS

We thank John Battles, John Byrne, Rick Condit, Shameema

Esufali, Terese Hart, Jean-Remy Makana, and the CTFS

Working Group for supplying unpublished data, and the

many individuals and institutions that have supported the

Sierra Nevada forest plot network. Helpful comments were

provided by Craig Allen, Howard Bruner, Andy Bunn, Rick

Condit, Jon Keeley, Don McKenzie, Kari O’Connell, Dave

Peterson, Karen Phillips, Steve Schwarzbach, Douglas Sheil,

and an anonymous reviewer. We especially thank Julie Yee

for insightful statistical advice. This work was supported by

the US Geological Survey (USGS), and is a contribution

from the Western Mountain Initiative, a USGS global

change research project.

RE F ERENCES

Baker, T.R., Phillips, O.L., Malhi, Y., Almeida, S., Arroyo, L., Di

Fiore, A. et al. (2004). Increasing biomass in Amazonian forest

plots. Phil. Trans. R. Soc. Lond. B, 359, 353–365.

Brown, J.H., Gillooly, J.F., Allen, A.P., Savage, V.M. & West, G.B.

(2004). Toward a metabolic theory of ecology. Ecology, 85, 1771–

1789.

Clark, D.A., Brown, S., Kicklighter, D.W., Chambers, J.Q.,

Thomlinson, J.R. & Ni, J. (2001). Measuring net primary pro-

duction in forests: concepts and field methods. Ecol. Appl., 11,

356–370.

Coley, P.D. & Aide, T.M. (1991). Comparison of herbivory and

plant defenses in temperate and tropical broad-leaved forests. In:

Plant–Animal Interactions: Evolutionary Ecology in Tropical and Tem-

perate Regions (eds Price, P.W., Lewinsohn, T.M., Fernandes,

G.W. & Benson, W.W.). John Wiley and Sons, New York, pp.

25–49.

Condit, R., Sukumar, R., Hubbell, S.P. & Foster, R.B. (1998).

Predicting population trends from size distributions: a direct test

in a tropical tree community. Am. Nat., 152, 495–509.

Condit, R., Ashton, P.S., Manokaran, N., LaFrankie, J.V., Hubbell,

S.P. & Foster, R.B. (1999). Dynamics of the forest communities

at Pasoh and Barro Colorado: comparing two 50-ha plots. Phil.

Trans. R. Soc. Lond. B, 354, 1739–1748.

Condit, R., Aguilar, S., Hernandez, A., Perez, R., Lao, S., Angehr, G.

et al. (2004). Tropical forest dynamics across a rainfall gradient and

the impact of an El Niño dry season. J. Trop. Ecol., 20, 51–72.

Fine, P.V.A., Mesones, I. & Coley, P.D. (2004). Herbivores pro-

mote habitat specialization by trees in Amazonian forests. Science,

305, 663–665.

Gill, R.A. & Jackson, R.B. (2000). Global patterns of root turnover

for terrestrial ecosystems. New Phytol., 147, 13–31.

530 N. L. Stephenson and P. J. van Mantgem

�2005 Blackwell Publishing Ltd/CNRS



Gillespie, A.J.R. (1999). Rationale for a national annual forest

inventory program. J. For., 97, 16–20.

Givnish, T.J. (1999). On the causes of gradients in tropical tree

diversity. J. Ecol., 87, 193–210.

Greene, S., O’Connell, K. & Bruner, H. (2004). 100 000 trees can’t be

wrong: permanent study plots and the value of time. Science Findings

No. 64 (June 2004). USDA Forest Service, Pacific Northwest

Research Station, Corvallis, OR, available at: http://www.fs.

fed.us/pnw/sciencef/scifi64.pdf.

Grime, J.P. (1979). Plant Strategies and Vegetation Processes. John Wiley

and Sons, Chichester, UK.

Hall, P., Ashton, P.S., Condit, R., Manokaran, N. & Hubbell, S.P.

(1998). Signal and noise in sampling tropical forest structure and

dynamics. In: Forest Biodiversity Research, Monitoring, and Modeling:

Conceptual Background and Old World Case Studies. Man and the

Biosphere Series, Vol. 20 (eds Dallmeier, F. & Comisky, J.A.).

UNESCO and Parthenon Publishing Group, Paris and New

York, pp. 63–77.

Lewis, S.L., Phillips, O.L., Baker, T.R., Lloyd, J., Malhi, Y.,

Almeida, S. et al. (2004a). Concerted changes in tropical forest

structure and dynamics: evidence from 50 South American long-

term plots. Phil. Trans. R. Soc. Lond. B, 359, 421–436.

Lewis, S.L., Phillips, O.L., Sheil, D., Vinceti, B., Baker, T.R.,

Brown, S. et al. (2004b). Tropical forest tree mortality, recruit-

ment and turnover rates: calculation, interpretation and com-

parison when census intervals vary. J. Ecol., 92, 929–944.

Losos, E.C. & Leigh Jr, E.G. (eds) (2004). Tropical Forest Diversity

and Dynamism: Findings from a Large-Scale Plot Network. University

of Chicago Press, Chicago, IL.

Lugo, A.E. & Scatena, F.N. (1996). Background and catastrophic

tree mortality in tropical moist, wet, and rain forests. Biotropica,

28, 585–599.

Malhi, Y., Phillips, O.L., Lloyd, J., Baker, T., Wright, J., Almeida, S.

et al. (2002). An international network to monitor the structure,

composition and dynamics of Amazonian forests (RAINFOR).

J. Veg. Sci., 13, 439–450.

Malhi, Y., Baker, T.R., Phillips, O.L., Almeida, S., Alvarez, E.,

Arroyo, L. et al. (2004). The above-ground coarse wood pro-

ductivity of 104 Neotropical forest plots. Glob. Change Biol., 10,

563–591.

Manly, B.F.J. (1997). Randomization, Bootstrap and Monte Carlo Methods

in Biology, 2nd edn. Chapman and Hall/CRC Press, Boca Raton,

FL.

van Mantgem, P.J., Stephenson, N.L., Keifer, M. & Keeley, J.

(2004). Effects of an introduced pathogen and fire exclusion on

the demography of sugar pine. Ecol. Appl., 14, 1590–1602.

Nakashizuka, T. (1991). Population dynamics of coniferous and

broad-leaved trees in a Japanese temperate mixed forest. J. Veg.

Sci., 2, 413–418.

Oliver, C.D. & Larson, B.C. (1990). Forest Stand Dynamics. McGraw-

Hill, New York, NY.

Peet, R.K. (1992). Community structure and ecosystem function.

In: Plant Succession: Theory and Prediction (eds Glenn-Lewin, D.C.,

Peet, R.K. & Veblen, T.T.). Chapman and Hall, London, UK,

pp. 103–151.

Phillips, O.L. (1996). Long-term environmental change in tropical

forests: increasing tree turnover. Environ. Conserv., 23, 235–248.

Phillips, O.L. & Gentry, A.H. (1994). Increasing turnover through

time in tropical forests. Science, 263, 954–958.

Phillips, O.L., Hall, P., Gentry, A.H., Sawyer, S.A. & Vásquez, R.

(1994). Dynamics and species richness of tropical forests. Proc.

Natl Acad. Sci. USA, 91, 2805–2809.

Phillips, O.L., Baker, T.R., Arroyo, L., Higuchi, N., Killeen, T.J.,

Laurance, W.F. et al. (2004). Pattern and process in Amazon tree

turnover, 1976–2001. Phil. Trans. R. Soc. Lond. B, 359, 381–407.

Pregitzer, K.S. & Euskirchen, E.S. (2004). Carbon cycling and

storage in world forests: biome patterns related to forest age.

Glob. Change Biol., 10, 2052–2077.

Reich, P.B., Walters, M.B. & Ellsworth, D.S. (1992). Leaf life-span

in relation to leaf, plant, and stand characteristics among diverse

ecosystems. Ecol. Monogr., 62, 365–392.

Reich, P.B., Koike, T., Gower, S.T. & Schoettle, A.W. (1995).

Causes and consequences of variation in conifer leaf life-span.

In: Ecophysiology of Coniferous Forests (eds Smith, W.K. & Hinckley,

T.M.). Academic Press, San Diego, CA, pp. 225–254.

Rundel, P.W., Parsons, D.J. & Gordon, D.T. (1977). Montane and

subalpine vegetation of the Sierra Nevada and Cascade Ranges.

In: Terrestrial Vegetation of California (eds Barbour, M.G. & Major,

J.). Wiley, New York, pp. 559–599.

Runyon, J., Waring, R.H., Goward, S.N. & Welles, J.M. (1994).

Environmental limits on net primary production and light-use

efficiency across the Oregon transect. Ecol. Appl., 4, 226–237.

Saugier, B., Roy, J. & Mooney, H.A. (2001). Estimations of global

terrestrial productivity: converging toward a single number? In:

Terrestrial Global Productivity (eds Roy, J., Saugier, B. & Mooney,

H.A.). Academic Press, San Diego, CA, pp. 543–557.

Sheil, D. (1995). A critique of permanent plot methods and analysis

with examples from Budongo Forest, Uganda. Forest Ecol.

Manage., 77, 11–34.

Sheil, D. (1996). Species richness, tropical forest dynamics, and

sampling: questioning cause and effect. Oikos, 76, 587–590.

Sheil, D. & May, R.M. (1996). Mortality and recruitment rate

evaluations in heterogeneous tropical forests. J. Ecol., 84, 91–

100.

Stephenson, N.L. (1988). Climatic Control of Vegetation Distribution:

the Role of the Water Balance with Examples from North America and

Sequoia National Park, California. PhD Dissertation, Cornell

University, Ithaca, NY.

Stephenson, N.L. (1990). Climatic control of vegetation distribu-

tion: the role of the water balance. Am. Nat., 135, 649–670.

Stephenson, N.L. (1998). Actual evapotranspiration and deficit:

biologically meaningful correlates of vegetation distribution

across spatial scales. J. Biogeogr., 25, 855–870.

Zheng, D., Prince, S. & Wright, R. (2003). Terrestrial net primary

production estimates for 0.5� grid cells from field observations –

a contribution to global biogeochemical modeling. Glob. Change

Biol., 9, 46–64.

Editor, Josep Penuelas

Manuscript received 10 November 2004

First decision made 21 December 2004

Manuscript accepted 31 January 2005

Patterns in forest turnover rates 531

�2005 Blackwell Publishing Ltd/CNRS


