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Summary

1. Functional trait diversity can reveal mechanisms of species co-existence in plant communities. Few
studies have tested whether functional diversity for foliar traits related to resource use strategy

increases or decreases with declining soil phosphorus (P) in forest communities.

2. We quantified tree basal area and four foliar functional traits (i.e. nitrogen (N), phosphorus (P),
thickness and tissue density) for all woody species along the c¢. 120 kyr Franz Josef soil
chronosequence in cool temperate rainforest, where strong shifts occur in light and soil nutrient
availability (i.e. total soil P declines from 805 to 100 mg g™*). We combined the abundance and trait
data in functional diversity indices to quantify trait convergence and divergence, in an effort to

determine whether mechanisms of co-existence change with soil fertility.

3. Relationships between species trait means and total soil N and P were examined using multiple
regression, with and without weighting of species abundances. We used Rao’s quadratic entropy to
quantify functional diversity at the plot scale, then compared this with random expectation, using a null
model that randomizes abundances across species within plots. Taxonomic diversity was measured
using Simpson’s Diversity. Relationships between functional and taxonomic diversity and total soil P

were examined using jackknife linear regression.

4. Leaf N and P declined and leaf thickness and density increased monotonically with declining total
soil P along the sequence; these relationships were unaffected by abundance-weighting of species in the
analyses. Inclusion of total soil N did not improve predictions of trait means. All measures of diversity
calculated from presence/absence data were unrelated to total soil N and P. There was no evidence for a
relationship between Rao values using quantitative abundances and total soil P. However, there was a
strongly positive relationship between Rao, expressed relative to random expectation, and total soil P,

indicating trait convergence of dominant species as soil P declined.
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5. Synthesis: Our results demonstrate that at high fertility dominant species differ in resource use
strategy, but as soil fertility declines over the long-term, dominant species increasingly converge on a
resource-retentive strategy. This suggests that differentiation in resource use strategy is required for co-

existence at high fertility but not in low fertility ecosystems.

Key-words: Determinants of plant community diversity and structure, Environmental filtering, forest
ecosystem development, limiting similarity, long-term community assembly, niche complementarity,

nutrient stress, phosphorus limitation, species richness, succession
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Introduction

Changes in functional diversity for key traits linked to plant resource use strategy (Grime 1974; Wright
et al. 2004) along ecological gradients can reveal shifts in species co-existence mechanisms (Mason et
al. 2011c). Changes in forest communities along soil chronosequences are amongst the best-
documented gradients in ecology (Walker et al. 1981; Kitayama & Mueller-Dombois 1995; Peltzer et
al. 2010; Walker et al. 2010). However, no study to date has applied functional diversity indices to
examine whether species coexistence mechanisms change along soil chronosequences (Peltzer et al.
2010). This approach would complement existing knowledge of changes in taxonomic diversity
(Wardle et al. 2008) or functional trait and species composition (e.g. Vitousek, Turner & Kitayama
1995; Richardson et al. 2004), thus improving our understanding of the processes driving vegetation
change across soil chronosequences. Theoretical and practical advances in the quantification of
functional diversity (sensu Mason et al. 2005) provide a rigorous set of methods for the quantification
of trait convergence and divergence (Villeger, Mason & Mouillot 2008; Mouchet et al. 2010; Pavoine
& Bonsall 2010). This study uses functional diversity for foliar traits to test whether species co-
existence mechanisms in forest communities change along a well-characterised soil chronosequence

(Walker & Syers 1976; Wardle, Walker & Bardgett 2004).

COMPETITION, SOIL FERTILITY AND TRAIT DIVERGENCE

Long-term soil chronosequences embody strong soil fertility (primarily phosphorus, P) gradients
(Walker & Syers 1976; Richardson et al. 2004), and a concomitant shift from light to soil nutrient
limitation of plant growth (e.g. Coomes & Grubb 2000). Competition for light is size-asymmetric
whereas competition for nutrients is size-symmetric (Schwinning & Weiner 1998; Berntson & Wayne
2000; Cahill & Casper 2000). Competition for light provides more competitive species with an

increasing advantage as they outperform (i.e. become taller than) less competitive ones (Grime 1973a;
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5)
b; Huston & DeAngelis 1987; Grime 2001). When light is limiting, differentiation in light capture
strategy (Bazzaz 1979) is required for species to co-exist (Aikio 2004; Kohyama & Takada 2009). In
such instances, limiting similarity (i.e. competitive exclusion between species that are similar in their
niche MacArthur & Levins 1967) should have a strong influence on community assembly processes,
since divergence in light capture strategy will enhance species occurrence probability and abundance
(Mason et al. 2011c). This will generate greater functional diversity in traits related to light capture
strategy (Mouchet et al. 2010). Divergence in light capture strategy can be temporal (Grubb 1977;
Bazzaz 1979; Huston & Smith 1987) or spatial (via vertical partitioning of light capture Botkin, Janak
& Wallis 1972; Coomes et al. 2009). Species differing in regeneration niche are often divergent in
resource use strategy. For example, short-lived gap exploiters have faster growth rates in high light
conditions than shade-tolerant species (e.g. Horn 1974; Lieberman et al. 1985; Laurance et al.
2004).The relationship between resource use strategy and regeneration niche may also drive differences
in foliar traits between co-occurring species differing in longevity (Selaya et al. 2008; Easdale &
Healey 2009). There is also evidence that vertical partitioning in light capture may also increase
diversity in foliar traits, with sub-canopy species having a more resource-acquiring strategy than
canopy species (e.g. Coomes et al. 2009).

In P-limited environments, where size symmetric below-ground competition dominates,
competitive exclusion between species with similar niches may be less likely, since small differences in
competitive ability will not have disproportionate effects on the outcome of competition (Rajaniemi
2003). Coexistence between functionally similar species might also result from slower growth rates on
nutrient-poor sites, reducing the pace of competition after disturbance (following the dynamic
equilibrium theory of Huston 1979 and supported by experimental evidence; Rajaniemi 2003; Wardle
& Zackrisson 2005). As a consequence, the influence of environmental filtering (i.e. when occurrence

probability and abundance is enhanced by possession of traits similar to a locally "optimal” trait value
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6
Mouillot, Mason & Wilson 2007; Mason et al. 2011c) should increase with declining soil fertility
because occurrence probability and abundance will be enhanced by convergence on a resource
retentive strategy (Lambers et al. 2008). Since there is no apparent mechanism to promote divergence
in resource use strategy in P-limited environments, trait convergence between the most abundant
species should occur.

Soil nutrient limitation may also influence species’ light capture strategies. Coomes et al.
(2009) demonstrated that sub-canopy tree species with a resource-acquiring strategy (e.g. high specific
leaf area and nutrient content) were more abundant and captured a greater proportion of available light
on a fertile site compared with a P-depleted one. This suggests that foliar trait divergence between
canopy and sub-canopy trees increases with higher soil fertility. Similarly, low soil fertility might
hinder divergence in regeneration niche (e.g. Coomes et al. 2009), by limiting maximum growth rates
of gap colonisers in high light conditions. This would also constrain the potential for trait divergence

among co-occurring species at low soil fertility.

FUNCTIONAL DIVERSITY INDICES AS INDICATORS OF ASSEMBLY PROCESSES

Functional diversity encompasses functional richness, functional evenness and functional divergence
(Mason et al. 2005). Functional richness and functional divergence have most often been linked to
community assembly processes (Mouchet et al. 2010; Mason et al. 2011b) or ecosystem functioning
(Petchey, Hector & Gaston 2004; Mouillot et al. 2011), but one study demonstrated that functional
evenness is also a potential indicator of assembly processes (Mason et al. 2008a). Modelling studies
suggest that limiting similarity generates high functional richness and functional divergence, while
environmental filtering reduces values for both components (e.g. Mouchet et al. 2010). Rao’s quadratic
entropy (Rao, henceforth) combines functional richness and divergence, and thus incorporates the two

most powerful functional diversity components for detecting assembly processes. When using
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occurrence data, Rao becomes highly sensitive to the volume of functional trait space occupied (i.e.

functional richness). When observed Rao values are compared with those expected under null models
that randomize species abundances within communities (as employed by Mason et al. 2008b; Vergnon,
Dulvy & Freckleton 2009; Mason et al. 2011c), Rao becomes a pure index of functional divergence
(Fig. S1). Higher Rao than expected at random provides evidence for limiting similarity, whereas lower

Rao than expected is evidence for environmental filtering (Mason et al. 2011c).

AIMS AND OBJECTIVES

This study examines forest communities that represent a shift in the relative importance of light and
nutrient competition along a soil chronosequence in the southern South Island of New Zealand. Light
competition at our youngest study site has caused the exclusion of shade-intolerant pioneer species
(Richardson et al. 2004). At the two oldest sites photosynthesis in all levels of the canopy is limited by
low nutrient availability, with no evidence for light limiting growth in the sub-canopy (Tissue et al.
2006) despite moderately high leaf area index at the second oldest site (mean of 3.5 m?* mWalcroft et
al. 2005). We explore shifts in resource use strategy by examining changes in species means for foliar
traits (leaf N and P, leaf thickness and density) used to contrast fast and leaky resource acquirers with
slow and tight resource retainers (Cornelissen et al. 2003; Diaz et al. 2004; Wright et al. 2004). We
then test whether convergence in resource use strategy is related to soil fertility by examining
relationships between the functional richness, functional evenness and functional divergence of
resource-use strategy traits and soil N and P content. This provides a test of whether mechanisms

behind species co-existence change along fertility gradients.

Methods
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STUDY AREA

The study area incorporates a series of schist glacial outwash surfaces and moraines between the Franz
Josef Glacier and the coast in Westland, New Zealand. Eight sites (Table 1) spanning soil ages of 60 to
120 000 years of soil exposure were chosen from Stevens (1968) and Almond et al. (2001). The sites
occur between 43° 25° S and 43° 14’ S latitude and between 170° 10’ E and 170" 18’ E longitude. The
youngest six sites became exposed during glacial retreat following the last glacial maximum (c. 12, 000
years b.p. Stevens 1968), while the two oldest sites are situated on moraines deposited from previous
glacial maxima that have remained ice-free since their deposition (Almond et al. 2001). The climate in
Westland is cool temperate (mean annual temperature 10.1 °C; (Hessel 1982) with an annual rainfall of
c. 6500 mm year™ for the five youngest sites and c. 3500 mm year™ for the three oldest sites. The
evergreen forests in this region typically contain mixtures of broadleaved angiosperm and long-lived
coniferous tree species, (Wardle 1980; 1991), and have some of the highest biomass values in New
Zealand (Mason et al. 2011a). For further details on sites see Stevens (1968) and Richardson et al.

(2004).

The soil chronosequence provided by the eight study sites represents a strong gradient of
declining total soil phosphorus (P) and pH. Total soil P and soil pH are highly correlated (Pearson’s r =
0.9) across sites (Richardson et al. 2004), while soil total N exhibits a hump-backed relationship with
site age. Soil data were taken from Richardson et al. (2004), who measured total mineral soil P, N and
pH (see Blakemore, Searle & Daly 1987) from soils collected at each site during January 2002. While
the youngest site (60 years) supports closed-canopy forest, the dominant species at this site do not
regenerate beneath a closed canopy. The next youngest site (130 years) is dominated by canopy species
typical of mature forest in the region (e.g. Metrosideros umbellata Myrtaceae, Weinmannia racemosa
Cunoniaceae). This suggests that while differences between the youngest and second youngest sites

may be due to primary succession, it is most likely that subsequent changes are due to declining soil
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fertility. The six oldest sites are also likely to be affected by secondary succession through canopy tree
mortality but these effects are minor at the stand scale relative to the effects of declining soil fertility
through retrogression (Wardle et al. 2004; Peltzer et al. 2010). The sites are free from human
disturbance, and there is no evidence of catastrophic disturbance has had a marked influence on current

forest composition.
LEAF TRAIT AND VEGETATION SAMPLING

Three circular plots of 10 m radius were randomly located at each site in February 2007. Within each
plot we recorded species identity and stem diameter at 1.35 m height for all trees with stem diameter >
3 cm. Diameter measurements were used to calculate the basal area of each stem, and we recorded

species abundance within each plot as the sum of individual basal areas.

Leaf trait data were collected during March 2002 at the end of the austral growing season. Whole
branches were randomly taken from five individuals of each species at each site. Fully expanded sunlit
leaves were collected where possible. Canopy branches were sampled using orchard cutters or a
shotgun. Leaves were kept on branches, in plastic bags and in the dark until fresh leaf area could be
measured using a LiCor Area Meter (Model Li-3100). Leaf thickness was measured using digital
calipers; the midrib was avoided (Cornelissen et al. (2003) and the mean of three replicate leaves was
used for each individual plant. Leaf mass was measured on material oven-dried at 60 °C for 48 h. Leaf
volume was calculated from leaf area and leaf thickness and expressed relative to leaf mass to estimate
leaf density. Biochemical analyses on dried material were made using the acid digest and colorimetric
methods described in Blakemore et al. (1987). We chose to analyse patterns for four traits (Leaf N,
Leaf P, thickness and density) since they are closely aligned to the global leaf economics spectrum
(Wright et al. 2004), and thus are reliable indicators of plant resource use strategy. Leaf nutrient
content and density are each related to maximum rates of photosynthesis per unit leaf dry weight

(Niinemets 1999; Reich et al. 1999; Larcher 2003), while leaf thickness is positively related to
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maximum photosynthetic rate per unit leaf area (Niinemets 1999). Also, leaf nutrient content is
negatively related, whereas leaf density and thickness (via their influence on SLA) positively related to
leaf longevity (Reich et al. 1999). Thus, the four traits we measured, when considered together,
document the trade-off between rapidly photosynthesizing species with short-lived leaves and those

with lower photosynthetic rates and longer-lived leaves.

FUNCTIONAL AND TAXONOMIC DIVERSITY CALCULATIONS

We used the FEve index of Villeger et al. (2008) to calculate functional evenness. This index involves
using a minimum spanning tree (MST) to estimate distances between nearest-neighbour species in
multivariate functional trait space. The functional regularity index (FRO) of Mouillot et al. (2005) is
then used to estimate functional evenness based on these distances in the MST. For simplicity we use
FEveoc to indicate FEve calculated using occurrence data and FEvega to indicate FEve calculated
using basal area data. Rao quadratic entropy was calculated following de Bello et al. (2009):

Rao = ZZd”p pJ

i=1l j=1

where S is species richness, djj the distance in functional trait space between species i and j, and p; the
proportional abundance of species i. The distance between species was calculated using Gower’s
dissimilarity, following Pavoine et al. (2009), which confines distances between species within the

bounds of 0 and 1:

T‘X

= i

— max,— min,

where Xj; is the value of trait t for species i and max; and min; the maximum and minimum values for

trait t. There are numerous options for defining maximum and minimum values for continuous traits.
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We used the highest and lowest values observed across all our trait measurements. We calculated d;
values either considering each trait separately (i.e. in one-dimensional functional trait space) or using
all four traits simultaneously (i.e. in four-dimensional trait space). We focus on results for Rao where
djj is calculated using all traits simultaneously, since analyses for individual traits revealed qualitatively
similar patterns. Where relevant, analyses for Rao calculated using individual traits are referred to in
the text. Raw Rao values were converted to species richness equivalents (whereby Rao values are

expressed in the same units as species richness) following de Bello et al. (2010):

1

Raoequiv PR
1-Rao

Using this conversion, the value of Rao will be the same as the species richness equivalent for
Simpson’s diversity if all d;; = 1, and will be equal to species richness if all djj = 1 and all species have
the same abundance. To express site mean Rao in number equivalents, we took the mean of raw Rao
values (calculated across plots within sites) and then applied the conversion to number equivalents. For
simplicity, we refer to Rao weighted by species occurrences as Raoo.. and to Rao weighted by basal

area as Raoga. In all instances, both Raooc. and Raoga are expressed as species richness equivalents.

Estimation of taxonomic diversity was based on Simpson’s concentration index:

D was converted to a species richness equivalent measure of taxonomic diversity following the

conversion suggested by Jost (2007):

Using this conversion, Dequiv is equal to species richness if all species have the same abundance. The

inverse Simpson’s concentration index has long been used by ecologists as a measure of taxonomic
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diversity, and its behaviour is well understood (Hill 1973). As for Rao, the mean of raw D values
was taken across plots within sites and then converted to number equivalents to provide a measure of
site mean taxonomic diversity. For brevity we refer to taxonomic diversity weighted by basal are as
Simpson diversity, although Jost (2007) demonstrates that various taxonomic diversity indices take the
same value for a given community following conversion to number equivalents. For Simpson diversity
weighted by occurrence data we refer simply to species richness, since this is equivalent to Simpson

diversity when all species have the same abundance.

STANDARDISATION OF RAO VALUES RELATIVE TO RANDOM EXPECTATION

For the Monte Carlo standardization of Rao (Raoses), expected Rao values were simulated by
randomizing relative abundances across species but within plots. This randomization retains all
processes that produced the observed data except those that affect species relative abundances (since
species occurrences remain constant). This method provides additional power to detect assembly
processes relative to co-occurrence-based simulation models, since species occurrences are controlled
by multiple factors (dispersal, interspecific competition and local environmental conditions). This may
confound efforts to reveal assembly processes by analysing co-occurrence (especially those based on
biotic interactions Mason et al. 2008b). A total of 10* randomizations were used in all analyses. For
each randomization, mean Rao across all plots within a site was calculated and then converted to
number equivalents in the same way as described for the observed data. For each site, observed Rao
was expressed relative to that expected by chance using the Standardized Effect Size (SES, Gotelli &

McCabe 2002):

SES - Obs-Exp |

GExp
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13
where Obs is the Rao value obtained from the observed data and Exp is the mean of the
randomizations and ogy, the standard deviation of expected values. Positive SES values for Rao
indicate the functional diversity is higher than expected with random distribution of abundances across
species. This in turn suggests that the most abundant species in the plot tend to be more different from
each other in their functional traits than expected by chance. For brevity, we refer to this expression of

Rao as Raoses in the text and figures below.
CHANGES IN COMMUNITY STRUCTURE ALONG THE CHRONOSEQUENCE

Each of the diversity measures described above was regressed against total soil P and N. Soil
pH was not included in the analyses due to its strong co-linearity with total soil P. Significance was
assessed using jackknife (or “leave one out”) regression (Tukey 1958). Jackknife regression is suitable
for small numbers of observations since it prevents a single observation from having a disproportionate
influence on results. We also regressed the mean trait values of each species at each site and the
abundance-weighted trait means of each plot against total soil P and N, using ordinary least squares
regression. In all analyses, evidence for non-linear (logarithmic, quadratic and power) relationships was
assessed using Akaike Information Criterion (AIC) weights (Burnham & Anderson 2002). The power
relationship was defined as y = ¢ +ax”. The linear model was rejected if one of the non-linear models
received a weight of >0.9 (which would indicate a greater than 90% chance that the non-linear model
was the most parsimonious, Burnham & Anderson 2002). The relative predictive ability of total soil N
and P individually and in combination were also compared using AIC weights calculated across eight
models: (1) total soil P only, (2) total soil N only, (3) both total soil P and N, (4) linear and quadratic
terms for soil P, (5) linear and quadratic terms for soil N, (6) linear term for soil P and both linear and
quadratic terms for soil N, (7) linear term for soil N and both linear and quadratic terms for soil P and
(8) linear and quadratic terms for both soil N and soil P. AIC weights for each model (w;), were

calculated using the method described by Johnson and Omland (2004):
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Repr%Ai) |
;expc%Aj)

where R is the number of models under consideration and A; is the difference between the AIC. value

of model i and the minimum AIC. value across all models. The sum of w; values across all models
adds to unity. The relative explanatory power of individual predictors across models was calculated by

summing the weights across each of the models in which it was included:
Ry
W=D W,
i=1

where wy is the AIC weight of predictor variable k and Ry is the number of models including k (this is
the same for all variables when all possible combinations of variables are examined). This weighting

provides a measure of the probability that a variable is in the set of the most parsimonious predictors.

Results

CHANGES IN BASAL AREA ALONG THE CHRONOSEQUENCE

Both mean and maximum basal area (taken across plots) were highest at the second youngest site (130
years, Table 1). Excluding the youngest site, mean basal area had a marginally significant negative
relationship with site age (Pearson’s r =0.69, P = 0.042) and a non-significant positive trend with
increasing total soil P (Pearson’s r =0.64, P = 0.059). Excluding the youngest site, maximum basal
area also had a marginally significant negative relationship with age (Pearson’s r =0.67, P = 0.049)
and was significantly positively correlated with total soil P (Pearson’s r =0.71, P = 0.036). Thus there
is some evidence for a decline in basal area with site age and total soil P in sites older than 130 years.

In particular, basal area at the oldest site was markedly lower than all other sites >130 years old.

SHIFTS IN SPECIES TRAIT MEANS WITH SOIL P AND N
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All ordinary least squares (OLS) regressions of species trait means on total soil P were significant
and indicated a shift from a resource-retaining to resource-acquiring strategy with increasing soil P
(Fig. 1, Table S1A). There was a linear increase in the leaf P of individual species (Fig. 1A) and a non-
linear increase in leaf P (Fig. 1B), while leaf thickness showed a non-linear decline (Fig. 1D) with
increasing soil P (Table S1A for results from all OLS models examined). For both leaf P and thickness,
the Mitchell-Olds Shaw test for humps and pits (Mitchell-Olds & Shaw 1987) revealed no evidence for
a change in gradient direction within the observed range of total soil P values, indicating that the
observed quadratic relationships were monotonic. Leaf density decreased linearly with increasing soil P
(Fig. 1C), though this relationship was weaker than for the other traits. Weighting regressions by
species proportional abundances did not alter the shape of these relationships and all regressions
remained significant (Table S1B). The results for weighted regressions indicate a general trend for the

most abundant species to have a more resource retentive strategy as total soil P declined.

Quadratic relationships gave the best fits between soil N and species means for each of the four
traits analysed in OLS regressions (Fig. 2, Table S1A). Weighted regressions did not qualitatively
change the shape of relationships (compare values in Table S1A and B). The Mitchell-Olds Shaw test
provided evidence for a change in the gradient for all regressions of soil N and species trait means
(except weighted regression between soil N and leaf thickness), indicating that trait means did not vary
monotonically with total soil N. Therefore, it is unlikely that variation in soil N is a major factor
explaining variation in trait means along the entire gradient, although it may have an effect at older

sites.

Soil P (or its quadratic term) received by far the highest AIC weights (leaf N, leaf P and
thickness) of the four traits measured (Table S2), indicating it had the greatest explanatory power for
these traits. Amongst the eight models compared, the model including only the linear soil P term

received the highest AIC weight for leaf N and thickness while the quadratic soil P model received the



321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

16
highest weight for leaf P (Table S1A). For leaf density, the model including linear terms for soil P
and soil N and a quadratic term for soil P received the highest AIC weight (Table S1A). Multi-model
comparison results were very similar for weighted regression (Table S2B). Overall, it appears that
except for leaf density, the inclusion of soil N data did not improve our ability to predict species trait

means, irrespective of whether or not regressions were weighted by abundance.

SHIFTS IN FUNCTIONAL AND TAXONOMIC DIVERSITY WITH SOILP AND N

There was no relationship between species richness, Raoq., FEVeq. and soil P, when each trait was
considered separately or all traits were considered simultaneously (Fig. 3). This indicates that
functional richness, woody plant species richness, functional richness and regularity of species
distribution in functional trait space were unrelated to soil P. There was a strong positive relationship
between Raosgs and soil P (Fig. 4D) and this relationship was strongly significant using jackknife
regression. This result indicates that functional divergence was strongly positively correlated with soil
P (Fig. S1), which suggests that the dominant species at high fertility sites had complementary trait
values, while those at low fertility sites converged on similar trait values. Simpson diversity, FEvega
and Raoga values were unrelated to soil P (Fig. 4). Figure 5 provides examples of plots with the
highest and lowest values of Raosgs for the four traits measured. For each trait it is clear that in the
plots with the lowest Raosgs value the most abundant species all have very similar trait values (relative
to the mean distance between species), while in the plots with the highest values the most abundant

species have quite different values.

When each of the traits was considered separately, Raosgs values were significantly positively
correlated with soil P in jackknife linear regression for leaf N and P, but not for leaf density or

thickness. However, the relationship for any single trait was not as strong as when all four traits were
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analysed together. This suggests that rather than primarily being driven by any single trait, there is a
coordinated trait syndrome towards nutrient conservation with declining soil resource availability.
Raoga values were not significantly related to soil P for any single trait in jackknife regression (data
not shown), though there was a significant positive linear relationship in OLS regression for leaf N and

leaf P.

There was no evidence for non-linear relationships between any of the diversity measures used
and soil P. The addition of linear or quadratic terms for total soil N provided no improvement in

predictive ability for any of the diversity measures.

Discussion

The monotonic declines in species mean leaf N and P and the increases in leaf thickness and density
that accompanied declining soil P indicate a shift from a resource-acquiring strategy (with fast growth
rates, high nutrient investment in leaves and reduced leaf longevity) on the most fertile sites to a
resource-retaining strategy on the least fertile sites. Very similar results were obtained when
abundance-weightings were applied, indicating that both abundant and rare species become more
resource retaining as soil P declines. Raosgs (abundance-weighted Rao expressed relative to random
expectation), was the only measure of functional or taxonomic diversity significantly related to total
soil P. Its steep decline with decreasing soil P along the chronosequence indicates that locally dominant
species became much more convergent in their resource use strategy as soil fertility decreased (i.e.
there was a steep decline in functional divergence; Fig. S1A). This provides evidence that the
mechanisms for species co-existence change along fertility gradients, with niche differentiation in
resource use strategy required for co-existence at high fertility but not at low fertility. Below, we
discuss our results with reference to the ecology of the species studied. We also consider the relevance

of our work for the potential of functional diversity indices to reveal assembly processes.
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DECLINING SOIL P AND SPECIES RESOURCE USE STRATEGY

The monotonic shift from a resource-acquiring to an extreme resource-retaining strategy suggests that
vegetation change along the chronosequence is driven primarily by a decline in soil P (see also
Richardson et al. 2004; Wardle et al. 2004; Peltzer et al. 2010). In contrast, the general lack of
monotonic relationships between soil N and species trait means suggests that soil N was not a major
factor in driving trait variation. Indeed, soil N generally did not add to the explanatory power provided
by soil P (Table S1). It should be noted that soil pH was strongly correlated with soil P across the sites
studied. However, pH was relatively invariant from the middle-aged to oldest sites in the
chronosequence (Table 1), and considerable shifts in leaf N, P and thickness were observed between
these sites (Fig. 1). This suggests that low pH was not the primary factor driving the extreme resource-

retaining strategy of species at the oldest, least fertile sites.

The observed shifts in species resource use strategy were due both to changes in species
composition and variation within species occurring at multiple sites. Resource-retaining conifers (e.g.
Dacrydium cupressinum, Podocarpaceae) and angiosperms (e.g. Quintinia acutifolia, Escalloniaceae)
increased in relative abundance with declining soil P. The youngest, most fertile sites contained a
variety of relatively fast growing angiosperm tree species that exploit canopy gaps (e.g. Melicytus
ramiflorus, Violaceae, and Carpodetus serratus, Escalloniaceae) and may persist at relatively high
abundance for more than 200 years in the canopy or sub-canopy following secondary succession
(Mason et al. 2011b). Also present at the most fertile sites are species with high nutrient, thin, low-
density leaves which occur in reasonable abundance in the canopy or sub-canopy of mature forest (e.g.
the angiosperms Schefflera digitata and Raukaua simplex, Araliaceae, and the tree fern Cyathea
smithii, Cyatheaceae). These species were conspicuously absent from older, less fertile sites. Even on

the most fertile sites the most abundant species tended to have a resource-retaining strategy relative to
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co-occurring species. This could be due to limitations in the regional species pool, which lacks
canopy dominants with a resource-acquiring strategy (McGlone, Richardson & Jordan 2010). Previous
work (Richardson et al. 2005) has demonstrated that, for the vast majority of species studied,
intraspecific variation in leaf nutrient concentrations is strongly related to variation in soil P between
sites. The contribution of intraspecific variation to the observed shifts in species trait means highlights
the need to obtain trait measurements for each species from all the sites where it occurs, rather than

applying a single trait value to each species (Shipley, Vile & Garnier 2006).

FUNCTIONAL DIVERSITY AND CO-EXISTENCE - ECOLOGICAL CONSIDERATIONS

Our results provide strong evidence for a decline in functional divergence with declining soil P, driven
by the most abundant species within local communities converging in their resource use strategy (Fig.
4). It is likely that size-asymmetric competition for light at high fertility sites means that differentiation
in light capture strategy is required for species’ co-existence. Canopy gaps provide an opportunity for
temporal differentiation in light capture (i.e. between canopy dominants and gap colonisers, Grubb
1977; Brokaw 1985), while spatial differentiation occurs vertically, with sub-canopy species adapted to
grow and reproduce in low light levels (Coomes et al. 2009). At our most fertile sites, both the gap
colonisers and shade-tolerant sub-canopy species have foliar traits typical of resource-acquiring
strategists, which contrast with the resource-retaining traits of the co-occurring canopy dominant
species. This increases functional divergence, since it leads to a situation where the most abundant
species have quite different trait values. Declining nutrient availability excluded or greatly reduced the
abundance of fast-growing species that exploit gaps and shade-tolerant species having resource-

acquiring leaf traits, thus reducing functional divergence.
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Species abundances in P-limited environments are generally enhanced by the ability to
acquire nutrients at low concentrations in the soil solution and to retain nutrients (e.g. Lambers et al.
2008). Consequently, only species with a resource retaining strategy are likely to achieve high
abundance in P-limited environments. For this chronosequence, Richardson et al. (2005) demonstrated
consistent increases in litter nutrient resorption efficiency with declining soil P across species.
Similarly, Holdaway et al. (2011) showed that root traits shifted in a coordinated way for enhanced
nutrient absorption and increased root longevity on low fertility sites (i.e. relatively high specific root
length (ratio of root length to root dry mass), high root tissue density, and low root nutrient
concentrations. Our results for changes in species trait means and functional divergence, combined
with those of Richardson et al. (2005) and Holdaway et al. (2011), emphasise the increasing
importance of greater efficiency in nutrient scavenging and retention for dominance as soil P declines.
The link between a resource retentive strategy and chemical anti-herbivore defence has long been
established, with chemical defences often assumed to be an adaptation which allows retentive species
to limit tissue loss and thus conserve nutrient resources (e.g. Coley 1987). Previous work has
demonstrated that the coniferous species which dominate the least fertile sites in our study have very
high levels of anti-herbivore defence compounds (data presented in Mason et al. 2010). This further
emphasises the importance of adopting a resource-retaining strategy for dominance in P-limited

environments.

Some authors have suggested that the importance of facilitation for co-existence might increase
with stress, including reduced nutrient availability (Callaway & Walker 1997; Michalet et al. 2006).
This could in turn increase functional diversity, because facilitation enhances functional
complementarity between species. However, studies of facilitation in response to nutrient stress mainly
examine evidence for positive effects of N-fixing species on co-occurring non-N-fixers in N-limited

environments (e.g. Walker & Chapin 1986; Morris & Wood 1989; Huston 1994; Marleau et al. 2011),
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and we are unaware of any evidence for facilitation in P-limited environments. The increasing trait
convergence between dominant species with declining soil P may partly reflect the lack of potential for
differentiation in resource use strategy to enhance abundance at P-limited sites. The maintenance of
taxonomic diversity (expressed as either species richness or species diversity) at the oldest sites may
depend partly on the size-symmetric nature of nutrient competition, which makes competitive
exclusion between species more difficult (Rajaniemi 2003; Wardle & Zackrisson 2005; Gundale et al.
2011). This will increase the likelihood of co-existence between species with similar resource use
niches (Huston 1979). It is possible that resource partitioning of P (i.e. adaptation for use of P sources
requiring more or less investment for uptake) might also permit co-existence when P is limiting (Turner

2008), and this might not necessarily manifest itself in foliar or root trait divergence.

FUNCTIONAL DIVERSITY AND CO-EXISTENCE - METHODOLOGICAL CONSIDERATIONS

The method used to express functional diversity values can have a large effect on the patterns observed.
Rao expressed relative to that expected when species abundances are randomly allocated within
communities was the only functional diversity measure to decline significantly with declining total soil
P. Rao expressed in this way is a pure index of functional divergence. The randomisation approach we
employed has been used in a previous study to reveal changes in niche overlap in response to
experimental treatments and the biomass gradient they create in a meadow plant community (Mason et
al. 2011c). It has also proven a powerful means of revealing community assembly processes in
lacustrine fish communities (Mason et al. 2008b) and a marine phytoplankton community (Vergnon et
al. 2009). These studies, and our findings, suggest that this randomisation method can be applied to a
broad range of ecological contexts, for example, detecting trait convergence with declining
productivity. Further, our study demonstrates that detecting changes in the functional diversity of plant

communities along gradients requires an objective estimate of species abundances; here we used tree
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basal area, a proxy for plant biomass. Relative abundance gives an indication of species’ ability to
acquire resources under local environmental conditions and in competition with co-occurring species
(Whittaker 1965; Grime 2001). Consequently, linking functional traits and abundance to estimate
functional diversity may reveal the consequences of trait convergence and divergence for resource
acquisition in local communities, which will in turn help to reveal changes in co-existence mechanisms

along ecological gradients.

CONCLUSIONS

Our findings suggest that the mechanisms behind species co-existence change along long-term soil
fertility gradients. At high fertility, size-asymmetric competition for light means that differentiation in
resource-use strategy is required for species co-existence. At low fertility, size-symmetric competition
for nutrients permits species with similar resource use strategy to co-exist. Our study also demonstrates
that quantifying trait convergence and divergence with functional diversity indices can complement the
information provided by taxonomic diversity and functional composition to improve our understanding
of changes in assembly processes along environmental gradients. We suggest that functional diversity
indices should be added to the standard toolkit that ecologists use in studying vegetation change along
gradients of environmental stress and ecological succession. Doing so has great potential to improve

our understanding of the processes driving vegetation change along environmental gradients.
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683 Table 1. Age, mean and maximum basal area in circular plots of 10 m radius in total soil nitrogen and phosphorous (total N and total P),
684  pH, number of species with trait measurements, mean species richness (taken across plots) and the dominant species (measured by basal
685 area) for each of the sites studied.

Mean Max
Mean
Age Basal Basal Total N Total P Species
pH species Dominant species
(years) Area Area  (gkg™) (mgkg™?)  measured
richness
(m*ha')  (m*ha)
60 34 37 2.21 5.6 805 13 6.3 Griselinia littoralis
130 141 258 3.74 4.6 554 13 6.4 Metrosideros umbellata, Weinmannia racemosa
280 118 136 6.08 4.4 514 14 9.3 Metrosideros umbellata, Weinmannia racemosa
530 70 98 8.02 4.0 458 15 8.9 Metrosideros umbellata, Weinmannia racemosa
5000 107 156 4.99 39 351 13 6.4 Dacrydium cuppresinum, Weinmannia
racemosa
12 000 102 130 6.93 3.9 327 15 7.1 Weinmannia racemosa, Dacrydium
cuppresinum, Metrosideros umbellata
60 000 112 119 3.37 3.9 201 13 8.6 Metrosideros umbellata, Dacrydium
cuppresinum, Weinmannia racemosa
120 000 33 40 356 39 108 10 8.0 Dacrydium cuppresinum, Phyllocladus alpinus,

Podocarpus totara
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Fig. 1. Regression of four key leaf traits (Leaf phosphorus, A; Leaf nitrogen, B; Leaf density, C;
Leaf thickness, D) on total soil phosphorus along a long-term soil chronosequence. Each circle
represents the mean of measurements for a single species at a single site. Diameter of circles is
proportional to species’ mean proportional abundance (across plots within sites). The solid lines
indicate relationships fitted using ordinary least squares (OLS) regression, while the dashed lines
indicate relationships fitted using weighted least squares regression in which species’ mean
proportional abundances were used as weights. Circles for all species with proportional abundance <0.1

have the same diameter.

Fig. 2. Regression of four key leaf traits (Leaf phosphorus, A; Leaf nitrogen, B; Leaf density, C; Leaf
thickness, D) on total soil nitrogen along a long-term soil chronosequence. Each circle represents the
mean of measurements for a single species at a single site. Diameter of circles is proportional to species’
mean proportional abundance (across plots within sites). The solid lines indicate relationships fitted
using ordinary least squares (OLS) regression, while the dashed lines indicate relationships fitted using
weighted least squares regression in which species’ mean proportional abundances were used as

weights. Circles for all species with proportional abundance <0.1 have the same diameter.

Fig. 3. Mean (across plots within sites) species richness (A), and functional evenness (FEve, B) and

Rao (C) using presence/absence data (Raoocc) for each site along the chronosequence versus total soil P.
Raoocc Values are expressed as species richness equivalents following de Bello et al. (2010). OLS R? is
the R-square value from ordinary least squares regression. ™ indicates the regression is not significant

(P>0.1).

Fig. 4. Mean (across plots within sites) basal area-weighted Simpson diversity (A), functional evenness

(FEve, B) and Rao (Raoga, C) and Rao expressed relative to random expectation (Raosgs, D) for each
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site along the chronosequence versus total soil P. Each point represents a single site along the
chronosequence. Simpson diversity is the inverse of Simpson’s concentration index, an is expressed as
species richness equivalents following Jost (2007). Raoga Vvalues are expressed as species richness
equivalents following de Bello et al. (2010). Raosgs is observed Raoga expressed relative to random
expectation using the Standardised Effect Size (SES) of Gotelli and McCabe (2002). OLS R? is the R-
square value from ordinary least squares regression. " indicates the regression is not significant (P >

0.1).

Fig. 5. Examples of plots with the highest and lowest values of Raosgs for each of the four traits
studied (Leaf phosphorus, A; Leaf nitrogen, B; Leaf density, C; Leaf thickness, D). In each of the
figures, open circles indicate species occurring in a plot with a low Raosgs value while filled circles
indicate species from a plot with a high Raogses value. Raoses is observed basal area weighted Rao
(Raoga) expressed relative to random expectation using the Standardised Effect Size (SES) of Gotelli

and McCabe (2002).
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