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Abstract We investigated the relationship between plant

diversity and ecological function (production and nutrient

cycling) in tropical tree plantations. Old plantations (65–

72 years) of four different species, namely Araucaria cun-

ninghamii, Agathis robusta, Toona ciliata and Flindersia

brayleyana, as well as natural secondary forest were

examined at Wongabel State Forest, in the wet tropics region

of Queensland, Australia. Two young plantations (23 years)

of Araucaria cunninghamii and Pinus caribaea were also

examined. The close proximity of the older plantations and

natural forests meant they had similar edaphic and climatic

conditions. All plantations had been established as mono-

cultures, but had been colonised by a range of native woody

plants from the nearby rainforest. The extent to which this

had occurred varied with the identity of the plantation spe-

cies (from 2 to 17 species in 0.1 ha blocks). In many cases

these additional species had grown up and joined the forest

canopy. This study is one of the few to find a negative

relationship between overstorey plant diversity and pro-

ductivity. The conversion of natural forest with highly

productive, low-diversity gymnosperm-dominated planta-

tions (young and old Araucaria cunninghamii and Pinus

caribaea) was found to be associated with lower soil nutrient

availability (approximately five times less phosphorus and

2.5 times less nitrogen) and lower soil pH (mean = 6.28)

compared to the other, less productive plantations. The

dominant effects of two species, Araucaria cunninghamii

and Hodgkinsonia frutescens, indicate that ecosystem

functions such as production and nutrient availability are not

determined solely by the number of species, but are more

likely to be determined by the characteristics of the species

present. This suggests that monoculture plantations can be

used to successfully restore some functions (e.g. nutrient

cycling and production), but that the level to which such

functions can be restored will depend upon the species

chosen and site conditions.

Keywords Biodiversity � Forest restoration �
Species richness � Ecosystem function

Introduction

Nearly 150 years ago, Darwin (1859) proposed that diverse

plant communities were more productive. Over the last

20 years, ecologists have focussed on determining the nat-

ure of the relationship between biodiversity and ecosystem

function, but Darwin’s proposals have proven controversial

as well as difficult to verify (Huston et al. 2000; Kaiser

2000; Loreau et al. 2001; Mouquet et al. 2002; Naeem et al.

1994; Schwartz et al. 2000; Walker 1992).

Studies using experimental communities have largely

found evidence of a positive relationship between plant

diversity and productivity (Balvanera and Aguirre 2006;

Cardinale et al. 2006; Hector et al. 1999; Pfisterer and

Schmid 2002; Reich et al. 2001; Symstad and Tilman

2001; Tilman and Downing 1994; Tilman et al. 1996,
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1997a). In these cases, experimental communities differing

in plant diversity were defined as communities that had

been specifically assembled for research. When this same

relationship is investigated within natural and managed

(plantation) forest communities, the findings are not as

straightforward. If we take, for example, eight studies that

specifically focussed on forest communities, three found a

negative relationship (Huston 1980; Lugo 1992; Wardle

et al. 1997), four found a positive relationship (Caspersen

and Pacala 2001; Erskine et al. 2006; Troumbis and

Memtsas 2000; Vila et al. 2007) and one found no rela-

tionship (Vila et al. 2003). The natural and managed

communities used in these studies had not been assembled

for research purposes and included monocultures and

mixed species forest plantations.

This difference between experimental and natural or

managed community studies has resulted in a vigorous

debate amongst researchers (Hughes and Petchey 2001;

Kaiser 2000; Mittelbach et al. 2001). The debate revolves

around the interpretation of the positive results found in

experimental community studies. Two hypotheses have

been suggested to explain the observations: the ‘‘niche

complementarity’’ hypothesis and the ‘‘sampling effect’’

hypothesis.

The niche complementarity hypothesis proposes that

species-rich communities are able to more efficiently

access and utilise limiting resources because they contain

species with a diverse array of ecological attributes. The

ecosystem is thought to be more functionally complete

because these species complement each other, allowing

them to optimise the use of resources. As a consequence,

more diverse ecosystems are also more productive and

have also been described as having less nutrients available

because, overall, the uptake is more efficient (Hector 1998;

Loreau 1998; Tilman et al. 1997b). On the other hand, the

sampling effect hypothesis proposes that more biologically

diverse communities have increased productivity because

they are more likely to contain at least one species that is

particularly efficient in resource usage. That is, only one or

two species within the community may be largely

responsible for most of the production. It follows from this

that simple monocultures of these species would probably

achieve the same high levels of production as some multi-

species communities (Aarssen 1997; Huston 1997, 1980;

Tilman et al. 1997b).

The relationship between diversity and nutrient cycling

is also complicated. Some experimental studies have found

that increasing diversity can be accompanied by a reduction

in the availability of soil nutrients. That is, there is a net

transfer of nutrients from soils to plant biomass as more

species with different functional traits are added to the

community. In these circumstances, nutrients are conserved

and nutrient cycling has become more ‘‘sustainable’’

(Tilman and Downing 1994; Tilman et al. 1996, 1997a). By

contrast, other studies have found that nutritional responses

to increased diversity are maximised with a relatively small

number of species or that the soil nutritional status is pri-

marily influenced by the functional characteristics of the

dominant species, rather than simply the number of species

involved (Ewel et al. 1991; Hooper et al. 2005). The com-

plexity arises because the definition of a ‘‘sustainable

ecosystem’’ will vary greatly depending on the type of

habitat (grassland, forest, pasture), the original conditions

of the site (productive or unproductive), the environmental

heterogeneity over time, and the future plans for the site(s)

in question, including whether it will be used for resource

extraction or for conservation. Therefore, it is essential that

studies examining the relationship between diversity and

nutrient cycling are highly explicit in how they define

‘‘sustainable’’.

There have been very few studies conducted in commu-

nities as rich in species as tropical forests (Schlapfer and

Schmid 1999; Vandermeer et al. 2002; Vila et al. 2003).

Extensive tracts of these areas have been deforested in recent

decades, but large areas have also been reforested. Most of

this reforestation has used monoculture plantations although

some even-aged mixed species plantations have also been

used (Dobson et al. 1997; Erskine et al. 2006; Lamb 1998;

Lamb and Gilmour 2003; Parrotta 1992; Sayer et al. 2004).

The niche complementarity hypothesis suggests that mixed

species plantations might restore ecosystem function more

effectively than monocultures (Kelty 1992; Pretzsch 2005;

Rothe and Binkley 2001). On the other hand, traditional

plantation establishment has usually relied on a few key

species and is based on the operation of mechanisms

inherent to the ‘‘sampling’’ effect hypothesis. These meth-

ods have created productive commercial timber resources,

but may not have restored other ecosystem functions.

We investigate the relationships between plant diversity,

production and nutrient cycling in tropical forest ecosys-

tems in order to clarify which of the two hypotheses is

operational. The design of this study is unique because the

sites are a series of 60–70 year-old monoculture timber

plantations, all of which are growing adjacent to natural

rainforest. Over time, the plantations have been colonised

by a large number of native forest species. Some of these

have grown up, joined the canopy layer and transformed

the simple monocultures into a series of more structurally

complex, species-rich forests. Therefore, this study is a

novel hybrid between natural and managed community

studies and experimental community studies because we

have been able to use a series of plantations whose levels of

biodiversity have been driven by natural processes and are

not experimentally derived.

We hypothesised that the less diverse plantation eco-

systems would be more productive than the species-rich
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natural forest, which supports the notion of the sampling

effect hypothesis. We also hypothesised that the soil

nutrient availability would be higher with greater levels of

tree diversity. This supports the notions of the comple-

mentarity hypothesis because, contrary to the grassland

ecosystem such as those studied by Tilman and Downing

(1994), Tilman et al. (1997) and Tilman (1996), having a

high-level nutrient availability in the soil is defined as

sustainable because the original soils in this region were

characteristically fertile, being derived from basalt. The

low-diversity stands are hypothesised to have a low soil

nutrient availability in comparison to the high-diversity

stands because of a slower nutrient turnover rate associated

with the poor-quality litter.

Methods

Study area

This study was conducted within the plantations of

Wongabel State Forest, which is located 5 km south of the

town of Atherton in tropical north-east Queensland

(17�320S, 145�500E). The plantations and surrounding

natural forest cover 635 ha. The mean annual rainfall

ranges from 1,460 to 1,690 mm, elevation ranges from 740

to 780 m and the distance from the coast is around 50 km.

The soil is described as well drained and formed from

young, weakly weathered basaltic lavas (Laffan 1988).

Webb et al. (1984) classified the original forest of this area

as complex notophyll vine forest type 5b. This forest type

once covered most of the region around Atherton, but has

been extensively cleared for agriculture, largely because of

its occurrence on nutrient-rich soils. Today, less than 2% of

the original forest remains, with Wongabel State Forest

containing some of the largest fragments. As a result, the

remaining complex notophyll vine forest type 5b has been

classified as an ‘‘endangered’’ plant community.

Wongabel State Forest was selected as the study site

because of the existence of old plantations of four different

species, namely Araucaria cunninghamii (Family: Arau-

cariaceae, gymnosperm, native), Agathis robusta (Family:

Araucariaceae, gymnosperm, native), Toona ciliata (Fam-

ily: Meliaceae, angiosperm, endemic) and Flindersia

brayleyana (Family: Rutaceae, angiosperm, endemic), as

well as natural secondary forest (hereafter the plantations

are identified by only the genus). In the 1930s and 1940s,

rainforest was cleared and plantations of these species were

established within Wongabel for research and wood pro-

duction. During plantation establishment, remnant areas of

the adjacent rainforest were selection-harvested for valu-

able timber species such as Toona ciliata and

Castanospermum australe and then left to regenerate

naturally. Remnant rainforest strips were also left around

and between the plantations to act as a fire break.

The close proximity of the different forest types and

their similarity in age provided a unique opportunity for a

comparative analysis of production and nutrient cycling, as

any effects from climatic, edaphic and successional dif-

ferences are reduced to a minimum. The plantations

selected for study ranged in age from 65 to 72 years, and

the natural secondary forest was selection-harvested around

the same time as plantation establishment (Table 1). All

plantations, once established, received little stand mainte-

nance (except for the Toona ciliata plantation) and

presently have a narrow range of stand density, 500–

800 stems/ha (Table 1).

Two young plantations of Pinus caribaea var. hondur-

ensis (Family: Pinaceae, gymnosperm, exotic) and

Araucaria cunninghamii (Family: Araucariaceae, gymno-

sperm, native) were also studied. Both were 23 years in age

and located adjacent to each other and within 500 m of the

older plantations. The reason for the inclusion of these

young plantations was that Pinus caribaea var. honduren-

sis and Araucaria cunninghamii are the species the current

management agency (the Queensland Department of Pri-

mary Industries) favours for future planting and harvesting.

Stand composition and productivity

Three 50 m · 20 m blocks were randomly established and

surveyed within each forest type. In the strict sense of the

term these were not true replicates but pseudo-replicates.

We did not have access to other stands of this age in the

vicinity since most plantations established around the same

time have been harvested because of their high-value

timber. In each block, all trees ‡10 cm in diameter at breast

height (DBH) were identified and the DBH measured.

These measurements were used to calculate biodiversity

(as species richness and Simpson’s biodiversity index) and

production [calculated as basal area (m2/ha)]. Basal area is

highly correlated with tree biomass (Satoo and Madgwick

1982) and was used as an index of production in these

plantations because accurate volume equations and wood

density data were unavailable for most species.

Understorey biodiversity levels were assessed by ran-

domly locating a 10 m2 plot within each of the

50 m · 20 m overstorey tree blocks and all woody plants

less than 10 cm DBH were identified and recorded.

Simpson’s biodiversity index was used to represent biodi-

versity after testing found that it was closely related to both

species richness and the Shannon–Weaver index. This

choice is supported by Magurran (1988) who, in a detailed

analysis of different biodiversity indices, suggests that the

Simpson’s biodiversity index can be a more reliable
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measure than the Shannon–Weaver index or species rich-

ness. Regression analysis was also used to determine the

relationship between plant diversity and function, and these

analyses were performed with the statistical package R,

version 2.2.1.

Nutrient availability

Soil nitrogen and phosphorus availability was assessed

using ion exchange resin (IER) bags. IER bags were made

from plastic screen material manufactured by Swiss

Screens PE 48GG (365 lm pore size; Seven Hills, NSW,

Australia). The plastic material was cut and assembled into

bags 5 cm2 in size. Each bag was filled with 5 g fresh

weight of mixed bed resin (Dowex MR-3, Sigma, St. Louis,

MO, USA) (Erskine et al. 1998). Five bags were buried

within each of the 21 blocks (7 forest types, 3 replicates per

forest type), two at a depth of 20 cm, two at a depth of

5 cm and one just below the leaf litter. The bags were left

in situ for a total of 21 days, from the end of May to the

beginning of June. During this time frame, steady rainfall

occurred daily. This time of year is considered the ‘‘driz-

zle’’ quarter in the Atherton area, which is characterised by

consistent but low-intensity rainfall.

Once removed from the ground, each IER bag was

stored separately in a plastic bag, labelled and refrigerated

at 4 �C until laboratory analysis was possible. The resin

was then extracted with 20 ml of 1 M KCl solution and

shaken for 30 min on an orbital shaker. The eluate was

Table 1 Summary of the seven forest types located within Wongabel State Forest and included in this study

Plantation or

forest type

Year

logged or

planted

Size

(ha)

Total

basal area

(m2 ha–1)

Average

number

of stems/ha

(‡10 cm)

Average number

of plantation

stems/ha

(‡10 cm)

Average

height

(m)

Treatments before and after harvesting

Araucaria
cunninghamii

1933 0.43 82.5 773 690 31.8 1933: natural forest clearfelled and burnt

prior to planting

Agathis robusta 1933 8.67 68.8 497 347 30.6 1933: natural forest clearfelled and burnt

prior to planting

1970: thinned to 400 trees/ha

Toona ciliata 1940 1.42 49.3 617 170 21.9 1940: mixture of Grevillea robusta and

Toona ciliata planted at 2000 trees/ha

1941, 1943: hand tending of competing

vegetation

1964: pruning

1952: Grevillea robusta thinned

1958: Grevillea robusta and some

Toona ciliata thinned

1963: further thinning to favour the best

Toona ciliata, 300 stems/ha

1976: all Grevillea robusta removed

Flindersia
brayleyana

1940 1.67 46.0 713 564 24.3 1940: natural forest clearfelled and burnt

prior to planting

1940: planted with an Initial socking of 600

trees/ha

Natural secondary

forest

1935 397.74 56.4 597 NA 23.2 1935: selection harvested

1936: some replanting of Toona ciliata taken

from nearby Tolga Scrub

Pinus caribaea var.

hondurensis
1980 1.57 48 607 497 22.3 1980: first rotation Araucaria cunninghamii

plantation clearfelled and burnt prior to

planting

1980: replanted

Araucaria
cunninghamii

1980 1.60 33.1 363 326 29.4 1980: first rotation Araucaria cunninghamii
plantation clearfelled and burnt prior to

planting

1980: replanted

1987: thinned to 400 trees/ha

NA not applicable
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decanted then filtered, and the above steps were repeated

five times to ensure thorough extraction. The bulked elu-

tion for each IER bag was analysed using three separate

colorimetric methods for ammonium (NH4
+) concentration:

indophenol blue (Bolleter et al. 1961); nitrate (NO3
–) con-

centration: cadmium–copper reduction to nitrite (Wood

et al. 1967); and phosphorus (P) concentration: malachite

green (Ohno and Zibilske 1991; Vanveldhoven and

Mannaerts 1987). Soil pH was measured in 1:5 soil:water

suspensions.

An index of available soil nitrogen values were calcu-

lated by summing the mean ammonium and nitrate

concentrations at three levels within the soil profile, spe-

cifically at 0, 5, and 20 cm. Available soil phosphorus

values were also calculated by summing the mean con-

centrations found at each of these three levels. The

summed value of the concentrations found at each of the

three levels was used as an index of soil nitrogen and

phosphorus availability because the A horizons of the soils

at Wongabel State Forest have been described as deep

(Laffan 1988), and tree roots, particularly within the older

plantations, will exist throughout the soil profile and not

just at one depth. Therefore, nitrogen and phosphorous

availability was deemed to be more accurately assessed

with an index that combined concentrations of nutrients

available throughout the profile, as opposed to just one

depth.

The computer software package Primer (Plymouth rou-

tines in multivariate ecological research) was used to

conduct a principal component analysis (PCA) using three

normalised environmental variables, including soil-avail-

able inorganic nitrogen and phosphorus in the top 20 cm

and soil pH in water.

Results

Recruitment of plant diversity

All five of the older monoculture plantations had been

colonised by native rainforest species from the adjoining

natural forests, although large differences were found in the

diversity of species now present (Table 2). Of the older

plantations, Araucaria was found to have the lowest

overstorey species richness and Simpson’s biodiversity

values, while the Flindersia plantation and the natural

secondary forest had the highest. The order from lowest to

highest overstorey plant diversity was found to be Arau-

caria, Agathis, Toona, Flindersia, and the natural

secondary forest (Table 2).

Table 2 Plant diversity in

overstorey [trees ‡10 cm

diameter at breast height

(DBH)] and understorey using

species richness and the

Simpson’s biodiversity index as

measures of biodiversity

The numbers refer to blocks 1,

2, 3 within each forest type

AC Araucaria cunninghamii,
YAC young Araucaria
cunninghamii, PC Pinus
caribaea, AR Agathis robusta,

TC Toona ciliata,

FB Flindersia brayleyana,

NF natural forest (secondary)

Forest

type,

block

Species

richness

(overstorey)

Simpson’s

biodiversity index

(overstorey)

Species richness

(understorey)

Simpson’s

biodiversity index

(understorey)

Presence of

Hodgkinsonia
frutescens in the

understorey (%)

YAC1 2 0.27 4 0.67 0

YAC2 4 0.15 5 0.75 0

YAC3 2 0.18 5 0.72 0

AC1 1 0 4 0.54 0

AC2 2 0.11 4 0.58 0

AC3 5 0.29 7 0.76 0

PC1 4 0.25 6 0.69 0

PC2 5 0.33 4 0.8 0

PC3 4 0.32 7 0.74 4.88

AR1 9 0.73 8 0.67 50.00

AR2 5 0.23 5 0.72 36.51

AR3 5 0.25 5 0.24 86.10

TC1 8 0.58 4 0.39 76.13

TC2 8 0.75 4 0.50 66.40

TC3 6 0.40 4 0.37 75.82

FB1 17 0.72 5 0.22 87.84

FB2 13 0.70 5 0.16 91.69

FB3 11 0.59 5 0.24 86.63

NF1 23 0.92 8 0.15 91.98

NF2 12 0.79 9 0.14 92.86

NF3 17 0.90 7 0.18 90.09
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The levels of diversity in the understorey vegetation

were quite different to those in the overstorey vegetation.

In this case, most of the plantations and the natural forest

had similar numbers of plant species (between four and

eight species per 10 m2 plot). However, diversity levels

varied and were low in sites with large amounts of over-

storey diversity, such as the Flindersia plantation and the

natural forest, but high in sites such as the Araucaria

plantations which had much lower numbers of overstorey

species. This difference is related to the dominance of

Hodgkinsonia frutescens within the understorey of the

natural secondary forest and Flindersia plantations, where

it represents more than 90% of all individuals. The domi-

nance of this understorey shrub is a distinct characteristic

of the endangered forest type, complex notophyll vine

forest type 5b; this shrub is found in only one other forest

type in Australia (Mabi Forest Working Group 2001).

Relationship between biodiversity and productivity

There is a significant negative relationship between the

diversity (measured as Simpson’s biodiversity index) of

overstorey tree species and the stand’s production as

measured by total basal area (Fig. 1). As the diversity of

species within the overstorey increased, production levels

decreased steeply. The Araucaria and Agathis plantations

had basal area values greater than 60 m2/ha, but Simpson’s

biodiversity index values of mostly less than 0.3. Toona

and Flindersia plantations and natural secondary forests

had basal area values of mostly less than 65 m2/ha but

ranged between 0.50 and 0.92 in Simpson’s biodiversity

index values.

Relationship between biodiversity and nutrient

availability

A positive relationship was found between the diversity of

canopy trees and soil nutrient availability (Fig. 2). A

stronger negative relationship was found, however,

between the diversity of understorey plants and available

soil nitrogen and phosphorus (Fig. 3). This suggests some
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relationship between increased soil nutrient availability and

the recolonisation of the sites by the characteristic under-

storey of the area, which is dominated by the shrub

Hodgkinsonia frutescens (Rubiaceae). This species is

present within the Agathis and Toona plantations, but is

particularly common in the Flindersia plantation and nat-

ural secondary forest (Table 2).

The natural secondary forest, Toona, and Flindersia

plantations all have similar degrees of species richness and

abundance in the overstorey and similar high levels of

available soil nitrogen and phosphorus (Tables 2, 3). These

four forest types differ from the young and old Araucaria

and Pinus plantations which have different floristic

assemblages in their overstorey [see ‘‘Electronic supple-

mentary material’’ (ESM)] and lower levels of soil nitrogen

and phosphorus availability. The Agathis plantation also

has a floristically distinct species assemblage in the over-

storey in comparison with the other forest types (see

‘‘ESM’’). However, like the natural secondary forest,

Toona, and Flindersia forest types the availability of soil

nitrogen and phosphorus is relatively high.

The Fischer’s Individual Error Rate post hoc test was

conducted on the characteristics of the soil collected within

each block of each forest type (Table 3). The results sug-

gest that the Araucaria and the Pinus plantations differed

significantly from the Agathis, Toona, and Flindersia

plantations and the natural forest, particularly with regard

to soil phosphorus availability (a similar difference was

found between these species with respect to soil nitrogen

availability). The soil in the young and old Araucaria and

the Pinus plantations tended to be slightly more acidic and

to have lower nitrogen and phosphorus availability then the

other more floristically diverse forest types.

The similarity and dissimilarities between the forest

types based on normalised nutrient availability data col-

lected at each block is shown in Fig. 4, a two-dimensional

PCA ordination. The data included available soil inorganic

nitrogen (ammonium-N and nitrate-N) in the top 20 cm,

available soil phosphorus in the top 20 cm, and soil pH.

This ordination shows the close association between the

Agathis, Toona, Flindersia and natural secondary forest

types because of their proximity on the two-dimensional

plane. PC1 (x-axis) and PC2 (y-axis) together account for

71.6% of the total variability between the forest sites, with

PC1 describing 46.9% of the variance alone. Figure 4 also

shows the difference between the old and young Araucaria
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Fig. 3 The relationship between understorey tree and shrub diversity

and soil nitrogen and phosphorus availability in the top 20 cm, as

measured using IER bags. AC, Araucaria cunninghamii; YAC,

young Araucaria cunninghamii; PC, Pinus caribaea; AR, Agathis
robusta; TC, Toona ciliata; FB, Flindersia brayleyana; NF, natural

secondary forest. The numbers refer to blocks 1, 2, 3 within each

forest type

Table 3 Mean soil characteristics of each forest type and standard

error (SE) including soil pH, available soil inorganic nitrogen and

phosphorus in the top 20 cm

Forest

type

Mean soil pH

in water (SE)

Mean available

soil nitrogen

(mg bag–1) (SE)

Mean available

soil phosphorus

(mg bag–1) (SE)

YAC 6.28a (0.03) 3.70a (0.92) 0.47a (0.14)

AC 6.25a (0.03) 4.69a (0.72) 0.20a (0.05)

PC 6.20a (0.07) 8.41b (2.63) 0.48a (0.15)

AR 6.53b (0.06) 10.21b,c (0.67) 1.13b (0.22)

TC 6.70b (0.07) 12.07c (2.92) 0.97b (0.24)

FB 6.51b (0.02) 10.73b,c (2.16) 1.14b (0.11)

NF 6.80b (0.12) 12.12c (2.45) 1.06b (0.09)

Superscript letters next to values indicate significantly different

groups (Fisher’s Individual Error Rate post hoc test)

AC, Araucaria cunninghamii; YAC, young Araucaria cunninghamii;
PC, Pinus caribaea; AR, Agathis robusta; TC, Toona ciliata;

FB, Flindersia brayleyana; NF, natural secondary forest
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and Pinus forest types because of their distance from each

other and the other forest types.

Discussion

Recruitment of plant diversity

Over time, all of the plantations studied have changed from

monocultures to more diverse communities because of the

colonisation of native plant species from the surrounding

rainforest buffers. This makes our experimental design a

hybrid between natural and managed and experimental

community studies, which is both an advantage and a

limitation for exploring the central question of the rela-

tionship between biodiversity and ecosystem function. Its

advantage is that each plantation has experienced different

rates of recruitment within both the overstorey and the

understorey, and this recruitment was driven largely by the

characteristics of the plantation species and stochastic

forces. Different rates of recruitment have subsequently

altered tree densities, overstorey cover and hence micro-

environments. Natural ecosystems are more likely to

acquire diversity in this manner being driven by the fre-

quency and intensity of disturbances and the conditions left

by current or previous species on the site (Connell 1978;

Connell and Slatyer 1977). This arguably makes our study

one of only a few able to assess the function of diversity in

a forest ecosystem that has undergone the complex suc-

cessional dynamics that characterise natural environments

(Vila et al. 2007; Caspersen and Pacala 2001; Troumbis

and Memtsas 2000; Vila et al. 2003; Wardle et al. 1997), as

opposed to an artificially derived system where the species

have been selected and then assembled at the same time.

However, this experimental design is also a limitation,

as the diversity found within these plantations is not an

independent variable, but is instead a function of the pro-

duction rate and nutrient use of the plantation species

themselves. But the five older plantations surveyed have

been growing with different degrees of diversity for more

than 65 years. Therefore, it is probable that the acquired

diversity has been established for long enough that it has

influenced the functioning of these systems.

The highest amount of new plant diversity was found in

the Flindersia and Toona plantations, while much lower

recruitment was recorded in the gymnosperm plantations of

Araucaria and Pinus. The recruitment under the third

gymnosperm species, Agathis, was intermediate between

these two groups. This suggests that the level of recoloni-

sation by native plant species is strongly influenced by the

characteristics of the plantation species. Specifically, the

broad-leafed gymnosperm species (Agathis) showed a

greater level of recruitment than the needle-like gymno-

sperm species (Araucaria and Pinus). Keenan et al. (1997),

Parrotta (1995) and Lugo (1992) found similar results in

studies conducted within tropical forest communities.

Another limitation of our experimental design is that the

Agathis and Toona plantations were thinned (Table 2),

while the Araucaria and Flindersia plantations were not.

This thinning may account for the different levels of bio-

diversity within the overstorey and understorey, particularly

when comparing the two high-production gymnosperm

plantations, Agathis and Araucaria. It may be that the

Agathis plantation has recruited more diversity within both

its overstorey and understorey because of the thinning to

400 trees/ha in 1970 (Table 2). Information is not available,

however, on the amount of timber extracted from these

plantations during thinning. To explore this further we

examined the relationship between the average basal area/

ha and the average stems/ha (all species not just the original

plantation species) found in each forest type using regres-

sion analysis and found that there was no relationship

(R2 = 0.014, P = 0.717, n = 15). We applied the same

regression analysis to data from the Araucaria and Agathis

plantations, but again did not find a significant relationship

(R2 = 0.58, P = 0.078, n = 6). However, the correlation

between the number of stems per ha and the basal area was

high, which suggests that we may have found a significant

result with more data points. Different thinning regimes is
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Fig. 4 Two-dimensional PCA ordination of three normalised envi-

ronmental variables, including soil-available inorganic nitrogen and

phosphorus in the top 20 cm and soil pH in water for all seven forest

types and 21 blocks (% variance explained = 71.6%). AC, Araucaria
cunninghamii; YAC, young Araucaria cunninghamii; PC, Pinus car-
ibaea; AR, Agathis robusta; TC, Toona ciliata; FB, Flindersia
brayleyana; NF, natural secondary forest. The numbers refer to

blocks 1, 2, 3 within each forest type
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an important confounding effect to note, but does not

entirely explain the varying rates of acquisition of diversity

into the overstorey of the plantations.

The biodiversity–productivity relationship

Overall, the differences in the biodiversity–production bal-

ance were strongly related to the productivity of the

plantation species that dominated each multi-species com-

munity. This provides evidence of the potentially influential

role of the ‘‘sampling effect’’ in generating the positive

relationship found within experimental communities (Hu-

ston 1980; Lugo 1992; Wardle et al. 1997). For example,

Wardle (1997) attributed his finding of a negative relation-

ship between plant diversity and production on islands in the

northern boreal forest zone of Sweden to the dominance of

one gymnosperm species, Pinus sylvestris. On islands where

this species predominated, the forest ecosystems were

characterised by increased productivity and reduced plant

diversity. Lugo (1992) compared overstorey and understo-

rey diversity in different tropical tree plantations and natural

secondary forest and also found less production in forests

with greater levels of diversity. He attributed increased

production levels found in low diversity plantations to the

dominance of an especially productive gymnosperm spe-

cies, Pinus caribaea var. morelet.

However, not all studies in natural or managed com-

munities have found a negative relationship between

biodiversity and production. Troumbis and Memtsas

(2000) examined the functional role of diversity in natural

communities in the shrublands of the Mediterranean and

found increasing production with increased biodiversity.

This contrasting relationship might be a consequence of the

generally low soil fertility at these sites. In this case,

additional species may have proven advantageous by

increasing the amount of nitrogen fixed or mobilising

nutrients.

Caspersen and Pacala (2001) and Vila et al. (2007) also

found a positive relationship between species richness and

productivity in forest communities. Caspersen and Pacala

(2001) analysed the extensive United States Service Forest

Inventory and Analysis Database, which comprises data

from across the USA. Unfortunately, their results are

highly confounded as they did not consider environmental

heterogeneity in their analysis. Vila et al. (2007) also used

inventory data from the National Forest Inventory of Spain,

but concentrated on the region within Catalonia. They

overcame the shortcomings of Caspersen and Pacala (2001)

by incorporating differences in environmental conditions,

forest structure and management as explanatory variables

within their analysis. They found that on average forest

plantations with multiple species were 30% more

productive, but the results also suggested that dominant

tree species strongly influenced the level of productivity

that was finally achieved. More specifically, the presence

of deciduous species (Quercus genera) positively affected

the productivity of the forest stand, which they suggest as

evidence of the sampling effect. Vila et al. (2007) also

suggest successional stage, although not considered in their

study, as another possible determinant of the relationship

between diversity and productivity, and that the function-

ing of young plantations may be positively influenced by

increased species richness.

Erskine et al. (2006) analysed an inventory data col-

lected for an Australian federal government initiative

called the Community Rainforest Restoration Program and

also found a positive relationship between production and

increasing species richness. This initiative saw the estab-

lishment of more than 1,782 ha of tropical forest

plantations varying from monocultures to diverse mixtures

on private land in the 1990s. These plantations were

established in the same tropical region as those included in

this study, but are examples of early successional com-

munities when compared to the plantations in this study

that have been growing for over 65 years. It may be the

relationship between diversity and production changes at

the later stages of successional development as suggested

by Vila et al. (2007).

An explanation for the disparity between studies may be

differences in ecological scale. Several reviews have sug-

gested the need for a distinction in the results of studies

within and between communities, particularly communities

defined by different scales of ecological association

(Crawley and Harral 2001; Loreau et al. 2001; Mittelbach

et al. 2001; Naeem and Wright 2003). Two detailed anal-

yses of the literature, Mittelbach et al. (2001) and Waide

et al. (1999), suggested that the nature of the relationship

between biodiversity and production may vary with the

scale of the study undertaken. More specifically, it may

depend on whether the relationship was examined within

communities (small spatial scale) or between communities

(large spatial scale), but there is disagreement as to which

relationship characterises which scale. Mittelbach et al.

(2001) found that the probability of a positive relationship

increased with spatial scale, which may explain the posi-

tive results of Vila et al. (2007) and Erskine et al. (2006);

while Waide et al. (1999) found that the probability of a

hump-shaped positive relationship increased with a larger

spatial scale. Waide et al. (1999) also found that less than

12% of studies pointed to a negative relationship between

diversity and productivity.

The different levels of species diversity that characterise

the communities under investigation may also explain

the nature of these different relationships. Troumbis and

Memtsas (2000) and Vila et al. (2007) investigated
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Mediterranean forest communities, although the study by

Vila et al. (2007) included forests from a more diverse

geographic region, including Mediterranean, sub-Mediter-

ranean, Euro-Siberian and even Boreo-alpine chorology.

Neither study investigated the diversity–productivity rela-

tionship in regions where the potential species pools are as

diverse as in rainforest ecosystems. The negative relation-

ship we found suggests that the relationship between

biodiversity and ecosystem function may not be generalised

across ecosystems or even across forest ecosystems, which

further suggests that the relationship is likely to be influ-

enced heavily by site conditions, including the size of the

species pool, climatic conditions, as well as the spatial scale

chosen. Erskine et al. (2006) studied mixed species planta-

tions in the same tropical region as the present study. The

species richnesses found in the younger plantations studied

by Erskine et al. (2006) were, however, much lower than

those found in the present study (eight as opposed to 17 tree

species). Also, the mixtures of species were planted at the

same time, whereas the acquisition of diversity in this study

was driven by natural processes.

Biodiversity–nutrient availability relationship

Plantations at Wongabel that had acquired a high amount

of native plant diversity in the overstorey also had high

levels of soil nutrient availability, similar to those in the

species-rich natural forest. This finding seems to agree with

the hypothesis of this study, namely that there is a positive

relationship between overstorey biodiversity and nutri-

tional availability. The IER bags are assumed to provide an

indication of nutrient availability in the soil as the resin

exchanges cations and anions with soil water in a similar

manner to tree roots (Binkley 1984; Binkley and Matson

1983; Mo et al. 2003). However, the alternative explana-

tion—that nutritional availability is largely a consequence

of the attributes of the dominant species in each type—also

has some relevance here. There are several pieces of evi-

dence supporting this suggestion. One is the close

relationship between high nutrient availability and a high

relative density of the common understorey plant, Hodgk-

insonia frutescens. The underlying mechanism for this

relationship is not clear, although there seems to be a

stronger relationship between the density of Hodgkinsonia

frutescens and the index of available phosphorus than with

the index of available nitrogen. A second piece of evidence

comes from our analyses of soil nutrient availability and

soil pH (Table 3), which indicated that the conifer-domi-

nated forest types generally had lower levels of nitrogen

and phosphorous than the other forests, and that the genera

with needle-like leaves (Araucaria and Pinus) had lower

levels than the broad-leafed conifer (Agathis).

There are several possible explanations for these

observations. One is that the Araucaria plantations are

more productive than the others, as the basal area was

approximately 1.5 times higher than in most of the other

forest types (Table 1), suggesting that more of the nutrient

capital of the site is stored in this aboveground biomass.

However, the young Araucaria and the young Pinus

plantations, which are fast-growing but are yet to develop

large aboveground biomass also had low soil nutrient

availability levels, like the old Araucaria plantation.

Another explanation concerns the differential quality of

the litters being produced. Since Pinus and Araucaria are

gymnosperm species, the microbial activity and litter

decomposition is likely to be less than in broad-leafed

species, leading to reductions in the availability of phos-

phorus, nitrate and ammonium (Carney et al. 2004;

Hattenschwiler 2005; Tinker 1984). The soil conditions

created by gymnosperm leaf litter have been found to be

deleterious to soil microbial communities, perhaps because

of increased soil acidity (Lugo 1992; Mo et al. 2003). This

was the case in this study, where the soil from both the

young and old Araucaria and the Pinus plantations was

found to be more acidic than that from the other forest

types (Table 3). Lugo (1992) also concluded that differ-

ences in the quality of gymnosperm litter and angiosperm

litter, rather than tree diversity, accounted for the differ-

ences in nutrient cycling between tropical tree plantations

and natural secondary forest.

If the plant diversity within a gymnosperm-dominated

plantation is increased, the availability of nutrients may be

increased. The soil sampled at the Agathis plantation was

found to have a high nitrogen and phosphorus availability,

despite Agathis being a gymnosperm species of similar

stature to Araucaria and also having leaves with waxy

cuticles (Ash 1983; Boland et al. 1997). An obvious dif-

ference between these two forest types was the understorey

of the Agathis plantation, which was found to contain

species that were more characteristic of the natural sec-

ondary forest and the original complex notophyll vine

forest 5b, particularly Hodgkinsonia frutescens (Fig. 3,

‘‘ESM’’). The results do not show the mechanism behind

the increased diversity found within the Agathis plantation.

It may have been driven by the characteristics of the

dominant species or the fact that this plantation was thin-

ned and the Araucaria plantation was not. Prescott (2002)

found that nitrogen levels in the soil increased in canopy

openings, which suggests that thinning operations may

have even increased the availability of soil nutrients ini-

tially, permitting the colonisation of a more characteristic

understorey of the local area.

The results also suggest that the angiosperm-dominated

understorey within the Agathis plantation may have

improved the quality of the leaf litter layer, thus accounting
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for the increased level of available soil nitrogen and phos-

phorus. Hattenschwiler (2005) and Reich et al. (2005) have

noted that this commonly (though not invariably) occurs in

mixtures of litter of conifer and broad-leaved species. Yao

et al.(2000), Carney et al. (2004) and Smith et al. (1998)

also found that differences in plant communities could

affect soil microbial communities and subsequently nutrient

availability indirectly through variations in the type, com-

plexity and amount of organic matter.

The diverse understorey within the Agathis plantation

may have also improved soil nutrient availability because

of differences in rooting morphologies and mycorrhizae,

which have altered the capacity of the community to

explore soil resources and have led to higher soil heter-

ogeneity and increased microbial diversity (Yao et al.

2000; Smith et al. 1998; Carney et al. 2004; Rothe and

Binkley 2001). In a long-term common garden experi-

ment, Reich et al. (2005) found that tree species can affect

the chemistry of soils directly because of varying leaf

litter chemistry and indirectly by affecting the activity of

earthworms. They also found that gymnosperm and

angiosperm species had divergent effects on the soil,

which was driven by varying levels of calcium in the litter

(Reich et al. 2005).

Based on our findings, the relationship between biodi-

versity and ecosystem function is not as straightforward as

originally proposed by Darwin and found in experimental

community studies. If a species-rich tropical forest is

replaced by a species-poor plantation, production and the

sustainability of nutrient cycling will be affected. This will

not be simply because of low species richness, but because

of the characteristics of the species that are present, the

stage of successional development and the history of

management actions. Species such as Araucaria cun-

ninghamii and Hodgkinsonia frutescens were found to have

a significant impact on the functioning of forest plantations.

Plantations established with gymnosperm species such as

Araucaria cunninghamii are likely to have a high level of

production (basal area = 82.5 m2/ha) and a low soil nutri-

ent availability (roughly five times less phosphorus and 2.5

times less nitrogen than the natural forest), possibly

because of the effects the leaf litter has on the resident

microbial and detritivore community. The presence of a

species more indicative of the natural forest, such as

Hodgkinsonia frutescens, in the understorey of a plantation

established using another highly productive gymnosperm

species Agathis robusta (basal area = 68.8 m2/ha) may

improve leaf litter quality, thus contributing to an increase

in soil nutrient availability (5.5 times more phosphorus and

double the nitrogen compared to the old Araucaria

plantation).

Monocultural plantations can be used to successfully

restore some ecological functions if the most appropriate

species are selected and some local biodiversity is present.

Plantations of Toona and Flindersia were found to facili-

tate the recruitment of an increasingly diverse range of

native plant species within the overstorey and understorey

(on average seven and 13 overstorey species per plot,

respectively), while Agathis was found to recruit an un-

derstorey characteristic of the original forest type. These

three plantations were also found to have levels of soil

phosphorus and nitrogen availability comparable to those

of the natural secondary forest. The Araucaria and Pinus

plantations were found to have recruited much lower levels

of native plant diversity within the overstorey and under-

storey (on average 2–4 overstorey species, respectively)

and were also found to have created environments with low

levels of soil nitrogen and phosphorus availability. There-

fore, plantation species that allow for the recolonisation of

native species are also likely to show an increase in the

diversity of organic material within the leaf litter, root

characteristics and ultimately the heterogeneity of the soil,

which in turn will ensure the maintenance of the original

edaphic conditions.
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