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Abstract 31 

 32 

Mixed-species restoration tree plantings are being established increasingly, contributing to 33 

mitigate climate change and restore ecosystems. Including nitrogen (N)-fixing tree species may 34 

increase carbon (C) sequestration in mixed-species plantings, as these species may substantially 35 

increase soil C beneath them. We need to better understand the role of N-fixers in mixed-species 36 

plantings to potentially maximize soil C sequestration in these systems. Here, we present a field-37 

based study that asked two specific questions related to the inclusion of N-fixing trees in a mixed-38 

species planting: 1) Do non-N-fixing trees have access to N derived from fixation of atmospheric N2 39 

by neighbouring N-fixing trees? 2) Do soil microbial communities differ under N-fixing trees and non-40 

N-fixing trees in a mixed-species restoration planting? We sampled leaves from the crowns, and 41 

litter and soils beneath the crowns of two N-fixing and two non-N-fixing tree species that dominated 42 

the planting. Using the 15N natural abundance method, we found indications that fixed atmospheric 43 

N was utilized by the non-N-fixing trees, most likely through tight root connections or organic forms 44 

of N from the litter layer, rather than through the decomposition of N-fixers litter. While the two N-45 

fixing tree species that were studied appeared to fix atmospheric N, they were substantially different 46 

in terms of C and N addition to the soil, as well as microbial community composition beneath them. 47 

This shows that the effect of N-fixing tree species on soil carbon sequestration is species-specific, 48 

cannot be generalized and requires planting trails to determine if there will be benefits to carbon 49 

sequestration. 50 

 51 

 52 

 53 

 54 

Keywords: 15N isotope, Acacia, carbon sequestration, Eucalyptus, nutrient cycling, PLFA. 55 

 56 
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1. Introduction 58 

Afforestation of agricultural land may contribute to carbon sequestration, potentially mitigating 59 

climate change, and restoring of native ecosystems (Guo and Gifford, 2002; Hoogmoed et al., 2012; 60 

Paul et al., 2002). Single-species tree plantations for wood production are among the most common 61 

afforestation systems (Chazdon, 2008; Paul et al., 2002), although restoration plantings, which 62 

contain a mixture of native tree species that are not harvested, are becoming more widely planted 63 

(Cunningham et al., 2012). This is because in addition to their potential capacity to store carbon, 64 

both above- and below-ground, they provide a range of additional ecological benefits (Harrison et al., 65 

2000), including increased habitat for native flora and fauna (Munro et al., 2009) and ecological 66 

stability (e.g. higher resilience to insect pests,  Knoke et al., 2008), and nutrient interception when 67 

planted as buffer strips adjacent to waterways (Burger et al., 2010; Fennessy and Cronk, 1997). 68 

A fundamental question in establishing mixed-species restoration plantings is which species to 69 

plant. One consideration in selecting tree species is whether individual species possess desirable 70 

traits. For example, nitrogen-fixing trees can directly fix atmospheric nitrogen (N) to support partly 71 

or totally their own growth, giving them an advantage over non-N-fixing tree species, especially in N 72 

limited systems (Galiana et al., 1998). Consequently, higher levels of soil C under N-fixing trees have 73 

been attributed to higher growth rates of N-fixing trees and subsequent higher C inputs into the soil 74 

via litter and root exudates (e.g. Resh et al., 2002; Wang et al., 2010). Including N-fixing tree species 75 

in mixed-species restoration plantings may increase and accelerate the carbon sequestration 76 

potential of the ecosystem (Kaye et al., 2000). In addition to increasing soil N (Kaye et al., 2000), 77 

heightened N levels may reduce lignin decomposition (e.g. Berg and Matzner, 1997; Carreiro et al., 78 

2000), further slowing organic matter decomposition and increasing C sequestration (Prescott, 2010). 79 

In mixed-species plantings, N-fixing trees can also facilitate the growth of non-N-fixers. The non-80 

N-fixers may benefit from lowered competition for the available soil N, or they may be able to access 81 

the fixed atmospheric N pool (Forrester et al., 2006) after decomposition of the N-fixers litter (van 82 
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Kessel et al., 1994), through root exudates, or via interconnected mycorrhizal networks between the 83 

trees (He et al., 2003). This facilitative effect of N-fixers on non-N-fixers is important for net primary 84 

production, as well as community development (Siddique et al., 2008) and successional processes 85 

(Chapin et al., 1994; Vitousek and Walker, 1989). Consequently, the inclusion of N-fixers in mixed 86 

species woody plants may have an important impact upon N dynamics in these systems. 87 

The stand-scale consequences of N2-fixation on soil C sequestration are ultimately driven by the 88 

effects of N on soil processes. This may include impacts on soil microbial communities, which play a 89 

key role in  organic matter decomposition (Wardle, 2002). This process is governed by complex 90 

interactions among factors such as litter quantity and quality (nutrient content and chemical 91 

structure), soil microbial community composition and several biotic and abiotic factors (e.g. Prescott, 92 

2010). Soil microbial communities are often found to differ among tree species (Priha et al., 2001), 93 

presumably, due to differences in litter quality and quantity (Bauhus et al., 1998; Hobbie, 1992; 94 

Schweiter et al., 2012). Higher amounts of N in litter and soil under N-fixing trees are likely to have a 95 

major effect on the soil microbial community beneath these trees (Allison et al., 2006). For example, 96 

higher available nitrogen or a lower C:N ratio under N-fixers may favour bacterial over fungal 97 

decomposers (Fierer et al., 2009; Harrison and Bardgett, 2010). Bacteria are generally less adapted 98 

to decompose recalcitrant litter as fungi (Henriksen and Breland, 1999; van der Heiden et al., 2008). 99 

Therefore, increased N levels under N-fixing trees may shift the microbial community towards 100 

bacterial dominance, slowing the rate of decomposition of organic matter and increasing the rate of 101 

soil C sequestration. In contrast, fungal biomass is more recalcitrant and fungi have a higher C 102 

assimilation efficiency compared with bacteria, therefore a shift towards more bacteria could also 103 

result in a reduction of soil C sequestration (Bailey et al., 2002b). 104 

If the potential for N-fixers to increase soil C sequestration in mixed-species afforestation 105 

plantings is to be maximized, we need to better understand the role of N-fixers in these plantings.  106 

An extensive literature exists on interactions between N-fixing and non-N-fixing trees (e.g., Bouillet 107 
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et al., 2013; Forrester, 2014), albeit predominantly in relation to tree growth and wood production 108 

(e.g. Binkley et al., 2003; Parrotta, 1999) but also soil C sequestration (e.g. Kaye et al., 2000) or 109 

nutrient cycling (e.g. Khanna, 1997). However, there is a lack of consensus about how N-fixers and 110 

non-N-fixers interact and what drives differences among studies. Further, little is known about the 111 

impact of N-fixers on soil microbial communities in mixed-species plantings. Here, we present the 112 

results of a field-based study in which we investigated two important aspects of restoration 113 

plantings including both N-fixing and non-N-fixing tree species: 1) the pathways that fixed 114 

atmospheric N takes within the stand and 2) the effect of N-fixers on the soil microbial community. 115 

We asked two specific questions:    116 

1. Do non-N-fixing trees have access to N derived from the fixation of atmospheric N2 by 117 

neighbouring N-fixing trees, in the early development of a tree planting? 118 

2. Do changes in the N dynamics associated with N-fixing trees, result in changes in soil 119 

microbial communities in a mixed-species restoration planting?  120 

To address these questions, we focused on a young (14 yr) mixed-species planting in 121 

southeastern Australia.  122 

  123 
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2. Materials and methods 124 

2.1. Site description 125 

A field study was conducted in November 2011, in a mixed-species restoration planting along Castle 126 

Creek near Euroa (36’86°S, 145’58°E) in northern Victoria, south-eastern Australia. The region has a 127 

temperate climate with an mean annual rainfall of 650 mm, ranging from 30 to 80 mm month-1, 128 

monthly maximum temperatures between 12.3 and 29.7 °C and monthly minimum temperatures 129 

between 4.1  and 15.3 °C (1981 – 2010, Australian Bureau of Meteorology, 2011). The site was 130 

previously a pasture that was replanted in 1997 with a mixture of tubestock seedlings of N-fixing and 131 

non-N-fixing trees. The N-fixers were Acacia dealbata Link., A. implexa Benth, A. melanoxylon R. Br., 132 

and the non-N-fixers were Eucalyptus camaldulensis Dehnh. , E. polyanthemos Schauer, E. 133 

macrorhyncha F. Muell, E. macrocarpa Maiden and various shrubs. Tree density was ca 700 trees ha-134 

1 and basal area was 13.9 m2 ha-1 at the time of sampling. Soil was a Chromosol loam, classified as 135 

Pb1 according to the Australian Soil Classification System (ABARES, 2004), with a mean pH of 5.1. 136 

 137 

2.3. Sampling 138 

The two dominant N-fixing tree species, Acacia dealbata and A. implexa, and the two dominant non-139 

fixing tree species, Eucalyptus camaldulensis and E. polyanthemos, were selected to study N cycling 140 

and soil microbial communities in the restoration planting. Ten trees of each species were randomly 141 

selected within a 1 ha plot, and sampled for soil, litter and fresh leaves. The selected trees covered 142 

the range of DBH (diameter at breast height) of each species within the planting: A. dealbata (14 – 143 

23 cm), A. implexa (7 – 20 cm) E. camaldulensis (9 – 25 cm) and E. polyanthemos (15 – 35 cm). Soil 144 

was sampled from two depth layers (0-10 and 10-20 cm) under the crown of each of the selected 145 

trees, on average 50 cm, and never more than 1 m away from the base of the stem. In the 0-10 cm 146 

layer, four subsamples (ca 100 g) were collected around the stem in different directions and then 147 
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bulked to make one composite sample. In the 10-20 cm layer, two samples (ca 200 g) were collected 148 

to make one composite sample. Given limited differences δ15N among the tree types (see results), 149 

we collected additional soil samples from a large patch of non-N-fixing trees to provide a reference 150 

value for δ15N in soil with negligible influence of N-fixing trees. In June 2013, five soil samples were 151 

collected in the patch from the 0-10 cm layer, which was ca 10 m away from the nearest N-fixing 152 

tree. All soil, from both sampling campaigns was stored immediately at 4 oC for 2 days until further 153 

processing in the laboratory. Soil bulk density samples were taken at both depth layers, under six of 154 

the N-fixers and six of the non-fixers, making sure that trees were spread across the whole sampling 155 

area, following Minoshima et al. (2007).  156 

To assess the presence of fixed atmospheric N in litter and fresh leaves, standing litter was 157 

collected from within a randomly placed 20 cm x 20 cm quadrat underneath the crown of each tree, 158 

within 1 m of the base of the stem. Representative samples of fully-expanded leaves were collected 159 

from each tree from four locations in the crown: at two randomly selected sides of the tree and at 160 

two heights (from the lowest branches and up to 10 m) using pruning shears on an extension pole.  161 

 162 

2.4. Sample processing 163 

Soil samples were passed through a 2 mm sieve. A subsample was frozen immediately at -20 °C for 164 

phospholipid fatty acid (PLFA) analysis (see below). Soil moisture was determined by drying a 165 

subsample of ca 10 g moist soil samples at 105 oC for 48 h.  166 

All remaining soil was air-dried, and a subsample was ground to a fine powder using a mill 167 

and analysed for total C and total N, and the δ15N value and pH. Values of δ15N are defined as the 168 

ratio between 15N and 14N isotopes in the sample, and are used to trace the fate of N in ecosystems 169 

(Robinson, 2001). Elemental and isotope analysis was done using dry combustion in an ANCA GSL 2 170 

elemental analyzer (Sercon Ltd., UK), coupled to a Hydra 20-22 isotope ratio mass-spectrometer 171 
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(Sercon Ltd., UK). The precision for 15N is 0.1‰. Please note: total C and total N means per tree type 172 

(i.e. the species grouped as N-fixing and non-N-fixing) were published previously in Hoogmoed et al. 173 

(2014). The pH of the air dried soil was measured in a 1:5 soil water slurry using a TPS WP-81 pH, 174 

TDS,Temperature & Conductivity Meter (EnviroEquip Biolab, Australia). 175 

 Bulk density samples were dried at 105 °C for 48 h. Stones were retained to estimate stone 176 

volume in each sample using displacement of water in a measuring cylinder. Bulk density was 177 

calculated by dividing the oven-dried soil mass by the steel cylinder volume less the stone volume. 178 

To compare soil microbial communities among the tree species, phospholipid fatty acid 179 

(PLFA) analysis following the procedures of Bossio et al. (1998) with slight modifications (Mosse et al., 180 

2012). PLFA analysis was performed on the 0-10 cm soil layer only, as we assume  that microbial 181 

activity is most predominant in this soil layer (e.g., Fierer et al., 2003; Hossain et al., 1995). 182 

 Briefly, PLFAs were extracted from 4 g freeze dried, grinded soil samples, using a solvent 183 

containing citrate buffer (0.15 M, pH 4.0), chloroform and methanol, followed by transesterification 184 

of the polar lipid fraction containing the phospholipids. Separation of PLFAs was done using gas 185 

chromatography (30 m (5%-phenyl)-methylpolysiloxane column (Varian CP 3800)). Peaks were 186 

identified and quantified by comparing with Supelco Bacterial Acid Methyl Ester (BAME) standard 187 

mix (product number 47080-U, Supelco, USA). Nomenclature of PLFAs followed that of Frostegård 188 

and Bååth (1996).  189 

Litter and fresh leaves were oven dried at 60 °C for 48 hr. Identifiable leaves of the tree 190 

species under which the sample was taken were removed from the bulk sample for analysis of the 191 

species-specific leaf litter. The remaining litter and the species-specific leaf-litter were then ground 192 

to powder with a biomass grinder (IKA, Malaysia). Small subsamples (ca. 5 mg) of the species-specific 193 

leaf-litter were used for total C, total N and δ15N analysis. The remaining species-specific leaf-litter 194 

was returned to the main litter sample and analysed to obtain total C, total N and δ15N for the whole 195 

litter sample. Fresh leaves were also ground and analysed for C, N and δ15N. 196 
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 197 

2.5. Statistical analysis 198 

All statistical analyses were performed using the statistical software R (version 3.0.0., R Core 199 

Team, 2013). To trace the fate of atmospheric N (δ15N), total C, total N and C:N ratio in the 200 

restoration planting, the effects of tree type (Acacia dealbata and A. implexa pooled as ’N-fixers‘ and 201 

Eucalyptus camaldulensis and E. polyanthemos pooled as ’non-N-fixers‘) was analysed by a nested-202 

analysis of variance (ANOVA), with tree species nested in tree type, for each sample type separately. 203 

Paired t-tests were performed to test differences among species. Differences in δ15N, total C, total N 204 

and C:N ratio among sample types within a tree species were analysed by one-way-ANOVA. For the 205 

one-way-ANOVA of total C and total N content of the sample types, the analysis only included leaves, 206 

species-specific litter and litter, because of different measurement units used for the  soil C and N 207 

stocks (t ha-1) compared with the leaves and litter (%). For δ15N and C:N ratio, all sample types were 208 

compared. Results for total C and total N content in the 0-10 cm and 10-20 cm soil layer have been 209 

reported previously in Hoogmoed et al. (2014) but are included in the results section for 210 

completeness. 211 

Non-metric multidimensional scaling (NMDS) was performed using the metaMDS function 212 

within the vegan package (Oksanen et al., 2013) to explore dissimilarities in PLFA communities 213 

among tree types and tree species. PLFAs with a concentration of less than 0.1 mg L-1 were 214 

considered absent. Only PLFAs detected in more than 4% of the samples were included in the 215 

analysis and some of the PLFAs were excluded when also found in the blank samples. In total, 16 216 

PLFAs were used in analysis. The PLFA data were first normalized by sample mass and then range 217 

standardized, scaling values between 0 and 1. The dissimilarity in PLFA communities among the 218 

samples was estimated using the Bray–Curtis metric (Bray and Curtis, 1957). Analysis of dissimilarity 219 

was performed using the adonis function within the vegan package, to test whether PLFAs were 220 

significantly dissimilar between N-fixers and non-N-fixers, and among the individual tree species. To 221 
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determine which environmental variables explained most of the variation in microbial community 222 

composition beneath trees, we used the envfit function in the vegan package. Vectors of variables 223 

that were significantly correlated (P < 0.05) and explained more than 50% of the variation (R2 > 0.50) 224 

in the microbial communities were plotted on the NMDS ordination (Figure 1). The following 225 

environmental variables were included in the analysis from the 0-10 cm soil layer: PMN, NH4
+, NO3

- 226 

and total mineral N (NH4
+ + NO3

-, as reported in Hoogmoed et al. (2014), Table S2, site R1), soil 227 

moisture, total N, total C, C:N ratio, pH and total amount of PLFA.  228 

The fungal-to-bacterial ratio (F:B ratio) was calculated using the PLFA marker 18:2ω6,9c, as 229 

an indicator of fungal biomass, and the sum of PLFA markers i15:0, a15:0, i16:0, i17:0, 17:0cy, 17:0 230 

and 19:0cy as an indicator of total bacterial biomass (Frostegård and Bååth, 1996). Differences in F:B 231 

ratio, total PLFA and  individual PLFAs were tested using the same nested-ANOVA design as 232 

described above. Pearson correlation analysis was used to test relationships between F:B ratio and 233 

C:N ratio, total C and total N, and between total fungal PLFA and C:N ratio, total N and total C, in the 234 

0-10 cm soil layer.  235 
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3. Results 236 

3.1. Nitrogen cycling  237 

There were no significant differences (P < 0.05) in the δ15N values between tree types (N-fixers and 238 

non-N-fixers) for any of the sample types (leaves, species-specific litter, litter, 0-10 cm soil layer and 239 

10-20 cm soil layer, Table 1). However, there were significant differences in δ15N value of the soil 240 

(both 0-10 and 10-20 cm soil layers) among tree species within tree type (P < 0.01, Table 1). Soil 241 

underneath A. dealbata had a significantly higher δ15N value compared with the other tree species in 242 

the 0-10 cm soil layer (P ≤ 0.03). In the 10-20 cm soil layer, δ15N under A. implexa was significantly 243 

higher compared with A. dealbata and E. camaldulensis (P ≤ 0.02).    244 

The δ15N values of the different sample types were significantly different in all tree species (P 245 

< 0.01, Table 1). Acacia dealbata, A. implexa and E. camaldulensis showed no significant differences 246 

among leaves, species-specific litter and litter, but these were significantly lower compared with the 247 

δ15N value of the soil, in both depths (P ≤ 0.01). Eucalyptus polyanthemos showed a significantly 248 

lower δ15N value in the species-specific litter compared with the leaves and litter (P ≤ 0.01).  249 

 The δ15N value of  soil that was sampled at a later time, as far away as possible from any N-250 

fixing trees, was higher (6.1 ± 0.32) than under the N-fixing (4.97 ± 0.22) and non-N-fixing (4.75 ± 251 

0.12) trees that were grown closer together. As these samples were collected at different times, the 252 

difference between the values should be treated as an indication of relative difference rather than 253 

an absolute difference. 254 

Total N content was higher in leaves and litter of the N-fixing trees compared with the non-255 

N-fixing trees. However, a species within tree-type effect was also found for leaves, litter and both 256 

soil layers (Table 3). In leaves and species-specific litter, total N content was significantly higher in E. 257 

camaldulensis compared with E. polyanthemos (P < 0.01).  In the soil layers, total N content was 258 

significantly higher under A. dealbata compared with A. implexa (P < 0.01).  259 
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Comparing total N concentration among leaves, species-specific litter and litter (soil was not 260 

compared as the units differed, see Materials and Methods) for each tree species, showed 261 

significant differences among sample types for all tree species (P < 0.01). Leave N content was 262 

significantly higher compared with litter N content, for all species (P ≤ 0.03). Species-specific litter N 263 

content was significantly lower compared with leaves for A. dealbata, A. implexa and E. 264 

polyanthemos (P ≤ 0.01), and significantly lower than litter underneath E. polyanthemos (P < 0.01).  265 

 266 

3.2. Carbon 267 

There were no differences in total C content between N-fixers and non-N-fixers for any of 268 

the sample types (Table 3). However, species within tree-type effects were found for species-specific 269 

litter, and both soil layers. Carbon content was higher in samples of A. dealbata compared with A. 270 

implexa. However post-hoc testing revealed that for species-specific litter, this difference was only 271 

marginal compared with A. implexa (P = 0.051). There was no difference in C content among samples 272 

of the non-N-fixing species. 273 

There were no significant differences in C content between leaves and species-specific litter, 274 

for any of the tree species, but litter had a significantly lower C content compared with leaves for all 275 

species (P ≤ 0.05 ) except for E. polyanthemos (P = 0.17).  276 

 277 

3.3. C:N ratio  278 

The C:N ratio was significantly lower in litter under  N-fixing trees compared with the non-N-fixing 279 

trees (P ≤ 0.02, Table 3). A species within tree type effect was found for all sample types except litter 280 

(P = 0.73, Table 3). The C:N ratio was significantly higher in E. polyanthemos compared with E. 281 

camaldulensis in all sample types (P ≤ 0.04)  expect litter (P = 0.64). Between the N-fixing trees, the 282 
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C:N ratio was only significantly higher in the 0-10 cm soil layer under A. implexa compared with A. 283 

dealbata (P < 0.01, Table 4).  284 

  There were several differences the C:N ratio among sample types within each tree species. 285 

Leaves, species-specific litter, litter and soil had significantly different C:N ratios for A. dealbata and 286 

A. implexa. Soil under both non-N-fixing species had a significantly lower C:N ratio compared with 287 

the rest of the sample types (P < 0.01). The C:N ratio in litter of E. camaldulensis was significantly 288 

higher compared with leaves (P < 0.01), but litter and leaves did not differ significantly from species-289 

specific litter (P = 0.96). For E. polyanthemos, the C:N ratio  of leaves and litter did not differ, but it 290 

was significantly higher in species-specific litter. 291 

 292 

3.4. Soil microbial community 293 

Soil microbial community composition, measured using PLFAs, did not differ significantly under N-294 

fixing and non-N-fixing trees (P = 0.08, Figure 1). Among all soil samples irrespective of tree type, 295 

total PLFA concentration explained most of the variation in microbial communities (R2 = 0.84, P < 296 

0.01) followed by total C and total N content of the soil (P < 0.01, R2 = 0.54 and P < 0.01, R2 = 0.51 297 

respectively). Comparing individual tree species, soil microbial communities under A. dealbata were 298 

significantly different compared with the other three tree species (P ≤ 0.02).  299 

Among the individual PLFAs, no significant differences were found between the N-fixing and 300 

non-N-fixing species. Several PLFAs showed a species within tree type effect. Generally, we found 301 

that most of the PLFAs were more abundant under A. dealbata than A. implexa and E. camaldulensis, 302 

whereas the amount of PLFA under E. polyanthemos was intermediate between them (Table 6). This 303 

trend was also reflected in the total amount of PLFA (Table 6). The fungal-to-bacterial (F:B) ratio did 304 

not differ between N-fixers and non-N-fixers (P = 0.64, Table 5), but some difference among the 305 

species was found. The F:B ratio was significantly lower under A. dealbata compared with A. implexa 306 

(P = 0.03) , but neither differed significantly from the non-N-fixers. Ignoring tree type and species, 307 
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there was a significant but very weak positive correlation (R2 = 0.16, P = 0.01) correlation between 308 

C:N ratio and F:B ratio of all samples, whereas no correlation was found between F:B ratio and total 309 

N (R2 = -0.02 , P = 0.57), or total C (R2 = -0.03, P = 0.93). Total fungal PLFA was not correlated with C:N 310 

ratio (R2 = -0.02, P = 0.68) but weakly positively correlated to total N (R2 = 0.29, P < 0.01) and total C 311 

(R2 = 0.34, P < 0.01).  312 

   313 
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4. Discussion 314 

There were indications that the N fixed by the N-fixing trees was redistributed and utilized 315 

by the non-N-fixing trees. Overall, there was a strong species effect within the N-fixing tree types, 316 

whereas the non-N-fixing species were more similar to each other. Characterization of the soil 317 

microbial community showed no differences among the N-fixers and the non-N-fixers, but some 318 

differences in communities under different tree species.  319 

 320 

4.1. Nitrogen cycling 321 

The total amount of N in the leaves and total litter of N-fixing trees was significantly higher than 322 

that of non-N-fixing trees (Table 3). In addition, total N content of the soil was significantly higher 323 

under A. implexa, compared with the other tree species (Table 4). Similarly, δ15N value was 324 

significantly higher in both soil layers under A. implexa compared with the other tree species (Table 325 

2). Values of δ15N in soil and leaves found here  were higher compared with other studies in south 326 

eastern Australia (-2 ‰ to 3 ‰, Forrester et al., 2007; May and Attiwill, 2003) but are within the 327 

range of values reported globally (-7 ‰ to 15 ‰, Pörtle et al., 2007; Roggy et al., 1999; Shearer and 328 

Kohl, 1986). The other studies in Australia measured rotational plantations, whereas our site had 329 

been pasture for many decades prior to planting. Use of fertilizer and/or livestock manure in the 330 

previous pasture may have increased the initial soils’ δ15N values (Watzka et al., 2006).  331 

Atmospheric N has a δ15N value of 0 ‰, whereas N pools in the soil have a higher δ15N value 332 

(between 5 – 6 ‰ at this site). Therefore, we expected to find a lower (diluted with atmospheric N) 333 

δ15N value in leaves and species-specific litter of the N-fixing species (and the soils below them) 334 

compared with the non-N-fixing species.  However, we found no significant difference in δ15N values 335 

between the N-fixing and non-N-fixing trees (Table 1). Several possible mechanisms could explain 336 

this finding.  As available N content was low in the soil at this site (Hoogmoed et al., 2014), the non-337 
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N-fixing tree species may be able to take up organic forms (‘unavailable’) of N from the litter layer 338 

(Averill and Finzi, 2011; Schimel and Bennett, 2004), which has a significantly lower  δ15N value 339 

compared with the soil (Table 2). Another explanation could be that the N-fixing tree species are not, 340 

or only at low rates, fixing atmospheric N due to low available phosphorus (e.g., Batterman et al., 341 

2013). The N-fixing and non-N-fixing trees would then share the same primary N source (e.g. bulk 342 

soil or organic N from the litter layer) and this could explain the similar values of δ15N in leaves and 343 

species-specific litter. However, it could also be that the non-N-fixing trees have access to the N that 344 

was fixed from the atmosphere by the N-fixing trees. To explore if the δ15N signature measured 345 

under both tree types was a result of fixed atmospheric N, we collected soil from a large patch of 346 

non-N-fixing trees assuming there was negligible influence of N-fixing trees. The δ15N value of this 347 

reference soil, was indeed higher (6.1 ‰) compared with when both tree types were growing close 348 

together. While these samples were collected at a later time, the results suggests that the lower 349 

value of δ15N in soil under both tree types is associated with similar access to fixed atmospheric N 350 

from the N-fixing trees.  351 

Fixed atmospheric N can be redistributed in ecosystems and acquired by non-N-fixers through a 352 

number of possible pathways (Figure 2). The most commonly suggested pathway (Figure 2, pathway 353 

1-2-3) is via the bulk soil pool that contains atmospheric N released from decomposed N-fixer litter 354 

and dead roots (e.g. Forrester et al., 2006; May and Attiwill, 2003; van Kessel et al., 1994). If the non-355 

N-fixing trees at the site took up N primarily from the bulk soil, the δ15N value of their biomass would 356 

be more similar to the δ15N value of the soil, whereas the δ15N value of the N-fixers biomass would 357 

be more similar to that of the atmosphere (0‰, Shearer and Kohl, 1986). However, as the δ15N value 358 

in leaves of both N-fixers and non-N-fixers were similar and significantly lower than that of the soil, 359 

this suggests the non-N-fixing trees were not taking N solely from the bulk soil. We propose the non-360 

N-fixing trees may have been able to access the fixed atmospheric N pool directly after it has been 361 

fixed by the N-fixers and before is cycled through the tree biomass and to the soil through 362 

decomposing litter (Figure 2, pathway 1-4). The roots of the N-fixers and non-N-fixers may be closely 363 



17 
 

connected, physically or possibly by mycorrhizal fungi (He et al., 2003), so when N-fixers roots slough 364 

cells that are mineralized, the non-N-fixer rapid takes up the newly fixed mineral N. With such tight 365 

N cycling, these small-scale rhizosphere processes may not reduce the δ15N of the bulk soil. Similarly, 366 

in another study, in the first three years after planting, a significantly higher concentration of N was 367 

found in fine roots of Eucalyptus when grown together with Acacia than when grown in 368 

monoculture, suggesting that N transfer was occurring belowground before litter was input to the 369 

soil (Khanna (1997). 370 

15N natural abundance studies are complicated due to isotopic fractionation processes that 371 

occur during the (biochemical) cycling of N in the system (Robinson, 2001), which can mask 372 

differences in N sources among the tree species. Our experimental design allowed us to examine the 373 

pathways of fixed N but not to quantify the amount of fixed N in a mixed-species planting. Isotopic 374 

fractionation has been observed during biochemical N cycling processes in the soil (e.g. Templer et 375 

al., 2007), as well as during uptake by plants and allocation to different plant tissues (e.g. Gathumbi 376 

et al., 2002). However, it is often hypothesized that in soils with low available N, such as our planting 377 

(8.6 kg ha-1 in the 0-20 cm soil layer, Hoogmoed et al., 2014), little to no fractionation during N 378 

uptake by plants takes place, as the plants will utilize all available N sources, irrespective of their 379 

isotopic composition (Högberg et al., 1996). Furthermore, we assume that possible differences in 380 

fractionation during translocation within the tree, among different tree species will be negligible.  381 

The mycorrhizal status of a plant can also cause fractionation and affect the δ15N of its biomass 382 

(Högberg et al., 1996; Zeller et al., 2007). Acacia and Eucalyptus species form symbiotic relationships 383 

with both arbuscular (Adjoud-Sadadou and Halli-Hargas, 2000; Birhane et al., 2013; Chilvers et al., 384 

1987) and ectomycorrhizal fungi (Chilvers et al., 1987; Diagne et al., 2013; Jumpponen et al., 2004). 385 

Many mycorrhizal fungi are not host-specific, and different tree species within a forest often have 386 

associations with the same species of mycorrhizal fungi (He et al., 2003). To our knowledge, the 387 

exact species of mycorrhizal fungi that may colonize the study tree species are unknown or whether 388 
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they are host specific. The possibility of different rates of isotopic fractionation due to association 389 

with different mycorrhizal fungi species is possible. 390 

Resorption of N from leaves during senescence was not significant for N-fixers and non-N-fixers 391 

based on comparison of concentration of total N in leaves and species-specific litter (Table 3). 392 

However, N concentration was significantly lower in species-specific litter than leaves in A. implexa 393 

only, indicating significant resorption of N. Values of δ15N were slightly lower in the species-specific 394 

litter compared with leaves for both N-fixing and non-N-fixing tree types suggesting some 395 

fractionation of δ15N during senescence. In contrast, in 10-year-old mixed-species plantation, a 396 

significantly lower δ15N in litter compared with leaves was found in Acacia mearnsii but not the co-397 

occurring Eucalyptus globulus Forrester et al. (2007). These species-specific responses underline the 398 

importance of measuring δ15N in leaves, litter and soil, when studying the cycling of fixed N in forest 399 

systems. Here, the δ15N value of the total litter, which contained litter inputs from various 400 

surrounding tree species, was not significantly different among the tree types or tree species, so the 401 

soil under each tree species received litter with the same δ15N value. The higher δ15N value of the 402 

total litter pool compared with the species-specific litter, although only significant for E. 403 

polyanthemos, may be because in addition to the leaves, the total litter pool includes twigs, bark 404 

and pods, which can have a higher δ15N value (Ståhl et al., 2005; Templer et al., 2007) and different 405 

decomposition rates. 406 

While not statistically significant, the δ15N value in the leaves among some of the tree species 407 

differed. The δ15N value of E. camaldulensis was higher (but not significantly, P = 0.11) than that of A. 408 

dealbata. This could indicate that the N pool accessed by E. camaldulensis contains less 409 

atmospherically-fixed nitrogen compared with A. dealbata. Interestingly, soils beneath A. dealbata 410 

had a significantly higher δ15N value compared with the other tree species, despite no differences in 411 

litter δ15N inputs. This could point to lower litter inputs into the soil under A. dealbata, which would 412 

cause less dilution of the soils δ15N value (i.e. a higher δ15N value compared with the other tree 413 

species). However, we found that soil underneath A. dealbata contained almost double the amount 414 
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of total C and total N, compared with the other tree species, which indicates either higher litter 415 

and/or root inputs or lower uptake of these nutrients, and would cause a lower δ15N value under A. 416 

dealbata. One potential explanation is rapid nitrogen cycling under A. dealbata, which was found at 417 

this site (Hoogmoed et al., 2014) and is common under N-fixing trees  (e.g. Boyle et al., 2008; Kaye et 418 

al., 2000). Many N-cycling processes discriminate against the heavier 15N isotope and use the lighter 419 

14N. This results in higher levels of 15N in the soil, as the 14N-enriched end products are more prone 420 

to leave the soil via plant uptake, leaching or volatilization (Pörtle et al., 2007; Templer et al., 2007).  421 

Taken together, our results suggest that there was facilitation by N-fixers by supplying N to non-422 

N-fixers in this relatively young tree planting. Likely pathways by which the non-N-fixing trees 423 

acquired this newly fixed N include  through root interactions between the tree types or via 424 

utilization of organic forms of nitrogen from the litter layer, instead of indirectly from decomposed 425 

litter inputs, or decreased competition for soil available N. This means that even in a dry climate 426 

where litter decomposition is a slow process (as was the case at our study site, ca. 600 mm yr-1), the 427 

inclusion of N-fixing trees in a mixed species forest may provide fast, short-term benefits in terms of 428 

N supply to non-N-fixing trees.   429 

 430 

4.2. Microbial communities 431 

Overall, the soil microbial community composition, as measured by PLFAs, was not significantly 432 

different under N-fixing and non-N-fixing trees (P = 0.07, Figure 1). To our knowledge, few studies 433 

have compared microbial communities under N-fixing and non-N-fixing tree species (Bini et al., 2013; 434 

Boyle et al., 2008) but some insights have been gained. Similarly, there was no difference in 435 

microbial community composition between the non-N-fixing Pseudotsuga menziesii (Douglas fir) and 436 

N-fixing Alnus rubra (red alder) trees in forest of north-western North America (Boyle et al. (2008) or 437 

in microbial biomass C or N under Acacia mangium compared with Eucalyptus grandis in a 20-438 
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month-old mixed-species planting in Brazil (Bini et al., 2013). However, there was significantly more 439 

dehydrogenase enzyme activity under A. mangium than E. grandis, suggesting some differences in 440 

the microbial community composition or activity underneath these N-fixing and non-N-fixing tree 441 

species Differences in microbial community have been in ecosystems invaded by exotic N-fixers, 442 

which may have a larger effect on the microbial community than native species (e.g Allison et al., 443 

2006; Lorenzo et al., 2010; Remigi et al., 2008). 444 

Regardless of tree species, any difference in microbial community among the soil samples 445 

from our site was most strongly correlated (R2 > 0.5) with total amount of PLFA, followed by total C 446 

and total N in the 0-10 cm soil layer (Figure 1). Increasing amounts of total C and N indicate 447 

increasing amounts of organic substrate for microbial growth (i.e., total amount of PLFA), which has 448 

been found in previous studies to be correlated with microbial biomass C (Bailey et al., 2002a; 449 

Potthoff et al., 2006).  450 

Although no differences in microbial communities were found under N-fixer and non-N-451 

fixers, some differences were found at the species level. The soil microbial community in soil under A. 452 

dealbata trees was significantly different to that of the other tree species (P ≤ 0.02, Figure 1). 453 

Furthermore, the amount of several specific PLFAs were significantly higher under A. dealbata (Table 454 

6), contributing to the significantly higher total amount of PLFA underneath A. dealbata compared 455 

with the other tree species. The higher amounts of PLFA under A. dealbata further support the 456 

mechanism of higher nutrient cycling rates (i.e. higher microbial activity due to larger microbial 457 

population) which may accelerate 15N fractionation processes and explain the high δ15N value of the 458 

soil under A. dealbata. 459 

We hypothesised a decrease in the F:B ratio under N-fixing trees due to increased levels of 460 

soil N (Rachid et al., 2013), as N content of the soil is often negatively correlated with F:B ratio in 461 

forest ecosystems (Högberg et al., 2007). However, there was no difference in F:B ratio between N-462 

fixing and non-N-fixing trees, or among individual tree species at the site. Regardless of tree type or 463 
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species, no correlation was found between F:B ratio and total N (R2 < 0.01), total C (R2 < 0.01) or C:N 464 

ratio (R2 = 0.16). A meta-analysis found a positive correlation between F:B and C:N, but only when 465 

the C:N ratio was higher than 18.4 (Waring et al., 2013). The C:N ratio in our soils was lower and the 466 

small range of C:N ratios (11.0 – 15.5) may not have provided sufficient spread in the data to detect 467 

a relationship between these factors. Total fungal PLFA was slightly better correlated to total C and 468 

total N (P < 0.01, R2 = 0. 34 and 0.29 respectively). While the amount of PLFA is a proxy for microbial 469 

biomass, and should only cautiously be considered for microbial activity, our results may correspond 470 

to Bailey et al. (2002b), who found that fungal activity rather than F:B ratio was positively correlated 471 

with soil C. 472 

  473 
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5. Conclusion 474 

The results presented here suggest that even in a young planting in a dry environment (< 800 mm yr-475 

1) where litter decomposition is slow, N-fixers may play an important role in facilitation of non-N-476 

fixing trees. Possible pathways by which non-N-fixing trees could take up newly fixed N include 477 

direct below-ground exchange of fixed atmospheric N from N-fixing trees to the non-N-fixing trees, 478 

or via the uptake of organic forms of N from the litter layer, instead of via the slower process of 479 

decomposition of litter from N-fixers. While both N-fixing tree species appeared to fix atmospheric N, 480 

they were substantially different in terms of C and N addition to the soil, as well as microbial 481 

community composition. Acacia dealbata had significantly higher levels of soil C and N and a larger 482 

microbial mass compared with the other N fixer A. implexa. This shows that the effect of N-fixing 483 

tree species on soil carbon sequestration is species-specific, cannot be generalized and requires 484 

planting trails to determine if there will be benefits to carbon sequestration.  485 

 486 

  487 
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Figures  711 

 712 

Figure 1. Non-metric multidimensional scaling (NMDS) ordination of range standardized PLFAs from 713 

surface (0-10 cm) soil samples under different tree species. : A. dealbata, : A. implexa,  : E. 714 

camaldulensis, : E. polyanthemos . Stress value was 0.07. Figure contains only significant vectors 715 

that explain more than 50% of the variation. Vector length represents the relative magnitude of 716 

explained variation and the direction indicates that of a positive increase.  717 

 718 

Figure 2. Possible pathways of fixed nitrogen (N) cycling in a mixed-species forest.  719 

1) On the left, atmospheric N is fixed by N-fixing bacteria in the root nodules of N-fixing trees (e.g. 720 

Acacia spp). 2) The fixed N is used by the N-fixing trees for biomass production and is transported to 721 

various tree tissues. 3) After leafs are shed and decomposed the fixed N is included in the soil N pool 722 

underneath the canopy of the N-fixing trees. 4) Non-N-fixing trees (e.g. Eucalyptus spp) can take up 723 

this fixed N from the soil N pool. 5) Alternatively, the non-N-fixing trees may extend their roots to 724 

closely intertwine with the N-fixing trees’ roots. Any fixed N that is released by the N-fixers’ roots via 725 

root exudates or after root death and subsequent N mineralization, is taken up directly by the non-726 

N-fixing trees. 6) After leaf abscission of the non-N-fixing trees and subsequent decomposition of 727 

litter and dead roots, the soil pool underneath the non-N-fixing trees will contain atmospherically 728 

fixed N, 7) which the non-N-fixing trees can again take up. 729 
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Tables 730 

 731 

Table 1.  Nested- and one-way-ANOVA results, comparing δ15N (‰) value. Nested ANOVAs were 732 

performed on tree types and tree species nested within tree type, separate for each sample type: 733 

leaves, species-specific litter, litter, soil 0-10cm and soil 10-20 cm. One-way-ANOVA were  performed 734 

among sample types, separate for each tree species: Acacia dealbata, A. implexa, Eucalyptus 735 

camaldulensis and E. polyanthemos. A significant (P < 0.05) difference is indicated by an asterisk (*). 736 

 737 

 738 

Table 2. Means ± standard errors of δ15N (‰) in the leaves, species-specific litter, litter, 0-10 cm and 739 

10-20 cm soil layer of the individual tree species. Different letters indicate a significant difference (P 740 

< 0.05) among tree species (N = 10, compare letters horizontally). 741 

 742 

 743 

Table 3. Nested- and one-way-ANOVA results, comparing total N (%), total C (%) and C:N ratio. 744 

Nested-ANOVA is performed on tree types and tree species nested within tree type, separate for 745 

each sample type: leaves, species-specific litter, litter, soil 0-10cm and soil 10-20 cm. One-way-746 

ANOVA was performed among sample types, separate for each tree species: Acacia dealbata, A. 747 

implexa, Eucalyptus camaldulensis and E. polyanthemos. A significant (P < 0.05) difference is 748 

indicated by an asterisk (*). N.b. One way-analysis for sample type comparing Total N and Total C 749 

does not include contents in the 0-10 and 10-20 cm soil layers, as these could not be compared due 750 

to different measurement units. 751 

 752 
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Table 4. Means and standard errors of total N and total C and C:N ratio in the leaves, species-specific 753 

litter, litter, 0-10 cm and 10-20 cm soil layer of the individual tree species.  Different letters indicate 754 

a significant difference (P < 0.05) among tree species (N = 10, compare letters horizontally). 755 

 756 

 757 

Table 5. Nested-ANOVA results, comparing individual PLFAs, total PLFA and Fungal-bacterial ratio, 758 

between tree types and species nested within tree type. A significant (P < 0.05) difference is 759 

indicated by an asterisk (*). 760 

 761 

 762 

Table 6. Means (µg g-1 dry soil) and standard error of PLFAs and fungal-to-bacterial ratio in the 0 - 10 763 

cm soil layer under the individual tree species. Different letters indicate a significant (P < 0.05) 764 

difference among the tree species (N = 10, compare letters horizontally).  765 

 766 



Table 1. 

 test F P 

Sample type    

Leaves Tree type 
Tree type (species)   

7.50 
0.32 

0.11 
0.73 

Species-specific litter Tree type 
Tree type (species)   

0.26 
0.92 

0.66 
0.41 

Litter Tree type 
Tree type (species)   

0.29 
1.77 

0.65 
0.18 

Soil 0-10 cm Tree type 
Tree type (species)   

0.14 
7.38 

0.75 
< 0.01* 

Soil 10-20 cm Tree type 
Tree type (species)   

0.01 
12.5 

0.93 
< 0.01* 

Species    

A. dealbata Sample type 53.0 < 0.01 * 

A. implexa Sample type 9.64 < 0.01 * 

E. camaldulensis Sample type 36.2 < 0.01 * 

E. polyanthemos Sample type 45.8 < 0.01 * 

 

 

 

 



Table 2. 

 

 

Sample type 

Acacia 

dealbata 

Acacia 

implexa 

Eucalyptus 

camaldulensis 

Eucalyptus 

polyanthemos 

Leaves 1.87 ± 0.23 a 2.06 ± 0.66 a 2.85 ± 0.41 a 2.41 ± 0.28 a 

Species-specific 

litter 

1.54 ± 0.28 a 1.31 ± 0.66 a 2.00 ± 0.21 a 1.25 ± 0.34 a 

Litter 2.28 ± 0.37 a 1.86 ± 0.46 a 1.88 ± 0.26 a 2.75 ± 0.31 a 

Soil 0-10 cm 5.55 ± 0.29 a 4.39 ± 0.22 b 4.83 ± 0.18 b 4.67 ± 0.16 b 

Soil 10-20 cm 5.80 ± 0.27 a 4.17 ± 0.28 c 4.98 ± 0.22 b 5.15 ± 0.13 ab 

 



Table 3. 

 

  Total N Total C C:N ratio 

 Test F P F P F P 

Sample type        

Leaves (%) Tree type 

Tree type (species)   

33.7 

4.36 

 0.03* 

0.02* 

1.63 

0.25 

0.33 

0.78 

17.0 

6.00 

0.05 

<0.01* 

Species-specific 

litter (%) 

Tree type 

Tree type (species)   

11.0 

4.90 

0.08 

0.01* 

< 0.01 

3.40 

0.97 

0.04* 

5.18 

16.9 

0.15 

< 0.01* 

Litter (%) Tree type 

Tree type (species)   

26.8 

0.62 

0.04* 

0.54 

0.14 

0.11 

0.74 

0.90 

41.7 

0.32 

0.02* 

0.73 

Soil 0-10 cm  

(t ha-1) c 

Tree type 

Tree type (species)   

1.05 

17.3 

0.41 

< 0.01* 

0.97 

14.0 

0.43 

< 0.01* 

0.69 

6.73 

0.49 

< 0.01* 

Soil 10-20 cm  

(t ha-1) c 

Tree type 

Tree type (species)   

1.23 

5.17 

0.38 

0.01* 

0.18 

4.64 

0.71 

0.02* 

4.77

3.89 

0.16 

0.03* 

 

Tree type 

       

A. dealbata Sample type 18.2 < 0.01 * 5.18 0.01 * 37.5 < 0.01 * 

A. implexa Sample type 48.5 < 0.01 * 4.76 0.02 * 64.2 < 0.01 * 

E. camaldulensis Sample type 7.28 < 0.01 * 6.01 < 0.01 * 37.2 < 0.01 * 

E. polyanthemos Sample type 17.1 < 0.01 * 1.74 0.20 67.8 < 0.01 * 

 



Table 4. 

 

Sample type 

Acacia 

dealbata 

Acacia 

implexa 

Eucalyptus 

camaldulensis 

Eucalyptus 

polyanthemos 

Total N     

Leaves (%) 2.84 ± 0.14 a 2.68 ± 0.11 a 1.64 ± 0.12 b 1.21 ± 0.07 c 

Species-specific litter (%) 2.13 ± 0.23 a 1.85 ± 0.09 a 1.26 ± 0.10 b  0.70 ± 0.05 c  

Litter (%) 1.44 ± 0.09 a 1.33 ± 0.09 a 1.05 ± 0.11 b 0.97 ± 0.06 b 

Soil 0-10 cm (t ha-1) 6.47 ± 0.65 a 3.36 ± 0.19 b 3.01 ± 0.20 b 3.58 ± 0.30 b 

Soil 10-20 cm (t ha-1) 2.84 ± 0.21 a 1.98 ± 0.25 b 1.76 ± 0.16 b 2.06 ± 0.18 b 

Total C     

Leaves (%) 49.2 ± 0.88 a  49.8 ± 1.04 a 49.3 ±1.73 a 48.0 ± 1.69 a 

Species-specific litter (%) 50.3 ± 2.14 a 46.0 ± 1.31 a 50.1 ± 1.14 a 46.5 ± 1.30 a 

Litter (%) 43.9 ± 1.21 a 44.6 ± 1.35 a 44.3 ± 0.69 a 44.5 ± 0.95 a 

Soil 0-10 cm (t ha-1) 75.8 ± 6.96 a 43.9 ± 2.76 b 38.3 ± 2.89 b 48.4 ± 3.97 b 

Soil 10-20 cm (t ha-1) 32.2 ± 2.52 a 23.1 ± 3.09 b  22.3 ± 2.23 b 28.4 ± 2.17 ab 

C:N ratio     

Leaves 17.7 ± 0.87 a 18.8 ± 0.47 a 32.0 ± 3.02 b 40.7 ± 1.67 c 

Species-specific litter 25.4 ± 1.84 a  25.09 ± 0.86 a 42.5 ± 3.41 b 69.5 ± 5.24 c 

Litter 32.1 ± 2.80 a 35.4 ± 2.64 a 45.6 ± 4.32 b 47.9 ± 4.10 b 

Soil 0-10 cm  11.8 ± 0.17 a 13.1 ± 0.36 bc 12.6 ± 0.25 ab 13.6 ± 0.42 c 

Soil 10-20 cm  11.3 ± 0.25 a 11.7 ± 0.22 a 12.5 ± 0.36 a 14.2 ± 0.71 b 

 



Table 5. 

 test F Pr 

14:0 Tree type 

Tree type (species)   

0.73 
12.1 

0.48  
< 0.01 * 

i15:0 Tree type 

Tree type (species)   

0.09 
3.49 

0.79 
0.04 * 

a15:0  Tree type 

Tree type (species)   

0.80 
12.9 

0.47 
< 0.01 * 

3-OH 14:0 Tree type 

Tree type (species)   

4.59 
1.68 

0.17 
0.20 

i16:0 Tree type 

Tree type (species)   

0.69 
4.37 

0.49 
0.02 * 

16:1ω7cis  Tree type 

Tree type (species)   

0.65 
6.57 

0.51 
< 0.01 * 

16:0   Tree type 

Tree type (species)   

0.59 
11.3 

0.52 
< 0.01 * 

i17:0  Tree type 

Tree type (species)   

0.35 
3.35 

0.61 
< 0.04 * 

17:0cy  Tree type 

Tree type (species)   

0.57 
5.62 

0.53 
< 0.01 * 

17:0 Tree type 

Tree type (species)   

0.94 
1.46 

0.44 
0.25 

2-OH 16:0 Tree type 

Tree type (species)   

0.06 
4.60 

0.83 
0.02 * 

18:2ω6,9 all cis  Tree type 

Tree type (species)   

0.27 
0.80 

0.66 
0.46 

18:1ω9cis  Tree type 

Tree type (species)   

0.70 
5.31 

0.49 
< 0.01 * 

18:1ω9trans Tree type 

Tree type (species)   

0.65 
8.71 

0.50 
< 0.01 * 

19:0cy Tree type 

Tree type (species)   

0.91 
1.25 

0.44 
0.30 

20:0 Tree type 

Tree type (species)   

0.29 
4.38 

0.64 
0.02 * 

    

Total PLFA Tree type 

Tree type (species)   

0.51 
6.60 

0.55 
< 0.01 * 

Fungal:bacterial 
ratio 

Tree type 

Tree type (species)   

0.29 
2.67 

0.64 
0.08 

 



Table 6. 

 

 Acacia 
dealbata 

Acacia 
implexa 

Eucalyptus 
camaldulensis 

Eucalyptus 
polyanthemos 

14:0 1.02 ± 0.09 a 0.53 ± 0.07 b 0.47 ± 0.04 b 0.63 ± 0.09 b 

i15:0 4.30 ± 0.63 a 2.87 ± 0.35 b 3.02 ± 0.27 b 3.67 ± 0.33 ab 

a15:0  3.29 ± 0.33 a 1.67 ± 0.21 b 1.55 ± 0.11 b 1.92 ± 0.21 b 

3-OH 14:0 0.56 ± 0.11 a 0.37 ± 0.10 ab 0.12 ± 0.06 b 0.27 ± 0.10 b 

i16:0 3.00 ± 0.30 a 2.00 ± 0.30 b 1.96 ± 0.17 b 2.20 ± 0.18 b 

16:1ω7cis  3.96 ± 0.42 a 2.31 ± 0.24 b 2.10 ± 1.35 b 2.74 ± 0.41 b 

16:0   10.6 ± 0.94 a 6.16 ± 0.64 b 6.03 ± 0.41 b 7.19 ± 0.63 b 

i17:0 1.01 ± 0.16 a 0.67 ± 0.08 b 0.67 ± 0.05 b 0.79 ± 0.08 ab 

17:0cy  2.45 ± 0.26 a 1.60 ± 0.20 b 1.50 ± 0.10 b 1.86 ± 0.19 b 

17:0 0.65 ± 0.14 a 0.53 ± 0.08 a 0.37 ± 0.07 a 0.58 ± 0.10 a 

2-OH 16:0 0.49 ± 0.09 a 0.22 ± 0.06 b 0.25 ± 0.06 b 0.38 ± 0.07 ab 

18:2ω6,9 all cis 3.49 ± 0.91 a 2.77 ± 0.41 a 2.58 ± 0.26 a 3.20 ± 0.26 a 

18:1ω9cis   5.96 ± 0.78 a 3.70 ± 0.46 b 3.66 ± 0.26 b 4.06 ± 0.33 b 

18:1ω9trans 5.99 ± 0.59 a 3.54 ± 0.36 b 3.15 ± 0.27 b 4.22 ± 0.51 b 

19:0cy 2.15 ± 0.46 a 1.84 ± 0.26 a 2.02 ± 0.25 a 2.63 ± 0.20 a 

20:0 0.34 ± 0.03 a 0.26 ± 0.03 bc 0.23 ± 0.02 c 0.31 ± 0.03 ab 

     

Total PLFA 49.2 ±5.48 a 31.0 ± 3.52 b 29.7 ± 2.12 b 36.7 ± 3.28 b 

Fungal:bacterial ratio 0.17 ± 0.04 a 0.26 ± 0.02 b 0.24 ± 0.02 ab 0.24 ± 0.01 ab 

 


