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ABSTRACT 

Context. Microorganisms are key for carbon (C) and nitrogen (N) cycling in soils supporting 
agricultural production. Aims. We investigated the impacts of irrigation on microbial community 
structure and activity in New Zealand on 28 paired non-irrigated and irrigated grazed pasture sites 
where C and N had decreased under irrigation. Methods. Microbial community structure and 
microbial biomass (phospholipid fatty acids) and activity (basal respiration, substrate-induced 
respiration (SIR), aerobically mineralisable N (AerMN)) were assessed. Key results. Microbial 
biomass did not differ between irrigated and non-irrigated soils, but irrigated soils had increased 
gram-negative bacteria (P < 0.05), lower gram-positive:gram-negative ratio (P < 0.001) and 
lower fungal:bacterial ratio (P < 0.001) compared to non-irrigated soils. SIR and AerMN were 
greater in irrigated compared to non-irrigated soils. There were no differences in basal respiration 
between irrigation treatments. Greater prevalence of gram-negative bacteria (r-strategist) as well as 
decreases in actinomycetes and fungal to bacterial ratio, and increased SIR and AerMN suggest more 
rapid cycling of C and nutrients in irrigated systems where C had been lost. Conclusions. We found 
clear evidence that irrigation alters microbial community structure and activity in New Zealand 
pasture systems. Implications. Irrigation driven alteration of microbial populations may 
contribute to losses of soil SOM and soils’ ability to deliver ecosystem services. 

Keywords: aerobically mineralisable nitrogen, carbon cycling, gram-negative bacteria, fungal:bacterial 
ratio, irrigation, microbial community composition, nitrogen, substrate induced respiration. 

Introduction 

Humans have used irrigation to improve food production for over 4000 years (Thenkabail 
et al. 2006). In response to a rapidly growing human population, the amount of irrigated 
land has greatly increased in recent history, such that by 2012, about 275 million ha were 
irrigated globally (FAO 2016). In New Zealand, the amount of land utilising irrigation has 
increased by 57% between 2002/03 and 2011/12 and the economic value of irrigation to 
dairy and sheep production (2011/12) was estimated to be NZD2.17 billion (Corong et al. 
2014). Despite increasing use of irrigation around the world, there is relatively limited 
information on the long-term effects of irrigation on microbially mediated soil carbon and 
nitrogen cycling. 

Microbial community structure and function are directly affected by water availability 
(Harris 1981; Paul et al. 2003; Moinet et al. 2016; Siebielec et al. 2020). Appropriately 
applied irrigation reduces water stress for microbes (Harris 1981; Williams and Rice 
2007; Siebielec et al. 2020), changes microbial activity and biomass, and alters community 
structure. For example, Ma et al. (2016)  reported decreased bacterial biomass, increased 
fungal biomass, and therefore an increased fungal:bacterial (F:B) ratio in response to 
irrigation in arid soils from Inner Mongolia. Changes in microbial parameters generally 
increased after 2 years of irrigation compared to a single year (Ma et al. 2016). After 
7 years of irrigation in a temperate tall grass prairie ecosystem (Kansas, USA), Williams 
and Rice (2007) reported increased fungal biomass, decreased bacterial stress, and an 
additional increase in catabolic diversity. Further, Kenngott et al. 2021  measured 
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increased carbon and nitrogen stocks and gram-negative 
bacteria but a decrease in fungal:bacterial ratio in irrigated 
temperate grasslands in Germany. 

A number of studies in New Zealand have shown lower soil 
C and N stocks in irrigated compared to non-irrigated soils 
(Kelliher et al. 2012; Schipper et al. 2012; Mudge et al. 
2017), which has been linked to decreased labile C (e.g. 
Schipper et al. 2019) that may be a feedback loop associated 
with changes in microbial community structure (Moreno 
et al. 2021). The objective of our work was to assess microbial 
community composition and activity in paired irrigated and 
non-irrigated pasture soils, where C and N stocks were lower 
under irrigation. 

Materials and methods 

Experimental method 

A subset of  the  sites sampled  in  Mudge et al. 2017  (where mean 
total carbon and nitrogen stocks were significantly lower under 
irrigation) were used in this study. The six sites sampled in the 
Otago region by Mudge et al. 2017 were omitted giving a total 
of 28 out of the original 34 sites sampled. The omitted Otago 
sites were predominantly flood irrigated vs sprinkler irrigation 
for the other sites. Each of the 28 sites sampled contained 
irrigated and non-irrigated paired treatments and were 
sampled to a 0–10 cm depth. The irrigated and non-irrigated 
pairs within each site were within 100 m of each other and 
were on the same soil, landform and usually the same farm 
with the same farm management on both treatments (Mudge 
et al. 2017). Sites were under intensively grazed pastures, 14 
in the North Island (Bay of Plenty and Manawatū regions)  
and 14 in the South Island (Canterbury region) of New Zealand 
(Supplementary Table S1; Fig. 1). Pumice soils were collected 
from Bay of Plenty (n = 7), Recent (n = 2) and Brown (n = 5) 
soils from Manawatū, and Pallic (n = 5), Recent (n = 4), 
Gley (n = 2) and Brown (n = 3) soils from Canterbury region 
(Table 1). Soil carbon and nitrogen contents for the irrigated 
and non-irrigated pairs within each site are shown in Table 1. 
On average, the irrigated treatment had 8 ± 3% lower 
C content and 6 ± 3% lower N content compared to the 
paired non-irrigated treatment. This is comparable to Mudge 
et al. (2017)  where C decreased by 8% in the top 30 cm of 
the profile. 

Irrigation was predominantly via centre pivots and mean 
annual precipitation across the sites ranged between 590 and 
1550 mm (Mudge et al. 2017). The length of time under 
irrigation varied between the paired sites and ranged 
between 3 and 33 years (Supplementary Table S1). At each 
paired site, two 10 m × 10 m sampling grids were randomly 
established in each treatment and 25 cores (25 mm diameter 
by 100 mm deep) were collected and bulked within each 
grid, for a total of two replicates at each treatment at each 
site (Fig. 2). 

Fig. 1. Distribution of sampling sites across New Zealand. 

To avoid seasonal effects on microbial parameters (e.g. 
Williams and Rice 2007), soils were sampled at same time of 
the year, but in two sequential years. Soils in the North 
Island were collected in November 2014 and soils in the 
South Island were collected in November 2015. It is important 
to note that in both years, sampling for the paired sites occurred 
in spring (a relatively high precipitation period) prior to the 
start of irrigation. Our objective was to assess the long-term 
effect of irrigation, not the shorter-term effect of recent 
irrigation during the dry season. 

Soil analysis 

Four soil samples taken at each site (two non-irrigated and 
two irrigated) were sieved separately to 2 mm at field 
moisture and a sub-sample taken from each and air dried at 
35°C. The moisture content ranged between 6 and 58% 
(Supplementary Table S2). 

Functional measurements included basal respiration and net 
N mineralisation as measures of C and N cycling. Substrate-
induced respiration (SIR) was also measured as an indication 
of potential change in microbial community composition 
affecting the metabolic response to carbon substrate 

338 



 

 

 

Site 1 
Non-irrigated 

25 bulked 
cores 

replicate 1 

Site 1 
Non-irrigated 

25 bulked 
cores 

replicate 2 

Site 1 
Irrigated 

25 bulked 
cores 

replicate 2 

Site 1 
Irrigated 

25 bulked 
cores 

replicate 1 

Separately analysed: 
AerMN 
Basal 
SIR 

Combined analysed: 
PLFAs 

Combined analysed: 
PLFAs 

Separately analysed: 
AerMN 
Basal 
SIR 

www.publish.csiro.au/sr Soil Research 

Table 1. Soil order, total carbon and total nitrogen contents for 28 paired sites under irrigated (Irr) and non-irrigated (Non-irr) treatments. 

Soil no. Soil order Total C (%) Total N (%) Soil no. Soil order Total C (%) Total N (%) 
Irr/Non-irr Irr/Non-irr Irr/Non-irr Irr/Non-irr 

1 Brown 3.4/3.7 0.35/0.38 15 Pallic 2.9/3.5 0.27/0.33 

2 Brown 4.4/4.7 0.42/0.43 16 Recent 3.1/3.4 0.29/0.31 

3 Brown 2.8/2.5 0.27/0.23 17 Gley 4.2/4.4 0.40/0.43 

4 Brown 1.8/2.5 0.18/0.24 18 Pallic 2.7/2.9 0.26/0.26 

5 Brown 6.7/7.0 0.56/0.58 19 Brown 5.6/5.5 0.52/0.53 

6 Recent 3.3/2.8 0.34/0.26 20 Pallic 3.1/4.2 0.30/0.41 

7 Recent 2.6/2.7 0.26/0.25 21 Recent 1.7/2.9 0.20/0.32 

8 Pumice 5.9/4.9 0.58/0.44 22 Gley 2.7/2.7 0.30/0.30 

9 Pumice 5.6/5.4 0.50/0.49 23 Pallic 2.6/2.6 0.24/0.26 

10 Pumice 5.0/5.8 0.47/0.55 24 Pallic 5.0/6.9 0.49/0.67 

11 Pumice 5.8/6.1 0.55/0.55 25 Brown 2.6/3.0 0.27/0.29 

12 Pumice 4.7/5.1 0.41/0.45 26 Brown 4.4/4.7 0.44/0.47 

13 Pumice 5.9/6.8 0.51/0.54 27 Recent 2.7/2.9 0.27/0.28 

14 Pumice 5.2/6.3 0.47/0.56 28 Recent 4.0/5.2 0.40/0.50 

Fig. 2. Soil sampling design at each of the 28 
paired non-irrigated and irrigated sites showing 
internal replication and parameters measured 
on field replicates either separately or 
combined to form a single representative of 
each treatment at each site. 

addition. The remaining soil was adjusted to 60% of water 
holding capacity and pre-incubated for 7 days at 25°C in the  
dark. Basal respiration was then determined over a subsequent 
7-day incubation in the dark at 25°C by measurement of the 
CO2 concentration in the headspace at the end of the 
incubation (West and Sparling 1986). SIR was determined 

over a 4-hour incubation (25°C) following the addition of 
glucose to the ratio of 0.15 g to 0.1 kg of oven-dry equivalent 
soil (West and Sparling 1986). Aerobically mineralisable N 
(AerMN) was determined following a 56-day incubation 
(25°C) at 60% water holding capacity, after which the soils 
were extracted with 2 M potassium chloride and quantified 
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for ammonium and nitrate (Parfitt et al. 2005). AerMN was 
the difference in ammonium and nitrate concentrations pre-
and post-incubation. Basal respiration, SIR and AerMN were 
analysed on each of the field replicates (non-irrigated = 2, 
irrigated = 2) for a total of four samples at each of the 28 
paired sites (Fig. 2). 

For a general assessment of microbial community 
composition and indication of biomass of specific groups  
(e.g. total microbial, bacterial, fungal, gram-positive, gram-
negative and actinomycete biomasses), we used phospho-
lipid fatty acid (PLFA) analysis. PLFA is suitable for 
assessment of microbial community composition and represen-
tative of a range of ecosystem functions (Orwin et al. 2018; Lin 
et al. 2020). For PLFA analysis, field duplicates at each paired 
sampling site within each treatment (irrigated vs non-irrigated) 
were combined (Fig. 2), freeze-dried and frozen at −80°C. 
PFLAs were quantified following the method of Bligh and 
Dyer (1959), as  modified by White et al. (1979)  and 
Bardgett et al. (1996). Briefly, lipids were extracted from 
1.5 g of fresh soil, fractionated and methylated, and the 
resulting fatty acid methyl esters (FAMEs) analysed using an 
Agilent 7890A GC with Agilent 5975C VL MSD (Agilent, 
Santa Clara, CA, USA). The resulting peaks were identified 
using retention times relative to two added internal 
standards (C13 and C19) and a bacterial methyl ester 
standard mixture (Supelco Bacterial Acid Methyl Esters CP 
Mix 47080-U; Sigma-Aldrich Corporation, St Louis, MO, 
USA). Peak size was quantified using the FAME 19:0 internal 
standard, and the abundance of each of the individual fatty 
acids extracted expressed as relative μg g−1 of dry soil using 
standard nomenclature and converted to μmol based on the 
molecular weight of the individual FAMEs. Microbial 
biomass was expressed as the sum of all FAME peaks. 

Absolute and relative bacterial biomass were calculated 
from PLFAs associated with gram-positive bacteria (i-15:0, 
a-15:0, i-16:0, i-17:0 and a-17:0), gram-negative bacteria 
(cy-17:0, cy-19:0, 16:1 ω7c and 18:1ω7c) (Zelles 1999; 
Waldrop and Firestone 2004), and the general bacterial marker 
15:0 (Bardgett et al. 1996; Orwin et al. 2016). Relative biomass 
(i.e. percentage of community composition) for each 
biomarker was determined by dividing the absolute biomass 
by the total PFLA biomass. The gram-positive:gram-negative 
ratio was calculated by dividing the sum of all gram-positive 
PLFAs by the sum of all gram-negative PLFAs. The fungal 
PLFA marker (18:2ω6,9c) was used to calculate fungal 
biomass and the F:B ratio. Also, actinomycetes were calculated 
as the sum of PLFA markers (10Me16:0, 10Me17:0 and 
10Me18:0), and a bacterial stress indicator was calculated as 
(cy17:0 + cy19:0)/(16:1ω7c + 18:1ω7c) (Kaur et al. 2005). 

Data analysis 

For those analyses where both of the field replicates within a 
treatment unit were analysed separately (e.g. AerMN, Basal 
respiration, SIR), the data was averaged before statistical 

analysis. PLFA groups and microbial activity for each paired 
site are presented in Supplementary Table S3. Statistical 
analysis of soil parameters between the irrigated and non-
irrigated pairs within each site was undertaken using a 
paired, two-tailed, t-test (n = 28). For those analyses found 
to have a non-normal distribution, the Wilcoxin-Matched-
Pairs test was used to assess differences between treatments 
non-parametrically. ANOVA with blocking by site and post 
hoc analysis (Student–Newman–Keuls) was used to deter-
mine the effect of soil order. Two-tailed t-tests were used to 
determine differences between soils in the North and South 
Islands for each of the parameters measured. All analyses 
were undertaken in Genstat 14 (VSN International, Hemel 
Hempstead, UK). 

Regression analyses were conducted on the differences 
between irrigated and non-irrigated pairs (Δ) within  each  
site (irrigated minus non-irrigated data). Regressions were 
used to assess if microbial parameters were affected by the 
length of time under irrigation, and if changes in microbial 
community structure were related to changes in microbial 
function. Microbial total abundance and functional data 
were log transformed before analysis to meet assumptions of 
normality and equality of variance. Box and whisker plots 
were used to show the absolute values and distribution of 
the overall irrigated and non-irrigated data. Outliers showed 
no consistent pattern between soils within treatments or 
between parameters and no data was excluded from the 
analyses. 

Multivariate statistics on the full multivariate pattern of 
relative PLFA abundances were run using the Primer 
software Package (Primer v6 and PERMANOVA, 2012, 
Primer-E Ltd, Plymouth, UK). Data were square root 
transformed and the Bray-Curtis metric was used. The PLFA 
abundance data was visually examined using non-linear 
multi-dimensional scaling (NMD). The irrigation and location 
(i.e. region or island) effects on the multivariate pattern of 
PLFAs was analysed by permutational multivariate analysis 
of variance (PERMANOVA). The variance explained by the 
main effects was determined using the DISTLM programme 
in Primer. 

Statistical analyses were significant if P < 0.05. Data 
are presented on a soil dry weight basis (105°C) unless 
otherwise stated. 

Results 

Microbial composition and abundance 

The multi-dimensional scaling plot (Fig. 3) showed a clear shift 
along the x axis in the irrigated vs non-irrigated treatment 
within a paired site. The analysis also clearly separated the 
soils by North and South Island sites (along the y axis) as 
well as irrigation presence/absence. Soil number assign-
ments are presented in Table 1 and Supplementary Table S1. 
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Fig. 3. Multi-dimensional scaling of phospholipid fatty acid data for irrigated and non-irrigated paired soils collected in the North 
Island and South Island of New Zealand. The bolded symbols with error bars represent the centroid of irrigated and non-irrigated 
treatments for the North and South Islands, respectively. The vectors represent individual PLFAs or PLFA groups with strong 
correlations (r > 0.90) to the multivariate pattern. Irrigation explained 20% of the total variation in the multivariate PLFA data 
whereas location (i.e. North or South Island) explained 16%. Soil numbers as shown in Table 1. 

Correlation analysis of the individual PLFAs and PLFA groups 
indicated that the gram-positive:gram-negative ratio and gram-
negative abundance were highly correlated (>0.9) to the first 
NMD (i.e. x) axis and the alternate fungal biomarker 18:1ω9c 
highly correlated to the second NMD (i.e. y) axis.  

When considering the multivariate pattern of the relative 
abundances of all the individual PLFA markers, permu-
tational analysis of variance indicated that irrigation was 
highly significant (P < 0.001) and explained approximately 
20% of the total PLFA variation in multivariate space. While 
sites in both North Island regions were significantly different 
from the South Island sites (P < 0.001), they were not  
different from each other (P = 0.19). Thus for simplicity, 
sites are grouped by North or South Island (Fig. 3). Location 
of sampling (i.e. North or South Island) explained 16% of 
the total variation (inclusion of region did not significantly 
increase the variance explained). Region * Δ was not 
significant (P = 0.86), indicating that the irrigation effect 
was consistent across regions. It is interesting to note, 
however, that when considered on a North Island vs South 

Island basis, the multivariate distance between irrigated and 
non-irrigated treatment centroids on each of the Islands was 
relatively similar (3.6 vs 3.3 units), whereas the difference 
between the North Island vs South Island dry treatments was 
greater than that of the irrigated treatments (3.5 vs 2.5 units). 

Mean bacterial biomass Δ was significantly (P < 0.05) 
greater in the irrigated treatment and the median relative 
bacterial biomass was lower in the irrigated compared to the 
non-irrigated treatment (Fig. 4a). Absolute bacterial biomass 
Δ was significantly (P < 0.05) greater in the irrigated 
treatment and the median was higher in the irrigated 
compared to the non-irrigated treatment (Fig. 4b). Relative 
fungal biomass Δ was significantly (P < 0.001) lower in the 
irrigated treatment and the median was lower in the 
irrigated compared to non-irrigated treatment (Fig. 4c). 
Absolute fungal biomass Δ was not significant and the 
median was similar between treatments (Fig. 4d). Total 
biomass Δ was not significant and the median was higher in 
the irrigated compared to non-irrigated treatment (Fig. 4e). 
F:B ratio Δ was significantly (P < 0.001) lower in the 
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Fig. 4. Overall median values in irrigated and non-irrigated treatments, and mean irrigated–non-irrigated paired sample difference (Δ) and 
95% confidence interval (n = 28) of absolute and relative abundance of bacterial biomass (a and b) and fungal biomass (c and d), total 
microbial biomass (e) and the fungal:bacterial ratio (f ). Levels of significance for Δ are denoted by ***P < 0.001, **P < 0.01, *P < 0.05 
and n.s. for P > 0.05. 

irrigated treatment and the median was lower in the irrigated 
compared to the non-irrigated treatment (Fig. 4f ). 

Relative abundance of gram-positive bacteria Δ was 
significantly (P < 0.001) lower in the irrigated treatment 
and the median was lower in the irrigated compared to the 
non-irrigated treatment (Fig. 5a). Absolute gram-positive Δ 
was not significant and the median biomass was higher in 
the irrigated compared to non-irrigated treatment (Fig. 5b). 
Relative and absolute abundance of gram-negative bacteria Δ 

was significantly (P < 0.001) greater in the irrigated 
treatment and the median of both was higher in the irrigated 
compared to non-irrigated treatment (Fig. 5c, d). Gram-
positive:gram-negative ratio Δ was significantly (P < 0.001) 
greater in the irrigated treatment and the median was higher 
in the irrigated treatment (Fig. 5e). Bacterial stress factor Δ 
was significantly (P < 0.001) lower in the irrigated treatment 
and the median was lower in the irrigated compared to non-
irrigated treatment (Fig. 5f ). Although the bacterial stress 
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Fig. 5. Overall median values in irrigated and non-irrigated treatments, and mean irrigated–non-irrigated paired sample difference (Δ) 
and 95% confidence interval (n = 28) of absolute and relative abundance of gram-positive bacteria (a and b), gram-negative bacteria 
(c and d), gram-positive:gram-negative bacteria ratio (e) and bacterial stress factor (f ). Levels of significance for Δ are denoted by 
***P < 0.001, **P < 0.01, *P < 0.05 and n.s. for P > 0.05. 

factor had non-normal distribution, non-parametric testing 
supported the findings of the parametric testing. 

Relative abundance of actinomycetes Δ was significantly 
(P < 0.001) lower in the irrigated treatment and the median 
was lower in the irrigated treatment compared to non-
irrigated (Fig. 6a). Absolute actinomycetes Δ was not 

significant and the median was similar between the irrigated 
and non-irrigated treatments (Fig. 6b). 

The relative abundance of fungi, the F:B ratio and the 
absolute amounts of actinomycete, gram-positive, gram-
negative biomass were significantly greater in the North 
Island compared to South Island soils (Table 2). 
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Fig. 6. Overall median values in irrigated and non-irrigated treatments, and mean irrigated–non-irrigated paired sample difference (Δ) and 
95% confidence interval (n = 28) of absolute (a) and relative (b) abundance of actinomycetes. Levels of significance for Δ are denoted by 
***P < 0.001, **P < 0.01, *P < 0.05 and n.s. for P > 0.05. 

Table 2. Summary of geographical effects and soil order on microbial 
community structure in 28 paired irrigated and non-irrigated soils. 

NI/SI Region Soil 

Basal respiration – BOP > M = C – 

SIR – BOP > C > M P u = Pl  > G > R > B 

AerMN – BOP ≥ C ≥ M – 

Relative fungal 
abundance 

NI > SI BOP > M = C P u ≥ R  = G ≥ B = Pl 

Fungal:bacterial 
abundance 

NI > SI BOP > M = C P u ≥ R  = G ≥ B = Pl 

Actinomycetes NI > SI BOP > M = C P u > R  = G = B = Pl 

Gram-positive 
bacteria 

NI > SI – – 

Gram-negative 
bacteria 

NI > SI BOP > M = C – 

Note: only statistically significant (P < 0.05) analyses are presented. 
SIR, substrate-induced respiration; AerMN, aerobically mineralisable N; NI, 
North Island; SI, South Island; BOP, Bay of Plenty region; M, Manawatū region; 
C, Canterbury region; Pu, Pumice soil order; Pl, Pallic soil order; G, Gley soil 
order; B, Brown soil order; R, Recent soil order. 

Microbial activity 

Basal respiration Δ was not significant and the median was 
similar between the treatments (Fig. 7a). SIR Δ was 
significantly (P < 0.001) greater in the irrigated treatment 
and the median was higher in the irrigated compared to 
non-irrigated treatment (Fig. 7b). AerMN Δ was significantly 
(P < 0.001) greater in the irrigated treatment and the 
median was higher in irrigated compared to non-irrigated 
treatment (Fig. 7c). There were also no differences in SIR, 
basal respiration and AerMN between the North Island and 
South Island soils, but pumice soils from the Bay of Plenty 
(North Island) had greater rates for these parameters (Table 3). 

Microbial composition vs activity 

Correlations between microbial community composition Δ and 
activity Δ were positive indicating the greater the irrigation 
effect on microbial activity the greater the irrigation effect 
on community structure (Table 4). The irrigation effect on 
total bacteria and gram-negative bacteria explained the 
greatest (and essentially equal) amounts of the variation in 
the irrigation effect on AerMN (r2 = 0.65); while the 
irrigation effect on gram-negative bacteria explained the most 
variance (r2 = 0.29) in the irrigation effect on SIR though total 
bacterial abundance explained only slightly less total variation 
(Table 4). 

Discussion 

We assessed the response of microbial community composition 
and activity to irrigation but our work did not support the 
hypothesis that irrigation would shift to a microbial 
community indicative of slower C and N cycling. It was not 
surprising that we measured differences in microbial 
community composition between the irrigated and non-
irrigated paired sites, as redistribution of microbial groups 
has been shown in response to changes in water inputs (e.g. 
Williams and Rice 2007; Araya et al. 2013; Ma et al. 2016). 
However, we did observe some key patterns in changes in 
microbial communities. 

We identified a lower gram-positive:gram-negative ratio in 
irrigated soils, which was driven by an increase in gram-
negative bacteria under irrigation. Gram-negative bacteria may 
be more sensitive to changes in soil moisture (Harris 1981), 
which is consistent with lower abundances in non-irrigated 
compared to irrigated soils. Gram-negative bacteria also 
commonly target labile C compounds that require less 
energy for degradation and can therefore indicate a change 
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Fig. 7. Overall median values in irrigated and non-irrigated treatments, and mean irrigated–non-irrigated paired sample difference (Δ) and 
95% confidence interval (n = 28) of basal respiration (a), substrate-induced respiration (b) and aerobically mineralisable nitrogen (c). Levels 
of significance for Δ are denoted by ***P < 0.001, **P < 0.01, *P < 0.05 and n.s. for P > 0.05. 

Table 3. Summary of geographical effects and soil order on microbial 
activity in 28 paired irrigated and non-irrigated soils. 

NI/SI Region Soil 

Basal respiration – BOP > M = C – 

SIR – BOP > C > M  Pu = Pl >  G > R > B 

AerMN – BOP ≥ C ≥ M – 

Note: only statistically significant (P < 0.05) analyses are presented. 
SIR, substrate-induced respiration; AerMN, aerobically mineralisable N; NI, 
North Island; SI, South Island; BOP, Bay of Plenty region; M, Manawatū region; C, 
Canterbury region; Pu, Pumice soil order; Pl, Pallic soil order; G, Gley soil order; 
B, Brown soil order; R, Recent soil order. 

in C cycling (Treseder et al. 2011; Whitaker et al. 2014). 
de Vries and Shade (2013) proposed that gram-negative 
bacteria represent r-strategists and gram-positive bacteria 
represent K-strategists, and therefore the gram-positive:gram-
negative ratio can indicate changes in the predominance of 
r- and K-strategists. R-strategists are copiotrophs, which have 
rapid growth and low resource use efficiency and predom-

Table 4. Coefficient of determination (r2) of the irrigation effect (Δ) 
on microbial activity against the irrigation effect on microbial 
composition in pastoral soils (n = 28). 

Biomass 
(ηmol g−1 soil) 

Basal respiration 
(μg CO2-C g−1 h−1) 

AerMN 
(μg g−1) 

SIR (μg CO2-
C g−1 h−1) 

Total 0.45*** 0.63*** 0.25** 

Bacterial 0.43*** 0.65*** 0.27** 

Gram-negative 0.38*** 0.65*** 0.29** 

Gram-positive 0.40*** 0.56*** 0.23** 

Actinomycetes 0.36*** 0.45*** 0.14* 

Fungal 0.31** 0.47*** 0.20* 

Note: the irrigation effect was the determined by subtracting non-irrigated values 
from irrigated values within each parameter. Data was log transformed before 
analysis and the best predictor is bolded. 
AerMN, aerobically mineralisable nitrogen; SIR, substrate-induced respiration. 
Levels of significance are denoted by ***P < 0.001, **P < 0.01, *P < 0.05. 

inantly degrade fresh organic matter inputs, whereas 
K-strategists are oligotrophs with low growth rates and high 
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resource use efficiency and degrade SOM (Klappenbach et al. 
2000; Fontaine et al. 2003; Fierer et al. 2007), and these two 
approaches to C cycling can have an impact on SOM storage. 
R-strategists are also thought to be key in priming events 
associated with the addition of C and N substrates, and 
therefore enhanced r-strategist abundance increases the 
possibility of priming events contributing to decreases in SOM 
content (Kuzyakov et al. 2000; Chen et al. 2014). Increasing 
prevalence of gram-negative bacteria may also explain 
greater SIR in irrigated soils, as r-strategists have adapted to 
respond more rapidly to fresh organic matter inputs which 
may be greater under irrigation (Knapp et al. 2001; Kelliher 
et al. 2012; Kenngott et al. 2021). Although the changes in 
microbial community only ranged between 1 and 4% of 
relative abundance, they are indicative of a changing dynamic 
with respect to SOM cycling. 

Contrary to Ma et al. (2016)  in arid soils and Williams and 
Rice (2007) in temperate soils, we measured a decrease in F:B 
ratio in the irrigated compared to the non-irrigated soils, which 
was due to a decrease in the relative amount of fungal biomass. 
Intensively grazed systems are generally associated with 
bacteria-dominated communities (de Vries et al. 2011, 
2012), and the sites utilised by Ma et al. (2016)  and Williams 
and Rice (2007) were more likely to be fungal-dominated 
communities as they were sheep-grazed grassland and 
annually burnt or ungrazed native grasslands (de Vries et al. 
2011, 2012). Consistent with our results, Kenngott et al. 
(2021) also measured decreased fungal biomass in temperate, 
hay production grasslands, but in contrast, they found 
increased carbon and nitrogen stocks associated with 
irrigation. The lack of consistency across climatic zones and 
grazing intensity interactions with irrigation on microbial 
community structure indicates a complex microbial response 
complicated by a range of known and unknown factors. 
However, given the fact that in our study both the gram-
positive:gram-negative ratio and F:B ratios suggest a more 
rapid cycling (r-dominated) system under irrigation 
(Carmona et al. 2020), and that other studies have found 
differing results with regard to changes in the fungal 
community, it may be that different facets of the microbial 
system oppose each other. 

Actinomycetes are thought to be pivotal in the formation of 
stable SOM, degrading complex C substrates and undertaking 
N fixation (Bhatti et al. 2017), and were negatively impacted 
by irrigation in our soils. Actinomycetes are considered to be 
slower growing than both bacteria and fungi (Bhatti et al. 
2017) and therefore support the theory that our soils 
are shifting from a more K-strategist population to an 
r-strategist community under irrigation. However, the 
difference in their abundances between the treatments was 
minor, so must be treated with some caution but are 
suggestive of a change occurring in irrigated soils. 
Actinomycetes are catalysts for the provision of N to plants 
and soil humus formation (Bhatti et al. 2017), and 
therefore decreasing actinomycetes abundance may lead to 

increasing fertiliser demands to maintain fodder production 
within pasture systems and at least partially mitigating the 
positive effects of irrigation on plant production. 

We found separation in the distribution of microbial 
communities and driving factors between North Island and 
South Island soils (Fig. 5), which may be due to several 
factors. Firstly, there were some significant differences in 
both soil chemical and biological factors that may be related 
to pedogenesis factors (Wakelin et al. 2013) such  as  parent  
material. The North Island soils (Bay of Plenty and Manawatū 
combined) had greater amounts of mineral N and microbial 
PLFA groups than South Island soils (Canterbury). The 
patterns with respect to soil order were variable and often 
showed little difference between the soil orders with respect 
to microbial parameters (Supplementary Table S2). Secondly, 
though the soils were collected during the same season, they 
were sampled in consecutive years due to logistical constraints, 
the North Island sites in 2014, and the South Island sites in 
2015. While there are some differences between the soils 
themselves, we cannot rule out the different times at which 
the samples were collected was a factor in the separation 
between North Island and South Island soils. Thirdly, different 
climatic conditions between the North and South Island sites 
may influence microbial communities. We could not find 
strong evidence that either mean annual precipitation or 
mean annual temperature were correlated to the separation 
in sites (data not shown), though it is interesting to note the 
separation between North and South Island sites appear to 
decrease with irrigation. 

Irrigation substantially increased AerMN rates in our soils, 
consistent with others (Paul et al. 2003; Barakat et al. 2016; 
Feyissa et al. 2021) who also found that soil moisture and 
precipitation rates were important determining factors in N 
mineralisation. This is particularly interesting given that 
there was no significant decrease in mineral N concen-
trations under irrigation, suggesting a shift towards more 
aerobically degradable forms of nitrogen under irrigation. 
Increasing mineralisation rates can have important impli-
cations for plant production and environmental impacts with 
respect to water and air quality. Pakrou and Dillon (2000) 
reported that increased mineralisation rates contributed to 
greater N leaching and gaseous losses despite greater plant N 
uptake in irrigated dairy pastures. 

There was no difference in basal respiration in response to 
irrigation, which supports the findings of Moinet et al. (2016) 
and Condron et al. (2014) in New Zealand soils, who also found 
no dependence on soil water regime for heterotrophic 
respiration. They concluded that respiration is controlled by 
accessibility of substrate rather than water content. Soil 
respiration has been shown to increase with irrigation or 
along increasing rainfall gradients in semi-arid areas (e.g. 
Miao et al. 2017; Throop et al. 2020), and these soils 
indicated a non-linear respiration response to soil moisture 
whereby drought had a greater effect than irrigation (Miao 
et al. 2017). This suggests that impacts of irrigation on 
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respiration are likely to be less in soils with higher natural 
rainfall rates (Paul et al. 2003). Hawkes et al. (2020)  found 
that legacy effects afforded soil communities a high resistance 
to changes in rainfall which lasted over 4.5 years and was 
reflected in no differences in soil respiration, but they also 
found no changes in community structure, which is contrary 
to our findings. Although basal respiration did not increase 
under irrigation, SIR was enhanced, inferring a shift either 
towards more degradable inputs and/or more rapidly 
responsive organisms in irrigated soils as also indicated by 
changes in the microbial community in these soils. 

The work of Williams and Rice (2007) suggests that the time 
under irrigation is an important factor in the response of 
microbial communities to irrigation. The length of time 
under irrigation in our soils ranged between 3 and 33 years 
when sampled, and we tested this theory but found no evidence 
to support increasing effects of irrigation over time. Ma et al. 
(2016) found that changes in microbial parameters increased 
after 2 years of irrigation in arid soils, and it is possible that 
changes in community structure or function may be more 
strongly affected immediately after irrigation begins and 
may not have been captured within the time range we 
tested. Paul et al. (2003)  suggested that the responsiveness 
of microbial communities to irrigation lessens with increasing 
annual rainfall rates. However, we found no significant corre-
lations between annual rainfall and changes in microbial 
parameters under irrigation. 

Conclusions 

In a series of paired irrigated and non-irrigated pasture soils in 
New Zealand, we found that long-term irrigation shifted the 
microbial community to one indicative of faster C and N 
cycling with decreases in both the gram positive:gram 
negative ratio and F:B ratio. This has important implications 
for intensive grazing in New Zealand. Enhanced degradation 
of new and existing SOM pools may lead to decreased C and 
N stocks, which is supported by the conclusions of Mudge 
et al. (2017)  who found that New Zealand soils have a 
propensity to lose SOM under irrigation. If a shift to a faster 
C cycling system under irrigation facilitates decreasing SOM, 
then soil ecosystem services, such as provision of nutrients to 
plants and C storage, will be moderated and may ultimately 
led to decreased agricultural production. 

Supplementary material 

Supplementary material is available online. 
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