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Context. Soil organic matter (SOM) plays a vital role in carbon (C) storage and agricultural 
sustainability. Additions of bovine urine to soils can cause positive priming of soil C 
decomposition and represents a pathway for SOM loss. However, data is limited to a few soils. 
Aims. We investigated the priming response to bovine urine of 27 dairy grazed pasture soils 
from the North Island of New Zealand. Methods. Soils from Allophanic, Gley, Recent and 
Brown soil orders were collected. 14C-labelled dairy cow urine was applied (1000 kg N ha−1) to  
undisturbed soil cores and carbon dioxide (CO2) fluxes measured (25°C) for 21 days. Urine 
applications were repeated, and CO2 measured for a further 21 days (25°C). Water was the 
control treatment. Key results. CO2 fluxes rapidly increased after both urine additions by 86 ± 
1% 24 h after the first urine addition, and 68 ± 4% after the second. Positive, negative and no priming 
were observed, and the mean absolute deviation of priming ranged between 200 and 1000 μg C g−1, 
and variability was greater after the second urine addition. Urine induced changes in pH and 
electrical conductivity (EC) had no effect on priming, and soil C contents were correlated to 
cumulative CO2, but not priming, and varied over time. Conclusions. Factors affecting soil 
priming remain elusive and priming was highly variable within and between soil types. 
Implications. The impacts of bovine urine on C pools requires further investigation to 
determine if, or when, urine patches are potential pathways for soil C loss. 

Keywords: buffering capacity, carbon, cumulative urine effect on soil electrical conductivity, 
cumulative urine effect on soil pH, negative priming, pasture, positive priming, soil organic matter. 
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Loss of soil organic matter (SOM) reduces the potential of soil to deliver ecosystem services, 
such as carbon (C) sequestration and nutrient retention (Lal 2014; Orwin et al. 2015). One of 
the pathways for loss of SOM is positive priming of soil C decomposition (Fontaine et al. 
2004), which occurs when substrate addition increases the mineralisation of SOM (Kuzyakov 
et al. 2000). Bovine urine can stimulate positive priming and is a potential pathway for 
reducing SOM in intensively grazed pastures (Uchida et al. 2011; Lambie et al. 2013). 
Priming is a microbially-mediated process (Janson 1958; Kuzyakov et al. 2000) and  in  
urine-affected soils, this may result from direct introduction of urine C substrates or 
indirectly from urine facilitated solubilisation of soil C (Shand et al. 2000; Lambie et al. 
2012b). 

Much of the literature assessing soil C priming responses to urine has used artificial urine 
(e.g. Kool et al. 2006). However, Lambie et al. (2013)  found that artificial urine is a poor 
substitute for real urine when assessing C cycling and ~5% of soil C concentration was 
lost as carbon dioxide (CO2) during a priming event in repacked cores of sandy loam 
applied with real urine (Allophanic soil). Uchida et al. (2011) found 0.4–0.6% of soil C 
concentration was lost as CO2 in repacked cores of clay loam (Oxidic soil). This limited 
data suggests the priming response following urine addition may be positive, but variable 
in magnitude across soil orders. 
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Abiotic factors such as soil pH and electrical conductivity 
(EC) affect microbial function (e.g. Degens et al. 2001; Cao 
et al. 2016) and may therefore, affect the prevalence of priming 
events and SOM loss. Bovine urine contains large amounts of 
urea (Doak 1952), which is hydrolysed by urease, during 
which hydrogen ions are consumed and soil pH increases 
(Cabrera et al. 1991; Tabatabai 1994), increasing soil C 
solubilisation (Lambie et al. 2012b). This increase in soil pH 
varies considerably and is dependent on the initial soil pH, 
urea concentration (Cabrera et al. 1991) and whether artificial 
or real urine is added to the soil (Lambie 2012). Urine’s high 
salt load can elevate soil EC (Haynes and Williams 1992), 
contributing to acid neutralising capacity (Lambie et al. 2012a) 
and dissolution of SOM (Menneer et al. 2001; Arienzo et al. 
2009). Soil carbon content is the main driver determining 
soil pH buffering capacity (Curtin and Trolove 2013) and  
may affect the magnitude of C solubilisation in response to 
urine additions and therefore, indirect soil priming. 

In intensive pastoral systems, the same area of soil may 
receive repeated urine deposition in subsequent grazing 
rotations (Pleasants et al. 2007; Moir et al. 2011). Kelliher 
et al. (2005) found that two sequential additions of pure 
urea led to a doubling of CO2 fluxes. Although soil respiration 
differs between urea solutions and real urine (Lambie 2012), it 
is possible that a second addition of urine would also lead to an 
enhanced priming response. The area of a paddock subject to 
repeat urine addition is small (Pleasants et al. 2007), but should 
sequential additions of urine enhance priming, these small 
areas of land would contribute disproportionately to soil C 
losses. 

To inform whether urine additions are a potential pathway 
for C loss under intensive grazing, we assessed the soil priming 
response following a first and second bovine urine addition to a 
range of soils from four soil orders (collected from across the 
North Island of New Zealand) and assessed if soil pH, EC, 
and carbon content affected priming. 

Materials and methods 

Soil sampling 

Sampling sites (n = 27) in the North Island of New Zealand 
(Fig. 1) were selected using the New Zealand National Soils 
Database; a database containing point soil profile data 
including physio-chemical and land use data. We selected 
sites from long-term dairy production within Allophanic 
(n = 9), Gley (n = 9), Recent (n = 6) and Brown (n = 3) soil 
orders (Supplementary Table S1). The pasture composition 
was predominantly ryegrass (Lolium perenne L.) and clover 
(Trifolium repens L.) at all sites. Soils samples were collected 
in August and September 2014. Where possible, sites were 
sampled 2 weeks after grazing to enable visual identification 
of urine patches and these areas were excluded from sampling. 

At each sampling site, from three randomly selected points, 
avoiding obvious dung and urine patches, two undisturbed soil 
cores (0.1 m diameter × 0.1 m deep) were taken for CO2 

measurement, 12 cores taken to measure soil pH and EC 
over time and one core for bulk density measurement 
(Fig. 2). Ten of the soil cores for pH and EC measurements 
were smaller diameter (0.05 m diameter × 0.1 m deep) due 
to limited space in the constant temperature facility and the 
large amount (>1000) of cores required. Bulk density cores 
(0.1 m diameter × 0.1 m deep) were measured for fine earth 
bulk density; whereby the weight of the soil was divided by 
the volume of soil, minus the volume of roots and stones 
(McKenzie et al. 2002). 

All cores were retained in a stainless-steel liner, wrapped in 
clear wrap, and refrigerated (4 ± 1°C) until required. Before 
urine addition, cores were trimmed of grass to eliminate 
grass decomposition contributing to CO2 fluxes during the 
incubation. Nylon was attached to the base of each core to 
retain the soil within the liners, and all the cores were 
adjusted to 60% of gravimetric water holding capacity as per 
Harding and Ross (1964) and Lambie et al. (2013). Briefly, 
30 g of field moist soil was placed in a funnel with a stoppered 
outlet, water was added to the funnel to above the soil surface 
by 10 mm. The soil was left to saturate overnight, the stopper 
removed from the base of the funnel and the soil left to drain for 
2 h. The gravimetric water content determined at saturation is 
the water holding capacity. Water holding capacity ranged 
between 54% and 196% with an average of 115% ± 22. The 
post-adjustment moisture content at 60% of water holding 
capacity equated to a soil moisture content of 32–118%, 
with an average of 69% ± 2 moisture content. 

Urine collection and application for CO2 

measurement 

Sixty litres of dairy cow urine were collected from many cows, 
fed on the ryegrass–clover pasture, during milking in early 
September 2014 (Stokes Farm, Taupiri, North Island, New 
Zealand). The cow urine was bulked, subsampled in triplicate, 
and analysed for total C and total N (LECO TruMac; LECO 
Corp., St Joseph, MI, USA). The carbon content of the urine 
was 1.00% ± 0.03 and the nitrogen content 0.40% ± 0.02. 
One-third of the urine was mixed with 125 mL 14C urea  
(4.6 MBq) and the labelled and un-labelled urine frozen until 
needed. Urea in urine does not breakdown as rapidly as pure 
urea in soils and is not the dominant carbon compound in 
bovine urine but contributes ~90% of loss of C from urine 

14Cover time (Lambie 2012). urea was selected to trace 
urine-C dynamics due to limited alternatives but enabled 
comparative measures between soils. 

14C urine was applied to three replicate (Fig. 2) cores from 
each sampling site at a rate of 1000 kg N ha−1 (Haynes and 
Williams 1993); which equated to 2500 kg C ha−1 and 
196 mL of urine. The same volume of deionised water was 
applied to a further three replicate cores as a control 
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Fig. 1. Map of soil sampling sites from Allophanic (▴), Gley (▪), Recent (▾) and Brown (Δ) soil orders. 

treatment to enable correction for changes in moisture on 
microbial activity (Orchard and Cook 1983). 

Solutions were applied within the unsaturated hydraulic 
conductivity of the various soils to minimise surface ponding 
and maximise matrix flow of the added solution. The moisture 
content of the cores after urine/water addition ranged 
between 38% and 132% with an average of 80% ± 3. The 
undisturbed cores were sufficiently sealed against the edge 
of the liner to prevent edge flow of the solutes between the 
soil and liner. Following urine/water application, the cores 
were left to drain until no further liquid was detected, which 

was usually within 3 h of the end of solution application. 
This period of drainage was not included in the trapping 
period for CO2 collection as CO2 emitted from the drained 
urine would have confounded the collection of soil CO2 data. 
The leachate from the cores was collected and the volume 
recorded. The volume of fluid retained during the first 
urine addition was 55 mL ± 3 (28%  ± 2 of added urine), 
which equated to retention of 1100 ± 68 mg C kg−1 and 
440 ± 27 mg N kg−1. 14C content of the leachate was measured 
to determine the amount of 14C urine-C retained in each core. 
Leachate (0.2 mL) was added to scintillation cocktail (5 mL), 
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Fig. 2. Soil sampling strategy undertaken at each of the 27 sampling sites in the North Island of 
New Zealand. 

the vials shaken to mix, and left to rest in the dark for least 
30 min before analysis to ensure that bubbles in the cocktail 
solution had dissipated. The 14C content was then determined 
using scintillation counting (TriCarb 2900TR, PerkinElmer, 
Waltham, MA, USA). 

Twenty one days after the first urine addition, we applied 
a second urine addition. In New Zealand, during periods of 
high grass production, a 21-day grazing rotation is com-
monly used. Therefore, we used 21-day incubations as a 
representative of a worst-case scenario for the shortest 
possible length between urine additions. As it is unlikely 
that a single urine patch would receive a subsequent urine 
application with identical characteristics (e.g. Doak 1952), 
40 L of fresh urine were collected, as above, near the end 
of September 2014 from the same herd on the same farm. 
The second urine collection had a lower N content 
(C = 0.82% ± 0.02, N = 0.33% ± 0.01), but the same C:N 
ratio, and therefore a slightly greater volume of urine was 
applied (238 mL) to maintain the 1000 kg N ha−1 and 
2500 kg C ha−1 application rate. The moisture content of 
the cores ranged between 30% and 147% on Day 21, before 
the second urine addition, with an average of 71% ± 2. After 
urine/water addition, the moisture content of the cores 
ranged between 35% and 143% with an average of 
76% ± 3. The volume of fluid retained in the  soil  after  the  
second urine addition was 30 mL ± 1 (12% ± 0.4 of added 
urine) and equating to retention of 475 ± 18 mg C kg−1 

and 191 ± 7 mg  N  kg−1. 

CO2 measurement 

Capture of CO2 was undertaken to assess microbial activity, 
and therefore priming, response to urine additions (e.g. 
Lambie et al. 2013; Zhang et al. 2017; Chen et al. 2019; You 

et al. 2020). Following solution application, each core was 
placed into 2.2 L plastic containers (Sistema, Auckland, 
New Zealand), with 40 mL of 2 M sodium hydroxide 
solution to trap CO2, sealed, and incubated at 25°C, in the 
dark, for 21 days (Lambie et al. 2013). The trapping solution 
was changed on Days 1, 7, 14 and 21 of the incubation (Fig. 3). 
The incubation containers were ventilated in a fume cupboard 
for 30 min each time the trapping solution was changed. Total 
CO2 fluxes (combined soil and urine) was determined by back 
titration of the trapping solutions with 0.1 M hydrochloric acid 
against a phenolphthalein indicator after precipitation of 
carbonates with excess barium chloride (Saggar et al. 1999). 
The 14C content of the trapping solution was measured to 
determine the contribution of urine-derived CO2 to the total 
CO2 trapped. Trapping solution (0.6 mL), water (0.4 mL) 
and cocktail solution (5 mL) were shaken to mix and left in 
the dark for at least 30 min before scintillation measurement 
(TriCarb 2900TR, PerkinElmer, Waltham, MA, USA). 

On Day 21, following the second urine addition, the cores 
were left to drain and incubated as above for a further 
21 days. The trapping solutions were changed on Days 1, 7, 
14 and 21 of the second incubation (Days 22, 28, 35 and 42 
of the total incubation), and CO2 and 14CO2 fluxes were deter-
mined as above (Fig. 3). At the termination of the experiment, 
the moisture content of the soils ranged between 30% and 
136% with an average of 74% ± 2. 

Soil chemistry 

Un-labelled urine or water was applied to fifteen 0.05 m  
diameter (0.1 m deep) and three 0.1 m diameter (0.1 m 
deep) cores for each sampling site at the same application 
rate as for CO2 measurement, which equated to 49 mL of 
urine/water for the 0.05 m cores and 196 mL to the 0.1 m 
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Fig. 3. Timeline for urine/water additions, CO2 measurement, soil chemistry and root biomass quantification 
for 27 soils. 

diameter cores. After solution application, cores were 
incubated at 25°C in the dark, in loosely covered trays, and 
maintained at constant moisture content. After 21 days of 
incubation, the remaining cores received a second urine/ 
water application and were treated as described above (Fig. 3). 
As for the CO2 measurement cores, more urine was required for 
the second urine application to maintain the 1000 kg N ha−1

application rate, which equated to 60 mL of urine or water. 
Three 0.05 m diameter cores, from each sampling site, were 

removed from incubation 1, 7, 14, 22, 28 and 42 days after 
solution addition and three 0.1 m diameter cores were 
removed from the incubation 21 days after solute addition 
and tested for root biomass contents, pH and EC measure-
ment (Fig. 3). The cores were sieved to 4 mm and the 
root biomass collected, washed, dried (60°C), and weighed 
to estimate the change in root biomass over time. A 
subsample from each core was air dried, sieved to 2 mm, 
and tested for pH in a 1:2.5 water:soil slurry and EC in a 1:5 
water:soil slurry (Blakemore et al. 1987). At the termination 
of the experiment (Day 42 incubation), the cores used for CO2

measurement were also sieved and the root biomass quantified. 

Priming calculations 

Priming was determined using a 14C mass balance according to 
Lambie et al. (2013). Briefly, the amount of 14C urine retained 
by the soil was determined by subtracting the amount of 14C in
the leachate from that applied in the urine. As the cores with 
14C labelled urine applications were required to remain intact 
after the first incubation period for the continued CO2

measurement during the second incubation period, the 14C 

where urine remainingFIRST was the urine-C remaining after the 
first urine addition as determined in Eqn 1 (mg C g−1 soil), 
urine-CSECOND was the urine-C retained (Bq g−1 soil) after the 
second urine addition, specific activity was the specific 
activity of urine (Bq g−1 urine-C), and 14CO2 SECOND  was 
carbon dioxide produced from mineralisation of the urine-C 
(CO2-C g−1) during incubation from days 21 to 42. 
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content of the soil could not be directly measured following
the first incubation period. To be consistent between the first
and second incubation the amount of urine-C left in the soil
following the first urine addition was calculated as below:

Urine remaining FIRSTðmg C g−1soilÞ
= ½ðurine-C − 14

FIRST=specific activityÞ × 1000 CO2 FIRST; (1)½

where urine-C 1
FIRST was the urine-C retained (Bq g− soil) after

the first urine addition, specific activity was specific activity
of urine (25 694 Bq g−1 urine-C), and 14CO2 FIRST was the
carbon dioxide from mineralisation of the urine-C (14CO2-
C g−1) during the first 21-day incubation.

Following the second urine addition, urine-C remaining in
the soil would have been a combination of urine-C remaining
after the first and second urine additions. Therefore, the total
amount of urine remaining (mg g−1) from both urine additions
was calculated as below:

Urine remainingSECONDðmg C g−1soilÞ=urine remainingFIRST

+ ½ðurine-CSECOND=specific activityÞ× 1000 − 14CO2 SECOND;

(2) 

½
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Priming was then determined as per Eqn 3: 

Priming = ðCO2-Curine − CO2-CcontrolÞ= 

ðurine-C − leachate-CÞ, (3) 

where CO2-Curine is cumulative respiration from the urine 
treatment (mg CO2-C g−1); CO2-Ccontrol is cumulative 
respiration from the water treatment (mg CO2-C g−1); urine-
C is C added in the urine (mg C g−1); leachate-C is C in the 
leachate (mg C g−1), which is representative of the amount 
of urine-C retained as outlined in the equations above. 

Urine derived 14CO2-C was determined using the 14C-urea 
label. Unpublished data indicated that 94.8% ± 0.3 of urea 
in bovine urine was degraded within 14 days and contributed 
~90% of urine-C losses over that time (data not shown) and the 
other carbon compounds in urine would be minimal 
contributors to 14CO2-C but may have contributed some 
dilution of the radio-label (Petersen et al. 2004). The fraction 
of 14C activity  in  the  CO2 was determined by dividing 
the total amount of activity (Bq g−1) emitted over the course 
of each 21-day incubation (i.e. 0–21 days, and 22–42 days) 
by the amount of 14C (Bq  g−1) retained by the soil. The total 
CO2 produced was then multiplied by the fraction of 14C 
activity to determine the amount of urine-derived CO2. The  
remaining CO2 was soil derived and is assumed to include 
microbial biomass turnover and soil C mineralisation. Priming 
was the sum of priming measured after both urine additions. 
Priming can be both positive and negative (Fig. 4). Positive 
priming occurs when the addition of a substrate increases 
CO2 fluxes above that of the amount of C added in a substrate 
compared to soil with no substrate added, indicating 
degradation of soil C pools. Negative priming occurs when CO2 

fluxes are less than CO2 produced by degradation of the added 
substrate and soil with no substrate added indicating 
retardation of degradation of soil C pools (Blagodatskaya 
and Kuzyakov 2011). 

Urine addition can lead to root biomass death and 
degradation (Richards and Wolton 1975), adding to 
potential CO2 fluxes from soil. If urine addition led to root 
death (as shown by a decrease in root biomass over time), 

Urine-C 
degraded 

Positive priming 
Urine-C 

degraded Negative priming
Soil withSoil without 

urine Soil withsubstrate urine 

Fig. 4. Schematic of positive and negative priming where each column 
represents the total carbon dioxide flux inclusive of degradation of a 
carbon substrate (urine-C added) compared to a treatment with no 
substrate added (water added) (adapted from Blagodatskaya and 
Kuzyakov 2011). 

then the correction for baseline soil respiration using the 
control soils would not be sufficient and priming would be 
overestimated. There was no significant change in root biomass 
over time in either the water or urine treatments (data not 
shown), indicating that root death because of urine application 
was unlikely to have contributed to an increase in CO2 flux 
from either of the treatments. However, at the end of the 
incubation when the CO2 cores were assessed for root 
biomass, there was greater (P < 0.05) biomass in the urine-
treated cores than the water-treated cores. The higher root 
biomass in the urine treatment meant the water control 
correction may not have fully accounted for root respiration. 
To account for this, we fitted a linear regression of priming 
against root biomass and took the relative deviance of the 
observed value from the fitted value as a root biomass-
corrected measure of priming. Urine addition and defoliation 
can also increase root exudations (Dawson et al. 2000; 
Paterson et al. 2006; Zhu et al. 2016), any microbial 
stimulation facilitated by root exudations, post-urine addition, 
would be accounted for within the non-14C labelled  soil  fluxes. 

The variability of the priming response within each 
sampling site was assessed using the mean absolute deviation 
(Geary 1935). Mean absolute deviation was calculated as the 
mean of the distance from each data point and the mean as 
calculated below: 

1 n  X
jxi − mðXÞj (4) 

n i = 1 

where m(X) is the average value of the data set, n is the 
number of data values and xi is data values in the set. 

Cumulative effect of urine on soil pH and EC 

Priming is a cumulative measurement, so we determined the 
cumulative effect of urine on soil pH and EC over time. The 
cumulative urine effect on soil pH (CUEpH) and EC (CUEec) 
were calculated as the integrated difference between the water 
and urine treatments after the first and second urine additions. 

Statistical analyses 

Differences in soil pH, and EC and soil order effects between 
the treatments were assessed using ANOVA with Student– 
Newman–Keuls post hoc analysis (P < 0.05). The normality of 
each analysis was evaluated by visual assessment of residual 
plots and data was assessed for difference to zero using one 
sample, two-tailed, t-tests. Generalised linear models (GLM) 
were used to test the influence of soil order, CUEpH and 
CUEec and all interactions between them on priming. General 
linear regressions were used to assess the relationship between 
soil C contents and CO2 fluxes on each of the sampling dates. 
The statistics were undertaken using Genstat 12 (VSN 
International, Hemel Hempstead, UK), except for the GLM 
modelling (R Development Core Team 2009, R Foundation 
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for Statistical Computing, Vienna, Austria, https://www. 
R-project.org/) and regression modelling (Sigma Plot; Systat 
Software Inc.). 

Results 

Carbon dioxide fluxes 

Urine addition significantly increased microbial activity as 
seen by increases in total CO2 fluxes in 26 of the 27 soils 
after each urine application (Supplementary Figs S1–S3). On 
Day 1 of the incubation, urine derived CO2 (determined 
from 14C) was greater than CO2 flux from the water control 
(water < 14C urine < total; P < 0.001) (Figs S1–S3). However, 
after Day 1, CO2 flux from urine was the smallest flux 
(14C urine  < water < total; treatment effect P < 0.001, time 

effect P < 0.001). The Recent soils emitted the lowest CO2 

fluxes in response to urine addition, but the remainder of the 
soil orders did not differ from one another (Table 1; 
P < 0.05). Cumulative CO2 fluxes from 14C urine alone was 
significantly less than total CO2 fluxes (labelled urine plus 
soil; urine treatment) for all 27 soils (Table 1), indicating the 
bulk of CO2 produced in the urine treated soils was derived 
from soil C pools rather than urine-C. In 19 out of 27 soils, 
total cumulative CO2 was significantly less in the water 
controls than urine treated soil. Cumulative CO2 in the 
remaining eight soils exhibited no significant difference 
between urine treatment and water control. Cumulative CO2 

did not differ between 14C urine treatment and water 
controls in the Motuiti and Kairanga soils. 

CO2 fluxes (and therefore microbial activity) were greater 
(P < 0.001) after the first urine addition than the second urine 

Table 1. Cumulative carbon dioxide fluxes and priming after a 42-day incubation of 27 soils applied with 14C-labelled bovine urine or water. 

Soil Urine (mg CO2-C g−2) 14C urine (mg CO2-C g−2) Water (mg CO2-C g−2) Priming (μg C g−1) 

Ohaupo 3.12 (0.06)a 0.42 (0.04)b 2.10 (0.07)c −274 (223) 

Tirau 3.60 (0.21)a 0.40 (0.07)b 2.65 (0.09)a −783 (275) 

Egmont 4.00 (0.13)a 0.55 (0.10)b 2.36 (0.05)c −103 (35) 

Stratford 4.64 (0.14)a 0.46 (0.05)b 1.86 (0.13)c 363 (196) 

Lowgarth 2.82 (0.14)a 0.12 (0.01)b 2.38 (0.08)a −240 (216) 

Oaonui 5.52 (0.33)a 0.44 (0.09)b 2.88 (0.15)c 299 (255) 

Awatuna 6.02 (0.17)a 0.56 (0.02)b 2.66 (0.16)c 678 (202) 

Warea 5.91 (0.18)a 0.48 (0.03)b 2.11 (0.09)c 756 (135) 

Waitara 3.76 (0.10)a 0.31 (0.02)b 2.10 (0.06)c 46 (64) 

Papamoa 3.84 (0.15)a 1.04 (0.22)b 2.30 (0.14)c −91 (112) 

Opouriao 2.62 (0.12)a 0.27 (0.05)b 1.65 (0.07)c 59 (39) 

Silverdale 4.28 (0.28)a 0.62 (0.09)b 2.59 (0.15)c −58 (189) 

Kukumoa 3.13 (0.12)a 0.56 (0.02)b 2.12 (0.08)c −103 (118) 

Kopeopeo 3.07 (0.24)a 0.26 (0.04)b 1.79 (0.10)a −16 (127) 

Motuiti 2.89 (0.07)a 0.37 (0.03)b 0.58 (0.11)b 312 (151) 

Rangitikei 1.56 (0.07)a 0.09 (0.01)b 1.05 (0.03)c 13 (53) 

Manawatu 1.67 (0.12)a 0.13 (0.02)b 0.92 (0.04)c 44 (83) 

Waitatuna Valley 4.12 (0.29)a 0.26 (0.03)b 2.50 (0.08)c 76 (180) 

Hopai 1 3.55 (0.23)a 0.43 (0.06)b 2.43 (0.21)a −860 (308) 

Hopai 2 4.14 (0.18)a 0.29 (0.03)b 2.94 (0.18)c 302 (236) 

Elstow 3.29 (0.21)a 0.19 (0.03)b 2.11 (0.13)a 10 (343) 

Waitoa 1 2.89 (0.11)a 0.28 (0.02)b 2.75 (0.21)a −382 (163) 

Waitoa 2 3.99 (0.17)a 0.33 (0.03)b 3.68 (0.22) −431 (224) 

Wharepiana 5.65 (0.31)a 0.74 (0.09)b 3.82 (0.22)c −69 (335) 

Rahotu 3.45 (0.10)a 0.25 (0.04)b 1.99 (0.06)c 145 (105) 

Kairanga 3.62 (0.18)a 0.44 (0.04)b 1.32 (0.08)b 65 (163) 

Shannon 3.93 (0.15)a 0.27 (0.03)b 1.66 (0.06)c 479 (74) 

Note: ‘Urine’ represents the cumulative flux from soil and 14C urine, ‘14C urine’ represents carbon dioxide from labelled urine only, and ‘Water’ represents carbon 
dioxide from water treated soil. Negative priming values represent negative priming and positive values represent positive priming. Values in parentheses represent the 
standard error of the mean and values within a row with a different letter were significantly different (P < 0.05). 
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addition when assessed for all soils. CO2 fluxes in the urine-
treated soils ranged between 0.13 mg and 0.72 mg CO2-
C g−1 day−1 after the first urine addition and between 0.08 
mg and 0.52 mg CO2-C g−1 day−1 after the second (Figs 
S1–S3). On average, CO2 fluxes in the urine-treated soils 
were 86% ± 1 greater than the water controls 1 day after 
the first urine addition, and 68% ± 4 greater 1 day after the 
second urine addition. 

Cumulative CO2 fluxes were positively correlated to soil C 
contents and explained 54% and 24% of the variation in 
cumulative CO2 in the total and water treatments (Fig. 5; 
Table 2). There were no significant relationships between 
cumulative CO2 fluxes in the 14C urine treatments or with 
priming (Fig. 5; Table 2). 

The soil C content significantly affected the rate of microbial 
activity as seen as CO2 fluxes in response to urine addition; 
however, the strength of this positive relationship varied 
over time (Fig. S4; Table 2). Total C explained between 30 
and 62% of the variability in CO2 fluxes in response to urine 
addition (Table 2). 14CO2 fluxes were only affected by soil C 
contents immediately after urine addition where C content 
explained 23–28% of the variation in CO2 fluxes (Fig. S4). 
CO2 fluxes in the water controls showed a highly variable 
relationship with C content (Fig. S4; Table 2). There was a 
significant positive relationship between these factors on 
Days 14, 21, 28, 35 and 42, which explained between 12% 
and 44% of the variation in CO2 fluxes. 

Priming 

The priming calculation subtracts the amounts of 14CO2 

derived from labelled urine and CO2 produced from the water 
controls after determining the amount of urine-C retained and 
is indicative of the change in microbial activity in response to 
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Table 2. Linear regression parameters for analysis of cumulative 
carbon dioxide (mg CO2-C g−1), priming (μg g−1) and carbon dioxide 
fluxes (mg CO2-C g−1) over time, against soil total carbon contents 
in soils treated with urine and water. 

Incubation day Total urine 14C urine Water 
2r P 2r P 2r P 

Cumulative CO2 0.57 <0.001 0.05 0.149 0.24 0.005 

Priming 0.03 0.425 – – 

Day 1 0.49 <0.001 0.28 0.005 0.05 0.141 

Day 7 0.32 0.001 0.02 0.506 0.09 0.067 

Day 14 0.30 0.001 0.02 0.544 0.12 0.046 

Day 21 0.49 <0.001 0.01 0.729 0.21 0.010 

Day 22 0.53 <0.001 0.23 0.011 0.10 0.056 

Day 28 0.43 <0.001 0.02 0.450 0.18 0.017 

Day 35 0.62 <0.001 0.07 0.187 0.44 <0.001 

Day 42 0.56 <0.001 0.02 0.439 0.31 0.001 

Values in bold were statistically significant (P < 0.05). 

urine additions. Negative (retardation of carbon mineral-
isation), positive (acceleration of carbon mineralisation) and 
no priming was found in our soils (Table 1). On average, all 
soils exhibited negative or no significant priming after the 
urine addition (Fig. 6a). There was also no significant priming 
(either positive or negative) after the second urine addition and 
no differences between the soil orders with respect to average 
priming (Table 1; Fig. 6b). 

The mean absolute deviation represents the variation of the 
priming response. The mean absolute deviation of priming was 
200–400 μg C g−1 except for Gley soils after the second urine 
addition, in which the variation was over 900 μg C g−1 

(Fig. 7). Variation in priming response was greater after the 

Fig. 5. Linear regression analyses between cumulative carbon dioxide fluxes over 42 days for 27 soils applied with 
14C-labelled bovine urine or water and soil carbon contents. ‘Urine’ represents the cumulative flux from soil and 14C 
urine, ‘14C urine’ represents carbon dioxide from urine only, and ‘water’ represents carbon dioxide from water 
treated soil. Regression parameters are displayed in Table 2. 
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Fig. 6. Average priming in Allophanic, Brown, Gley and Recent soil orders after a first (a) and second (b) urine 
addition. Bars with different letters were significantly different and bars with a star were significantly different to 0 
(P < 0.05). 

variation in priming (Fig. S5), but not after the first urine 
addition. There was no relationship between CUEpH and 
priming after either the first or second urine addition. There 
were also no significant relationships between priming and 
the maximum soil pH and EC over the 42-day incubation 
(data not shown). 

Discussion 

We examined the microbial priming response to two sequential 
urine additions and investigated the potential for urine 
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Fig. 7. Variation in priming response represented as mean absolute 
deviation in Allophanic (n = 9), Brown (n = 3), Recent (n = 6) and 
Gley (n = 9) after a first and second urine addition. 

second urine addition in Allophanic and Brown soils, lower in 
Recent soils but twice as great in Gley soils (Fig. 7). 

Soil pH and electrical conductivity 

Soil pH changed little in response to urine addition (Fig. 8), 
except for Recent soils, where there was a significant increase 
after both urine additions. The Allophanic and Gley soils also 
showed a significant (P < 0.05) increase in pH after the second 
urine addition (Fig. 8). Soil EC significantly increased in all 
urine-treated soils at all sampling times over the incubation 
(Fig. 9). 

Cumulative urine effects on soil pH (CUEpH) and EC 
(CUEec) were analysed in relation to priming. There was a 
significant relationship between CUEec and priming after the 
second urine addition, which explained about 17% of the 

facilitated changes in pH and EC changes to affect priming. 
There was large within soil and within soil order variability 
indicating soil-specific priming responses. 

CO2 fluxes generally exhibited the typical pattern of priming 
events, with a rapid increase in CO2 fluxes in the urine-treated 
soils (e.g. Lambie et al. 2013; Boon et al. 2014). With 
surprisingly little variation, the increase in CO2 fluxes after 
the first urine addition was 86% ± 1 above  the water  
controls within 24 h of the first urine addition. This is similar 
to results of Lambie et al. (2013), who  found  that  CO2 fluxes 
from repacked cores of an Allophanic soil increased by 95%, 
and Kool et al. (2006), who reported increases of 79% and 
84% from undisturbed Podzol soil in the first 24 h after 
urine addition. However, Uchida et al. (2011)  reported 
considerably greater increases of CO2 around 400% in the 
first day following urine addition to repacked Oxidic soil. 

Allophanic soils exhibited an increase in CO2 fluxes after the 
second urine addition above the water controls (Fig. 5), 
possibly due to higher amounts of organic matter and microbial 
biomass in these soils (Table S1). Certainly, there was some 
evidence that CO2 fluxes following urine addition were 
correlated to C contents, although the strength of the 
relationship varied over the incubation, and C content was 
likely not the only factor affecting CO2 fluxes over time. 
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Fig. 8. Soil pH in Allophanic (n = 9), Brown (n = 3), Recent (n = 6) and Gley (n = 9) soils over a 42-day incubation 
period with bovine urine or water added on Days 0 and 21 of the incubation. Urine symbols with a star were 
significantly different from the water controls on that day (P < 0.05). Error bars represent the standard error 
of the mean. 

CO2 fluxes immediately following the second urine addition 
were lower in all soils than after the first urine addition. In 
contrast, Kelliher et al. (2005)  found that sequential 
applications of pure urea to a Gley soil doubled CO2 

emissions after the second addition. As bovine urine has a 
large urea content, we also expected to see increased CO2 

following the second urine addition, despite urea applications 
resulting in a lower CO2 efflux than real urine (Kool et al. 2006; 
Lambie et al. 2013). The decreased CO2 response to the second 
urine addition may be due to diminished ability of soil 
microbes to utilise new substrates 21 days after urine 
addition. Lambie et al. (2019) showed in a sister experiment 
that functional capacity (the ability of microbes to utilise 
added substrates) was inhibited 21-day after bovine urine 
application compared to pre-incubation and water applied 
controls. Bertram et al. (2012)) found microbes exhibited 
signs of stress from 8 days until completion of a 28-day 
incubation after urine addition. They also found microbes 
experienced stress in wetter soils compared to drier 
(70% and 35% water filled porosity) and therefore, our 
microbes may have experienced substantial stress in 
response to water adjustment of the soils and the additions 
of further water or urine over our experiment. 

Research into priming response using real urine is limited, 
but data published to date (e.g. Uchida et al. 2011; Lambie 
et al. 2013) showed significant positive priming after urine 
addition but suggested a range in the priming response in 
different soils. We indeed found considerable variability in 
both magnitude and direction of priming in our soils, as 
also reported by Paterson and Sim (2013). The mechanisms 
driving variability in priming response remain elusive. We 
found no strong evidence that soil pH and EC changes after 
urine addition affected priming in the 27 soils we tested. 
Basal respiration and post-substrate addition moisture 
contents (Luo et al. 2016) and microbial biomass C (Kuzyakov 
et al. 2000) have been linked to priming response; however, 
we found no significant relationships between these factors 
and priming (Table S2). 

The spatial variability of CO2 fluxes has been linked to 
differences in water contents (e.g. Herbst et al. 2009; Warner 
et al. 2016; Arias-Navarro et al. 2017), but our soils were 
adjusted to very similar water contents and there was no 
indication of a correlation between priming and water content 
in our soils. Identification of soil chemistry that influences 
variability of CO2 fluxes is surprisingly rare in the literature; 
however, Warner et al. (2016)  suggested the amount of 
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Fig. 9. Soil electrical conductivity in Allophanic (n = 9), Brown (n = 3), Gley (n = 9) and Recent (n = 6) soils over 
a 42-day incubation period with bovine urine or water added on Days 0 and 21 of the incubation. Urine symbols 
with a star were significantly different from the water controls on that day (P < 0.05). Error bars represent the 
standard error of the mean. 

water-soluble C may be factor. Soil water-soluble C can be 
directly affected by urine, which contains substantial 
amounts of C (Lambie 2012) and urine can also increase 
solubilisation of soil C (Lambie et al. 2012a, 2012b). However, 
Lambie et al. (2013)  found no correlation between water-
soluble C and urine priming response. Paterson and Sim 
(2013) reported that the substrate concentration trigger 
point for priming could be soil specific and further work 
assessing urine additions with a range of C concentrations 
could be valuable in determining if this is the case. 

Previous experimentation assessing priming in response to 
real urine used repacked cores, which would have a more 
uniform drainage pattern compared to undisturbed cores 
(Monaghan et al. 1989) due to disruption of pore distri-
butions during repacking. The physical distribution of added 
substrates within soils affects C mineralisation. For example, 
Killham et al. (1993) found greater CO2 mineralisation of 
added 14C-labelled glucose in larger pores, which was further 
enhanced at lower soil water matric potential. Further, 
Bouckaert et al. (2013)  suggested that the distribution of 
water among the pores of different sizes, rather than the 
actual water content influences microbial mineralisation. 
Nunan et al. (2017)  also reported that the microhabitat of 

microorganisms is affected by pore distribution and ultimately 
affects microbial function by strongly influencing oxygen and 
substrate availability. Priming response may also be mediated 
by only a portion of the soil microbial community (Paterson 
and Sim 2013) and therefore, their ability to access added 
substrate may contribute to the variability in priming response. 

Sorption processes may also contribute to microbial 
availability of dissolved organic C (Jardine et al. 1989; 
Kaiser and Zech 1997) and has not been fully described for 
urine in soils. While, Lambie et al. (2012b) showed sorption 
of urine-C does occur in soils, as well as substantial dissolution 
of soil C compounds, they did not identify the differences in 
composition between urine added and leachate. Therefore, it 
is possible that sorption of urine-C compounds may differ in 
preference for carbon compounds in urine as well as 
capacity between soils impacting availability of compounds 
for microbial degradation and therefore variability in priming 
response. 

Much of the literature on urine decomposition uses 
additions of urea or artificial urine to soils (e.g. Shand et al. 
2000; Kelliher et al. 2005) and urea in real urine degrades 
more in soil than urea in artificial urine (Lovell and 
Jarvis 1996; Kool et al. 2006; Lambie 2012). For example, 
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Lambie et al. (2013)  found that following artificial urine 
application to an Allophanic soil, urea hydrolysis only 
contributed to 54% ± 1 of CO2 fluxes. Other C compounds 
in bovine urine (e.g. hippuric acid, carbodiimide and 
phenaceturic acid) contribute more C than urea to the total 
C content of urine (Lambie 2012), and the relative influence 
of degradation of urine’s different C-containing compounds 
is unclear. Lambie (2012) found that bovine urine-C has a 
limited degradability with only 5–15% of urine-C mineralised 
over 28 days (25°C), and residual urine-C remained in 
soil 84 days after urine addition with immobilisation in 
microbial biomass accounting for between 8 and 14% of 
urine-C (Lambie et al. 2013). Further work exploring the 
variability in urine-C composition would also inform the 
priming response to bovine urine. 

While we elucidated the priming response to urine across a 
range of soils, we may have generated more questions than 
answers around the impact of urine additions on C cycling in 
agricultural soils. There is a dearth of information on urine-C, 
be it composition or other attributes, which hinders under-
standing on how urine-C contributes to the sustainability 
of intensively grazed systems. The prevalence of the use of 
artificial urine confuses the issue as there is sufficient data 
that real bovine urine behaves differently to urea, artificial 
urine, and other carbon compounds commonly used to assess 
priming response (e.g. glucose). Further, while priming is a 
biological process, compositional or functional change in 
microbial communities under urine patches has predominantly 
been assessed with respect to N cycling and rarely for C cycling 
(e.g. Lambie et al. 2019). It is possible that priming is 
determined by specific organisms being able to physically 
access added substrate rather than any chemical responses of 
the soil to urine additions and requires further investigation. 

Supplementary material 

Supplementary material is available online. 
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