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Abstract: 

Because potential extracellular enzyme activities (EEAs) represent microbial investment into 

nutrient acquisition, they may be sensitive to soil nutrient conditions and land management 

practices. However, inconsistent relationships between EEA and bioavailable nutrients such as 

inorganic N and P are generally reported. I therefore asked whether bioavailable nutrient 

concentrations could serve as a reliable predictor of EEA in semi-arid ecosystems. I sampled six 

vineyards throughout the state of Arizona, USA, collecting soil samples from within the vineyard 

itself and outside the area of active management. A suite of soil physicochemical characteristics 

including nitrate, ammonium, phosphate, and the activities of two N-acquiring [N-acetyl-β-

glucosaminidase (NAG) and leucine aminopeptidase (LAP)] and one P-acquiring [phosphatase 

(PHOS)] EEAs were measured in each sample. I found that concentrations of inorganic N were 

extremely poor predictors of NAG and LAP activities. Soil phosphate concentrations were 

similarly poor predictors of PHOS activity.  The activities of the two N-acquiring enzymes were 

not correlated with each other, contrary to my expectations. Additionally, the measured EEAs 

did not show consistent patterns based on sampling location. These findings lead me to the 

conclusion that EEAs are unreliable indicators of nutrient limitation or land-use in semi-arid 

(agro)ecosystems.  

Keywords: 

Extracellular enzymes; soil health; soil quality; bioavailable nutrients; vineyard 
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1. Introduction 

Much of the organic matter decomposition process in soils is carried out by the activities of a 

wide variety of microbial extracellular enzymes (Berg and McClaugherty, 2020) that process 

water-insoluble organic polymers into more soluble (i.e. bioavailable) monomers. Due to the 

fundamental role of these enzymes in controlling available nutrients in soils, it is not surprising 

then to find that several decades worth of work has been done attempting to relate the production 

and activity of extracellular enzymes to soil conditions as “fertility,” “quality,” or “health” 

(Burns, 1978, Dick, 1994). Still today, organizations such as the United States Department of 

Agriculture Natural Resource Conservation Service (USDA NRCS, n.d.) and Soil Health 

Institute (Soil Health Institute, 2021) are recommending or evaluating the measurement of 

potential extracellular enzyme activities (EEAs) to indicate soil health. With the increasing 

support and investment for soil health movement from small (independent farms) to large 

(multinational corporations) (Kellogg Company, n.d., Nestlé S.A., n.d.) scales, it is important 

that suggested assessment metrics are well understood and applicable to multiple ecosystems. 

The rationale for measuring potential EEA is due to their potentially rapid response to 

management practices including crop rotation, tillage, and fertilizer inputs. A variety of factors 

increase or decrease EEA depending on the soil texture, mineralogy, and the particular enzyme 

in question (Pandey et al., 2014, Olagoke et al., 2019). Those who recommend measuring EEA 

posit that its changes reflect disturbances more quickly than changes in crop productivity or plant 

health. Potential EEA have also been included in indices attempting to assess soil quality or 

health (Trasar-Cepeda et al., 1997, Puglisi et al., 2006) or to assess nutrient limitations in 

microbial communities (Allison et al., 2010, Moorhead et al., 2016, Cui et al., 2019).  
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Despite the growing interest in using potential EEA as an indicator of soil nutrient 

availability, notable discrepancies prevent consistent interpretation (Nannipieri et al., 2012, 

Bünemann et al., 2018, Fierer et al., 2021). On one hand, given the high energetic costs 

associated with EE production, the predominant understanding in the scientific literature is a 

negative relationship between EEA and available nutrient concentrations. Previous 

interpretations of enzyme activities take the stance that  higher activity indicates that the nutrient 

corresponding to a given enzyme is limiting (Bandick and Dick, 1999, Allison and Vitousek, 

2005). In essence, it is thought that the bioavailable nutrients may be standing in as products in 

the enzymatic reaction. If available nutrients are abundant, it becomes unfavorable to invest in 

new nutrient-acquiring enzymes. On the other hand, this relationship is not always found in field 

experiments (Farella et al., 2020, Jing et al., 2020).  

These apparently contradictory interpretations of EEA are important to address because 

researchers and land managers may draw conclusions based on assumed relationships that do not 

exist in their given (agro)ecosystem. Without clarifying the potential relationship between 

bioavailable nutrients and EEA, it is difficult to imagine a consistent and reliable interpretation 

of EEA across ecosystem and soil types. Without well-substantiated guidance on interpreting 

EEA, it also becomes difficult to justify its inclusion in soil quality metrics.  

To determine whether nutrient limitations can be adequately inferred from potential EEA 

measurements, we must first ask: do bioavailable nutrient concentrations accurately predict soil 

EEA? To answer this question, I analyzed bioavailable nutrients, the activities of two N-

acquiring enzymes [N-acetyl-β-glucosaminidase (NAG) and leucine aminopeptidase (LAP)], one 

P-acquiring enzyme (phosphatase), and other edaphic properties across a suite of soil and 

management conditions at six wine grape vineyards in Arizona, USA. I expected negative 
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correlations between N-acquiring enzyme activities and available N due to the supposition that 

the enzyme reaction products serve the same purpose as inorganic forms of N and P.  Similarly, I 

expected that phosphate concentrations would exhibit a greater negative effect on phosphatase 

relative to N and N-acquiring enzyme activities due to phosphate being a direct product of the 

enzymatic reaction rather than merely containing the target nutrient, as is the case with NAG and 

LAP. If my prediction of a negative correlation is supported, it provides further support for the 

practice of inferring soil nutrient conditions based on measures of potential EEA. If my 

predictions are not supported, it indicates that EEA may not be a useful and reliable indicator of 

soil nutrient conditions. If EEA is found not to be a reliable indicator of nutrient conditions, then 

researchers and landowners may need to explore additional measurements to assess soil nutrient 

conditions. 

2. Methods 

2.1. Vineyard descriptions and sampling design 

In December 2020 and January 2021, I collected soil samples from six wine grape 

vineyards and adjacent, unmanaged plots outside the managed area in Arizona. All vineyards 

employ drip-fed fertigation techniques that include a nitrogen fertilizer (typically urea-

ammonium nitrate [UN32]) but differ in vineyard age, grape varietal, and general fertilizer and 

pest management strategies (Table 1).  Climate and soil physical and chemical properties can be 

found in Table 2.  All vineyards are located in semi-arid climatic regions surrounding the 

Sonoran Desert. The Colibri vineyard is located near the Chiricahua Mountains in Portal, AZ. 

The Deep Sky and Rhumbline vineyards are located in Willcox, AZ, and the Rune vineyard is 

near Sonoita, AZ. The House Mountain and Page Springs vineyards are located in the Verde 
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Valley. All vineyards except Colibri are in established American Viticultural Areas (Alcohol and 

Tobacco Tax and Trade Bureau, 2022. The soil texture at the vineyards includes loam, sandy 

loam, and sandy clay loam with neutral to alkaline pH.   

Using a manual auger, soils were collected from four rows per vineyard from depths of 0-

10 cm and 10-30 cm (Figure 1). Samples were collected directly underneath the grapevines 

(referred to as “under-vine”) and in the middle of each row of vines (“mid-row”). Each vineyard 

was sampled in two locations to capture potential for different nutrient and organic matter 

concentrations. Due to the use of drip-fed fertigation, it was possible that nutrient concentrations 

would be significantly different directly under the vine compared to the middle of the row. In 

each row, two samples from each depth and location were composited and mixed thoroughly into 

a single sample. Outside the managed area of each vineyard, native reference soils were collected 

in a similar manner to samples from inside the vineyard’s property lines. These native locations 

served as a reference to determine whether management history may be a significant factor in 

predicting enzyme activities. Sampling locations were chosen without regard to soil type or 

appearance, but I avoided sampling directly next to or under large vegetation or material that 

originated within the vineyard (e.g., piled rocks or cut branches). Similar to samples from within 

the vineyard, duplicate samples were composited to form a total of four replicates per depth for 

native reference location. All soil samples were air-dried and stored in sealed plastic bags in a 

dark cabinet until analysis. Soil water content was determined gravimetrically by drying the soils 

at 105 °C for 48 hours. Soil pH was determined using a 2:1 deionized water to air-dry soil ratio.  
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2.2. Soil nitrogen 

Ammonium (NH4
+) and nitrate (NO3

−) were extracted from fresh soils using 2 M 

potassium chloride solution that was passed through a 0.45 glass fiber filter into a plastic 

scintillation vial before being frozen at -20 °C until ready for analysis. Ammonium and NO3
− 

concentrations were determined using colorimetric analysis (Hood-Nowotny et al., 2010) on an 

AccuSkan FC microplate reader. Plates containing the NO3
− assays were incubated in the dark 

overnight at room temperature before the absorbance was measured at 540 nm wavelength. 

Ammonium assays were incubated in the dark at room temperature for 1 h before the absorbance 

was measured at 650 nm. Inorganic N is reported as the sum of NO3
− and NH4

+ concentrations.  

2.3. Phosphorus  

Bioavailable P, measured as orthophosphate (PO4
3−), was extracted from fresh soils using 

the (Olsen, 1954) bicarbonate method. Briefly, I extracted available P before using a 0.5 M 

sodium bicarbonate solution that was then passed through a 0.45 µM glass fiber filter and frozen 

at -20 °C until ready for analysis. To quantify bioavailable P, the filtrate was treated according to 

the ascorbic acid method (Murphy and Riley, 1962). To prevent excessive bubbling, I added 50 

µL of 0.75 M sulfuric acid before adding the ascorbic acid to the plated samples. The 

microplates were incubated in the dark at 37 °C for 20 minutes before the absorbance was 

measured at 850 nm to determine the PO4
3− concentration.   

2.4. Soil organic matter 

Total SOM was quantified using oven-dry samples via a standard mass loss on ignition 

protocol by combusting the soil at 500 °C for four hours. The difference in pre- and post-ignition 

masses is attributed to the combustion of organic material in the soil, leaving the soil mineral 
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fraction intact (Hoogsteen et al., 2018). Although less precise than quantifying organic C or N 

using an Elementar C and N analyzer, this method represents all forms of organic matter 

(including P-rich organic compounds) that can influence microbial enzyme production.  

2.5. Potential extracellular enzyme activities 

I measured the potential activities of two extracellular hydrolytic enzymes that target N 

and one that targets P. The enzymes N-acetyl-β-glucosaminidase (NAG) and leucine 

aminopeptidase (LAP) target N-rich chitin and proteins, releasing N-glycans and leucine, 

respectively. Phosphatase (PHOS) releases PO4
3−.  

I used established protocols to measure EEA (Saiya-Cork et al., 2002, Farella et al., 

2020). The average pH of each group was used to determine the pH of the buffer solution used in 

the assay to simulate in-situ pH conditions as closely as possible. Soil from each air-dried sample 

was mixed with 50mM sodium acetate buffer solution in a Waring blender for 1 min. The 

resulting soil slurry was sieved (1 mm) before being transferred into a 96-well round bottom 

plastic microplate.  

The potential activity assay relies on the hydrolysis and release of substrates linked to 

fluorescent molecules. Methylumbelliferone (MUB) and amino methylcoumarin (AMC) 

derivatives (4-MUB-N-acetyl-β-D-glucosaminide, 4-MUB phosphate, L-leucine-7-amido-4-

methylcoumarin hydrochloride) solutions (200 μM) are used to detect the activity of NAG, 

PHOS, and LAP respectively. After the addition of the fluorescent substrates, the microplates 

were incubated in the dark at 20°C  for one hour. After incubation, the microplates are 

centrifuged at 350 x g for 3 minutes to clarify the solution. Two hundred microliters of the 

supernatant solution were transferred to a black, flat bottom microplate before being read on a 
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UV-capable Synergy 4 Biotek microplate reader at 365 nm excitation and 450nm emission 

wavelengths. 

Additional plates containing the soil slurries and serial dilutions of 4-

methylumbelliferone or 7-amino-4-methylcoumarin, but not the specific substrates mentioned 

above, were incubated centrifuged alongside the first plate before being read in an identical 

manner. These additional plates were used to generate a standard fluorescence curve for each 

soil, allowing use to calculate the concentration of MUB or AMC released by the target 

enzymes. This concentration was normalized to a 1 h incubation and is referred to as the 

potential EEA of the soil. 

2.6. Particle size 

The texture of the soils at each vineyard was determined using the hydrometer method 

(Gee and Bauder, 1986). Air-dried soil (20 g) was added to 300 ml of 1.36 x 10-3 M sodium 

hexametaphosphate solution and soaked overnight. The following morning, the mixture was 

sonicated at 50% intensity for 2 min, then brought up to 1 L with deionized water in a plastic 

graduated cylinder. After 30 sec of vigorously mixing with a rod and perforated disk, specific 

gravity measurements were taken at 30 sec, 90 sec, 2 h, and 24 h. Samples from within the 

vineyard (under-vine and mid-row) were composited prior to analysis as the difference in texture 

at that scale was likely negligible.    

2.7. Data transformation 

First, in order to meet model assumptions, soil nutrient concentrations, water content, and 

EEA were natural log transformed. I also calculated the specific EEA of each enzyme by 

normalizing measured activities to the SOM content of each sample due to the well-established 
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positive impact of organic matter on enzyme production (Sinsabaugh et al., 2008). Standardizing 

EEA to sample SOM concentrations allowed me to compare the effects of the available nutrient 

forms on EEA across samples.  

2.8. Principal Component Analysis 

Due to the numerous potentially correlated measurements present in our dataset, I 

conducted a principal component analysis (PCA) to reduce the dimensionality of the dataset and 

identify correlations between variables of interest. 

2.9. Mixed-effects Linear Regression Model 

To predict the specific EEA of each enzyme, a linear mixed-effects model employing a 

restricted maximum likelihood approach was constructed using the lmer function of the lme4 

package in R (version 4.1.0) (R core team, 2021, Bates et al., 2015). Fixed effects in the model 

included sampling depth, sampling location, inorganic N concentrations, inorganic phosphate 

concentrations, pH, and water content. Any missing data (e.g., samples with undetectable 

phosphate concentrations) were excluded from the model (inorganic n = 142, phosphate n = 

138). Due to the variation of these parameters between and within vineyards (Table 2, Figure 2), 

vineyard was included as a random effect. The general structure of the lmer model is: ln(specific 

EEA) ~ Depth + Sampling Location + ln(inorganic N) + ln(phosphate) + pH + ln(water content) 

+ (1|Vineyard). To test for collinearity between the variables, I used the vif function in the car 

package (Fox & Weisberg, 2019). The Dharma package (Hartig, 2022) in r was used to assess 

both the normality of the residuals  via a quantile quantile plot and for homogeneity of variance 

using a Levene test (Levene, 1960). Marginal and conditional R2 values were estimated 



16 

following (Nakagawa and Schielzeth, 2013). Satterthwaite’s approximation was used to estimate 

the statistical significance of the fixed effects (Satterthwaite, 1941).  

3. Results 

3.1. Nutrient and organic matter variations within and among 

vineyards 

The vineyards showed significant differences in bioavailable nutrient concentrations both 

between sampling locations and vineyards (Figure 2). The sampling location with the greatest 

amount of bioavailable nutrients was not consistent among vineyards. Where there were 

significant differences between sampling locations, the location with the greatest nutrient 

concentration (under-vine, mid-row, or native reference) was not consistent.  

The Page Springs vineyard showed the greatest variation in bioavailable nutrient 

concentrations between sampling locations relative to the other vineyards. Except for Page 

Springs, SOM and bioavailable nutrient concentrations were only significantly different at one of 

the three sampling locations. House Mountain had inorganic N concentrations that were greater 

in the native reference samples than in samples from within the vineyard, but none of the other 

vineyards did. None of the vineyards had greater concentrations of phosphate in the native 

reference samples than vineyard samples.  

On the other hand, soil organic matter concentrations rarely varied within vineyards 

based on sampling location (Table 2), with only House Mountain and Rhumbline exhibiting 

significant differences in mean SOM content. The native reference samples at  House Mountain 

had significantly greater SOM concentrations than samples from within the vineyard. Rhumbline 
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showed the reverse of this pattern with greater SOM directly under the vine while mid-row and 

native reference samples showed no significant differences to each other.  

3.2. Specific EEA variation within and among vineyards 

There were significant differences in the three specific EEAs within and among 

vineyards, though the pattern of activities were not consistent among vineyards. Within a 

vineyard, there was less variation in NAG activity among sampling locations than there were for 

PHOS and LAP. Only two (Colibri and Deep Sky) of the six vineyards showed a significant 

difference in NAG activity between the native, mid-row, and under-vine sampling locations. The 

sampling location with significantly higher NAG activity was not consistent among vineyards, 

either; the mid-row samples had higher activity than native or under-vine samples at Colibri, 

while the under-vine location had higher activity than the mid-row at Deep Sky. Under-vine and 

native samples did not have significantly different NAG activity at Deep Sky. 

Meanwhile, LAP activity was significantly different in at least one sampling location for 

four of the six vineyards. Page Springs and House Mountain did not show a significant 

difference in LAP activity among sampling locations. Similar to NAG activity, the pattern of 

significantly higher or lower activities among locations was not consistent between vineyards. 

Two vineyards (Rune Wines and Deep Sky) had significantly greater LAP activity in the native 

reference locations and two (Rhumbline and Colibri) had greater activity within the vineyard. 

However, none of the vineyards showed a significant difference in LAP activity between the 

mid-row and under-vine sampling locations.  

Similar to LAP, PHOS activity differed significantly among sampling locations at four of 

the six vineyards with Rune and House Mountain showing no differences among locations. 
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Again, locations with significantly higher PHOS activity differed among vineyards. Three 

vineyards(Colibri, Deep Sky, and Rhumb Line) had significantly higher activity within the 

vineyard relative to the native reference location, though it was not exclusively higher in either 

the under-vine or mid-row locations. A single vineyard (Page Springs) showed no significant 

difference in PHOS activity between the native and mid-row locations, but the under-vine 

location was significantly lower than the native reference location.  

There are some within-vineyard patterns when examining activities at each vineyard 

individually, though they are not consistent among the vineyards. At Colibri, activities were 

highest within the vineyard (either mid-row or under-vine) across all three enzymes. NAG and 

PHOS activities were greatest in the mid-row location, while LAP showed no difference between 

under-vine and mid-row locations. Deep Sky had significantly higher PHOS activity in the 

under-vine location, while LAP was greatest in the native reference location. NAG showed no 

significant differences between the mid-row and native locations. House Mountain showed no 

significant differences in activity among sampling locations for any of the enzymes, while Page 

Springs only showed a difference in PHOS activity between the native reference and mid-row 

locations. NAG was the same among sampling locations at Rhumb Line, while LAP and PHOS 

had significantly lower activity in the native reference location. The mid-row and under-vine 

locations at Rhumb Line showed no difference for any of the enzyme activities. Rune only 

showed a difference in LAP activity, while NAG and PHOS activities showed no significant 

difference among sampling locations. 
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3.3. Principal Component Analysis 

From the principal component analysis biplot (Figure 4),  we can see that several 

variables are positively correlated. For example, gravimetric water content (GWC) was strongly 

positively correlated with LAP activity, indicated by their similar vectors. The vectors for NAG 

and PHOS activities are more similar than those of pH and PHOS, indicating that they are more 

closely correlated. However, the vectors for the activities of the two N-acquiring enzymes—

NAG and LAP—nearly form a right angle, indicating that they are not correlated. Instead, LAP 

activity was more strongly correlated with pH. Based on the biplot (Fig. 4), LAP activity was 

negatively correlated to concentrations of inorganic N, but NAG was not well correlated. 

Phosphatase activity was similarly poorly correlated to soil phosphate. 

3.4. Linear mixed-effects model predictions 

The linear mixed effects model was used to predict the specific EEA of NAG, LAP, and 

PHOS. The estimation of each fixed effect in the model is shown in Figure 5a-c. These plots 

show that few of the fixed effects in the model have a statistically significant effect on specific 

EEA regardless of the enzyme. In each case, the bioavailable nutrient (i.e., inorganic N for NAG 

and LAP; phosphate for PHOS) did not significantly affect the specific activities of the 

corresponding nutrient. 

The only variables that significantly influenced NAG activity (Figure 5a) were soil pH, 

water content, and phosphate concentrations. All were estimated to have a positive effect on 

NAG activity. However, the effect of phosphate was estimated to be quite small. NAG activities 

were not significantly influenced by inorganic N, sampling within the vineyard rather than in the 

unmanaged native reference areas, nor depth. 
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Although the mixed-effects model explained 64% (R2 = 0.642) of the variance in NAG 

activity, only 16% (R2 = 0.162) of this contribution can be attributed to soil physicochemical 

factors, sampling depth, and sampling location. Instead, the majority of the variance was 

explained by differences between sites. Figure 6a shows a linear regression of predicted specific 

NAG activities against inorganic N concentrations overlaid on top of a scatterplot of measured 

NAG activities against inorganic N. This plot confirms what is seen in Fig. 4a: inorganic N 

concentrations are insufficient at predicting NAG activities.  

Likewise, inorganic N concentrations are not a significant predictor of LAP activities 

(Fig. 5b). Contrary to NAG, sampling location was also a significant predictor of LAP activity, 

though it has less of an effect than pH. The relationship between pH and LAP activities was 

similar to that of pH and NAG activities, but the magnitude of the effect was much greater for 

LAP. It is also clear that although the model explains a similar amount of LAP (conditional R2 =  

62.9%) variation as it did NAG, far more of the variation was explained by the fixed effects 

(marginal R2 = 50.0%). Figure 5 shows that pH was contributing the most to LAP values. 

Conducting a simple linear regression of specific LAP activity against pH, I find that 43% 

(adjusted R2 = 0.4298) of the variation was explained by pH alone, without accounting for 

variation among sites. This was in contrast to NAG where, although pH also had the greatest 

estimated effect on its activity, only 5.4% of the variation was explained by pH alone.  

Unlike NAG and LAP,  pH did not significantly affect PHOS activities. Instead, only 

water content was estimated to have a significant positive effect (Figure 5c). Phosphate 

concentrations were also not a significant predictor of PHOS activities. This was confirmed by 

examining the scatterplot of specific PHOS activities against phosphate concentrations with the 

linear regression of predicted PHOS activities overlaid on top of the scatterplot (Figure 6c). The 
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mixed-effects model also explained less of the variation in PHOS activities than it did for NAG 

or LAP with a conditional R2
 = 0.454. Similar to NAG, only a small portion of the variation was 

explained by the fixed effects in the model (marginal R2 = 0.191).  

4.  Discussion

Soil extracellular enzyme activities have long been proposed as a potential metric to 

assess soil health and more recently have been used to infer bioavailable nutrient limitations. It 

was thought that EEAs would respond rapidly to changes in the soil environment caused by land 

management practices and nutrient fluxes. Because of this, it was expected that the same 

sampling locations should have a similar effect on the soil, i.e. greater nutrient concentrations 

within the vineyard relative to the native reference locations.  

However, the differences within and among vineyards demonstrates that a one-time 

sampling event may be insufficient to detect strong, generalizable trends in EEAs based on 

sampling location or land management history in semi-arid ecosystems. Although the vineyards 

are not all the same age or share all the same agricultural techniques, they are fairly similar when 

it comes to tillage and fertigation practices. Regardless of this similarity, the enzyme activities 

were not consistently higher or lower in the same sampling location (e.g. under-vine did not 

consistently have greater or lesser activity of a given enzyme).  

 Page Springs is a clear example of the lack of effect that land management and nutrient 

conditions have on potential EEAs. Although inorganic N and P concentrations were higher in 

the under-vine and mid-row locations compared to the native reference locations, as predicted, 

there were no differences in NAG or LAP activities among those locations. While PHOS 

activities were negatively correlated with inorganic P concentrations, these results were only 
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significant between the under-vine and native reference locations. This lack of consistent 

response to sampling location indicates that EEAs are insensitive to management practices, at 

least in semi-arid ecosystems. This finding contradicts the previous perspective that EEA 

responds rapidly to changes in soil physicochemical conditions, meaning they are likely of more 

limited use in soil health assessments.  

 The positive effect of water content on predicted EEA was unsurprising due to water 

increasing the access of both dissolved organic matter and dissolved bioavailable nutrients. 

However, it is unclear why this estimated positive effect was seen only for NAG and PHOS, but 

not for LAP even though GWC was positively correlated according to the PCA biplot (Figure 4).  

 The results of the mixed-effects model predictions also demonstrate the lack of effect that 

available nutrients have on potential EEA. There was an expectation that the activities of N- and 

P-acquiring enzymes would be negatively correlated with bioavailable N and P, respectively. 

However, our results do not support either of these predictions in our semi-arid 

(agro)ecosystems. The concentrations of the corresponding bioavailable nutrients were not a 

significant predictor for any of the three enzymes assayed.  

 It was also expected that PHOS would have the strongest negative correlation with 

phosphate concentrations due to phosphate being a direct product of the enzymatic reaction, yet 

no correlation was found. Of the three enzymes, this lack of correlation was the most surprising 

due to phosphate being a direct product of the enzymatic reaction. This result provides increased 

support for the view the EEA are not reliable predictors of the nutrient abundance or scarcity in a 

soil.  
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 Due to their similar function in the soil (i.e. releasing bioavailable N into the soil 

solution), it was expected that NAG and LAP would be positively correlated. While inorganic N 

was not a significant  predictor of NAG and LAP activities, pH was a significant predictor of 

both. This alone is not surprising due to the well-reported effects of pH on enzyme activities 

(Leprince and Quiquampoix, 1996, Turner, 2010), but the disparity between the variation 

explained by pH is interesting. It is possible that this difference in the estimated effect of pH is 

due to a difference in the pH sensitivities of the two enzymes, but we cannot confirm that from 

this study. However, this difference in the effect of pH may be what caused NAG and LAP to be 

non-correlated, contrary to expectations. 

 While the non-correlation of NAG and LAP activities was unexpected and unrelated to 

the question posed by this study, it is nonetheless important due to the practice of combining 

NAG and LAP activities as a sort of proxy for microbial N-acquisition (Sinsabaugh et al., 2008). 

Given how differently these two enzymes appear to be affected by the same soil property, it is 

unclear how tenable it is to treat these two activities equivalently in this manner.  

On the other hand, the lack of a significant effect of pH on PHOS activities may have a 

more direct explanation. The substrate commonly used to detect PHOS activity in soils (4-MUB 

phosphate) is likely measuring the combined activity of acid and alkaline phosphatases since 

both types of phosphatase are capable of degrading the substrate (Cayman Chemical 2022, 

Fernley and Walker, 1965; Remaley et al., 1984; Kohli et al., 2014). While our soils are not 

acidic, it is not unlikely that there were acid phosphatases present in the soils we collected. This 

collective measurement of potential activity would then be influenced by both types of 

phosphatase, potentially masking any significant effect pH might have had on their activities.  
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There are potentially other factors that may result in the disparity seen in this field study, 

though none that can be confirmed with the data gathered . First, although microorganisms in the 

soil are expected to maintain cellular homeostasis (i.e., retaining a relatively stable cellular 

nutrient stoichiometry) (Allison et al., 2011) by up- or down-regulation of nutrient-acquiring 

enzymes, this conceptual framework often does not account for the activities of stabilized 

enzymes. Therefore, it is possible that these extracellular enzymes may have been produced 

during a period of low nutrient availability, but production decreased as nutrient availability 

increased. However, a portion of those previously produced enzymes will persist while 

remaining active in the soil matrix, often stabilized on clay mineral or organo-mineral complexes 

(Rao et al., 2000), for time periods exceeding 100 days (Olagoke et al., 2020).  

Unfortunately, current methods for measuring potential enzyme activities do not 

differentiate between the activities of older, stabilized enzymes and enzymes that were recently 

produced in response to soil nutrient conditions. Similarly, our methods are unable to 

differentiate between the activities of enzymes that were secreted as a means of acquiring 

nutrients versus those of enzymes that have been released from lysed plant or microbial cells, 

reducing our ability to connect EEA to current limiting factors on microbial growth.  

In conclusion, the results of this study do not support the practice of inferring microbial 

nutrient acquisition or limitation based on the potential activities of these extracellular enzymes. 

The lack of correlation between bioavailable nutrient concentrations, combined with dissimilar 

relationships between the two N-acquiring enzymes, do not provide adequate support for a 

blanket assumption of negative feedback between enzymes and bioavailable nutrients. 

Furthermore, these potential EEA measurements appear to be generally insensitive to land 

management practices and variation in sampling location. This makes the measurement of 
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limited use to anyone attempting to examine the immediate or intermediate effects of changes to 

land use in semi-arid ecosystems.  
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Figures and Tables 

 

Figure 1. Example diagram of soil sampling design. Red X’s indicate sampling location—under-

vine (UV), mid-row (Mid), or native reference (Nat)—while the black dashed lines indicate 

which samples would be composited. Green rectangles represent the grape vines, and the tapered 

blue line represents the edge of the managed area. Native reference samples were taken a 

minimum of 20m from the managed area. 
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Figure 2. Inorganic N and phosphate concentrations at each vineyard and sampling location. A 

post-hoc Tukey’s test determined whether the mean concentration of inorganic N or phosphate 

was different at each location within each site. Sampling locations that share a letter within the 

same site do not have significantly different mean concentrations (p < 0.05).  

 

 
Figure 3. Specific EEA (in nmol activity g-1 soil hr-1) at each vineyard and sampling location. 

The results of a post-hoc Tukey’s test are shown by the letters above each boxplot. If two boxes 

for a given enzyme, within a site, do not share a letter, the mean activities were significantly 

different (p < 0.05).  
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Figure 4. Principal component analysis biplot of the variables of physical and chemical variables 

of interest. All enzyme activities are normalized to soil organic matter content. Each variable is 

associated with a loading arrow starting at the origin.   
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Figure 5. Estimate of fixed effects parameters from the mixed-effects model. The fixed effects 

of the linear mixed effects model are listed on the y-axis with the 95% confidence interval of 

each effect’s impact is shown as a horizontal line with the mean effect estimate for each fixed 

effect represented by the circle in the center of the line. Blue indicates a positive estimated effect 

on specific NAG (a), LAP (b), and PHOS (c), while red indicates a negative effect. Effects 

whose 95% confidence interval line crosses the 0 estimate are considered not to be significant 

effects on specific enzyme activities (i.e. their effect is not significantly different from zero). The 

effect of depth is relative to surface (0-10cm) samples, and location effects are relative to native 

reference samples. The threshold for significance is p < 0.05. 
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Figure 6. Predictions of specific EEA from the linear mixed-effects model. A linear regression 

of NAG (a), LAP (b), and PHOS (c) activities predicted at the minimum, first quartile, median, 

third quartile, and maximum nutrient values are overlaid on the measured natural-log 

transformed EEA values. The shaded area on each graph represents the 95% confidence interval 

of each regression including variation due to random effects.   
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Figure 7. Result of a mixed-effects model where pH is the only fixed effect and site remains the 

random factor. The predicted line of the model is plotted over the measured values of natural log 

transformed specific LAP values vs pH. In this model, pH explained the majority of the variance 

in specific LAP values (marginal R2 = 0.369) while site effects explained the remaining variance.  
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Table 1. Vineyard Management Description of each vineyard’s geographic location, age, and grape type. The general fertilizer, pest management, and 

tillage practices are included. All sites employ fertigation techniques, dripping nutrients directly under the vine rows.  

Site 
Year 

planted 

Grape 

Varietal 
Fertilizer Application Pest Management Tillage 

Colibri 1999 Grenache 

Drip fertilizer: urea-ammonium 

nitrate (UN 32), 9% chelated zinc 

EDTA 

Fungicide: flutriafol None 

Deep Sky 2011 Counoise 

Ground: Compost, gypsum 

Drip fertilizer: phosphoric acid, 

urea-ammonium nitrate (UN 32),  

Insecticide: Suffoil (mineral oil), imidacloprid 

Fungicide: Fenhexamid, Cyprodinil, foliar 

lime-sulfur spray 

Herbicide: Fluezifop-P-butyl 

 

Disc tillage 

House 

Mountain 
2009 Grenache 

Drip fertilizer: Phosphoric acid,  

urea-ammonium nitrate (UN 32) 

Herbicide/pre-emergent: Glyphosate, 

gluphosunate, flumioxazin, alcohol ethoxylate 
None 

Page 

Springs 
2011 Traminette 

Drip fertilizer: Phosphoric acid,  

urea-ammonium nitrate (UN 32) 

Herbicide/pre-emergent: Glyphosate, 

gluphosunate, flumioxazin, alcohol ethoxylate 
None 

Rhumb 

Line 
2013 Graciano 

Drip fertilizer: urea-ammonium 

nitrate (UN 32), 
Mulching mower and in-line hoer for weeds None 

Rune 2018 Grenache 

Ground: chicken manure and hay 

compost 

Drip fertilizer: urea-sulfate 

Mechanical undercutting of weeds mid-row Disc tillage 
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Table 2. Site Environmental Characteristics Description of environmental and soil property characteristics at each vineyard. Mean annual 
temperature (MAT) and mean annual precipitation (MAP) are estimated at the sampling coordinates using the PRISM 30-year normals dataset 

with 800m resolution (PRISM, 2022). Soil texture was determined with the NRCS soil texture calculator using the average sand, silt, and clay 

percentages of each composited sampling location per site.  A post-hoc Tukey’s test was applied to determine whether SOM concentrations 

differed between sampling locations within a site. The results of the Tukey’s test are only shown where mean SOM concentrations differed 
within a site (i.e. House Mountain and Rhumb Line).  

Site 
Location (Latitude, 

Longitude) 
MAT (°C) 

MAP 

(mm) 

Sampling 

Location 
Texture Average pH SOM (%) 

Colibri 
31.9985648341317,  

-109.26965130183675 
14.7 432 

UV 
Sandy Loam 

7.11 2.51 

Mid 7.17 2.61 

Nat Loamy Sand 7.19 2.39 

Deep Sky 
32.1189533652465,  

-109.72242708500895 
15.6 314 

UV 
Loam 

6.70 1.96 

Mid 6.70 2.36 

Nat Sandy Loam 7.57 2.22 

House 

Mountain 

34.77192809821608,  

-111.89207151534309 
16.6 351 

UV 
Sandy Loam 

7.48 3.62b 

Mid 7.62 3.27b 

Nat Sandy Loam 7.63 5.03a 

Page Springs 
34.75789228175161,  

-111.89552659976229 
16.8 353 

UV 
Loam 

7.33 5.68 

Mid 7.32 5.1 

Nat Sandy Loam 7.64 5.16 

Rhumb Line 
32.13556477784737,  

-109.71174061597483 
16.6 318 

UV 
Sandy Loam 

7.60 1.69a 

Mid 7.81 2.06b 

Nat Sandy Loam 7.58 2.17b 

Rune  
31.71790752230357,  

-110.54385851413231 
16.0 373 

UV 
Sandy Clay Loam 

7.63 7.03 

Mid 7.63 6.83 

Nat Sandy Clay Loam 7.66 6.98 
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