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Fig. 4 Kentucky bluegrass verdure as measured by NDVI readings over two years for a trial on 
loam soil. Year 2014 is on top and 2015 is on the bottom. The data has been transformed with 
the grower’s standard practice (GSP) of urea/ammonium sulfate applied monthly as the line at 
zero	(ideal)	in	comparison	to	polymer	coated	urea/ammonium	sulfate	applied	at	the	100%	rate	
same	as	GSP	(P100)	and	reduced	rates	of	50%	(P50)	and	75%	(P75).	Statistics	shown	in Buss 
(2016). 
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ABSTRACT  
The US Air Force uses live munitions at Hill Air Force Base, a desert testing 
range west of Salt Lake City, Utah, USA. Resultant fire has disturbed rangeland 
vegetation. Revegetation of the area is impeded by low average precipitation rates 
of approximately 0.025 m per year, and opportunistic invasive species. Previous 
studies indicated hydrogel increases soil water content and the longevity of 
bottlebrush squirrel tail seedlings. In this glasshouse study, the effects of 
phosphorus (P) fertilizer, with low nitrogen (N), with hydrogel was evaluated to 
determine the effects on seedling establishment and longevity. Hydrogel was 
applied at rates equivalent to 0 or 3000 kg ha-1 at either surface level or a depth of 
0.075 m. Phosphorus fertilizer was applied at rates equivalent to 0 or 17 kg 
P2O5 ha-1 and 4 kg N ha-1 applied at the same depths as the hydrogel. Six seeds of 
either bottlebrush squirreltail [Elymus elymoides (Raf.) Swezey] or Vavilov II 
[Agropyron fragile (Roth) Candargy] were planted in pots, as per the NRCS 
recommended seeding rate. All pots were watered once to saturation and 
monitored three days per week for gravimetric water content and seedling status. 
We observed that all combinations of hydrogel and fertilizer increased the 
longevity of emerged bottlebrush squirreltail seedlings by up to 34% relative to 
the control. In all treatments with hydrogel, Vavilov seedlings emerged 6-44% 
higher than the control. A longevity increase of 9% relative to the control was 
observed when hydrogel and fertilizer were combined at a depth of 0.075 m. This 
data shows that fertilizer used in conjunction with hydrogel has the potential to 
improve seedling success in rangeland applications. 

 
INTRODUCTION  

The Utah Test and Training Range (UTTR) is a military training ground located in Utah’s 
west desert, approximately 80 miles west of Salt Lake City. (United States Air Force, 2016) It is 
maintained by the United States Air Force via Hill Air Force Base and used as a practice bombing 
and gunnery site by the US Air Force, Army and Marines.  

Resultant fire from live munitions training has heavily disturbed or destroyed native rangeland 
vegetation. Revegetation is impeded by opportunistic invasive species and a low average 
precipitation rate of less than 10 inches per year, that falls mainly as rain and snow from fall to 
spring. Among these species is cheatgrass (Bromus tectorum). Native species are generally 
resistant to cheatgrass invasion until a disturbance, such as fire, occurs. A disturbance that removes 
established native plants and creates areas of exposed soil opens the window for invasion.  

Cheatgrass maintains a competitive advantage over native species by virtue of being a prolific 
seed producing winter annual grass that germinates and establishes a root system in the fall 
(Zouhar, 2003). The seedlings leave dormancy in the late winter or early spring, capitalizing on 
available moisture and nutrients and preventing the establishment of later germinating native 

Phosphorus Fertilizer and Hydrogel for Rangeland Seeding



Western Nutrient Management Conference. 2019. Vol. 13. Reno, NV.	 Page 115

 

perennials. The grass grows abundantly and completes its life cycle by June, producing a carpet of 
dry fine fuel that risks ignition during the hot dry summer. This accumulation is dangerous at 
UTTR where live munitions can cause expansive wildfires.  

Bottlebrush squirreltail [Elymus elymoides (Raf.) Swezey] is a native perennial bunchgrass 
native to the region. It has been noted for the ability to compete with unwanted weed species, like 
cheatgrass (Plumb, 2010). Introduced perennial grasses have also been shown to compete with 
cheatgrass (Davies and Johnson, 2017). Previous studies have indicated that the placement of 
superabsorbent hydrogel in bands below newly seeded squirreltail increases the longevity of the 
newly emerged seedlings in drought conditions. The purpose of this study was to determine how 
the combination of low nitrogen, phosphorus fertilizer in conjunction with the hydrogel affects 
perennial grass seedling establishment and longevity.  

Previous studies have shown that hydrogel can function as a soil conditioner, making the soil 
able to retain more water over longer periods of time. This retained water can then nourish native 
seedlings when they sprout in the spring. In this study, we hoped to learn more about the interaction 
between hydrogel and fertilizer, as well as its effects on rangeland grasses. We hypothesized that 
adding fertilizer to the hydrogel would make both water and fertilizer plant available to the 
sprouting seedlings, promoting better growth and a better chance of survival.   
 
MATERIALS AND METHODS  

This 150-day glasshouse pot study was installed in November 2017.  Different combinations 
of hydrogel and fertilizer depths were used, as shown in Table 1. 9x4x4 in pots were filled to a 
depth of 4 in with Tooele loam soil from UTTR. Hydrogel was applied evenly over the soil at a 
rate of 3000 kg ha-1 to treatments receiving it at that depth. 3 ml of fertilizer was applied in a 
concentrated band at the same time to treatments receiving fertilizer at that depth. The fertilizer 
was calculated to contain 4 N, 17 P2O5, 17 K2O, 0.6 S, 0.6 Fe, 0.1 Zn, 0.1 Mn, 0.1 Cu and 0.1B 
(kg ha-1). 3 inches of the same UTTR soil was placed on top of the soil in each pot. All pots were 
soaked to saturation in deionized water to allow for weed seed germination and removal, and to 
ensure the hydrogel had become fully saturated.  

 
Table 1. Treatments 
 

   
Treatment Hydrogel (HG) Fertilizer Placement 

   
A HG surface 
B none surface 
C HG 3 inch depth 
D none 3 inch depth 
E HG none 

F (control) none none 
 
After 14 days the pots were removed from the water and allowed to drain to field capacity for 

24 hours. Six seeds of either bottlebrush squirreltail or Vavilov II Siberian wheatgrass [Agropyron 
fragile (Roth) Candargy], an introduced perennial grass species, were then planted in the pots at a 
depth of 0.5 inches (NRCS planting recommendation depth). 0.5 ml (0.1 teaspoons) of fertilizer 
was applied to each seed for all treatments with surface application. The pots were weighed three 
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times per week and monitored weekly for seedling germination, length, number of blades, and 
death.  
 
RESULTS AND DISCUSSION 

Both emergence and longevity of each of the species were evaluated. As seen in Fig. 1, 
fertilizer use alone did not improve emergence in either species. No treatment improved 
bottlebrush squirreltail emergence. Vavilov only showed improved emergence in treatments with 
hydrogel.  

 
Fig. 1. Emergence relative to the untreated control. All differences were statistically significant 
than the control (P = 0.10) with the exception of Vavilov (C). 
 

For both species, longevity was most improved in the presence of hydrogel and fertilizer at a 
depth of 3 inches (Figure 2.). Bottlebrush squirreltail seedlings had poor emergence, but those 
seedlings that did emerge showed a 9-34% increase in longevity relative to the control in nearly 
every treatment. Longevity was only reduced when the seeds were treated to fertilizer alone at the 
surface. In the presence of HG at both depths or alone at the 3-inch depth, longevity was improved. 
It is possible that the fertilizer inhibits the germination or growth of new seedlings. However, when 
deep enough for roots of older seedlings to reach it becomes a benefit to the young plants. 

A positive effect on the longevity of Vavilov was only seen with a combination of hydrogel 
and fertilizer at a depth of 3 inches. No other treatments showed an increase in longevity relative 
to the control.  
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Fig. 2. Seedling longevity compared to the untreated control. All differences were statistically 
different than the control (P = 0.10) with the exception of Vavilov (A).  
 
SUMMARY 

Hydrogel has shown promise as an effective tool for rangeland rehabilitation and restoration. 
The combination of hydrogel and fertilizer may potentially help with the establishment of 
perennial grass seedlings. The addition of hydrogel and fertilizer increased bottlebrush longevity 
by up to 34% relative to the control. In a range setting, this increase could potentially give 
bottlebrush seedlings an establishment advantage over cheatgrass.  Results appear to be species 
specific. Increased Vavilov II seedling longevity was small relative to the control and limited only 
to treatments with hydrogel and fertilizer at a depth of 3 inches. Further research must be done to 
fully determine the viability of this combination and its effects on different species. Additionally, 
more research must be done to determine how this combination affects already established 
cheatgrass.  
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ABSTRACT 
Potassium (K) and boron (B) are essential nutrients. The spatially even 
distribution of applying K fertilizer is typically not a problem, but for B fertilizer 
application, it is a problem. This is especially difficult for crops such as alfalfa 
(Medicago sativa L.) and potato (Solanum tuberosum L.) due to low B rate and 
limited soil exploration by roots. Fertilizer with K and B fused into a single 
granule could result in even distribution. Trials were performed to evaluate the 
performance of Aspire (0-0-58-0.5B) against traditional K fertilizer (muriate of 
potash or MOP) in alfalfa and potato. Additionally, a comparison was made with 
a traditional B source (boric acid as Granubor) for the alfalfa. Three years of field 
trials were performed in Rexburg, ID. Potatoes fertilized with Aspire showed a 
increase in petiole B concentration. Boron concentration in alfalfa forage tissue 
did not increase for either form of B fertilizer. Boron fertilization with Aspire 
resulted in a significant increase in average tuber size, but no increase in yields 
were measured. In contrast, there were no increases in alfalfa forage quality with 
B fertilization, but there were significant increases in yield over the unfertilized 
control. The magnitude of the differences was not great (137 lb/acre), but the 
Aspire resulted in consistently greater yields in alfalfa compared to the Granubor. 
These studies show that combining K and B into one granule is an effective 
means of B fertilization in potato and alfalfa. 

INTRODUCTION 
Alfalfa (Medicago sativa L.) and potato (Solanum tuberosum L.) are economically important 

crops. Alfalfa is a significant crop in the US due to its ability to fix nitrogen (N2), its growth 
efficiency, and its source of protein and yield (Barnes et al., 1988). Globally, potato is the 14th 
highest in acres harvested at 24 million and is 4th in value at $123 trillion US dollars (FAO, 2019). 

Potassium (K) and boron (B) are essential plant nutrients. The main role of K in plants is 
plant-water relations, while B plays a key role in cell wall health, reproductive growth, and 
nitrogen fixation in alfalfa.  

Potassium is generally applied at high rates. Therefore, the spatial distribution of K granules 
is essentially uniform during fertilization. However, B distribution is often poor because it is a 
micronutrient used at substantially lower rates. For example, typical rates of K can be as high as 
~300 lb/ac, whereas B is 1-3 lb/ac (Lissbrant, S., et al., 2009 and Undersander, D. et al., 2011).  

Bulk blending of various dry fertilizers is common. For example, potassium chloride (KCl) is 
blended with boric acid as separate fertilizer granules. This approach lends itself to custom blends 
for each unique zone in a field. The disadvantage of this fertilization method is segregation of the 
fertilizer sources during transportation and non-uniform spatial application due to the different 
sizes, shapes and densities of each of the fertilizers. Additionally, even if fertilizer has a perfectly 
even blend that is spread uniformly, not many granules of the B are applied per plant. Some plants 



Western Nutrient Management Conference. 2019. Vol. 13. Reno, NV.	 Page 119

may have limited or no access to B because of a very narrow circumference of the root system. 
Crops with narrow root system circumference are alfalfa (Fig. 1), carrot, onion, strawberry, and 
turfgrass. It may also be a problem with plants that have inefficient rooting systems, such as potato 
that have a shallow root distribution with very few root hairs (Fig. 1).   

 

 
 
Fig. 1. Root morphology and architecture for alfalfa (A and B) and potato (C). Horizontal lines 
represent one foot increments in depth. A) Alfalfa roots at 63 days after planting. B) Alfalfa roots 
near the end of the first season’s growth. C) Potato roots near the end of a season of growth. 
(Adapted from Weaver, 1926.)  
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A potential solution, especially for crops with a narrow root system circumference and/or 
inefficient root system, is the use of homogeneous granules that each have the same concentration 
of K and B for better distribution. Aspire (0-0-58-0.5B; The Mosaic Company, Plymouth, MN, 
USA) is an alternative to muriate of potash (MOP), which is potassium chloride (KCl), and sodium 
borate or boric acid. It is a fusion of K and B into a single granule, which improves the spatial 
distribution of B and insures that the same amount of nutrients are received into the soil. 

The objectives of these trials were to evaluate Aspire as a source of B for potato and alfalfa.  
 

MATERIALS AND METHODS 
Three years of field trials were conducted on potato and alfalfa on the Brigham Young 

University-Idaho Hillside Farm in Rexburg, ID (coordinates about 43°48'32.4"N 111°46'59.4"W 
elevation about 4,900 feet above sea level). Treatments were applied uniformly with a rotary 
spreader to each plot arranged in a Randomized Complete Block Design (RCBD) with six 
replicated blocks.  

The soil type was a Ririe silt loam. The crop was never severely moisture stressed with the 
aid of an irrigation system—with low B levels in the water. Soil samples were taken each spring 
and analyzed by the Brigham Young University—Environmental Analytical Laboratory (BYU—
EAL, Provo, UT; see http://eal.byu.edu for methods used). The soil test concentrations of K and 
B were moderate (Table 1). Crops were raised per best management practices—including nutrient, 
soil, water, pest and crop management. The crops were scouted at least weekly for disease and 
insect pressure. Overall, pest pressure was minimal, with no notable outbreaks of any pathogens, 
viruses, or insects. Weather was mostly typical for the Rexburg area with a moderate amount of 
precipitation and near average temperatures. 

Statistical analysis was performed by Analysis of Variance (ANOVA; P = 0.10) with 
differences between means determined by Tukey-Kramer method using SAS software (SAS 9.3, 
Cary, North Carolina, United States).  

 
Table 1. Selected soil test concentrations (ppm) 
 

     
  ------ potato ------ -- alfalfa -- 
       

analyte extractant 2016 2017 2018 2016 2018 
       

K Olsen Bicarbonate 195 170 153 190 235 
B Saturated Paste 0.7 0.4 0.2 0.5 0.5 
       

 
Potato 

Russet Burbank potato was planted [previous crop was wheat (Triticum spp.)] at 21 cwt/ac 
at 6 inches deep at the beginning of May each year. Each plot consisted of four 36-inch rows by 
40 feet length. The studies had varying treatments in each year. The studies had varying sources 
of phosphorous (not shown), which proved to not have any significant differences and, thus, are 
combined for orthogonal comparisons of treatments with muriate of potash compared to those 
with Aspire. Both K sources (MOP and Aspire) were applied at a rate of 300 lb K2O/ac in all 
cases. The control was lost in 2018 and, thus, the negative and positive control data is not 
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presented in this multi-year analysis. Rather, just the comparison between MOP and Aspire are 
presented. Treatments were incorporated into the soil within 24 hours after application.  

Composite petiole samples (six petioles per plot combined into one sample per treatment) 
were taken in July and August and submitted for analysis by the BYU—EAL. Late season canopy 
health was evaluated by Normalized Difference Vegetation Index NDVI) using a GreenSeeker® 
Handheld Crop Sensor, (Trimble, Sunnyside, CA) throughout July and August.  

The crops were killed with sulfuric acid foliar spray mid-September for harvest during the 
first week of October via mechanical crossover potato harvester. Tubers were harvested out of 20 
feet of the center two rows of each plot. Tubers were counted, weighed and hand graded for 
separation into US No. 1, US No. 2 and culls (malformed and undersized). US No. 1 tubers were 
sized based on breaks at 4, 8, 12, and 16 ounces. A subsample from each plot was used to evaluate 
internal defects and specific gravity.  

 
Alfalfa 

A Roundup Ready® alfalfa (AmeriStand 433T RR) stand used for this trial was established 
in 2014. The stand was relatively full and healthy with minimal weed pressure, although there is 
the presence of some grass weeds (<10%). Each plot consisted of areas 40 feet long by 30 feet 
wide with 10 foot buffer strips along the 40-foot margin. Treatments (presented with the data 
below) were applied with hand-held broadcast spreaders in mid-June after the first cutting each 
year. The alfalfa forage was harvested three times each season about the first of June, middle of 
July, and end of August/first of September with a 12 foot wide commercial swather. The windrows 
of harvested material laid in the field for ~three days drying.  

Wet yields were measured by weighing 10 ft of the windrow in the middle of each plot. 
Several random subsamples were taken (hand grab) from the weighed forage, with a total volume 
of about one gallon of sample for each plot. Gravimetric moisture content was determined by 
drying the samples at 140°F for 48-72 hours. Samples were ground to pass a 60 mesh screen and 
analyzed for various forage quality parameters via near infrared spectroscopy (NIRS, Unity 
Scientific, Info Star version 3.10.0, Unity Scientific, Columbia, Maryland). The remaining dry, 
ground samples were analyzed for mineral nutrients BYU—EAL.  

 
RESULTS AND DISCUSSION 

 
Potato 

Fertilization with Aspire resulted in significant increases in B petiole concentrations (Table 
2). Curiously, petiole nitrate-N concentrations decreased and zinc and manganese increased. Total 
and US No. 1 tuber sizes increased with Aspire, with no differences in the sizes of other grades 
(Table 3). However, there were no significant differences for the various US No. 1 size categories 
(data not shown). In contrast with previous studies (Hopkins et al., 2010), there were no differences 
for total yield, nor for any tuber grade category (Table 4). Increases in tuber growth rates and size 
often result in increased incidence of brown center and hollow heart, which did occur for Aspire 
treatments in these trials (Table 5). There were no differences for canopy NDVI or tuber solid (as 
measured by specific gravity).  
 
Alfalfa 

There were no significant differences for yield at any alfalfa harvest (data shown is combined 
across the three harvests that occurred each year), but there was a trend for Aspire to yield higher 
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(Table 6). An orthogonal comparison was made with this data by comparing MOP to MOP + GB 
to Aspire. All treatments that included both MOP + GB were averaged for the comparison. 
Similarly, all treatments that included Aspire were averaged and compared. There was a significant 
increase with B fertilization (MOP + GB) and a further yield increase with Aspire (Figure 2). There 
were no differences for protein or other alfalfa quality factors (Table 7). 
 
 

Table 2. Potato petiole nutrient and sodium (Na) 
concentrations for a boron (B) trial in Idaho 2016-18. 
Values in bold are statistically different from one 
another. P = 0.10 
 

  
 ------------------------- % ------------------------- 
       
 NO3-N P K S Ca Mg 
       

MOP 1.33 0.0931 5.17 0.222 2.08 1.66 
ASPIRE 1.01 0.0930 5.11 0.210 2.16 1.68 

       
 ------------------------- % ------------------------- 
       
 Zn Fe Mn Cu B Na 
       

MOP 34.6 84.3 31.6 2.55 31.2 1,054 
ASPIRE 41.7 87.5 35.5 2.88 33.8 1,247 

       
 
 

Table 3. Average potato tuber sizes for various grade categories for a 
boron (B) trial in Idaho 2016-18. Values in bold are statistically 
different from one another. P = 0.10 
 

      
 ----------------------------- oz/tuber ----------------------------- 
      
 US No. 1 US No. 2 cull < 4 oz cull malform total 
      

MOP 7.0 9.0 3.2 9.4 7.1 
ASPIRE 7.3 8.7 3.1 10.7 7.4 
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Table 4. Potato yields for various grade categories for a boron (B) trial in Idaho 2016-
18. No differences were statistically different from one another. P = 0.10 
 

       
 --------------------------------------- cwt/ac --------------------------------------- 
       

 US No. 1 US No. 2 cull < 4 oz cull malform 
marketable 

(US No. 1 and 
US No. 2) 

total 

       
MOP 270 28 29 22 299 349 

ASPIRE 272 27 29 25 299 353 
       

 
 
 
 
 

Table 5. Potato measurements for a boron (B) trial in 
Idaho 2016-18. Values in bold are statistically 
significant from one another. P = 0.10 
 
  

      

 NDVI 
Brown 
Center, 

% 

Hollow 
Heart, 

% 

Specific 
Gravity  

      
MOP 0.74 9 0 1.08  

ASPIRE 0.73 16 3 1.08  
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Table 6. Alfalfa yield for a potassium (K) and boron (B) trial in 2016-18. Fertilizer for K was 
applied as Aspire or muriate of potash (MOP; KCl) for B as Aspire or Granubor (boric acid). 
Differences were not significant in any year or with the average. (P = 0.10) 
 

         
Trt # Aspire MOP (KCl) Aspire Granubor yield, ton/ac 

         
 --- K2O, lb/ac --- ------- B, lb/ac ------- 2016 2017 2018 average 
         
1 0 0 0 0 6.01 6.88 7.49 6.79 
         
2 0 200 0 0 6.17 6.97 7.67 6.93 
3 0 200 0 1 6.33 6.78 7.47 6.86 
4 0 200 0 2 5.92 6.44 8.28 6.88 
5 0 200 0 4 5.94 7.36 7.65 6.98 
6 0 200 0 6 6.51 7.03 8.02 7.19 
         
7 200 0 1.6 0 5.90 7.47 7.81 7.06 
8 200 0 1.6 0.5 5.60 6.74 8.28 6.87 
9 100 100 0.8 0 6.33 7.20 8.09 7.21 
         

 
Table 7. Alfalfa protein for a potassium (K) and boron (B) trial in 2016-18. Fertilizer for K 
was applied as Aspire or muriate of potash (MOP; KCl) and for B as Aspire or Granubor 
(boric acid). Differences were not significant in any year or with the average. (P = 0.10) 
 

         
Trt # Aspire MOP (KCl) Aspire Granubor yield, ton/ac 

         
 --- K2O, lb/ac --- ------- B, lb/ac ------- 2016 2017 2018 average 
         
1 0 0 0 0 23.3 24.0 23.1 23.5 
         
2 0 200 0 0 23.3 23.7 23.3 23.4 
3 0 200 0 1 23.9 23.8 23.5 23.7 
4 0 200 0 2 23.5 23.7 23.5 23.6 
5 0 200 0 4 23.5 23.7 23.3 23.5 
6 0 200 0 6 23.0 23.8 22.9 23.2 
         
7 200 0 1.6 0 23.1 23.9 22.9 23.3 
8 200 0 1.6 0.5 23.8 23.5 22.8 23.4 
9 100 100 0.8 0 23.2 23.5 23.1 23.2 
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Fig. 2. Orthogonal differences for alfalfa forage yield between combined Aspire vs. muriate of 
potash (MOP) with or without boric acid (Granubor; GB) averaged over three years of field trials 
(2016-18). Reported on an “as fed” basis with 15% moisture. Bars sharing the same letters above 
are not significantly different. P = 0.10 
 
 
 
SUMMARY 

Fertilization with B (applied as Aspire) did increase the concentration of B within potato 
petioles, which resulted in increases in average size for the US No. 1 and overall tubers. These 
differences did not result in significant increases in yield. The increase in average tuber size 
resulted in increases in percentage of hollow heart and brown center with B fertilization. In 
contrast, there were no impacts of B on alfalfa forage B concentration or any quality parameter, 
but there were increases in yield with B fertilization. Aspire proved to be a more efficient source 
of B than the traditional form used in this study for alfalfa. Further Aspire fertilization studies are 
needed, especially with crops that have a narrow root system circumference and/or inefficient 
rooting systems.  
 
 
 
 



Page 126	 Western Nutrient Management Conference. 2019. Vol. 13. Reno, NV.

REFERENCES 
Barnes, D.K., B.P. Goplen, J.E. Baylor, 1988. Highlights in the USA and Canada. Alfalfa and 

Alfalfa Improvement. Agronomy Monograph 29: 1-24. 
Food and Agricultural Organization of the United Nations (FAO). 2019 

http://www.fao.org/faostat/en/#data/QC and http://www.fao.org/faostat/en/#data/QV; for the 
years 2007-2016 (accessed January 29, 2019). 

Hopkins, B.G., V.D. Jolley, B.L. Webb, and R.K. Callahan. 2010. Boron fertilization and 
evaluation of four soil extractants: Russet Burbank potato. Commun. Soil Sci. Plant Anal. 
41: 527-539. DOI:10.1080/00103620903527928 

Lissbrant, S., K.W. Berg, J. Volenec, S. Brouder, B. Joern, S. Cunningham, K. Johnson. 2009. 
Phosphorus and Potassium Fertilization of Alfalfa. Purdue Agronomy. 
https://www.extension.purdue.edu/extmedia/ay/ay-331-w.pdf (accessed 23 January 2019). 

International Potato Center. Potato Facts and Figures. 
2018.https://cipotato.org/crops/potato/potato-facts-and-figures/ (accessed 23 January 2019). 

Undersander, D., D. Cosgrove, E. Cullen, C. Grau, M.E. Rice, M. Renz, C. Sheaffer G. 
Shewmaker, M. Sulc. 2011. Alfalfa Management Guide. In Alfalfa-management-guide.pdf. 
Lisa Al-Amodi (ed.) American Society of Agronomy, Inc., Crop Science Society of America, 
Inc., and Soil Science Society of America, Inc. 
56.https://www.agronomy.org/files/publications/alfalfa-management-guide.pdf 

Weaver, J.E. 1926. Root Development of Field Crops, Root Habits of Alfalfa (pp 216-217), Root 
Habits of the Potato (pp 244). New York, NY: McGraw-Hill Book Company; 1st edition 

 
 
 
 
 
 
 
 
 
 
 
 
 



Western Nutrient Management Conference. 2019. Vol. 13. Reno, NV.	 Page 127

P14

Struvite Phosphorus Fertilizer on PotatoStruvite Phosphorus Fertilizer on Potato 
 

Roger K. Woolley, Jeffrey D. Svedin, Elisa A. Woolley, and Bryan G. Hopkins 
Brigham Young University, Provo, Utah 

hopkins@byu.edu 
 

 
ABSTRACT 

Potato (Solanum tuberosum L.) is a staple in the global economy and on the dinner table. 
It has an unusually high demand for phosphorus (P) due to its shallow, inefficient root 
system. Most P fertilizers are water soluble, but then precipitate quickly—potentially 
resulting in poor plant uptake. Crystal Green (a struvite based fertilizer) is acid soluble, 
but not water soluble. In theory, it remains undissolved until plant roots exude acids—
potentially avoiding the precipitation reaction. The objective of these studies were to 
evaluate this struvite based P fertilizer on potato tuber yield and quality. Thirteen field 
studies were conducted from 2013-2018 with various blends of struvite and traditional 
fertilizer (monoammonium phosphate or MAP) compared to MAP and an untreated 
control. An orthogonal analysis averaging across struvite treatments and over years 
reveals a significant increase as a result of P fertilization for US No. 1, marketable, and 
total yields. When averaged across all of the struvite treatments, there was an additional 
increase in US No. 1, marketable, and total yields when compared to MAP. And, struvite 
resulted in an increase in petiole P concentration over the control. This data suggests that 
struvite is an efficient P fertilizer, providing greater yields than the traditional MAP.  

 
INTRODUCTION 

Potato (Solanum tuberosum L.) is a staple in the global economy and on the dinner table. 
Among crops, potato is the 14th highest in acres harvested at 24 million acres and 4th in value at 
$123 trillion US dollars (FAO 2019).  

One important aspect of potato production is soil fertility and plant nutrition—with 
phosphorus (P) being an important nutrient. Potato has unusually high demand for P due, in part, 
to its shallow, inefficient root system. This is especially true for the Russet Burbank variety, which 
is the most commonly grown variety in the United States.  

Phosphorous is a required nutrient for plants to perform vital functions (Hopkins, 2015). It is 
part of important plant structure compounds, and it is a catalyzer of multiple biochemical reactions 
in plants. One of the most significant roles P plays in plant function is in helping with the capture 
and conversion of the sun’s energy into plant compounds. Phosphorous is part of the adenosine 
tri-phosphate (ATP) molecule, which is plants’ energy transfer system. Phosphorous is essential 
for early root development, crop maturation, stem and stalk strength, crop quality, and resistance 
to plant diseases. 

Soils chemistry of P is challenging because only a small part of the total P in soil is plant 
available (Hopkins, 2015). Phosphorus cannot be replenished in soil except from an external 
source if it is lost by run off, erosion or other means (Sanyal and De Datta, 1991). As such, there 
has been much work to improve P use efficiency (Hopkins, 2015; Hopkins et al., 2008, 2014, 
2018).  

Struvite is one potential source to improve P use efficiency. It is a crystal which is made with 
equal molar concentrations of magnesium, ammonium, and phosphate. Struvite is made of an 
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excess buildup of nutrients in waste water streams as it accumulates as a cement-like substance in 
water treatment pipes, pumps, and valves.  

Ostara Nutrient Recovery Technologies Inc. (Vancouver, British Columbia, Canada) has 
developed a slow release fertilizer material from struvite. Their technology recovers up to 90% of 
P and 20% of ammonia (NH3) from a treated wastewater stream, effectively transforming the waste 
stream into an environmentally-friendly fertilizer. It is somewhat soluble under neutral conditions, 
but highly soluble in acidic conditions (Rahman et al., 2014). As such, struvite presents a 
significant advantage for crops in acidic soils, which normally have relatively low soluble P 
concentrations.  

Unlike most other P fertilizers, struvite is not water soluble in neutral and alkaline soils. Water 
soluble fertilizers quickly dissolve into soil solution, but then a majority of the P precipitates. This 
labile P has to dissolve again before plants can take it up, which is a very inefficient cycle. In 
theory, struvite remains undissolved until plant roots come into contact with it. The acids exuded 
from the roots dissolve it and, because of the close proximity of roots, a relatively higher amount 
of P is theoretically taken up by plants.  

The objective of this study is to test the effectiveness of Crystal Green struvite for potato tuber 
yield and quality when grown in calcareous alkaline soils. 

 
MATERIALS AND METHODS 

Russet Burbank potato was planted at 13 field sites (planting dates ranged from April 26 to 
May 15) during 2013-2018 near Nampa, Rupert, Blackfoot, Grace, and Rexburg, ID and Provo, 
UT. The soils were calcareous sandy to silt loams with 0-2% slope and moderate to high soil 
fertility levels with excellent infiltration and drainage, and no impactful pesticide residues. 
Bicarbonate soil test P concentrations for each site are shown in Table 1. 

 
Table 1. Bicarbonate extractable soil 
test phosphorus at 13 field sites 
 

     
year site 1 site 2 site 3 site 4 

     
2013 17 22   
2014 22 19 23  
2015 27 24   
2016 17 23 18 33 
2017 10    
2018 21    

     
 

 
Plots were arranged in a Randomized Complete Block Design with six replicated blocks with 

six rows by 40 foot lengths. Distance between rows was between 34-36 inches. Treatments in each 
year varied, but always included a control without any P fertilizer, monoammonium phosphate 
(MAP), and various combinations of MAP with struvite (Tables 2-5). Generally, the fertilizer was 
uniformly applied across the plots with a rotary spreader and then tilled into the soil by disking to 
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a depth of four to six inches within 1-2 days. In two studies (2017-2018), the fertilizer was applied 
as a concentrated band applied at planting by placing the fertilizer three inches to the side and three 
inches down from the seed piece. Nitrogen was balanced across all treatments using urea (46-0-
0). 

The crop was raised per best management practices – including nutrient, soil, water, pest and 
crop management. The crop was scouted weekly for disease and insect pressure—revealing 
minimal impact and, thus, no application of insecticides or fungicides (other than what was on the 
seed). Weather was mostly typical, with a moderate amount of precipitation and near average 
temperatures. The crop was never moisture stressed severely due to being irrigated frequently 
because of the low water holding capacity of the soils and the minimal precipitation.  

The crops were harvested between September 15 and October 25 by digging the center 20 feet 
of the middle two rows in each plot via mechanical digging. Tubers were weighed and graded as 
US No. 1, US No. 2, or cull (malformed or undersized), as well as being assessed for internal 
defects and specific gravity. 

Statistical analysis was performed by Analysis of Variance (ANOVA) with differences 
between means determined by Tukey-Kramer method using SAS software (SAS 9.3, Cary, NC). 
A P value of 0.10 was used to evaluate the statistical analysis. 

 
RESULTS AND DISCUSSION 

On average, there was a significant yield increase to P fertilization for US No. 1, marketable, 
and total yields (Table 6). No other yield categories were significant (Table 7). Specific gravities 
were also increased significantly with P fertilization (Table 8). Average tuber size and petiole P 
was unaffected when comparing the traditional MAP fertilizer to the control (Table 8). 

Orthogonal comparisons were made by averaging across all of the struvite treatments over all 
years. There was a significant increase in US No. 1, marketable, and total yields for struvite over 
MAP and the control (Table 6). And, struvite resulted in an increase in petiole P concentration 
over the control, even though MAP did not (Table 8). 

Further orthogonal comparisons were made by parsing the data into treatments with 100% 
struvite and those with either low (<50% struvite) or high (>50% struvite) ratios of struvite to 
MAP. The yield increases for US No. 1 was 20, 31, and 40 cwt/ac for the low ratio, high ratio, and 
100% struvite, respectively—with only the latter two being statistically significant over MAP 
(Table 9). Individual size categories were not significant (Table 10). Total yield increases were 26, 
31, and 11 cwt/ac for the low, high, and 100% struvite, respectively—with only the high ratio 
being statistically significant (Table 9). Only the 100% struvite gave an increase for specific 
gravity and petiole P concentration (Table 11). 

This data suggests that struvite is an efficient P fertilizer, providing greater yields than the 
traditional MAP. Of course, cost of the product has to be weighed into the decision of whether or 
not it is useful. Often the cost of the struvite materials is high. 
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Table 2. Phosphorus fertilizer (P2O5) treatments at two field sites in 2013. 
Fertilizer was applied as various combinations of monoammonium 
phosphate (MAP) and Crystal Green struvite (CGO = Crystal Green 
Original. 
 

     
ID # Treatment Group Rate MAP CGO 

     
  lb P2O5/ac -------- % of blend -------- 
     

------------------------------------ site 1 ------------------------------------ 
     
1 control 0   
2 MAP 100 100  
3 MAP 75 100  
4 CG (100%) 100  100 
5 CG:MAP (>50%) 100 50 50 
6 CG:MAP (>50%) 75  100 
7 CG:MAP (>50%) 75 25 75 
8 CG:MAP (>50%) 75 50 50 
9 CG:MAP (<50%) 75 75 25 
     

------------------------------------ site 2 ------------------------------------ 
     
1 control 0   
2 MAP 160 100  
3 MAP 120 100  
4 CG:MAP (<50%) 160  100 
5 CG:MAP (>50%) 160 50 50 
6 CG:MAP (<50%) 120  100 
7 CG:MAP (>50%) 120 25 75 
8 CG:MAP (>50%) 120 50 50 
9 CG:MAP (<50%) 120 75 25 
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Table 3. Phosphorus fertilizer (P2O5) treatments at three field sites in 2014. 
Fertilizer was applied as various combinations of monoammonium 
phosphate (MAP) and Crystal Green struvite (CGO = Crystal Green 
Original. 
 

     
ID # Treatment Group Rate MAP CGO 

     
  lb P2O5/ac -------- % of blend -------- 
     
---------------------------------- sites 1 & 2 ---------------------------------- 

     
1 control 0   
2 MAP 100 100  
10 CG:MAP(<50%) 100 75 25 
11 CG:MAP(<50%) 100 90 10 
12 CG:MAP(<50%) 100 85 15 
13 CG:MAP(<50%) 100 91 9 
14 CG:MAP(>50%) 75 50 50 
15 CG:MAP(<50%) 75 75 25 
     

------------------------------------ site 3 ------------------------------------ 
     
1 control 0   
2 MAP 100 100  
10 CG:MAP(<50%) 100 75 25 
14 CG:MAP(>50%) 75 50 50 
15 CG:MAP(<50%) 75 75 25 
16 CG:MAP(<50%) 100 91 9 
17 CG:MAP(<50%) 100 85 15 
18 CG:MAP(<50%) 100 77 23 
19 CG:MAP(<50%) 75 77 23 
20 CG:MAP(<50%) 75 65 35 
21 CG:MAP(<50%) 100 65 35 
22 CG:MAP(>50%) 100 50 50 
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Table 4. Phosphorus fertilizer (P2O5) treatments at six field sites in 2015-16. 
Fertilizer was applied as various combinations of monoammonium 
phosphate (MAP) and Crystal Green struvite (CGO = Crystal Green 
Original. 
 

     
ID # Treatment Group Rate MAP CGO 

     
  lb P2O5/ac -------- % of blend -------- 
     
------------------------------- 2015 sites 1 & 2 ------------------------------- 

     
1 control 0   
2 MAP 100 100  
10 CG:MAP(<50%) 100 75 25 
14 CG:MAP(>50%) 75 50 50 
15 CG:MAP(<50%) 75 75 25 
22 CG:MAP(>50%) 100 50 50 
     
---------------------------------- 2016 site 1 ---------------------------------- 

     
1 control 0   
2 MAP 100 100  
10 CG:MAP(<50%) 100 75 25 
21 CG:MAP(<50%) 100 65 35 
22 CG:MAP(>50%) 100 50 50 
23 CG:MAP(<50%) 100 85 15 

     
---------------------------------- 2016 site 2 ---------------------------------- 

     
1 control 100   
2 MAP 100 100  
10 CG:MAP(>50%) 100 25 75 

     
------------------------------- 2016 sites 3 & 4 ------------------------------- 

     
1 control 60   
2 MAP 60 100  
10 CG:MAP(>50%) 60 25 75 
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Table 5. Phosphorus fertilizer (P2O5) treatments at two field sites in 2017-18. Fertilizer 
was applied as various combinations of monoammonium phosphate (MAP) and various 
Crystal Green (CG) struvite based products (CGO = CG Original; CGNXT = CG Next 
Generation; 15CG 85MAP = homogenous blend of 15% CG with 85% MAP; 25CG 
85MAP = homogenous blend of 15% CG with 75% MAP.    
 

        
ID 
# 

Treatment 
Group Rate MAP CGO CGNXT 15CG 

85MAP 
25CG 

75MAP 
        
  lb P2O5/ac ---------------------- % of blend ---------------------- 
        

2017 trial 
        
1 control 0      
2 MAP 150 100     
10 CG:MAP(<50%) 150 75 25    
21 CG:MAP(<50%) 150 65 35    
24 CG:MAP(<50%) 150 75  25   
25 CG:MAP(<50%) 150 65  35   
        

2018 trial 
        
1 control 0      
2 MAP 50 100     
10 CG:MAP(<50%) 50 75 25    
21 CG:MAP(<50%) 50 65 35    
24 CG:MAP(<50%) 50 75  25   
25 CG:MAP(<50%) 50 65  35   
26 CG:MAP(<50%) 50    100  
27 CG:MAP(<50%) 50     100 
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Table 6. Average potato yield increases relative to an untreated control for 13 studies 
(2013-2018). Plots were fertilized with either monoammonium phosphate (MAP) alone 
or in various blends of a struvite fertilizer (Crystal Green; CG). Values in bold-face type 
were significantly greater than the control. Comparisons between fertilized treatments is 
indicated by letter to the side of significant values, with those sharing the same letter 
being not significantly different from one another. (P = 0.10) 

 
       
 US No. 1 US No. 2 Marketable cull 

< 4 oz 
cull 

malform 
total 
yield 

       

 -------------------------------- cwt/ac -------------------------------- 

       
MAP 29 b 0 a 29 b 0 a (3) a 26 b 

CG:MAP 53 a 0 a 53 a (2) a 1 a 51 a 
       

 
 
 
 

Table 7. Average potato yields for various size categories 
relative to an untreated control for 13 studies (2013-2018). Plots 
were fertilized with either monoammonium phosphate (MAP) 
alone or in various blends of a struvite fertilizer (Crystal Green; 
CG). Differences between treatments were not statistically 
significant. (P = 0.10) 

 
     
 4-6 oz 6-10 oz 10-14 oz >14 oz 
     
 ---------------- cwt/ac ---------------- 
     

MAP 7 10 4 7 
CG:MAP 11 17 12 11 
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Table 8. Average potato tuber specific gravity and size and petiole P 
concentration relative to an untreated control for 13 studies (2013-
2018). Plots were fertilized with either monoammonium phosphate 
(MAP) alone or in various blends of a struvite fertilizer (Crystal 
Green; CG). Values in bold-face type were significantly greater than 
the control. Comparisons between fertilized treatments is indicated by 
letter to the side of significant values, with those sharing the same 
letter being not significantly different from one another. (P = 0.10) 

 
    
 specific gravity tuber size, 

oz/tuber 
petiole P, 

% 
    

MAP 0.002 a 0.05 0.01 b 
CG:MAP 0.002 a (0.16) 0.03 a 

    
 
 

Table 9. Average potato yield increases relative to an untreated control for 13 studies 
(2013-2018). Plots were fertilized with either monoammonium phosphate (MAP) alone 
or in various blends of a struvite fertilizer (Crystal Green; CG), which are parsed into 
three categories of those with low ratios of CG to MAP (<50%), high ratios (>50%), and 
those with 100% CG. Values in bold-face type were significantly greater than the 
control. Comparisons between fertilized treatments is indicated by letter to the side of 
significant values, with those sharing the same letter being not significantly different 
from one another. (P = 0.10) 

 
       
 US No. 1 US No. 2 Marketable cull 

< 4 oz 
cull 

malform 
total 
yield 

       
 -------------------------------- cwt/ac -------------------------------- 
       

MAP 29 b 0 a 29 c 0 a (3) a 26 c 
CG:MAP (<50% CG) 49 b 0 a 49 b 0 a 3 a 51 ab 
CG:MAP (>50% CG) 60 ab 2 a 61 ab (4) a (1) a 56 a 

CG (100%) 69 a (3) a 65 a (16) a (13) a 36 bc 
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Table 10. Average potato yields for various size categories 
relative to an untreated control for 13 studies (2013-2018). Plots 
were fertilized with either monoammonium phosphate (MAP) 
alone or in various blends of a struvite fertilizer (Crystal Green; 
CG), which are parsed into three categories of those with low 
ratios of CG to MAP (<50%), high ratios (>50%), and those 
with 100% CG. Differences between treatments were not 
statistically significant. (P = 0.10) 

 
     
 4-6 oz 6-10 oz 10-14 oz >14 oz 
     
 ---------------- cwt/ac ---------------- 
     

MAP 7 10 4 7 
CG:MAP (<50% CG) 10 18 11 8 
CG:MAP (>50% CG) 17 17 13 14 

CG (100%) 9 13 22 24 
     

 
 

Table 11. Average potato tuber specific gravity and size and petiole P 
concentration relative to an untreated control for 13 studies (2013-
2018). Plots were fertilized with either monoammonium phosphate 
(MAP) alone or in various blends of a struvite fertilizer (Crystal 
Green; CG), which are parsed into three categories of those with low 
ratios of CG to MAP (<50%), high ratios (>50%), and those with 
100% CG. Values in bold-face type were significantly greater than the 
control. Comparisons between fertilized treatments is indicated by 
letter to the side of significant values, with those sharing the same 
letter being not significantly different from one another. (P = 0.10) 

 
    
 specific gravity tuber size, 

oz/tuber 
petiole P, 

% 
    

MAP 0.002 a 0.0 0.01 c 
CG:MAP (<50% CG) 0.002 a (0.2) 0.03 b 
CG:MAP (>50% CG) 0.003 a (0.2) 0.03 b 

CG (100%) 0.003 a 0.0 0.06 a 
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SUMMARY 
The struvite based fertilizer, Crystal Green, resulted in significant increases in P uptake and, 

as a result, increases in US No. 1, marketable, and total yields when compared to monoammonium 
phosphate (MAP). These increases were relatively greater for blends that contained higher ratios 
of struvite to MAP. Struvite also resulted in increases in specific gravity relative to MAP alone.  
 
REFERENCES 
Food and Agricultural Organization of the United Nations (FAO). 

http://www.fao.org/faostat/en/#data/QC : http://www.fao.org/faostat/en/#data/QV; years 
2007-2016. (Accessed January 29, 2019). 

Hopkins, B.G. 2015. Phosphorus in plant nutrition. In D.J. Pilbeam and A.V. Barker (ed.) Plant 
Nutrition Handbook. Second Edition. Boca Raton, FL: CRC Press, Taylor & Francis Group. 
Ch. 3: 65-126. 

Hopkins, B.G., K.J. Fernelius, N.C. Hansen, and D.L. Eggett. 2018. AVAIL phosphorus 
fertilizer enhancer: Meta-analysis of 503 field evaluations. Agron. J. 110: 389-398. 

Hopkins, B.G., D.A. Horneck, and A.E. MacGuidwin. 2014. Improving phosphorus use 
efficiency through potato rhizosphere modification and extension. Am. J. Potato Res. 91: 
161-174. DOI:10.1007/s12230-014-9370-3. 

Hopkins, B.G., C.J. Rosen, A.K. Shiffler, and T.W. Taysom. 2008. Enhanced efficiency 
fertilizers for improved nutrient management: potato (Solanum tuberosum). Crop Manag. 
(Online) http://www.plantmanagementnetwork.org/cm/element/cmsum2.asp?id=6920 
DOI:10.1094/CM-2008-0317-01-RV.   

Rahman, M.M., M.A.M. Salleh, U. Rashid, A. Ahsan, M.M. Hossain, et al. 2014. Production of 
slow release crystal fertilizer from wastewaters through struvite crystallization – A review. 
Arabian Journal of Chemistry 7: 139–155. doi: 10.1016/j.arabjc.2013.10.007. 

Sanyal, S.K. and S.K. De Datta. 1991. Chemistry of phosphorus transformations in soil. In B.A. 
Stewart (ed.) Advances in Soil Science. Springer New York, NY. p. 1–120. 

  
 



Page 138	 Western Nutrient Management Conference. 2019. Vol. 13. Reno, NV.

P15

Pecan Rootstock Genotype Effects on Micronutrient
Uptake in Alkaline, Calcareous Soils

Richard Heerema
New Mexico State University

rjheerem@nmsu.edu 

ABSTRACT
Alkaline pH and lime content of soils in arid or semi-arid production regions often 
result in severe micronutrient deficiencies in pecan (Carya illinoinensis). Producers 
routinely manage micronutrients, especially zinc, through repeated foliar fertilizer 
sprays. Nevertheless, limited phloem mobility of micronutrients creates some 
challenges with this practice in pecan, including difficulty achieving adequate 
canopy spray coverage (e.g., due to large tree size or prolonged unsuitable weather 
conditions).  Thus, among pecan growers in the southwestern US there is growing 
interest in using different options for supplying micronutrient fertilizers via soil 
application.  Based on information from other crops, the efficiency of uptake of soil-
applied micronutrients by pecan roots in alkaline, calcareous soils is expected to 
vary with rootstock genotype.  We studied the interactive effects of pecan seedling 
maternal genotype and soil lime content on nutrient uptake in alkaline soils. 
Seedlings with western-region maternal origin were expected to more efficiently 
acquire micronutrients from calcareous, alkaline soils than those with other origin.  
Eight maternal genotypes whose origins spanned the native range of pecan were 
used in this study: eastern (‘Curtis’, ‘Elliott’, and ‘Moore’), western (‘Riverside’, 
‘VC1.68’, ‘Shoshoni’, and ‘Burkett’), and one southern (‘87MX1.5.7’).   Seedlings 
were grown in pots under three soil lime treatments, representing the range of soil 
lime content in New Mexico fields.  Agricultural lime was added to soil in pots 
at 3 rates:  30% lime, 15% lime, and no added lime (Control).  While the pots 
were supplied annually with nitrogen, phosphorus, and potassium fertilizers, no 
micronutrient fertilizers were applied to the trees (to foliar or soil) during the study. 
Leaf tissue nutrient concentrations were measured each growing season.  Neither 
soil lime treatments nor maternal genotype significantly affected leaf mineral 
micronutrient levels, except for manganese and zinc. Compared with seedlings in 
lime-treated soils, Control seedlings had 18%, 66%, and 46% higher leaf manganese 
concentration in 2015, 2016, and 2017, respectively, but there were no differences 
among maternal genotypes. Only ‘Shoshoni’ seedlings demonstrated elevated leaf 
zinc concentration in all three seasons compared with other maternal genotypes: 
‘Shoshoni’ leaf zinc was significantly higher than all maternal genotypes except 
‘Elliott’, ‘Curtis’, and ‘Moore’ in 2015 and higher than all of the other genotypes 
in both 2016 and 2017.  These data show that pecan seedling genotype influences 
zinc uptake, but, western maternal ancestry did not usually confer the expected 
advantage for micronutrient uptake in alkaline, calcareous soils. Research is 
ongoing to determine if the same patterns appear when these seedling genotypes are 
grafted to a commercial scion and when planted into a field setting.
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ABSTRACT 
Correlating plant tissue nutrient concentrations with visual symptoms is valuable 
in combating mineral nutrient deficiencies and toxicities. Major crops tend to 
have large amounts of information regarding nutrient concentrations and visual 
symptoms of deficiencies, but this information is often lacking for minor crops, 
including quinoa (Chenopodium quinoa L.) Because nutrient concentrations can 
be easily controlled, hydroponics effectively demonstrate isolated specific 
nutrient related symptoms. However, many hydroponic systems present 
challenges in creating isolated nutrient deficiencies because nutrients are often 
added as salts with cationic and anionic pairs. For example, if potassium sulfate is 
used as the potassium (K) source, altering the K level will also impact the sulfur 
(S) concentrations. This creates the possibility of a dual deficiency and other
potential interactions. As a result, a system was developed to create mineral
nutrient deficiencies using the following single mineral nutrient sources:
ammonium nitrate; phosphoric, sulfuric, hydrochloric, and boric acids; potassium,
calcium, magnesium, zinc, and copper carbonates; manganese acetate; sodium
molybdate; iron chelate 6% (EDDHA), along with HEDTA as a chelate. This
solution, tested in an environmentally controlled growth chamber, was effective in
growing plants to maturity and creating multiple nutrient deficiencies in quinoa.
Stem size, plant height, and shoot and root biomass was significantly impacted for
several nutrients, especially for those with low concentrations of nitrogen (N),
phosphorus (P), and K. Unfortunately, the supposed adequate levels of some
nutrients (based on previous work with other species) were likely toxic, especially
boron (B) and manganese (Mn)—resulting in confounding results. Additional fine
tuning of rates will be required to create all desired visual nutrient deficiency
symptoms, but this system provides a basis for recording analytical and visual
information on nutrient deficiencies in quinoa and other plants. This information,
once complete, will be beneficial for farmers and their advisors, as well as
scientists studying these species.

INTRODUCTION 
Earth’s population is 7.5 billion and growing. For many, hunger is an oppressive problem. As 

population grows, the demand on the resources of the earth to feed this human family also grows. 
To address this, there are significant efforts throughout the world to counter the burden of hunger. 

Just as humans need nutrition, plant nutrition is vital for growth. Crop production requires 
careful nutrient management, so it is vital to identify deficiencies when they occur. For the 
dominant crops in agriculturally wealthy regions, such as potato (Solanum tuberosum L.), there is 
an abundance of reference material to visually and chemically recognize nutrient deficiencies 
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(Bennett, 1993; IPNI, 2017; Mills and Jones, 1996). This helps growers realize maximum 
economic yield. This reference material is often lacking for minor crops, especially those grown 
in areas with minimal resources. Quinoa (Chenopodium quinoa L.) is one with minimal 
information available for visual deficiency symptoms and tissue nutrient concentrations. 

Quinoa could potentially help combat hunger throughout the world. Over the most recently 
reported decade, quinoa is harvested on 341,823 acres with a value of ~ $163 million US dollars 
(Food and Agricultural Organization of the United Nations, 2019). These numbers are increasing 
with time. In 1980, only 8 countries had farmers growing quinoa (Bazile et al., 2016). As of 2014, 
farmers in 75 countries were growing quinoa and 20 more were in 2015. With this growth, Bolivia 
and Peru remain the primary quinoa producers, providing more than 80% of the quinoa in the 
world. 

In the United States, quinoa has grown in popularity as well. Imports have risen from 7 million 
lb in 2007 to 70 million in 2013 (Davenport, 2016). This is in part because of numerous health 
benefits associated with the grain. Quinoa is high in fiber and protein and contains all of the 
essential amino acids. These traits make it an important resource to help combat world hunger and 
malnutrition. 

Hydroponics is the simplest method to provide information for a wide variety of the mineral 
nutrients, and correlates well with field responses. In contrast, forcing deficiency symptoms for 
many of the nutrients using soils is difficult to do because soils have adequate amounts of at least 
some nutrients. It is especially difficult to force micronutrient and secondary macronutrient 
deficiencies. Hydroponics provides an alternative to soils because nutrients are added directly to a 
solution in a controlled environment.  

Commonly used hydroponic solutions are effective for creating individual nutrient 
deficiencies (Brown et al., 1990; Hopkins et al., 1992a, b, c, 1998; Bensen et al., 2009; Barben et 
al., 2011; Nichols et al., 2012; Trejo-Téllez and Gómez-Merino, 2012; Geary et al., 2015; 
Summerhays et al., 2017), but there are difficulties when attempting to create multiple nutrient 
deficiencies without having interacting factors. These traditional hydroponic solutions involve 
combinations of cationic and anionic nutrient salts. When attempting to adjust one nutrient, another 
nutrient is also impacted—creating interacting issues. For example, when using calcium sulfate 
(CaSO4) for the calcium (Ca) source, altering the Ca concentration has the simultaneous effect of 
the sulfur (S) concentration being altered proportionally. Often, this is overcome by insuring that 
the associated ion is found in a large abundance so that it is not deficient, but this can have 
interactive effects on other nutrients. Another option is adding a secondary source of the associated 
ion, but this also can result in unintended consequences.  

To resolve this difficulty and to create a simple recipe to facilitate ease of creating single 
nutrient deficiencies, a new hydroponic solution was developed (Cole et al., 2018). The 
accompanying ion for each nutrient is one of the following scenarios: 1) the same nutrient [with 
ammonium nitrate (NH4NO3) for nitrogen (N)], 2) a proton [for phosphorus (P), S, boron (B), and 
chloride (Cl)], 3) a carbonate anion [for potassium (K), Ca, magnesium (Mg), zinc (Zn), 
manganese (Mn), and copper (Cu)], 4) a chelate [for iron (Fe)], or 5) a sodium (Na) cation [for 
molybdenum (Mo)]. Preliminary studies showed this solution to be effective for growing plants 
and creating N deficiency with Kentucky bluegrass (Poa pratensis L.) and soybean [Glycine max 
(L.) Merr].  

The focus of the current study was creating deficiencies of the aforementioned nutrients using 
this new solution to determine visual symptoms with associated nutrient concentrations in the 
tissues of quinoa.  
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MATERIALS AND METHODS 
Quinoa was grown in an environmentally controlled growth chamber located in the Life 

Sciences Building at Brigham Young University in Provo, UT, USA at 4,551 feet elevation. The 
growth chamber lighting was supplied by a combination of metal halide and high pressure sodium 
lamps. Plants were grown in a 12/12h light/dark photoperiod. The temperatures were 77°F ± 2°F 
for 14 hours (during the light period with an additional two hours of high temperatures after the 
light photoperiod) and 10 hours at 59°F ± 2°F during the dark. 

Each experimental unit consisted of quinoa growing in a 3 ½ gallon bucket with 11.4 inch 
inside diameter and 10 ¾ inch height filled with a hydroponic solution. Buckets were placed into 

opaque wooden boxes and covered with opaque plastic lids 0.5 inch 
thick. Each lid had eight (2 inch) holes with fittings secured on the 
underside of the lid with the threaded rings. The fittings had in inside 
diameter of 1.88 inch, a height above the plastic lid of 0.95 inch and 
extended below the lid 0.7 inch when the ring was attached (Fig. 1).  

Two layers of white nylon matte mesh netting material with 
holes ~ 0.16 inch x 0.08 inch were stretched tightly and placed over 

the threaded side of the fitting and secured in place with a 
threaded ring (Fig. 1). Washed gravel (8x10-5 to 1.9x10-4 
inch) was placed on the taunt netting inside the fittings to 
a depth of 1 ½ inch (Fig. 2)  

Approximately 5-10 quinoa seeds (line QQ 74) were 
germinated by placing them ~½ inch below the top of the 
fitting and covering with ~1/4 inch of gravel. The seeds 
were watered daily from the top of the fitting using 
deionized water until their roots were mature enough to 
reach down into the nutrient solution in the bucket below.  

Oxygen was supplied to the solution through PVC 
tubing passed through a small hole in the center of the lid. 
Where the tubing passed through the lid, foam was 
wrapped to prevent light from passing through to the 

solution. Bubbler air stones (1x0.5 inch; Uxcell, Hong Kong, China) were attached to the end of 
the tubing to diffuse the size of the air bubbles. Air flow rate was enough to have visible bubbles 
but avoid excessive bubbling over of the solution out of the bucket. 

Fourteen treatments were established in a randomized complete block design (RCBD) with 
three replicated blocks. Block I was planted on 20 November 2019, two weeks prior to blocks II 
and III (planted 5 December 2019). A positive control contained what was estimated to be optimal 
concentrations of all nutrients (Table 1). Each of the other treatments was targeted to have a single 
mineral nutrient deficiency: N, P, K, S, Ca, Mg, Zn, Mn, Fe, Cu, B, Mo, and Cl. The deficiencies 
were induced by adding only 10% of the concentrations in Table 1. On the 17th day, each of the N 
deficient treatments received an additional ten percent of the concentrations listed in Table 1. 

The nutrient solution was composed of the following: sulfuric, phosphoric, hydrochloric, and 
boric acids; potassium, calcium, magnesium, zinc, and copper carbonates; manganese acetate; 
sodium molybdate; iron 6% chelate (EDDHA); HEDTA as a chelate; and sodium hydroxide to 
adjust pH.  

The nutrient solution was mixed in 14 liters (3.7 gallons) of deionized water with the following 
concentrations: 

Fig. 1. Hydroponic 
fittings to hold plants 

Fig. 2. Layout of fittings and 
tubing in the lid 
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Table 1. Hydroponic nutrient concentrations (µM)  

              

N P K S Ca Mg Zn Fe Mn Cu B Cl Mo HEDTA 
1932 237 1122 702 1586 26.8 2.19 0.016 2.27 0.197 4.95 729 0.089 8.93 

              
 
Additionally, 0.012 oz of algaecide (AlgeGone, TopFin, Phoenix, AZ, USA; active ingredient: 

Poly[oxyethylene(dimethyliminio)ethylene(dimethyliminio)ethylene dichloride] 4.5%) was added 
to each bucket. 

On the 13th day of Block I’s growth, fittings were transferred between treatments in an attempt 
to match the number of fittings containing plants between treatments. Because the gravel had a 
tendency to wick up the nutrient solution, each fitting was rinsed with deionized water before being 
placed in a new treatment. 

Plants were thinned down to one plant per fitting on day 22 and 36 for Block I and Blocks II 
and III, respectively. The number of plants in each bucket were reduced to three fittings of one 
plant each on day 25 and 22 for Block I and Blocks II and III, respectively. The thinned plant 
material was collected, dried, ground to pass a 60 mesh screen, and analyzed for nutrient content 
by the Brigham Young University—Environmental Analytical Laboratory (BYU—EAL). 
Minerals were determined through nitric acid-hydrogen peroxide microwave digestion (EPA 3052, 
Ethos EZ, Milestone, Shelton, CT, USA) followed by ICP-OES analysis (iCAP 7400, Thermo 
Electron, Madison, WI, USA), and total nitrogen was determined by combustion (Vario EL Cube, 
Elementar, Langenselbold, Germany) 

On about 27 December (day 37 for Block I and day 23 for Blocks II and III), the growth 
chamber failed. The lights and heating failed, and temperatures dropped to as low as 46-48°F. The 
door to the growth chamber was propped open to provide some indoor air with temperatures at 
~72oF. After 3-4 days, the problem was resolved and the growth chamber returned to normal 
settings. 

On day 52 and 45 for Block I and Blocks II and III, respectively, each bucket received an 
addition of 50% of the nutrients with which it began. In block I, the K deficient and Mg deficient 
buckets were emptied, rinsed, and replaced with the initial nutrient solution because of mistakes 
during the addition. 

On day 56 after planting, one plant from each replicate was harvested. Each plant height and 
base stem width were measured. Plant shoots were harvested by cutting at the base above the 
gravel. Plant roots were harvested by cutting at the bottom of the fitting and rinsed in deionized 
water. The biomass samples were dried to consistent mass. 

Statistical analysis was performed by Analysis of Variance (ANOVA) with differences 
between means determined by Tukey-Kramer method using SAS software (SAS 9.3, Cary, NC). 
A P value of 0.05 was used to evaluate the statistical analysis. 
 
RESULTS AND DISCUSSION 

The treatments intended to induce N, P, and K deficiencies resulted in significant differences 
in plant height—with stunted growth (Fig. 3). They averaged 68, 60 and 64% shorter for N, P, and 
K, respectively, than the positive control. All others were statistically similar to the positive control 
(“none”). 
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Similar results were found with the width at the base of each stem (Fig. 4). Again, the N, P, 

and K deficient treatments showed statistically significant reductions in stem widths, while the Mn 
deficient treatment was significantly higher than the control. They averaged 64, 59, 47, and 121% 
for N, P, K, and Mn, respectively, as compared to the positive control. All others were statistically 
similar to the positive control (“none”). 

Similarly, shoot biomass was significantly lower for N, P, and K than the control (Fig. 5). The 
Mg, S, Mn, and B deficient treatments all had statistically significant increases in shoot growth 
compared to the positive control, with Mn being higher than all others. They averaged 53, 36, 26, 
162, 166, 208, and 155% for N, P, K, Mg, S, Mn, and B, respectively, as compared to the positive 
control. All others were statistically similar to the positive control (“none”). 

Root biomass was also significantly lower for N, P, and K, as well as for Fe, Zn, and Cu than 
the control (Fig. 6). The K deficient root biomass was lower than all of the others. The Mg, Mn, 
B, and Cl treatments had significantly higher root biomass than the positive control. They averaged 
62, 66, 16, 50, 73, 215, 286, 179, and 151% for N, P, K, Fe, Zn, Mg, Mn, B, and Cl, respectively, 
as compared to the positive control. All others were statistically similar to the positive control 
(“none”). 

In addition to biomass and stem width data, there were apparent differences for shoot nutrient 
concentrations for the 56 day harvest (Tables 2-3). Not surprisingly, all the deficiency treatments 
had the lowest nutrient concentrations except for iron (the sulfur treatment curiously had a lower 
Fe concentration), suggesting that this method of testing was somewhat successful in generating 
nutrient deficiencies, though further testing will be required. 
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Fig. 3. Average quinoa plant height at 56 days after planting in a 
nutrient deficiency study. Each bar represents a different targeted 
nutrient deficiency compared to the positive control (“none” of the 
nutrients were deficient). Data sharing the same letter above the bar 
are not statistically different from one another. (P = 0.05) 
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Although there is not an extensive set of nutrient concentration data available for quinoa, with 

none that we are aware of at this growth stage, there are some disturbingly high levels for some 
nutrients (Tables 2-3). The shoots had an unusually high concentration of B and Mn (106 and 150 
ppm, respectively). The theoretically Mn deficient treatment actually had wider stem widths than 
the control (Fig. 4). And, the B, Mn, Mg, and S deficient treatments showed statistically higher 
shoot biomass (Fig. 5). And, the B, Mn, Mg, and Cl had greater root biomass than the control (Fig. 
6). It is possible that the hydroponic solution concentrations used in this study were too high and 
led to toxicity, especially for B and Mn. This will require further testing and research.  
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Fig. 4. Average quinoa stem width at 56 days after planting in a 
nutrient deficiency study. Each bar represents a different targeted 
nutrient deficiency compared to the positive control (“none” of the 
nutrients were deficient). Data sharing the same letter above the bar 
are not statistically different from one another. (P = 0.05) 
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Fig. 5. Average shoot biomass at 56 days after planting in a nutrient deficiency study. Each 
bar represents a different targeted nutrient deficiency compared to the positive control 
(“none” of the nutrients were deficient). Data sharing the same letter above the bar are not 
statistically different from one another. (P = 0.05) 

Fig. 6. Average root biomass at 56 days after planting in a nutrient deficiency study. Each 
bar represents a different targeted nutrient deficiency compared to the positive control 
(“none” of the nutrients were deficient). Data sharing the same letter above the bar are not 
statistically different from one another. (P = 0.05) 
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Table 2. Shoot macronutrient concentrations  
 

       
Treatment 

(Deficient Nutrient) N P K S Ca Mg 

       
None (control) 4.3 0.4 3.0 0.4 1.3 0.5 

       
N 2.8 0.9 5.1 0.2 1.5 1.1 
P 6.1 0.2 6.2 0.5 2.1 1.4 
K 7.4 1.1 2.3 0.6 2.6 1.4 
B 5.4 0.7 4.8 0.4 2.9 1.0 
S 3.6 0.5 4.0 0.1 1.9 0.5 

Ca 5.0 0.5 3.5 0.3 0.5 0.6 
Mg 6.3 1.2 7.5 0.5 2.4 0.3 
Cu 5.8 0.7 7.8 0.5 1.6 1.2 
Zn 6.6 1.6 5.9 0.5 1.9 1.2 
Mn 4.0 0.5 3.0 0.5 2.5 0.6 
Fe 5.1 0.4 4.9 0.3 2.0 0.8 

       
Average 5.2 0.7 4.8 0.4 1.9 0.9 

       
 

Table 3. Shoot micronutrient and sodium (Na) concentrations 
 

       
Treatment 

(Deficient Nutrient) Zn Mn Fe Cu B Na 

       
None (control) 41 102 120 5 80 58 

       
N 36 103 88 6 84 50 
P 72 158 93 12 114 100 
K 61 338 129 12 126 312 
B 60 160 76 7 36 67 
S 33 48 45 7 115 66 

Ca 28 115 71 3 130 44 
Mg 50 267 299 7 207 68 
Cu 50 169 91 2 115 169 
Zn 11 226 99 8 105 143 
Mn 47 20 106 5 117 31 
Fe 27 105 63 5 77 251 

       
Average 43 151 107 7 107 113 
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In particular, the B levels in the shoot tissues were very high and above those that would be 
typically observed in plant tissue with levels ~10-fold higher than expected (Mills and Jones, 1996. 
Some of the N, P, K, S, Ca, Mg, and Mn concentrations for the treatments where they were not 
supposed to be deficient were also high. Additionally, future tests will also need to include a buffer 
to the solution to maintain pH. The initial pH values were all alkaline (7.6-8.3 for all but Ca, which 
was 7.2). The pH was allowed to drift naturally, with most dropping slightly to near neutral (6.8-
7.6), with Ca being the drastic exception with it dropping to being acidic (4.1). The small 
differences in pH were acceptable for most of the treatments, but likely had a major impact on 
both the solution chemistry and the root physiology for the Ca deficient treatment.  

Visual symptoms were also evident, although the results are somewhat convoluted given the 
possible toxicities referred to above. But, certainly the N, P, and K were deficient, as evidenced 
by the consistently poor growth in all measured parameters (Figs. 3-6). Typical chlorosis was 
observed in the leaves (Fig. 7).  

 
 

 
 

 
 

 
 
 
 
 
A visual comparison of the entire shoots shows the positive control to be mostly healthy and 

tall, although it appeared to have some K deficiency with lower leaves showing chlorosis on the 
leaf margins (fig 8). The plant tissue is also relatively low in K concentration. However, we suspect 
some significant nutrient interactions that are not clearly identified at this time.  

 
 
 
 
 
 

Fig. 7. From left to right: healthy leaf from the positive control, N deficient 
leaf, K deficient leaf, typical chlorosis observed (likely K deficiency) in many 
of the treatments  
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SUMMARY 
While there is still more research that needs to be performed, this new hydroponic nutrient 

solution was mostly successful at growing plants to maturity and creating several nutrient 
deficiencies in quinoa. Nutrient concentrations, especially B and Mn, will be lowered in further 
testing to prevent possible toxicities as this solution is refined. Some visual symptoms have been 
created in quinoa using this hydroponic solution and can be a tool in creating important reference 
material for farmers to aid them in producing higher yields with high quality quinoa grain. 
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ABSTRACT
In California (CA), approximately 500,000 acres of corn are grown annually, with 
most grown for dairy forage. Under reduced irrigation water (IW) supply conditions, 
forage sorghum acreage can increase to 90,000 acres annually. Corn nitrogen (N) 
demand is well documented in studies conducted outside of CA, but little research 
on forage corn and sorghum N use efficiency (NUE) under varying levels of IW has 
been conducted. With such a large statewide acreage, it is important to improve our 
understanding of corn and sorghum NUE, especially as state water quality regulations 
targeting nitrate pollution of groundwater are increasingly restrictive of inefficient 
applications of N. Thus, we aimed to improve knowledge of how a range of forage 
corn and sorghum cultivars perform under combinations of low to high supplies of 
N and IW. Our research objectives were: (1) determine forage corn and sorghum 
cultivar yield responses to irrigation water amounts ranging approximately 60 to 
100% of estimated corn evapotranspiration; and (2) evaluate yield responses within 
each irrigation level to N fertilizer applications ranging from zero to full estimated 
N requirements across years and cultivars. From 2016 to 2018, we conducted a 
subsurface drip (SDI) irrigated field study at the University of CA Westside Research 
and Extension Center in Five Points, CA, in a clay loam soil to evaluate forage corn 
and sorghum yield response to varying levels of IW and N fertigation.  Plot sizes 
were four rows (thirty inch spacing) wide by forty feet. The experimental design was 
a split-split-plot full factorial randomized complete block with three replications. 
Four sorghum cultivars representing mid to late relative maturity (RM) and grain 
and forage types as well as two corn cultivars representing early to late RM – were 
planted. Three IW levels – deficit for sorghum, deficit for corn, and sufficient for corn 
– were applied by applying a fraction of full evapotranspiration demand of forage 
corn in each irrigation. Three N levels – zero N applied, sufficient for sorghum, and 
sufficient for corn – were injected into the SDI system in split applications throughout 
the growing seasons to match crop uptake. At harvest, two rows were chopped and 
weighed with a small-plot harvester, and sub-samples were collected for measuring 
dry matter (DM) percent to normalize yields on a 35% DM basis. Crop year, IW 
level, N level, and cultivar all had significant main effects on yield (p < 0.01). While 
overall interactions between IW and N levels across all cultivars were not significant, 
cultivar did significantly interact with IW and N levels (p < 0.01). It is likely that year 
significantly impacted yield results due to higher residual soil N at the beginning of 
2016. Across irrigation levels and years, corn peak yields generally occurred with 
highest N applied in the moderate and high irrigation treatments, while in sorghum, 
most yields peaked at the intermediate N application level. . These results will assist 
growers to make informed decisions about which forage corn and sorghum cultivars 
to plant when either IW and/or N will be limiting or sufficient.
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ABSTRACT
There are four species and eight market classes of dry beans grown in California. 
These include lima beans (baby and large, Phaseolus lunatus), common beans 
(kidney, pink, white, cranberry, black turtle, P. vulgaris), blackeye (cowpea, Vigna 
unguiculata), and garbanzo beans (chickpea, Cicer arietinum). Dry beans are an 
important specialty market for California. In 2017, growers harvested 50,000 acres 
of dry beans valued at $60 million. Lima beans accounted for about 50% of this total 
acreage, with California producing nearly 99 percent of the U.S. domestic supply of 
dry lima beans. Garbanzos accounted for 20% of this acreage, with the beans going 
for canning or dry packaged markets. Blackeyes accounted for about 22% of acreage, 
with the rest of the acreage for common beans, with kidney beans primarily going for 
the dry packaged and canning markets. While dry beans fix some of their nitrogen 
needs, research in California documented that a modest amount of nitrogen is still 
needed for sustaining high crop yields, along with phosphorus and zinc. University 
of California Agriculture and Natural Resources (UC ANR) production manuals 
for growing dry beans grown in California provide recommendations for nutrient 
management in dry bean production. These include Garbanzo beans (chickpeas), UC 
ANR publication no. 8634 by Long et al. 2019; lima beans, UC ANR publication no. 
8505 by Long et al. 2014; and common beans, UC ANR publication 8402 by Long 
et al. 2010. Recommendations for fertility in the dry bean production manuals are 
provided for furrow-irrigated fields as well as for sub-surface drip systems, where 
nutrients are applied through fertigation, with rates depending on background residual 
nitrogen in the soil as well as irrigation water. The information provided in these 
manuals will help growers comply with required nutrient management plans when 
growing dry beans in California, as well as to sustain profitable yields with minimal 
inputs. Dry beans are a healthy food choice and are important in rotational field crop 
production to help with insect, disease, and weed control.
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ABSTRACT:  

Tissue testing whole alfalfa plants at harvest provides opportunities to direct 
nutrient decision making more accurately. Critical levels developed allow in-
season recommendations and applications and would save producers time and 
effort since growers are already taking samples for hay quality. Three experiments 
were designed including: P Study with differing rates of P2O5 using 
monoammonium phosphate (MAP); including: 0, 30, 60, 120, 240 lbs./acre on an 
8.1 ppm P soil (Olson P method); K Study: differing rates of K2O using potassium 
sulfate: 0, 40, 80, 160, 240, 320 lbs. K2O/acre; Struvite Study (magnesium 
ammonium phosphate, MgNH4PO4 · 6 H2O)- application at 144 lbs. of P2O5 /acre 
in differing ratios of MAP / Struvite in alfalfa including: 100:0, 75:25, 50:50, 
37.5:62.5, 25:75, 12.5: 87.5, 0:100 and an unfertilized check. Results from the P 
Study showed that 140 and 165 lb/acre P2O5 maximized gross revenue after 
fertilizer costs for $150 and $200/ton alfalfa, respectively. Optimum phosphorus 
alfalfa tissue concentration was 0.24-0.25 for first cut, 0.28 - 0.29 for second cut, 
and 0.26-0.27 for third cut for alfalfa hay price of $150 and $200 per ton 
respectively. Applications of P2O5 decreased hay quality via increased aNDF, 
lignin, and decreased non fiber carbohydrates, there by emphasizing the need for 
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precision nutrient management to maximize profit. The K Study started with a 
101, 74, and 80 ppm potassium in the soil at 0-12, 12-24 and 24-36 inch depths 
(ammonium acetate method) which interestingly did not provide a yield response. 
Replacing or supplementing MAP with struvite had no effect on first cut or first 
year yield or phosphorus content. The Struvite study showed that even under very 
low phosphorus situations, MAP could be replaced with struvite on a P2O5 basis 
with no impact on yield or phosphorus content in the hay. 
 

INTRODUCTION: 
Most inorganic phosphorus (P) fertilizers are derived from phosphate rock, where 98% of the 

reserves are in other countries; with the USA only holding 2% (Stewart 2002, USGS 2013). Dairy 
farms accumulate P through manure and each farm has a unique need for P outlets and removal to 
reach a whole farm P nutrient balance (WA Dept. of Ecology). In contrast, alfalfa (Medicago 
sativa) producers need to reverse the trend of declining soil test P content to maintain high crop 
yield and quality. To compound the problem, just a few years ago the price of commercial P 
fertilizers soared to record high prices, and will likely to do so again as reserves diminish and 
struggle to accommodate increasing demand. A viable solution is the adoption of technology to 
capture P from liquid manure in the form of ‘struvite’, a slow release form of P based fertilizer. 
Current PNW struvite NPK fertilizer has an analysis of (6 – 29 – 0) including 16% magnesium. 
Struvite is easy to handle and transport due to its low moisture content, and has a sand-like 
appearance. More research is needed in the use of struvite in alfalfa and would supplement the 
efforts of a recent federal USDA -NRCS-CIG grant titled “Mobile System for Nutrient 
(Phosphorus) Recovery and Cost Efficient Nutrient Transport”. 

With high P and K fertilizer costs it is important to apply required nutrients calibrated to one 
foot soil tests. Alfalfa plants can remove potassium and other nutrients from much deeper depths 
creating disproportional inaccuracy crop response and soil test results. Tissue testing provides the 
opportunity to direct nutrient decision making based on accurate critical levels for in-season 
recommendations that could include possible applications between cuttings or through fertigation. 
California scientists have developed the alfalfa tissue testing protocols; however producers are not 
adopting them because the test uses the middle third of alfalfa at one-tenth bloom for P & K (Meyer 
et al., 2008). One-tenth bloom is well past dairy quality hay stages for most PNW producers, 
making this California recommendation impractical. Alfalfa tissue testing has been proposed in 
New Mexico, which recommended a wide range from 2.0 to 3.5% K in the upper ⅓ of the plant at 
early bloom (Flynn et al., 1999). The current PNW alfalfa fertilizer guide states a critical level of 
2.0 to 2.5% for the whole plant at first bloom but needs further refinement (Koenig et al., 1999). 
Research conducted in Israel suggests maximum alfalfa yield K levels should remain above 2.5% 
at harvest (Kafkafi et al., 1977). This research and others reveal P & K concentrations decline with 
crop maturity indicating the importance of the timing of tissue testing.  

Fertilizer is the largest single expense in an irrigated alfalfa budget for the western U.S. Even 
at modest rates, fertilizer can easily reach over $216 per acre with P & K being the largest 
component (Norberg and Neibergs, 2014). More K is removed from the soil by alfalfa than any 
other nutrient (Koenig and Barnhill, 2006). Alfalfa can remove 8 lb.P2O5  and 54 lb. K2O per ton 
of alfalfa produced (Koenig, et al., 2009), which for yields of 10 tons per acre attainable by 
excellent producers in the PNW, result in 80 lb.P2O5 and 540 pounds K2O removable per acre per 
year. We are proposing to use the harvest time of mid to late bud stage (typical harvest timing for 
first cutting) and use the whole plant which could be taken at the same time and using the same 
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method currently being used for quality analysis. We have selected first cutting, the one most 
desired by the dairy industry and because it’s the most likely cutting to be nutrient limiting due to 
cold soils, but we are proposing to test all alfalfa cuttings. Struvite provides a slow release option 
we believe would work best in combinations with faster release forms such as mono-ammonium 
phosphate (MAP).   

Research was conducted near Prosser, Washington on a low phosphorus testing soil 8.1 ppm 
(Olson method) and 90 ppm potassium soil (ammonium acetate method) to: 1) Develop and 
calibrate phosphorus (P2O5; P Study) & potassium (K2O; K Study) nutrient recommendations for 
bud stage alfalfa using tissue testing for maximum profit, yield and direct comparison to current 
soil testing recommendations; 2) Compare efficacy of combinations of MAP and struvite (Struvite 
Study; magnesium ammonium phosphate, MgNH4PO4 · 6 H2O) for fertilization of alfalfa; 3) 
Evaluate quality of hay samples at different P and K rates and tissue concentrations. 

 
MATERIALS AND METHODS:  

We established three experiments with two with a low P soil test field (Phosphorus Rate & 
Struvite”and one on a low K soil test field (Potassium Rate). Studies were in a randomized 
complete block design with four replications at establishment of a spring stand of alfalfa and 
harvested 3 times in 2018. Fertilizer was applied at the beginning of the study once and 
incorporated with tillage. The experiments’ treatments and descriptions are listed below. 

“Phosphorus rate” – Studying the influence of rates of P2O5 of MAP; including: 0, 30, 60, 
120, 240 lb/acre to develop\refine tissue testing recommendations for P. 

“Potassium Rate” - Response of alfalfa to six differing rates of Potassium Sulfate: 0, 40, 80, 
160, 240, 320 lb K2O/acre to develop\refine tissue testing recommendations for K. 

“Struvite” - Alfalfa response to six mixtures of MAP:Struvite in alfalfa: 0:0 100:0, 75:25, 
50:50, 37.5:62.5, 25:75, 12.5: 87.5 0:100; to determine if any quick release P is needed to 
supplement the slower release of P in struvite for spring planted alfalfa. 

Sturvite and MAP was applied according to treatments desired with a Gandy drop spreader 
after calibration. 

Tissue samples were analyzed for P & K by Inductively Coupled Plasma Atomic Emission 
Spectroscopy (ICP). Yield results were compared to P & K concentrations to determine critical 
values required for maximum yield and economic returns. Calibration of P & K shortages 
compared to optimum rate at harvest along with P & K concentrations of tissue samples pulled to 
determine appropriate fertilizer recommendations for each cutting or averaged over cuttings if 
similar results are found. 

To determine the maturity at harvest we used the maturity ratings of Muller and Teuber (2007) 
where: “growth stage 2” is late vegetative stage when stem length is greater than 12 inches; no 
visible buds, flower or seed pods; “growth stage 3” is early bud when 1-2 nodes have visible buds 
and have no flowers or seed pods and “growth stage 4” is late bud when ≥ 3 nodes have visible 
buds, with no flowers or seed pods. “Growth stage 5” early Flower is when one node with open 
flower; no seed pods. “growth stage 6” late flower when ≥ 2 nodes with open flowers; no seed 
pods. Growth stage of ten stems was determined and average growth stage of the plot calculated. 

Plots for the experiment were harvested with a flail harvester (Carter Manufacturing) for 33 
inches wide and 25 foot long. Subsamples were taken weighed, dried and weighted again for 
harvest moisture and dry matter yield determination. 

These experiments determined how P & K status affects feed quality and value as stated in 
objective 3. To accomplish this at each harvest, whole plant samples were collected from each 
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treatment plot at bud stage. All harvested samples were dried at in forced air ovens at 60оC until 
no weight loss occurred. Samples were ground through a Wiley Mill (Thomas Scientific, 
Swedesboro, NJ) to 2 mm in length, then ground with Udy Cyclone Sample Mill (Udy 
Corporation, Fort Collins, CO) to 1 mm before scanning and prediction for DM, CP, ADF, NDF, 
ash, starch, fat and TDN by FOSS 6500 Near Infrared Reflectance Spectroscopy (NIRS) using 20 
percent of samples for wet lab validation by the methods of Shenk et.al., 1989 (NIRS Consortium). 

Ground samples were utilized for both nutrient and forage quality analysis. Total digestible 
nutrients (TDN) and relative forage quality (RFQ) were estimated from the values obtained from 
the wet chemistry analysis.  

Plots for the experiment were harvested with a flail harvester (Carter Manufacturing) for 33 
inches wide and 25 foot long. Subsamples were taken and dried for harvest moisture and dry matter 
yield determined. 

Statistical analysis was run in SAS using Proc GLM. A covariate (growth stage) was used in 
the struvite experiment to eliminate any affect on the quality parameters. 
 

RESULTS AND DISCUSSION:  
 
Phosphorus Rate Experiment: 

A visual difference was apparent between the plots with no application of phosphorus and soil 
containing 8.2 ppm P and the plots fertilized with 240 lb/acre of P2O5 of monoammonium 
phosphate (MAP ; Figure 1.). Yield increased from 1.67 to 2.0 tons of dry matter/acre first cutting 
(Contrast linear P<0.0010) and from 5.7 to 6.4 tons/acre for the first year by applying 120 lb/acre 
P2O5, a difference of 0.33 and 0.69 tons acre, for first cut and first year, respectively. Almost half 
of the yield increase due to phosphorus occurred during the first cutting when the soil is cooler 
making phosphorus less available. Economic analysis of gross revenue after fertilizer cost 
(GRAFC) showed that the optimum rate of P2O5 was 140 and 165 lb P2O5 / acre, assuming $560 / 
ton of MAP ($0.538 /lb of P2O5), and an alfalfa hay priced at 150 and 200 $/ton of alfalfa hay, 
respectively (Figure 3). These rates correspond to phosphorus alfalfa hay levels of 0.24-0.25%for 
first cut, 0.28 - 0.29% for second cut, and 0.26-0.27 for third cut for alfalfa hay price of $150 and 
$200 per ton, respectively. Alfalfa tissue phosphorus concentration decreases with maturity and 
critical values for whole plants or hayed samples at the early-bud stage should be 30 and 12 percent 
higher than values for 10 percent bloom alfalfa for bud and late bud stages, respectively (Orloff 
et. al, 2012). Thus the numbers we found 0.24-0.29% minus 30% would result in 0.17 to 0.2% 
which most current publications consider deficient (Koenig, 2009). 

Quality of alfalfa was significantly affected by rate of P2O5 in many parameters including: 
aNDF, lignin, and non-fiber carbohydrates (NFC), which influenced relative feed value and 
relative feed quality and nutrient value per ton (St- Pierre and Weiss method) (Table 1. and Figure 
4.). Increased yield with phosphorus application more than offset the lost revenue per ton and the 
highest per acre value for 2018 was with the 120 lb P2O5 /acre rate. Changes in aNDF appear to be 
very closely related to lignin changes as the percentages closely follow each other with increasing 
phosphorus rate (Figure 5.). Phosphorus is important for bud formation and may have increased 
stem to leaf ratio in the hay and yield. Maturity of the alfalfa was not significant in the analysis by 
increasing phosphorus rate but exhibited a similar pattern to lignin content (Figure 6.) and we 
know that as the plant matures more lignin is formed so some quality loss could be due to advanced 
maturity in higher phosphorus rate plots. These results show that for long term sustainability and 
profitability fertilizing precision is required to maximize alfalfa quality.  
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Figure 1. Field views in the Phosphorus Rate Study between the control and 240 lb / acre 
treatment on July 2, 2018 at Prosser, WA in a soil with a beginning P concentration of 8.2 ppm. 
 

 

Figure 2. Phosphorus rate influence on first cutting yield and phosphorus content in the alfalfa 
hay at harvest. 
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Figure 3. Economic analysis of gross revenue after fertilizer cost showed that the optimum rate 
of P2O5 was 140 and 165 lb P2O5 / acre which maximized gross revenue (GR) minus fertilizer 
cost assuming $560 / ton of MAP ($0.538 /lb of P2O5) and an alfalfa hay price of 150 and 200 
$/ton of alfalfa hay, respectively. 
 

 

Figure 4. Influence of phosphorus rate on the nutrient value of alfalfa value per ton (St- Pierre 
and Weiss method) and per acre for the 2018 season.  
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Table 1. Quality parameters including neutral detergent fiber (aNDF), lignin, non-fiber 
charbohydrates (NFC), relative feed value (RFV), relative feed quality (RFQ), nutrient value per 
ton and per acre as influenced by rate of P2O5 per acre. Nutrient value was calculated using 
method described by St- Pierre and Weiss, 2011. 

 aNDF Lignin NFC RFV RFQ Nutrient 
Value 

Nutrient 
Value First 

Yr. 
P2O5 Rate/Acre % % % unit % $ / Ton $ /Acre 

0 34.92 5.72 34.70 171.54 182.53 276.47 1788.89 
30 36.29 5.92 33.74 162.97 172.39 266.79 1709.19 
60 35.57 5.80 34.77 167.74 176.27 271.26 1865.95 

120 35.52 5.82 34.30 168.58 179.35 273.48 1985.46 
240 37.73 6.25 33.14 155.59 164.38 257.61 1928.84 
LSD 1.75 0.30 1.20 10.54 12.15 13.14 234.615 
CV 5.89 6.2 4.3 7.7 8.4 5.9 15.34585 

ANOVA Rate 
(P< Value) 

0.0251 0.0103 0.0453 0.0354 0.0425 0.0534 NS 

Contrast Rate 
Linear (P<Value) 

0.006 0.002 0.0217 0.011 0.016 0.016 0.0667 

 

 

Figure 5. Influence of phosphorus rate on average aNDF and lignin content in the alfalfa hay at 
harvest. As phosphorus rate increased lignin increased very closely to aNDF. 
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Figure 6. Influence of phosphorus rate on average growth stage index and lignin content in the 
alfalfa hay at harvest. Similar response only peaks at later than lignin. 
 
Potassium Rate Experiment: 

The experiment started with soil depths of 0-12, 12-24 and 24-36 inch containing 101, 73 and 
79 ppm potassium in the soil (ammonium acetate method), respectively. Alfalfa yields were not 
responsive to fertilizer K applications (Figure 7). Potassium content without fertilizer applied 
averaged over cuttings 1.5 percent potassium and linearly increased as potassium rate was 
increased (Figure 7), commonly known as luxury consumption. The 1.5% tissue concentration of 
whole tops and no yield reduction conflict with current PNW recommendations of a critical 
concentration for sufficiency of 2.0 – 2.5 % at first bloom (PNW0611 Guide). Our cuttings were 
at growth stage 3.4, 3.2 and 2.5 for cuts one, two and three, respectively which is early bud for 
first two cuttings and late vegetative stage for the third cut. Orloff et.al, 2012 in California found 
that potassium tissue values for early-bud stage alfalfa and late-bud stage alfalfa should be about 
20 and 12 percent higher than for 10 percent bloom alfalfa, respectively. Our research using their 
method would have a 1.2% potassium which does correspond with sufficiency with University of 
California recommendations (Meyer et. al, 2007). Further research is needed to determine the 
critical level of potassium at bud stage as yield was not limiting. Excess potassium applications 
are unprofitable both from fertilizer cost and decreased quality of hay. The 240 lb K2O treatment 
pulled 308 lb K from the soil and was 155% of potassium removed from the unfertilized control. 
Current PNW soil testing recommendation would have been 100 lb K2O /acre and according to 
our regression line would have resulted in a tissue concentration of 1.8% potassium. The K2O 
treatment 240 lb/acre had a negative influence on hay quality and decreased RFV and RFQ and 
increased lignin (data not shown).  
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Figure 7. Potassium rate influence on potassium content of alfalfa forage at harvest in 2018. 
Potassium content is a typical of luxury consumption of this nutrient. 
 
Struvite Experiment: 

Yield and phosphorus content of alfalfa was not affected by replacing MAP with struvite 
during first cutting or first year on this very low P testing soil having 10.8, 5.7, 3.7 ppm P in the 
top 0-12, 12-24, and 24-36 inch depths (Figure 8 and 9). The only quality parameter that was 
significant was fat content in the forage (Table2). Further research needs to determine if this occurs 
consistently. 

 
Figure 8. First cutting yield and phosphorus content as influenced by struvite replacing 
monoammonium phosphate (MAP) at a single rate of 144 lb P2O5 per acre (recommended rate 
for this low phosphorus soil.  
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Figure 9. First year total yield and average phosphorus content as influenced by struvite 
replacing monoammonium phosphate (MAP) at a single rate of 144 lb P2O5 per acre 
(recommended rate for this low phosphorus soil). 
 
Table 2. Fat in the harvested forage was influenced as MAP was replaced with struvite.  

Phosphorus Source Fat 
Struvite Percent % 

0 2.23 
25 2.19 
50 2.28 

62.5 2.17 
75 2.22 

87.5 2.17 
100 2.12 
CV 4.2 

ANOVA Rate (P<Value) 0.0051 
Contrast Rate Linear (P<Value) 0.0122 

Contrast Rate Quadratic 
(P<Value) 

0.0397 
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Summary from The First Year: 
• Optimum P alfalfa tissue phosphorus content based on first year of the experiment should 

be between 0.24-0.28 and 0.25-0.29 when the alfalfa hay price of $150 and $200 per ton, 
respectively. 

• First year data show that struvite can be used alone or in combination with 
monoammonium phosphate (MAP) when put on prior to planting and incorporated 
without a yield loss even on a soil averaging 8.1 ppm (Olson Method). 

• Excessive phosphorus of potassium has a negative influence on hay quality and can affect 
aNDF, lignin, RFV, RFQ, and nutrient value of hay ($/ton). 

 
Acknowledgements:  

Funding for this study was provided by the U.S. Alfalfa Farmer Research Initiative of the 
National Alfalfa & Forage Alliance and USDA -NRCS-CIG grant titled “Mobile System for 
Nutrient (Phosphorus) Recovery and Cost Efficient Nutrient Transport 

 
REFERENCES:  
Koenig, R.T., D. Horneck, T. Platt, P. Petersen, R. Stevens, S. Fransen, B. Brown. 2009. Nutrient 

Management Guide for Dryland and Irrigated Alfalfa in the Inland Northwest. Pacific 
Northwest Extension Publication PNW0611. 

Meyer, R.D.; D.B. Marcum, S.B. Orloff, J.L. Schmierer. 2007. IN (C.G. Summers and D.H. 
Putnam, eds.), Irrigated Alfalfa management for Mediterranean and Desert zone. Chapter 6. 
University of California agriculture and Natural Resources Publication 8289. See 
http://alfalfa.ucdaavis.edu/IrrigatedAlfalfa 

Muller, S.C., L.R. Teuber. 2007. Alfalfa Growth and Development. IN (C.G. Summers and D.H. 
Putnam, eds.), Irrigated alfalfa management for Mediterranean and Desert zone. Chapter 3. 
University of California Agriculture and Natural Resources Publication 8289. See 
http://alfalfa.ucdaavis.edu/IrrigatedAlfalfa 

N. St- Pierre (st- pierre.8@osu.edu), Professor, Department of Animal Sciences, The Ohio State 
University, 221 Animal Science Building, 2027 Fyffe Ct., Columbus, OH- 43210; W. P. 
Weiss, Professor, Department of Animal Sciences, The Ohio State University – Ohio 
Agricultural Research and Development Center, Wooster, OH; In: Proceedings, 2011 
Western Alfalfa & Forage Conference, Las Vegas, NV, 11- 13 December, 2011. UC 
Cooperative Extension, Plant Sciences Department, University of California, Davis, CA 
95616. 

Orloff, S., D. Putnam, C. DeBen, A. Biscaro. 2012. Improved Methods for Nutrient Tissue 
Testing in Alfalfa. Final Report (Project #11-0469-SA) to Fertilizer and Research and 
Education Program 

Shenk, J.S., M.O. Westerhaus, and SM. Abrams. 1989. Protocol for NIRS calibration: 
monitoring analysis results and recalibration, p. 104-110. In: G.C. Marten, J.S. Shenk, and 
F.E. Barton (eds.), Near infrared reflectance spectroscopy (NIRS): forage quality analysis. 
USDA Agr. Handbook No. 643, (revised). U.S. Government Printing Office, Washington, 
D.C. 

 
Keywords: Alfalfa, Phosphorus, Potassium, Struvite, Yield, Hay Quality 



Western Nutrient Management Conference. 2019. Vol. 13. Reno, NV.	 Page 163

P20

Interpreting Compost Analyses
Dan M. Sullivan

Oregon State University, Corvallis, OR
Dan.Sullivan@oregonstate.edu 

ABSTRACT
This outreach publication is designed for wholesale buyers of compost for resale, 
nursery managers, public/private landscape managers, farm advisors, and farmers. 
The publication provides guidance on how to select a laboratory, based on intended 
compost end use (field application vs. potting soil).  Interpretations are provided 
for laboratory tests available from commercial laboratories, including chemical 
tests (pH, soluble salt, macro- and micro-nutrients), physical tests (bulk density, 
particle size) and biological tests (organic carbon, compost maturity and stability).   
The reproducibility of compost testing methods is discussed, using data from an 
international compost proficiency testing program.  
Download the publication at eesc.extension.oregonstate.edu.
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