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D E DI C A TI O N 

I d e di c at e t his d o c u m e nt t o m y wif e, S a bri e, f or h er e n dl ess s u p p ort, e n c o ur a g e m e nt, a n d 

p ati e n c e t hr o u g h o ut t h e c o m pl eti o n of t his d e gr e e. H er willi n g n ess t o b e a s o u n di n g b o ar d f or 

pr oj e ct i d e as a n d pr o vi d e c o nstr u cti v e criti cis m w as pi v ot al t o m y s u c c ess wit hi n t his pr o gr a m. 

T o m y p ar e nts, t h a n k y o u f or i nstilli n g i n m e a d e e p l o v e f or t h e n at ur al w orl d. W h et h er 

it b e d e er h u nti n g i n t h e w o o ds or r o a d tri p v a c ati o ns, t h e f o u n d ati o n f or p urs ui n g t his d e gr e e a n d 

a c ar e er i n n at ur al r es o ur c es w as b uilt o n t h os e m e m ori es a n d e x p eri e n c es . 
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A C K N O W L E D G E M E N T S 

I w o ul d li k e t o e x pr ess m y gr atit u d e t o D r. A d a m Si gl er f or his c o m mit m e nt t o m y 

s u c c ess wit hi n t h e L a n d R es o ur c es a n d E n vir o n m e nt al S ci e n c e pr o gr a m a n d wit h t h e c o m pl eti o n 

of t his p a p er. His m eti c ul o us r e vi e ws a n d s u bj e ct e x p ertis e all o w e d m e t o n a vi g at e t his pr oj e ct 

effi ci e ntl y . I w o ul d als o li k e t o a c k n o wl e d g e t h e Mi n n es ot a C a vi n g S o ci et y f or pr o vi di n g m e a 

pri v at e d at as et t h at i n cl u d es y e ars of fi el d c oll e ct e d d at a. L astl y, t o D o d g e C o u nt y, f or p arti a ll y 

f u n di n g m y p urs uit of t his d e gr e e. 
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A B S T R A C T 

Mi n n es ot a’s k arst l a n ds c a p e is hi g hl y s us c e pti bl e t o el e v at e d c o n c e ntr ati o ns of nitr at e d u e t o 
l a n d us e pr a cti c es a n d pr e ci pit ati o n p att er ns. Mi n n es ot a’s k arst l a n ds c a p e c o v ers t h e s o ut h e ast 
p orti o n of t h e st at e t h at is dr ai n e d b y t h e R o ot a n d Z u m br o Ri v er W at ers h e d s a n d is h o m e t o 
Ni a g ar a C a v e. K arst t o p o gr a p h y is c h ar a ct eri z e d b y p or o us li m est o n e a n d s a n dst o n e w hi c h 
pr o m ot es t h e i nt er a cti o n b et w e e n s urf a c e a n d gr o u n d w at er t hr o u g h l a n ds c a p e f e at ur es s u c h as 
si n k h ol es, s pri n gs, a n d c a v es. H o w e v er, t his r a pi d w at er m o v e m e nt m a k es w at er r es o ur c es of t h e 
r e gi o n v ul n er a bl e t o c o nt a mi n ati o n fr o m n o n- p oi nt s o ur c es li k e f ertili z ers u s e d o n d o mi n a nt 
cr o ps s u c h as c or n [ Z e a m a ys L. ] a n d s o y b e a n [Gl y ci n e m a x ( L.) M err.]. T h er ef or e, t o u n d erst a n d 
t h e i nt er a cti o n b et w e e n l a n d us e a n d f ertili z ers, I c o m pil e d d at a fr o m t h e Mi n n es ot a C a vi n g 
Cl u b, t h e N ati o n al W at er Q u alit y P ort al, Cr o p S c a p e, a n d t h e Mi n n es ot a D e p art m e nt of N at ur al 
R es o ur c es. Nitr at e c o n c e ntr ati o ns w er e a n al y z e d t e m p or all y usi n g s c att er pl ots a n d li n e ar 
r e gr essi o n. I m a p p e d t h e d at a usi n g Ar c GI S Pr o t o e v al u at e s p ati al p att er ns. T h er e w as littl e 
v ari ati o n i n nitr at e c o n c e ntr ati o n i n s urf a c e w at er o v er ti m e , wit h 2 4. 8 % of s a m pl es e x c e e di n g 
t h e h e alt h ris k li mit of 1 0 m g/ L. C o n c e ntr ati o ns of nitr at e i n gr o u n d w at er s a m pl es w er e m or e 
c o nsist e ntl y a b o v e 1 0 m g/ L ( 5 0. 7 % of s a m pl es) a n d e x hi bit e d l ar g er s e as o n al v ari a bilit y. 
C o n c e ntr ati o ns oft e n d e cr e as e d aft er l ar g e r ai nf all e v e nts, s u c h as t h e 2 0 1 9 fl o o d y e ar, a n d 
i n cr e as ed d uri n g y e ars wit h l o wer pr e ci pit ati o n . O n a v er a g e, 4 7. 8 % of l a n d us e i n t h e st u d y ar e a 
i s cl assifi e d as eit h er i n c or n or s o y b e a n pr o d u cti o n. M y r es ults hi g hli g ht k arst l a n ds c a p e’s 
s e nsiti vit y t o s urf a c e i n p uts a n d pr e ci pit ati o n p att er ns , t h us e m p h asi zi n g t h e i m p ort a n c e of 
e x p a nsi o n of s u bs urf a c e m o nit ori n g a n d a gri c ult ur al b est m a n a g e m e nt pr a cti c es . 
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I N T R O D U C TI ON 

S o ur c es a n d F or ms of Nitr o g e n 

Si n c e t h e gl o b al e x p a nsi o n of tr a diti o n al r o w- cr o p a gri c ult ur e, f ar m ers h a v e t a k e n e v er y 

o p p ort u nit y t o i n cr e as e cr o p yi el ds. It b e g a n wit h si m pl e m e c h a nis ms li k e fl o o d c o ntr ol or 

irri g ati o n, b ut t e c h n ol o gi c al a d v a n c e m e nts, li k e t h e H a b er-B os c h pr o c ess, all o w e d f ertili z ers t o 

i n cr e as e cr o p pr o d u cti o n ( Li u, 2 0 2 1). Frit z H a b er dis c o v er e d t h at a m m o ni a c o ul d b e s y nt h esi z e d 

b y r e a cti n g at m os p h eri c di nitr o g e n wit h h y dr o g e n i n t h e pr es e n c e of ir o n at hi g h pr ess ur es a n d 

t e m p er at ur es. C arl B os c h l at er d e v el o p e d a w a y t o s y nt h esi z e a m m o ni a at a n i n d ustri al s c al e, 

e ar ni n g hi m t h e N o b el Pri z e i n 1 9 3 1 ( Eris m a n et al., 2 0 0 8). 

B y t h e mi d - 1 9 0 0s, Unit e d St at es a m m o ni a pl a nts w er e pr o d u ci n g 6 6 2 milli o n kil o gr a ms 

( 7 3 0, 0 0 0 t o ns) of a m m o ni a p er y e ar, b e gi n ni n g t h e m o d er n a g e of f ertili z ati o n. B y t h e y e ar 2 0 1 4, 

1 8 billi o n kil o gr a ms (2 0 milli o n t o ns) of f ertili z er p er y e ar w er e b ei n g s u p pl e m e nt e d i nt o 

s e as o n al f ar mi n g pr a cti c e s ( U ni v ersit y of N e br as k a- Li n c ol n, 2 0 1 5).   

Iss u es wit h Nitr at e- N P oll uti o n 

N uis a n c e Al g a e 

Wit h t h e e x p a nsi o n of nitr o g e n f ertili z ers a n d i n cr e asi n g p o p ul ati o n d e nsiti es, nitr at e 

c o nt a mi n ati o n i n s urf a c e w at ers h as b e c o m e a gl o b al iss u e. Dis c h ar g e fr o m p oi nt s o ur c es, li k e 

i n d ustri al a n d d o m esti c w ast e w at er a n d f aili n g s e pti c s yst e ms, i ntr o d u c e c o n c e ntr at e d a m o u nts of 

nitr a t e t o gr o u n d a n d s urf a c e w at er. S u rf a c e w at er u n d er n at ur al c o n diti o ns t y pi c all y h as nitr a t e 

c o n c e ntr ati o n b el o w 1 m g/ L, b ut t h e effl u e nt fr o m w ast e w at er tr e at m e nt pl a nts c a n r a n g e u p t o 

3 0 m g/ L, w hi c h is t hr e e ti m es t h e dri n ki n g w at er st a n d ar d of 1 0 m g/ L s et b y t h e U S E P A ( US 



1 0 

E P A, n. d.). F or n o n- p oi nt s o ur c es li k e a gri c ult ur al f ertili z er, o v erl a n d fl o w c a us e d b y 

pr e ci pit ati o n l e a d s t o el e v at e d nitr at e- N i n s urf a c e w at er b o di es. E x c essi v e n utri e nt l o a di n g of 

nitr o g e n a n d p h os p h or us pr o m ot es al g al gr o wt h, w hi c h c o ns u m es t h e a v ail a bl e o x y g e n i n t h e 

w at er c ol u m n. T h e l a c k of o x y g e n cr e at es a h y p o xi c e n vir o n m e nt, w hi c h r e s ults i n fis h kills 

( R o m a n elli et al., 2 0 2 0). 

H u m a n H e alt h 

T h e U. S. E n vir o n m e nt al Pr ot e cti o n A g e n c y st at es t h at 1 5 % ( 4 3 milli o n) of t h e U. S. 

p o p ul ati o n r eli es o n pri v at e dri n ki n g w at er ( D e Si m o n e et al., 2 0 0 9). Pri v at e dri n ki n g w at er w ells 

a n d m a n y m u ni ci p al s yst e ms a cr oss t h e c o u ntr y ar e dr a wi n g w at er fr o m s u bs urf a c e a q uif ers. 

T y pi c all y, m u ni ci p al s yst e ms drill w ells t h at ar e d e e p e n o u g h t o a v oi d h u m a n-i ntr o d u c e d nitr at e-

N i n u p p er a q uif ers. H o w e v er, pri v at e dri n ki n g w at er w ells ar e oft e n s h all o w e n o u g h t o b e 

i nfl u e nc e d b y nitr at e- N p oll uti o n fr o m l a n d us e o n t h e s urf a c e. T h e E P A h a s d et er mi n e d 1 0 m g / L 

t o b e t h e h e alt h ris k li mit f or h u m a n c o ns u m pti o n of nitr at e- N i n dri n ki n g w at er. I nf a nts t h at 

c o ns u m e f or m ul a wit h nitr at e- N a b o v e 1 0 m g/ L h a v e b e e n li n k e d t o m et h e m o gl o bi n e mi a 

( K n o b el o c h, 2 0 0 0). 

L a n ds c a p e C o ntr ols 

K arst g e o gr a p h y is m a d e u p of pr e d o mi n a ntl y li m est o n e a n d s a n dst o n e b e dr o c k s. A n 

a cti v e k arst r e gi o n h as l e ss t h a n 1 5 m ( 5 0 ft) of d e pt h t o b e dr o c k, wit h m a n y i nst a n c es of 

b e dr o c k e x p os ur e. T h e hi g hl y er osi v e a n d p or o us c o m p ositi o n of t h e b e dr o c k l e a ds t o fr e q u e nt 

mi xi n gs of s urf a c e a n d gr o u n d w at er. L a n ds c a p e f e at ur es t h at c o ntri b ut e t o irr e g ul ar m o v e m e nt of 
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w at er i n cl u d e si n k h ol es, c a v es, a n d s pri n gs. T his l a n ds c a p e off ers a u ni q u e r el ati o ns hi p b et w e e n 

l a n d us e, s urf a c e, a n d gr o u n d w at er. 

H y dr a uli c C o ntr ols 

F ertili z ati o n of tr a diti o n al cr o ps li k e c or n a n d s o y b e a ns m ai nl y h a p p e ns i n t h e s pri n g 

d uri n g e arl y pl a nt gr o wt h. Nitr at e - N c o nt a mi n ati o n is hi g hl y s e as o n al a n d w e at h er- d e p e n d e nt. 

V ar yi n g fr e q u e n ci es a n d i nt e nsiti es of w et- dr y s e a s o ns will c a us e dil uti o ns a n d c o n c e ntr ati o ns 

wit hi n a q uif ers. A dr o u g ht e v e nt will c a us e i m m e di at e nitr at e i n cr e as es i n gr o u n d w at er, wit h 

s pri n gs s h o wi n g q ui c k er b ut w e a k er r es p o ns es t h a n w ells (J ut gl ar 2 0 2 1) . K arst a q uif ers 

r es p o n d e d m or e oft e n t o s e as o n al s hifts t h a n a q uif ers wit h s m all er p or es or fr a ct ur e d b e dr o c ks 

(J ut gl ar, 2 0 2 1). Alt h o u g h cli m at e o utl o o ks v ar y b a s e d o n r e gi o n, a w ar m er a n d w ett er 

e n vir o n m e nt al o utl o o k w o ul d c a us e gr e at er s e as o n al fl u ct u ati o ns f o r nitr at e i n gr o u n d w at er.   

R es e ar c h F o c us 

O bj e cti v es 

T o a d dr ess t h e c h all e n g e s p os e d b y nitr at e c o nt a mi n ati o n i n s o ut h e ast Mi n n es ot a’s k arst 

l a n ds c a p e, t his st u d y ai ms t o e x pl or e t h e s p e cifi c r el ati o ns hi ps b et w e e n l a n d us e, pr e ci pit ati o n, 

a n d nitr at e l e v els i n s urf a c e a n d gr o u n d w at er . H u m a n a cti viti es, p arti c ul arl y m o difi c ati o ns t o 

a gri c ult ur e , h a v e i n cr e as e d t h e a p pli c ati o n of c h e mi c al f ertili z ers i n t h e e n vir o n m e nt. S e as o n al 

pr e ci pit ati o n pl a ys a si g nifi c a nt r ol e i n t his pr o c es s as h e a v y r ai nf alls c a n dil ut e nitr at e w it hi n 

b e dr o c k a q uif ers b y i ntr o d u ci n g m or e w at er, w hil e dr o u g ht c o n diti o ns c a n l e a d t o hi g h er nitr at e-

N c o n c e ntr ati o ns d u e t o r e d u c e d w at er v ol u m e. I ai m t o i d e ntif y tr e n ds, or t h e a bs e n c e of tr e n ds, 
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i n nitr at e l e v els, pr o vi di n g i nsi g hts t h at c a n assist l o c al offi ci als a n d st at e a g e n ci es i n a d dr essi n g 

w at er c o nt a mi n a ti o n. 

M E T H O D S 

St u d y Ar e a 

S o ut h e ast Mi n n es ot a is l o c at e d wit h i n t h e u p p er Mississi p pi Ri v er b asi n. T h e l ar g est cit y 

i n t h e r e gi o n, R o c h est er, sits at 3 1 2 m ( 1, 0 2 4 ft) a b o v e s e a l e v el a n d e x p eri e n c es 8 2. 3 c m ( 3 2. 4 

i n) of pr e ci pit ati o n o n a v er a g e p er y e ar . T h e r e gi o n al g e ol o g y tr a nsiti o ns fr o m gl a ci al till pl ai ns 

i n t h e w est t o r olli n g bl uffs of k arst t o t h e e ast. T h e d at a us e d i n t his st u d y w er e c oll e ct e d i n t w o 

of s o ut h e ast Mi n n es ot a’s H U C 8 w at ers h e ds, t h e R o ot a n d Z u m br o Ri v er. B ot h w at ers h e ds fl o w 

w est t o e ast a n d h a v e a m aj orit y of l a n d c o v er as a gri c ult ur e. T h es e w at ers h e ds o utl et i nt o t h e 

Mississi p pi Ri v er al o n g Mi n n es ot a’s e ast er n b o u n d ar y. 

R o ot Ri v er W at ers h e d 

T h e R o ot Ri v er e n c o m p a ss es 4 0 0, 0 0 0 h a ( 1 milli o n a c), b e gi n ni n g as a dr ai n a g e dit c h i n 

M o w er C o u nt y a n d m e a n d eri n g 1 3 0 k m ( 8 1 mil es ) t hr o u g h h e a vil y f ar m e d l a n ds b ef or e 

tr a nsiti o ni n g i nt o w o o d e d, r olli n g t err ai n ( Fi g ur e 1). It e v e nt u all y fl o ws i nt o t h e Mississi p pi 

Ri v er s o ut h of L a Cr oss e, Wis c o nsi n. N e ar F or est vill e St at e P ar k, t h e ri v er v a nis h es 

u n d er gr o u n d, r e e m er gi n g at M yst er y C a v e n e ar Pr est o n. S a n d y gl a ci al till pl ai ns m a k e u p t h e 

w est er n p orti o n of t h e w at ers h e d, w hi c h is d o mi n at e d b y r o w cr o p a gri c ult ur e. T h e w at ers h e d 

tr a nsiti o ns t o a k arst l a n ds c a p e i n e a st ern Fill m or e C o u nt y , w hi c h is c h ar a ct eri z e d o n t h e s urf a c e 

b y t h e pr es e n c e of r olli n g bl uff l a n ds. T h e e ast er n e d g e of t h e w at ers h e d h a s mi x e d l a n d us e 
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w h er e r o w cr o p a gri c ult ur e o c c urs i n fl at bl uff t o p s or v all e ys wit h l ar g er p at c h es of f or est o n 

st e e p er sl o p es ( Fi g ur e 3). 

Fi g ur e 1: R o ot Ri v er B asi n i n Mi n n es ot a ( Mi n n es ot a Ri v er B asi n D at a C e nt er, n. d.). 

Z u m br o Ri v er W at ers h e d 

T h e Z u m br o Ri v er w at er s h e d is t h e n ort h er n n ei g h b or t o m ost of t h e R o ot Ri v er 

W at ers h e d. T h e Z u m br o Ri v er w at ers h e d s p a ns o v er 3 6 0, 0 0 0 h a ( 9 0 0, 0 0 0 a c) , c o v eri n g p orti o ns 

of si x s o ut h e ast Mi n n es ot a c o u nti es w hi c h i n cl u d e Ol mst e d, D o d g e, St e el e, Ri c e, G o o d h u e, a n d 

W a b as h a ( Fi g ur e 2). O n e of Mi n n es ot a’s l ar g est citi es, R o c h est er, li es i n t h e i n t h e s o ut h e ast er n 

R O O T RI V E R M A J O R W A T E R S H E D 

L E G E N D 
- - Ml) O o"II. O W SIII CI Hl:fl'"' 1:)' S 

- • •- • • • O:, U,,r y & o u n 4llif: s 

,../\ J,,,- Mlj or W..ttf WI Y S 

• Ll!tilll dll. ~ 

Hl #'l cl pll!l o u n d ari u 

E L E V A TI O N (l e e 1) ~· 

0 2 _ 2 5 4 5 

0 3. 5 7 

W R C 

0 Ml 

1 4 K m 

w. ~ Tt k k:! C Uf £[ } Cll'r. Cr, 
\' t NI J C . ~\ O . O < J' L >. < 1 1 1 > , ;t >. H " " lt' 
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q u a dr a nt a n d u p p er r e a c h es of t h e w at ers h e d. T h e l a n ds c a p e wit hi n t h e w at ers h e d f e at ur es gl a ci al 

till pl ai ns, st e e p bl uffs wit h s a n d y s oils, a n d k arst t o p o gr a p h y i n t h e e ast er n r e gi o n. T his k arst 

l a n ds c a p e is m ar k e d b y e x p os e d b e dr o c k, si n k h ol e s, c a v es, a n d s pri n g-f e d str e a ms ( Fi g ur e 3). T o 

t h e w est at t h e h e a d w at er s, t h e t err ai n tr a nsiti o ns t o l a k e pl ai ns, dr u mli n fi el ds, a n d r olli n g 

m or ai n es fr o m t h e m ost r e c e nt gl a ci ati o n. R o w cr o p a gri c ult ur e d o mi n at es t h e w at ers h e d’s l a n d 

us e, p arti c ul arl y i n t h e w est er n h alf. I n t h e e ast er n p orti o n, s m all, c ol d- w at er str e a ms f e d b y 

gr o u n d w at er s u p p ort h e alt h y tr o ut p o p ul ati o ns. 

Fi g ur e 2: Z u m br o Ri v er B asi n i n Mi n n es ot a ( Mi n n es ot a Ri v er B asi n D at a C e nt er, n. d.). 

D a k ot a 

W a b a s h a 

Fill m or e 

Fr e e b or n M o w er 

Z U M B R O RI V E R M A J O R W A T E R S H E D 

L E G E N D 
- - 1 1 1,) 0r R ~ M Wl HI J JI Wll)'l 

- · · - · · · e o..,r y & o u n c witt 

• U M H Ml dltt ~ 

B. E V A T IO N (r et't) ~· 

0 1 7 5 3 5 7 M I 

0 2 7 5 5 .5 1 1 K m 

W R C 
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Fi g ur e 3: C o v er a g e of k arst l a n ds c a p e i n s o ut h e ast er n Mi n n es ot a ( Mi n n es ot a P oll uti o n C o ntr ol 
A g e n c y, n. d.). 

Ni a g ar a C a v e 

Ni a g ar a C a v e is a u ni q u e li m est o n e c a v e l o c at e d n e ar H ar m o n y i n s o ut h e ast er n 

Mi n n es ot a a n d wit hi n t h e R o ot Ri v er W at ers h e d. It is o n e of t h e l ar g est c a v es i n t h e Mi d w est a n d 

i s k n o w n f or c a v e f or m ati o ns li k e a n  1 8 m ( 6 0 ft) u n d er gr o u n d w at erf all, t o w eri n g c eili n gs, a n d 

i ntri c at e st al a ctit es a n d st al a g mit es ( Fi g ur e 4). Ni a g ar a C a v e is p art of t h e r e gi o n's k arst 

l a n ds c a p e, wit h its p ass a g e w a ys c ar v e d b y w at er m o vi n g t hr o u g h t h e s ol u bl e li m est o n e. T h e 

c a v e m ai nt ai ns a c o ol t e m p er at ur e of ar o u n d 8 ° C ( 4 8 ° F) y e ar -r o u n d a n d h as b e e n m eti c ul o usl y 

e x pl or e d, m a p p e d, a n d s a m pl e d f or d e c a d es. 

M e e k er 

M c l e od 

M in n e s ot a K ar st L a n d s 

-
-

C o v er e d K ar st. Ar e a s u n d erl ai n b y 
c ar b o n at e b e dr o c k b ut wit h m or e 
t h a n 1 0 0 ft. of s e di m e nt c o v er . 

T r a n siti o n K ar st. Ar e a s u n d erl ai n b y 
c ar b o n at e b e dr o c k wit h 5 0 - 1 0 0 ft. 
of s e di m e nt c o v er . 

A cti v e K ar st. Ar e a s u n d erl a in b y 
c ar b o n at e b e dr o c k w it h l e s s t h a n 
5 0 ft. of s e di m e nt c o v er . 

C o p yri g ht © 2 0 0 6 b y 
E . C al vi n Al e x a n d er Jr ., Y o n gli G a o , a n d J eff Gr e e n . 

M a y b e r e pr o d u c e d wit h attri b ut io n . 

5 0 1 5 0 Kll o m el er s 0 s o 1 0 0 

0 s o 1 0 D Mil H - ------.,;;;;;;;;;;;;;.... _.;;,... _ _ _ _ _ _ _ 
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Fi g ur e 4: U n d er gr o u n d w at erf all i n Ni a g ar a C a v e ( Bis h o p, 2 0 2 5). 

D at a S o ur c es 

Mi n n es ot a C a vi n g Cl u b 

T h e Mi n n es ot a C a vi n g Cl u b ( M C C) pr o vi d e d e x cl usi v e a c c ess t o t w o d at as ets t h at 

i n cl u d e d s urf a c e a n d gr o u n d w at er d at a. B ot h d at a s ets w er e c oll e ct e d b y a n M C C b o ar d m e m b er 

t o tr a c k t h e l o n g-t er m r el ati o ns hi p b et w e e n s urf a c e a n d gr o u n d w at er. 

T h e first d at as et, l a b el e d " S pri n gs & C a v es, " c o nt ai ns t e m p or al nitr at e - N d at a fr o m 

s pri n gs a n d c a v e dri ps t hr o u g h o ut t h e Z u m br o a n d R o ot Ri v er w at ers h e ds. It i n cl u d es 1 2 3 
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nitr at e - N l a b r es ults fr o m 2 0 1 4 t o 2 0 2 2. Si n c e M C C is a v ol u nt e er gr o u p, s a m pl e c oll e cti o n 

o c c urr e d r a n d o ml y e a c h y e ar b ut f oll o w e d a s e as o n al tr e n d, as c a vi n g is s af er i n t h e wi nt er 

m o nt hs. All s a m pl es i n t his d at as et w er e a n al y z e d b y t h e S o ut h e ast Mi n n es ot a W at er A n al ysis 

L a b or at or y ( S E M W A L) usi n g a Di o n e x I C S - 1 6 0 0 I o n C hr o m at o gr a p h, wit h a l a b or at or y 

r e p orti n g li mit of 0. 5 m g/ L a n d t h e l o w est c ali br ati o n st a n d ar d of 0. 4 7 m g/ L. 

T h e s e c o n d d at as et c o nsi sts of sit es l o c at e d wit hi n t h e Ni a g ar a C a v e c o m pl e x, w h er e 

s a m pl e l o c ati o ns ar e n a m e d aft er s p e cifi c c a v e f or m ati o ns d esi g n at e d b y M C C m e m b ers. It 

i n cl u d es 4 1 nitr at e - N s a m pl es c oll e ct e d fr o m 2 0 1 5 t o 2 0 2 4 at 1 5 c a v e f or m ati o ns. S a m pli n g w as 

o p p ort u nisti c, o c c urri n g d uri n g M C C c a vi n g tri ps, wit h t h e f e w est s a m pl es c oll e ct e d i n 2 0 2 4 

( o n e) a n d t h e m ost i n 2 0 2 3 ( ni n e). C a v e f or m ati o ns wit h t h e hi g h est n u m b er of s a m pl e 

c oll e c ti o ns i n cl u d e Wis hi n g W ell ( c a v e str e a m), Bri d al V eil ( c a v e dri p), a n d E n d of C a v e 

( e p h e m er al s h o w er). T h e d at a w er e c o m pil e d t o s h o w sl o p e, R 2 , p-v al u e, s a m pl e si z e, a n d 

p er c e nt a g e of s a m pl es ≥ 1 0 m g/ L. T h e p -v al u e w as c al c ul at e d usi n g a t w o -t ail e d p air e d t-t est. 

S a m pl es w er e a n al y z e d u si n g a T h er m o S ci e ntifi c G e n es ys U V -Visi bl e 

S p e ctr o p h ot o m et er, w hi c h h as a nitr at e - N r a n g e of 0. 0 1 t o 3 5 m g/ L. T h es e a c c ur a c y v al u es ar e 

t h e m a n uf a ct ur er v al u es, w hi c h c o nstit ut e t h e b est-c as e s c e n ari o f or i nstr u m e nt p erf or m a n c e, b ut 

ot h er w or k h as i n di c at e d m u c h l o w er a c c ur a c y f or v ol u nt e er c oll e ct e d/ a n al y z e d d at a ( M S U 

E xt e nsi o n W at er Q u alit y, 2 0 2 2). B e c a us e b e n c ht o p m et ers, i n cl u di n g t h e s p e ctr o p h ot o m et er, c a n 

pr o d u c e nitr at e - N v al u es t h at v ar y fr o m l a b -c ertifi e d t ests, t his d at as et is l ess a c c ur at e t h a n t h e 

Di o n e x s yst e m us e d f or t h e first d at as et. 

N ati o n al W at er Q u alit y P ort al 
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Nitr o g e n d at a fr o m t h e N ati o n al W at er Q u alit y P ort al ( N W Q P) pr o vi d e a c c ess t o w at er -

q u alit y d at a st or e d i n W Q X, w hi c h c o m bi n es d at a fr o m pr e vi o usl y s e p ar at e d at a b as es s u c h as 

U S G S N WI S a n d Bi o D at a, E P A S T O R E T, a n d U S D A -A R S S T E W A R D S ( W at er Q u alit y 

P ort al, 2 0 2 1) . D at a w er e d o w nl o a d e d fr o m t h e N W Q P f or Ol mst e d a n d Fil m or e C o u nt y a n d 

tr a nsf err e d i nt o a n e x c el fil e a n d str e a mli n e d f or e as e of q u a ntit ati v e a n al ysis. T h e d at a w er e 

filt er e d f or nitr o g e n d at a i n s urf a c e a n d gr o u n d w at er wit hi n Ol mst e d a n d Fill m or e C o u nti es. T h e 

s e ar c h yi el d e d 2, 9 9 2 s a m pl es of w hi c h 1 1 3 w er e i d e ntifi e d as gr o u n d w at er, a n d 2, 8 7 9 w er e 

s urf a c e w at ers. E a c h d at a p oi nt wit h ass o ci at e d c o or di n at es w as s p ati all y r e pr es e nt e d usi n g 

Ar c Pr o ( Fi g ur e 1 1 ). T h e s a m pl es w er e a n al y z e d f or nitr at e - N at a n a c cr e dit e d l a b or at or y.   

Mi n n es ot a D e p art m e nt of N at ur al R es o ur c es 

Pr e ci pit ati o n d at a w er e a c c ess e d t hr o u g h t h e Mi n n es ot a D N R’s Cli m at e Tr e n d t o ol w hi c h 

us es p u bli cl y s o ur c e d d at a fr o m t h e N ati o n al O c e a ni c a n d At m os p h eri c A d mi nistr ati o n ( N ati o n al 

C e nt ers f or E n vir o n m e nt al I nf or m ati o n, 2 0 2 5). T h e d at a b as e pr o vi d es pr e ci pit ati o n d at a 

or g a ni z e d b y H U C- 8 w at ers h e ds r a n gi n g fr o m 1 8 9 5 t o 2 0 2 5 ( Fi g ur e 5). T h e a v ail a bl e 

pr e ci pit ati o n d at a a r e a g gr e g at e d at ti m est e ps r a n gi n g fr o m d ail y t o a n n u al, wit h m o nt hl y a n d 

a n n u al t ot als pr o vi di n g c o nt e xt f or t his st u d y. 
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Fi g ur e 5: M N D N R Cli m at e Tr e n d t o ol f or t h e R o ot Ri v er w at ers h e d b y a n n u al t ot al 
pr e ci pit ati o n (i n). 

Cr o p S c a p e 

L a n d c o v er d at a w er e  o bt ai n e d t hr o u g h t h e Cr o p S c a p e Cr o pl a n d D at a L a y er fr o m t h e 

U nit e d St at es D e p art m e nt of A gri c ult ur e ( U S D A ). T h e ar e a of i nt er est ( A O E) w as s e ar c h a bl e b y 

c o u nt y wit hi n Mi n n es ot a. Fill m or e a n d Ol mst e d C o u nt y h a d s p ati al a n d st ati c al d at a f or a cr e a g es 

of a gri c ult ur al a n d n o n- a gri c ult ur al l a n d us es. Cr o p S c a p e  pr o d u c e d p er c e nta g e  c o v er gr a p hs a n d 

s p ati al c o v er m a ps t hr o u g h a b uilt-i n f u n cti o n.  

S y nt h esis of D at a 

m i Mi n n e s ot a Cli m at e Tr e n d s 
D N R 

H ol d 'Ctrl ' t o s el e ct n ei g h b ori n g f e at ur e s 

Ar e a 

S el e ct a g e o gr a p hi c u nit: 0 

0
T h ut [ M aj or W at er s h e d s 

S el e ct o r e a(s): 

v j 

m m m m m 
If s el e cti n g m u lti pl e ar e a s , t h e y m u st b e a dj a c e n t 

4 0 

<:' 
"'-
· §-

£ 3 0 

2 0 

M NI T, E W R I E sri, H E R E, G ar v ·· :Iii 

Bi g Si o u x Ri v er 

I ow a Ri v er 

R e d Ri v er of t h e N ort h 

St . Cr oi x Ri v er 

W a p si pi ni c o n Ri v er 

R e d L a k e 

D v er m ili o n Ri v er 

C J\ N' at o n w a n Ri v er 

Ri c e Ri v er 

O\ N in n e b a g o Ri v er 

O z u m br o Ri v er 

Pr e ci pit ati o n F or R o ot Ri v er , J a n u ar y- D e c e m b er 

1 9 0 0 1 9 2 0 1 9 4 0 1 9 6 0 

Y e ar 

1 9 8 0 

D at a O pti o n s 

S el e ct a cli m at e v ari a bl e: 0 

[ Pr e ci pit ati o n 

S el e ct a ti m e fr a m e : 

Ti m e S e al e (s u m): 0 

[A n n u al 

M o nt h e n di n g: 0 

[J a n u ar y 

D at a st a rt y e a r : 0 

1 8 9 5 

D at a e n d y e ar : 0 

2 0 2 5 

I M H Mll· M b +: H + 

2 0 0 0 2 0 2 0 

v j 

v j 

v j 

- Pr e ci p (i n) 
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S p ati al M a p pi n g 

E a c h of t h es e t hr e e d at as ets, S pri n gs & C a v es, Ni a g ar a C a v e, a n d U S G S W at er Q u alit y 

D at a h a d assi g n e d U T M c o or di n at es d e n oti n g t h e s p e cifi c l o c ati o n of s a m pl e c oll e cti o n. T h es e 

c o or di n at es w er e c o n v ert e d t o a t a bl e a n d m a p p e d usi n g E S RI’s Ar c GI S Pr o 3. 3. 1 s oft w ar e a n d 

Q GI S. E a c h d at as et’s s y m b ol o g y w as m a p p e d wit h s y m b ol o g y t o s h o w r a n g es of nitr at e r es ults 

( 0. 0- 0. 9 9 m g/ L, 1. 0- 9. 9 9 m g/ L, a n d ≥ 1 0 m g/ L). T h e l o w est r a n g e is c o nsi d er e d b a c k gr o u n d 

l e v els of nitr at e n at ur all y o c c urri n g i n t h e e n vir o n m e nt ( D u br o vs k y et al., 2 0 1 0). T h e mi d dl e 

r a n g e t o a c c o u nt f or nitr at e v al u es a b o v e n at ur al o c c urr e n c e b ut b el o w t h e d esi g n at e d h e alt h ris k 

li mit. T h e u p p er r a n g e, ≥ 1 0 m g/ L, w as c h os e n b e c a us e it is t h e r e c o g ni z e d h e alt h ris k li mit fr o m 

t h e E n vir o n m e nt al Pr ot e cti o n A g e n c y ( U S E P A, 2 0 2 4) f or t h e c o ns u m pti o n of nitr at e i n w at er b y 

h u m a ns. 

T e m p or al A n al ysis 

T hr e e d at as ets, S pri n gs & C a v es, Ni a g ar a C a v e, a n d U S G S W at er Q u alit y D at a w e r e 

c o m pil e d i nt o pi v ot t a bl es a n d c h arts, w hi c h d e pi ct e d fl u ct u ati o ns i n nitr o g e n v al u es o v er ti m e. 

T h e S pri n gs & C a v es d at a w er e f or m att e d i nt o e x c el s pr e a ds h e ets or g a ni z e d i n r o ws f or 

i n di vi d u al s a m pl es, a n d c ol u m ns f or v ari a bl es s u c h as u ni q u e n a m e, U T M c o or di n at es, nitr at e - N 

c o n c e ntr ati o n ( m g/ L), s a m pli n g d at e, t y p e of c a v e f or m ati o n, a n d eit h er s urf a c e or gr o u n d w at er 

c oll e cti o n. A v er a g e nitr at e - N c o n c e ntr ati o n w as pl ott e d v ers us ti m e f or diff er e nt c o m bi n ati o ns of 

s urf a c e a n d gr o u n d w at er d at a a g gr e g at e d b y y e ar a n d m o nt h.   

T h e s e c o n d d at as et w as c oll e ct e d i n t h e Ni a g ar a C a v e c o m pl e x a n d e nt er e d i nt o a n E x c el 

s pr e a ds h e et f e at uri n g 1 9 u ni q u e c ol u m ns wit h pri m ar y i nf or m ati o n li k e l o c ati o n, c a v e f or m ati o n 

n a m e, c a v e f or m ati o n t y p e, a n d nitr at e - N c o n c e ntr ati o ns a c c o m p a ni e d b y d at e i n e a c h r o w. N ot 
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all sit es w er e s a m pl e d o n e v er y s a m pli n g e v e nt, s o t h e r es ult is a s p ar c e t a bl e ( bl a n k v al u es f or 

nitr at e - N c o n c e ntr ati o n f or m a n y l o c ati o n/ d at e c o m bi n ati o ns). Nitr at e - N c o n c e ntr ati o ns w er e 

pl ott e d v ers us ti m e f or v ar yi n g c o m bi n ati o ns of s urf a c e a n d gr o u n d w at er d at a c oll e ct e d b y y e ar 

a n d m o nt h. T h e dil uti o n eff e ct w as a n al y z e d b y s u b di vi di n g Ni a g ar a C a v e t e m p or al nitr at e d at a 

i n t w o w a ys, t h e a v er a g e of t h e y e ars b ef or e 2 0 1 9 ( 2 0 1 5 - 2 0 1 8) a n d aft e r 2 0 1 9 ( 2 0 1 9- 2 0 2 4). T h e n 

a g ai n a n d a v er a g e of t h e t w o y e ars b ef o r e 2 0 1 9 ( 2 0 1 7 a n d 2 0 1 8) a n d aft er 2 0 1 9 ( 2 0 1 9 a n d 2 0 2 0). 

R E S U L T S 

N itr at e- N C h a n g es O v er Ti m e 

S urf a c e W at er 

W h e n pl ott e d as a c o m pl et e d at as et, t h e 2, 9 9 2 s urf a c e w at er c oll e cti o n p oi nts fr o m t h e 

U S G S d at a i n Fill m or e a n d Ol mst e d C o u nt y yi el d e d si g nifi c a nt c h a n g e ( p = < 0. 0 1) i n a v er a g e 

nitr at e - N fr om 1 9 9 2 t o 2 0 2 3 ( Fi g ur e 6). T h e h e alt h ris k li mit (≥ 1 0 m g/ L) w as e x c e e d e d i n 7 4 4 

( 2 4. 8%) s a m pl es , 2 2 0 2 ( 7 3. 5%) s a m pl es t este d b et w e e n 1. 0 a n d 9. 9 9 m g/ L, a n d 4 6 ( 1. 5 %) t este d 

b el o w 1. 0 m g/ L . 
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Fi g ur e 6: Fill m or e a n d Ol mst e d C o u nti es’ U S G S nitr at e c o n c e ntr ati o n ( m g/ L) f or s urf a c e a n d 
gr o u n d w at er c oll e cti o n p oi nts. 

Nitr at e -N c o n c e ntr ati o n f or t h e 2 5 s a m pl es c oll e ct e d fr o m s urf a c e w at er sit es i n t h e 

S pri n gs a n d C a v es d at as et di d n ot c h a n g e o v er ti m e ( p = 0. 9 7; R 2 = 0. 0 0 7; Fi g ur e 7). 

Fi g ur e 7: Nitr at e c o n c e ntr ati o n ( m g/ L) f or s urf a c e a n d gr o u n d w at er c oll e cti o n p oi nts f or t h e 
S pri n gs a n d C a v es d at as et. 

Gr o u n d w at er 
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T h e 1 1 3 U S G S gr o u n d w at er d at a p oi nts dis pl a y a s c att er of nitr at e - N c o n c e ntr ati o ns o v er 

a s h ort s p a n fr o m 1 9 9 1- 1 9 9 3. T w o o utl yi n g p oi nts a b o v e 3 0 m g/ L ar e pr es e nt, o n e i n O ct o b er of 

1 9 9 2 a n d o n e i n M a y of 1 9 9 3. Nitr at e - N c o n c e ntr ati o n f or t h e 1 1 3 s a m pl es c oll e ct e d fr o m 

gr o u n d w at er sit es i n t h e U S G S d at as et di d n ot c h a n g e o v er ti m e ( p = 0. 9 9 ; R2 = 0. 0 0 0 2; Fi g ur e 

8).  

Fi g ur e 8 : Nitr at e r es ults fr o m t h e U S G S d at as et filt er e d b y gr o u n d w at er wit h a li n e ar tr e n dli n e. 

T h e gr o u n d w at er s a m pl e s c oll e ct e d i n t h e S pri n gs & C a v es d at as et i n cl u d e s c oll e cti o n 

r es ults fr o m s pri n gs, c a v es, a n d w ells. A t ot al of 5 2 s a m pl es w er e c oll e ct e d fr o m 2 0 1 4 t o 2 0 2 1. 

T h e li n e ar r e gr essi o n tr e n dli n e fit t o t h e d at a r es ulti n g i n a n o n-si g nifi c a nt sl o p e o v er ti m e ( p = 

0. 4 5; R 2 = 0. 1 0 6; Fi g ur e 9).  
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Fi g ur e 9: Nitr at e r es ults i n t h e S pri n gs & C a v es d at as et filt er e d b y w ells, c a v e dri ps, a n d s pri n gs. 

Ni a g ar a C a v e h as nitr at e d at a a v ail a bl e at 1 2 f or m ati o ns wit hi n t h e c o m pl e x. T h es e 1 2 

f or m ati o ns all h a v e s a m pl es fr o m at l e ast t w o y e ar s . Ot h er t h a n t h e Kit c h e n Si n k/ W ell r e m ai ni n g 

n e ar z er o t hr o u g h o ut ti m e, e v er y f or m ati o n e x c e e ds 1 0 m g/ L at s o m e p oi nt ( Fi g ur e 1 0 ).   

F or t h e y e ars i n cl u d e d i n t his st u d y, a gr e at er t h a n a n n u al a v er a g e r ai nf all o c c urr e d i n 

2 0 1 9 w hi c h r es ult e d i n 1 2 6 c m ( 4 9. 7 i n) of t ot al pr e ci pit ati o n. T h e l o w est a n n u al pr e ci pit ati o n 

wit hi n t his ti m efr a m e o c c urr e d i n 2 0 2 1 at 7 1. 8 c m ( 2 8. 3 i n), w hi c h f alls b el o w t h e l o n g- t er m 

m e a n a n n u al pr e ci pit ati o n of 8 2. 3 c m ( 3 2. 4 i n; Fi g ur e 1 0). 

2 5 

:: n o 
ti a 
. s 
C 

.g 1 5 
(ti 
L. 

C 
Qj 

u 
5 1 0 
u 

m 

5 

0 

8/ 1 4/ 1 3 

• 
· ······•············ 
• • • 

1 2/ 2 7 / 1 4 

• • • 
• 

··············~ ······• •••••··· 
.... 

....... 

5/ 1 0/ 1 6 

• • 
• 

9/ 2 2/ 1 7 

• 

• --··· . -- . . 
• 

••••••····· .. •••••••••······· . . . • ······················ ••••·· 
• y = -0. 0 0 2 3 x + 1 1 0. 1 6 

R 2 = 0. 1 0 6 1 

• • I 
2/ 4/ 1 9 6/ 1 8/ 2 0 1 0/ 3 1/ 2 1 3/ 1 5/ 2 3 



2 5 

Fi g ur e 1 0 : Nitr at e c o n c e ntr ati o n ( m g/ L) at c a v e f or m ati o ns i n Ni a g ar a C a v e wit h li n e ar 
tr e n dli n es. A n n u al pr e ci pit ati o n (i n) pl ott e d o n t h e s e c o n d ar y y-a xis.  T h e r e d d as h e d li n e is t h e 
a v er a g e a n n u al r ai nf all fr o m t h e R o c h est er I nt er n ati o n al Air p ort. 

Of t h e 1 2 c a v e f or m ati o ns, 1 0 f or m ati o ns h a d m or e t h a n fi v e u ni q u e d at a p oi nts, all o wi n g 

f urt h er ass ess m e n t of sl o p e, r-s q u ar e d t est, a n d p- v al u e ( e x cl usi o ns i n cl u d es W e d di n g C a k e a n d 

C at h e dr al f or m ati o ns ; T a bl e 1). T h e f or m ati o ns t h at h a d st atisti c all y si g nifi c a nt tr e n ds o v er ti m e 

h a v e p - v al u es hi g hli g ht e d i n gr e e n i n T a bl e 1. Of t h e fi v e f or m ati o ns hi g hli g ht e d, f o ur h a v e a 

d o w n w ar d sl o p e ( St al a ctit e C arr ot, St al a ctit e St al a ctifl at, St al a ctit e D ol p hi n, a n d St al a ctit e Gr a n d 

D a d), a n d o n e ( Bri d al V eil) h as a p ositi v e sl o p e. F o ur sit es ( St al a ctit e C arr ot, St al a ctit e 

St al a ctifl at, St al a ctit e D ol p hi n, a n d St al a ctit e Gr a n d D a d) h a v e all b ut 1 s a m pl e r es ult ≥1 0 m g/ L. 
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T a bl e 1: S u m m ar y of Ni a g ar a C a v e d at a f or e a c h c a v e f or m ati o n . 

S p ati al Distri b uti o n 

A q u alit ati v e ass ess m e nt of nitr at e c o n c e ntr ati o ns a cr oss s p a c e di d n ot r e v e al a n y cl e ar 

p att er ns.  Fill m or e C o u nt y ( Fi g ur e 1 2) a n d Ol mst e d C o u nt y ( Fi g ur e 1 3) h a v e a f e w cl ust ers of 

el e v at e d nitr at e c o n c e ntr ati o ns, b ut wit h o ut p att er n. T h e v al u es t h at ar e a b o v e t h e h e alt h ris k 

li mit of 1 0 m g/ L ar e wi d el y distri b ut e d. 

c a v e F or m ati o n 
Sl o p e 

R- S q u ar e d P- V al u e S a m pl e Si z e % ~ 1 0 m g/ L 
( m g/l/ y r) 

Kit c h e n Si n k/ W ell 7 7 9 1 3 2 ( O S T P) - 1. 3 0 .0 4 0. 8 7 3 0 0 % 

Elli ot Cr e e k -3 7 .5 0 . 16 0 .4 4 2 9 3 % 

C a v e Str e a m: Wi s hi n g W ell -3 7 .9 0 .2 3 0. 9 8 3 6 2 8 % 

St al a ctit e C arr ot -6 8 .6 0 .3 7 0. 0 3 3 4 9 7 % 

St al a ct it e St al a ctifl at -5 6 .4 0 .5 5 0. 0 0 3 1 9 7 % 

St al a ct it e D o l ph in -6 8 .6 0. 5 5 0. 0 0 3 2 9 7 % 

St al a ctit e Gr a n d D a d -5 4 .6 0 .4 0 0 .0 3 3 1 9 7 % 

C a v e Str e a m : E n d of C a v e 7 .3 0 .0 1 1. 0 0 2 6 8 % 

S h o w er: E n d of C a v e -0 .4 0. 0 0 1. 0 0 2 6 8 8 % 

Bri d al V e il 6 9 .1 0 .9 1 0. 0 0 3 0 3 7 % 

W e d di n g C a k e 7 6 .7 0. 2 3 0 .7 7 4 7 5 % 

C at h e dr a l 1 2 1. 1 0 .0 8 0. 9 0 5 8 0 % 
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Fi g ur e 1 1: S urf a c e a n d gr o u n d w at er c oll e cti o n p oi nts fr o m Mi n n es ot a C a vi n g Cl u b a n d U S G S. 
R e d a n d gr e e n cir cl es ar e U S G S d at a, t h e bl u e cr o ss es ar e fr o m t h e S pri n gs & C a v es d at as et, a n d 
t h e pi n k di a m o n ds ar e f or Ni a g ar a C a v e.   
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Fi g ur e 1 2 : Fill m or e C o u nt y U S G S d at a wit h nitr at e c o n c e ntr ati o ns ( m g/ L) wit h p oi nts 
s y m b oli z e d b y c o n c e ntr ati o n r a n g e a c c or di n g t o t h e l e g e n d. 

  
Fi g ur e 1 3 : Ol mst e d C o u nt y U S G S d at a wit h nitr at e c o n c e ntr ati o ns ( m g/ L) wit h p oi nts 
s y m b oli z e d b y c o n c e ntr ati o n r a n g e a c c or di n g t o t h e l e g e n d. 

T h e S pri n gs & C a v es d at as et pr o d u c e d a cl ust er of hi g h v al u e nitr at e l e v els i n 

s o ut h e ast er n Ol mst e d C o u nt y. M a n y of t h es e r es ults w er e at or a b o v e t h e h e alt h ris k li mit, wit h 

t w o s ur p assi n g 2 0 m g/ L. Of t h e 1 2 3 nitr at e r e a di n gs, o n e w as r e c or d e d b el o w 1 m g/ L ( Fi g ur e 

1 4). 

Nit r at e C o n c e ntr ati o n 

< 1 m g/ L 

1 - 9 .9 9 m g/ L 
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Fi g ur e 1 4: S pri n gs & C a v es d at a wit h nitr at e c o n c e ntr ati o ns ( m g/ L) wit h p oi nts s y m b oli z e d b y 
c o n c e ntr ati o n r a n g e a c c or di n g t o t h e l e g e n d. 

Ni a g ar a C a v e h as 1 2 c a v e f or m ati o ns c oll e cti o n p oi nts wit h e a c h h a vi n g a u ni q u e s a m pl e 

si z e. E a c h c a v e f or m ati o n o c c u pi es o n e p oi nt o n t h e m a p i n Fi g ur e 1 5. D u e t o s a m pl e c oll e cti o n 

o c c urri n g at t h e e x a ct s a m e pl a c e o v er ti m e, e a c h si n gl e p oi nt is r e pr es e nt e d as l o n g- t er m 

a v er a g e nitr at e - N. T h e d at a yi el d e d s e v e n ( 5 8 %) sit es o v er t h e h e alt h ris k li mit of 1 0 m g/ L, f o ur 

sit es b et w e e n 1 - 9. 9 9 m g/ L, a n d o n e b el o w 1 m g/ L. T h e o n e sit e b el o w 1 m g/ L is a n e ar b y pri v at e 

dri n ki n g w at er w ell # 7 7 9 1 3 2 ( Fi g ur e 1 5 ). 
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Fi g ur e 1 5 : Ni a g ar a C a v e d at a wit h nitr at e c o n c e ntr ati o ns ( m g/ L) wit h p oi nts s y m b oli z e d b y 
c o n c e ntr ati o n r a n g e a c c or di n g t o t h e l e g e n d. 

L a n d Us e 

A c c or di n g t o t h e U nit e d St at es D e p art m e nt of A gri c ult ur e, Ol mst e d a n d Fill m or e C o u nt y 

ar e h e a vil y d o mi n at e d b y a gri c ult ur al l a n d us es ( Fi g ur e 1 6 a n d 1 8 ). A gri c ult ur al l a n d us e 

i n cl u d es a n y c as h cr o p or p ast ur e a n d d o es n ot i n cl u d e d e v el o p e d ar e as or f or ests. T h e t o p t hr e e 

l a n d us es i n Ol mst e d C o u nt y ar e c or n at 4 8, 5 0 0 h a ( 1 2 0, 0 0 0 a c, 2 7. 3 0 % of l a n d ar e a), p ast ur e 

( 2 1. 5 1 %), a n d s o y b e a ns ( 1 8. 1 8 %; Fi g ur e 1 7 ). L a n d us e i n Fill m or e C o u nt y is si mil ar wit h c or n 

as t h e n u m b er o n e l a n d u s e wit h o v er 7 2, 0 0 0 h a ( 1 8 0, 0 0 0 a c , 3 1. 9 2 % of l a n d ar e a), f oll o w e d b y 

p ast ur e ( 1 9. 7 8 %), a n d s o y b e a ns ( 1 8. 2 6 %) ( Fi g ur e 1 9 ).   
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Fi g ur e 1 6: M a p of t o p l a n d us es i n Ol mst e d C o u nt y, Mi n n es ot a fr o m Cr o p S c a p e ( U S D A, n. d.). 

Fi g ur e 1 7: St atisti cs of l a n d us es i n Ol mst e d C o u nt y, Mi n n es ot a fr o m Cr o p S c a p e ( U S D A, n. d.). 

U S D A 
----- C D L 2 0 2 3 C D L, Ol m st e d C o u nt y , M in n e s ot a 

2 0 2 3 C r o pl a n d D at a L a y e r St ati sti c s f o r Ol m st e d, Mi n n e s ot a 

1 2 0 0 0 0 

1 0 0 0 0 0 

8 0 0 0 0 

Q) 

g > 
6 0 0 0 0 f 

0 
<( 

4 0 0 0 0 

2 0 0 0 0 
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D D e ci d u o u s F or e st 
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Fi g ur e 1 8: M a p of t o p l a n d us es i n Fill m or e C o u nt y, Mi n n es ot a fr o m Cr o p S c a p e ( U S D A, n. d.). 

., 
0) 

"' I!! 

U S D A 
-----

1 8 0 0 0 0 

1 6 0 0 0 0 

1 4 0 0 0 0 

1 2 0 0 0 0 

1 0 0 0 0 0 

8 0 0 0 0 

6 0 0 0 0 

4 0 0 0 0 

0 

1. 7 3 3. 4 5 5. 1 8 

mil e s 

C D L 2 0 2 3 C D L, Fill m or e C o u nt y, Mi n n e s ot a 
~ +. _ c u, .,,.(,,.,, 

< Yiii o ~ 
C' O ut <"i:,, 

L a n d C o v er C at e g ori e s 

( b y d e cr e a s in g a cr e a g e) 

A G RI C U L T U R E • 

C ] e o m 

c:: J G r a ss J P a s t ur a 

- s o y b e a n s 

D A H alf a 

D Ot h er H a y/ N o n Alf a ~ a 

0 P e a s 

D S w e et c or n 

D F a llo w/l dl e Cr o p L a n d 

- R y e 

D C l o v er/ Wil d n o w er s 

- Mill et 

D S pri n g W h e at 

N O N- A G RI C U L T U R E .. 

O p & n W a te r 

2 0 2 3 C r o pl a n d D at a L a y e r St ati sti c s f o r Fill m o r e, Mi n n e s ot a 

C at e g or y 



3 3 

Fi g ur e 1 9: St atisti cs of t o p l a n d us es i n Fill m or e C o u nt y, Mi n n es ot a fr o m Cr o p S c a p e ( U SD A, 
n. d.). 

Dil uti o n Eff e ct 

D uri n g t h e y e ars w h er e t h e a n n u al pr e ci pit ati o n gr e atl y d e vi at es fr o m t h e m e a n, s h all o w 

a q uif ers e x p eri e n c e a s ur pl us, or s h ort a g e, of a v ail a bl e w at er . S e v e n  of ni n e f or m ati o ns a n d t h e 

w ell c o m pl et e d i n t h e St. P et er s a n dst o n e ( # 7 7 9 1 3 2) e x p eri e n c e d d e cr e as es i n nitr at e  p ost- 2 0 1 9. 

T w o f or m ati o ns s a w i n cr e as es i n nitr at e p ost 2 0 1 9, a n d t w o f or m ati o ns di d n ot h a v e pr e 2 0 1 9 

a v ail a bl e d at a f or a n al ysis ( T a bl e 2) . A v er a g e nitr at e -N c o n c e ntr ati o n f or a t w o-y e ar ti m eli ne 

pr e - 2 0 1 9 ( 2 0 1 7 + 2 0 1 8) a n d p ost- 2 0 1 9 ( 2 0 1 9 + 2 0 2 0) yi el d e d s e v e n f or m ati o ns a n d o n e w ell w it h 

d e cr e asi n g nitr at e -N  c o n c e ntr ati o ns, a n d o n e f or m ati o n wit h i n cr e asi ng nitr at e - N c o n c e ntr ati o n.  

T a bl e 2: A v er a g e nitr at e at e a c h c a v e f or m ati o n pr e - ( 2 0 1 5- 2 0 1 8) a n d p ost- ( 2 0 1 9- 2 0 2 4) 2 0 1 9 
fl o o d y e ar of 1 2 6 c m ( 4 9. 7 i n) of a n n u al pr e ci pit ati o n . 

C o n c e ntr ati o n: Pr e C o n c e ntr ati o n: P o st N 0 3- N A v er a g e N 0 3- N A v er a g e 

c a v e F o n n atl o n 2 0 1 9 2 0 1 9 C h a n g e 2 0 1 7 + 2 0 1 8 2 0 1 9 + 2 0 2 0 C h a n g e 

Kit c h e n Si n k/ W ell 7 7 9 1 3 2 ( C 0 .0 9 0 .0 2 - 0 .0 7 0 .0 3 0 .0 0 - 0 .0 3 

Elli ot Cr e e k 4 .3 8 2 .7 5 - 1. 6 3 3 .5 1 3 .2 0 - 0 .3 1 

C a v e Str e a m : Wi s hi n g W ell 1 0 .3 6 8 .0 4 - 2 .3 2 9 .0 3 7 .2 2 -1 .8 1 

St al a ctit e C arr ot 1 5. 4 8 1 2 .3 6 - 3 .1 1 1 4 .1 3 1 2 .2 0 - 1. 9 3 

St al a ctit e St al a ctifl at 1 4. 7 3 1 1. 9 4 - 2 .7 9 1 4 .2 5 1 2. 0 0 - 2 .2 5 

St al a ctit e D ol p hi n 1 5. 2 0 1 1. 9 4 - 3 .2 6 1 4 .5 0 1 2 .0 0 - 2 .5 0 

St al a ctit e Gr a n d D a d 1 4 .8 1 1 1 .9 9 - 2 .8 2 1 3 .8 8 1 1 .0 0 - 2 .8 8 

C a v e Str e a m : E n d of C a v e 7 .9 0 7 .9 6 0 .0 6 7. 7 1 7. 2 7 -0. 4 5 

S h o w er: E n d of C a v e 1 2. 2 2 1 2 .0 9 - 0 .1 3 1 2 .0 9 1 0. 6 7 - 1. 4 2 

Bri d al V eil 7. 8 1 1 0 .8 4 3 .0 2 8 .8 3 1 0 .0 8 1 .2 5 

W e d di n g C a k e 9 .8 3 

C at h e dr al 1 1. 2 
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Fi g ur e 2 0 : A v er a g e l o n g-ter m n itr at e c o n c e ntr ati o n p r e- 2 0 1 9 fl o o d y e ar. 

Fi g ur e 2 1 : A v er a g e l o n g-ter m n itr at e c o n c e ntr ati o n p ost- 2 0 1 9 fl o o d y e ar (i n cl u d es 2 0 1 9). 
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Fi g ur e 2 2 : C h a n g e i n nitr at e c o n c e ntr ati o n r e pr es e nt e d as “ Ris e ” or “ F all ” i n nitr at e 
c o n c e ntr ati o n fr o m Pr e 2 0 1 9 t o P ost 2 0 1 9. 

DI S C U S SI O N 

Nitr at e - N Tr e n ds 

T h e a n al ysis of nitr at e - N c o n c e ntr ati o ns i n s o ut h e ast Mi n n es ot a’s k arst l a n d s c a p e r e v e als 

c o m pl e x t e m p or al a n d s p ati al p att er ns i nfl u e n c e d b y l a n d us e, pr e ci pit ati o n, a n d t h e u ni q u e 

h y dr o g e ol o g y of t h e r e gi o n. L o n g-t er m tr e n ds i n s urf a c e w at er i n t h e U S G S d at as et s p a n ni n g 

fr om 1 9 9 3 t o 2 0 2 3 d o es i n di c at e a si g nifi c a nt i n cr e asi n g c h a n g e i n a v er a g e nitr at e - N 

c o n c e ntr ati o ns. I n a d diti o n, 2 4. 8 % of s a m pl es fr o m t h e U S G S d at as et e x c e e d s t h e E P A’s h e alt h 

ris k li mit of 1 0 m g/ L, s u g g esti n g t h at s urf a c e w at er nitr at e l e v els ar e i nfl u e n c e d b y c o nsist e nt 
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a nt hr o p o g e ni c i n p uts, pri m aril y fr o m r u n off t h e of t h e d o mi n a nt l a n d us e, a gri c ult ur e. 

Gr o u n d w at er d at a fr o m b ot h t h e U S G S ( 1 9 9 2 – 2 0 0 7) a n d S pri n gs & C a v es d at as ets ( 2 0 1 4 – 2 0 2 2) 

e x hi bit gr e at er v ari a bilit y, wit h n o st atisti c all y si g nifi c a nt tr e n ds ( p < 0. 0 5) . T h e Ni a g ar a C a v e 

sit es wit h st atisti c al si g nifi c a n c e s h o w e d f o ur of fi v e h a vi n g a n e g ati v e sl o p e, s u g g esti n g nitr at e 

c o n c e ntr ati o ns ar e d e cr e a si n g o v er ti m e. H o w e v er, it is diffi c ult t o pi n p oi nt w h at l e d t o t h es e 

st atisti c all y si g nifi c a nt tr e n ds wit h o ut m eti c ul o u s k n o wl e d g e of t h e f ar m e d fi el ds a b o v e a n d 

a dj a c e nt t o t h e c a v e c o m pl e x. F urt h er c o m m u ni c ati o n wit h t h e pr o d u c ers f ar mi n g t his l a n d m a y 

pr o vi d e c o nt e xt t o t o p o gr a p hi c sl o p es, k arst f e at ur es, d e pt h t o b e dr o c k, et c. w hi c h w o ul d ai d i n 

u n d erst a n di n g t h e s urf a c e a n d gr o u n d w at er i nt er a cti o n at e a c h c oll e cti o n p oi nt. T h e U S G S 

gr o u n d w at er d at a als o yi el d e d f e w er c oll e cti o ns t h at e x c e e d e d t h e H R L ( 1 2. 3 %). T his v ari a bilit y 

i n gr o u n d w at er nitr at e c o n c e ntr ati o n is li k el y d u e t o t h e c o m pl e xiti es of s u bs urf a c e fl o w i n a 

k arst s yst e m, r e a cti n g q ui c kl y t o s urf a c e i n p uts a n d pr e ci pit ati o n. 

T h e di v er g e n c e b et w e e n s urf a c e a n d gr o u n d w at er tr e n ds c a n b e attri b ut e d t o t h eir 

diff eri n g h y dr ol o gi c al c o ntr ols. S urf a c e w at ers, s u c h as t h os e i n t h e R o ot a n d Z u m br o Ri v er 

w at ers h e ds, ar e dir e ctl y e x p os e d t o o v erl a n d fl o w a n d p oi nt- s o ur c e dis c h ar g es, l e a d i n g t o m or e 

i m m e di at e a n d u nif or m nitr at e l o a di n g. Gr o u n d w at er, h o w e v er, i nt er a cts wit h t h e k arst a q uif er’s 

p or o us li m est o n e a n d s a n dst o n e, w h er e nitr at e c a n b e tr a ns p ort e d q ui c kl y t hr o u g h c o n d uits, 

r et ai n e d, or tr a v el l at er all y al o n g a q uit ar ds. T hes e l a n ds c a p e f e at ur es c a n r e s ult i n d el a y e d or 

a m plifi e d gr o u n d w at er r e s p o ns es fr om s urf a c e c o n diti o ns . I n a d diti o n, t h es e k arst f e at ur es c a n 

i ntr o d u c e v ari a bilit y i n s u bs urf a c e nitr at e v al u es fr o m o n e pr e ci pit ati o n e v e nt t o t h e n e xt b e c a us e 

s urf a c e w at er will n ot fl o w i nt o t h e gr o u n d i n t h e s a m e w a y e a c h e v e nt. Ni a g ar a C a v e d at a 

s u p p ort t h e v ari a bilit y of s urf a c e a n d gr o u n d w at er i nt er a cti o n as m ost of t h e c a v e f or m ati o ns 
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e x c e e d 1 0 m g/ L at s o m e p oi nt, wit h si g nifi c a nt fl u ct u ati o ns ti e d t o pr e ci pit ati o n e v e nts, s u c h as 

t h e 2 0 1 9 fl o o d y e ar ( Fi g ur e 1 0).   

A gri c ult ur al I nfl u e n c e 

A gri c ult ur e, t h e d o mi n a nt l a n d us e i n Ol mst e d a n d Fill m or e C o u nti es, is a pri m ar y dri v er 

of nitr at e c o nt a mi n ati o n. Cr o p S c a p e d at a i n di c at e t h at c or n a n d s o y b e a ns, w hi c h t o g et h er 

a c c o u nt f or o v er 4 5 % of l a n d ar e a i n b ot h c o u nti e s, r e q uir e s u bst a nti al nitr o g e n f ertili z er i n p uts. 

T h es e cr o ps, c o u pl e d wit h p ast ur e l a n ds, m a k e u p 6 6 % of l a n d c o v er i n Ol mst e d C o u nt y, a n d 

6 9 % of l a n d us e i n Fill m or e C o u nt y ( a c c or di n g t o 2 0 2 3 Cr o ps c a p e d at a). A gri c ult ur e r el at e d 

i n p uts o n t h e m aj orit y l a n d us e ar e li k el y dri vi n g i n cr e as es i n s urf a c e nitr at es o v er ti m e. T h e 

d at as ets f or gr o u n d w at er w er e n ot n e arl y as r o b ust a n d yi el d e d n o st atisti c all y si g nifi c a nt tr e n ds, 

ot h er t h a n t h e fi v e f or m ati o ns wit hi n Ni a g ar a C a v e. C l e ar s p ati al p att er ns i n nitr at e c o n c e ntr ati o n 

w er e n ot dis c er n a bl e, s u g g esti n g t h at a gri c ult ur al i nfl u e n c e is p er v asi v e a cr oss t h e st u d y ar e a, 

w it h n ot a bl e r e gi o ns of hi g h er nitr at e c o n c e ntr ati o n ( Fi g ur e 12 a n d 1 3). A l a c k of cl e ar s p ati al 

nitr at e c o n c e ntr ati o n p att er ns i n a l a n ds c a p e wit h e v e nl y distri b ut e d a gri c ult ur al l a n d us e is 

c o nsist e nt wit h n o n- p oi nt s o ur c e p oll uti o n, w h er e f ertili z er a n d m a n ur e s pr e a di n g r es ults i n 

nitr a t e l e a c hi n g t hr o u g h t h e r e gi o n’s s a n d y gl a ci al pl ai ns or p or o us b e dr o c k. 

Miti g ati n g a gri c ult ur al nitr at e i n p uts r e q uir es b al a n ci n g cr o pl a n d pr o d u cti vit y wit h 

h u m a n h e alt h . T hr o u g h t h e c o m bi n ati o n of f at e a n d tr a ns p ort m o d eli n g a n d b est m a n a g e m e nt 

p r a cti c es ( B M P s), s u c h a s pr e cisi o n a gri c ult ur e ( S e e & S pr a y t e c h n ol o gi es), c o ul d r e d u c e o v er-

a p pli c ati o n of f ertili z ers ( Al m asri a n d K al u ar a c h c hi ( 2 0 0 7). L ar g e s c al e a d o pti o n of 

t e c h n ol o gi c al a d v a n c es c o m es as a h ur dl e b e c a us e pr o d u c ers m ust b e a bl e t o aff or d t h e pr o d u ct, 
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a n d als o s e e m e a ni n gf ul c h a n g es i n a n n u al b u d g et. S p e cifi c all y, s o ut h e ast Mi n n es ot a m a y f a c e 

c h all e n g es d u e t o t h e r e gi o n’s k arst t o p o gr a p h y, w h er e r a pi d i nfiltr ati o n c o ul d hi n d er 

eff e cti v e n ess . M or e pr a cti c al a n d aff or d a bl e B M P s ar e c o ntr a ct e d i n -t h e-fi el d. S e c c hi et al. 

( 2 0 0 7) m o nit or e d 1 3 m aj or s u b b asi ns wit h c o ns er v ati o n pr a cti c es t h at i n cl u d e d c o ns er v ati o n 

till a g e, t err a c es, l a n d s et- asi d e, gr ass e d w at er w a ys, c o nt o uri n g, a n d si m pl e n utri e nt r e d u cti o n 

str at e gi es; s u rf a c e nitr at e w as r e d u c e d b y 6 t o 2 0 % r el ati v e t o t h e b as eli n e w h e n nitr o g e n 

f ertili z er s pr a yi n g w as r e d u c e d ( S e c c hi et al., 2 0 0 7). 

Dil uti o n Eff e ct wit h a C h a n gi n g Cli m at e 

T h e dil uti o n eff e ct, w h er e i n cr e as e d pr e ci pit ati o n r e d u c es nitr at e c o n c e ntr ati o ns i n 

a q uif ers, is e vi d e nt i n t h e Ni a g ar a C a v e d at a pr e- a n d p ost- 2 0 1 9 fl o o d y e ar ( 1 2 6 c m; 4 9. 7 i n of 

pr e ci pit ati o n). S e v e n of ni n e c a v e f or m ati o ns e x p eri e n c e d d e cr e as e d nitr at e l e v els p ost - 2 0 1 9, 

s u p p orti n g t h e h y p ot h esis t h at h e a v y r ai nf all dil ut es nitr at e i n s h all o w k arst a q uif ers ( T a bl e 2). 

C o n v ers el y, dr o u g ht y e ar s li k e 2 0 2 1 ( 7 1. 8 c m; 2 8. 3 i n) r e d u c e t h e s u bs urf a c e w at er s u p pl y w hi c h 

l e a ds t o c o n c e ntr ati o n of e xisti n g nitr at e. T h es e dil uti o n eff e ct r es ults ali g n wit h J ut gl ar et al. 

( 2 0 2 1), w h o n ot e d r a pi d nitr at e s pi k es i n s pri n gs d uri n g dr o u g hts, w it h m or e s ust ai n e d r es p o ns es 

i n w ells d u e t o sl o w er filtr ati o n ti m es. 

S o ut h e ast Mi n n es ot a’s cli m at e is tr e n di n g w ar m er a n d w ett er, wit h a n esti m at e d 4. 8 c m ( 1. 9 

i n) i n cr e as e i n a n n u al r ai nf all si n c e 1 8 9 5 ( C off m a n et al., 2 0 2 4). T his s hift c o ul d a m plif y t h e 

dil uti o n eff e ct, p ot e nti all y l o w eri n g a v er a g e nitr at e c o n c e ntr ati o ns i n dri n ki n g w at er a q uif ers 

d uri n g w et y e ars. H o w e v er, it als o r ais es c o n c er ns a b o ut t h e p ot e nti al of l e g a c y nitr at e 

c o nt a mi n ati o n fr o m pr e vi o us d e c a d es filt eri n g t hr o u g h d e e p er a q uif ers. T his m a y c o m pli c at e 
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l o n g-t er m nitr at e tr e n ds a n d w o ul d b e e xtr e m el y diffi c ult t o tr a c k. A w ett er cli m at e m a y als o 

i n cr e as e r u n off a n d l e a c hi n g e v e nts. M o nit ori n g gr o u n d w at er at a v ari et y of d e pt hs o v er ti m e 

w o ul d b e t h e m ost eff e cti v e a p pr o a c h t o u n d erst a n di n g nitr at e r es p o ns es. S h all o w gr o u n d w at er 

m o nit ori n g c o ul d i d e ntif y tr e n ds f or f ast er m o vi n g a n d y o u n g er fl o ws, w h er e as d e e p er a q uif er 

s a m pli n g m a y  all o w f or t h e tr a c ki n g of ol d er w at er. A gr o e c o s yst e ms ar e ti e d f or t h e hi g h est 

p ot e nti al t o tr a nsf er nitr o g e n, s o c o nsist e nt m o nit ori n g at v ar yi n g d e pt hs is criti c al ( S h u kl a a n d 

S a x e n a, 2 0 2 0). It als o r ei nf or c es t h e str o n g r el ati o ns hi p b et w e e n s urf a c e i n p uts a n d p ot e nti al f or 

gr o u n d w at er c o nt a mi n ati o n . 

Fi g ur e 2 3: Nitr o g e n a c c u m ul ati o n p ot e nti al a n d tr a nsf er p ot e nti al of diff er e nt e c os yst e ms 
( S h u kl a a n d S a x e n a, 2 0 2 0) 

I m p ort a n c e of S u bs urf a c e S a m pl e C oll e cti o n 

A c c u m u l atio n p ot e nti al 

Gr a s sl a n d s 

F or e st s 

Gr o u n d w at er 

M ari n e r e gi o n s 

A gr o s y st e m s 

tl a n d s, w at er b o d ie s 

At m o s p h er e 

0 % 2 0 % 4 0 % 6 0 % 8 0 % 1 0 0 % 

l o w l o w-M o d er at e M o d er at e 
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S u bs urf a c e s a m pli n g li k e t h at i n t h e Ni a g ar a C a v e a n d S pri n gs & C a v es d at as ets pr o vi d es 

criti c al i nsi g hts i nt o nitr at e d y n a mi cs n ot s e e n wit h j ust s urf a c e w at er d at a . T h e a bilit y t o s a m pl e 

c a v e dri ps, str e a ms, a n d s pri n gs wit hi n t h e s a m e k arst s yst e m r e v e als t h e dir e ct i nt er a cti o n 

b et w e e n s urf a c e i n p uts a n d gr o u n d w at er r es p o ns e s. F or e x a m pl e , nitr at e c o n c e ntr ati o ns at c a v e 

f or m ati o ns li k e Bri d al V eil f oll o w pr e ci pit ati o n i n p uts ( Fi g. 1 0), r ei nf or ci n g t h e n e e d f or sit e 

s p e cifi c s u bs urf a c e m o nit ori n g. T h e d at a c oll e ct e d i n t his st u d y w er e f airl y li mit e d e v e n t h o u g h 

a n al ysis w as p erf or m e d o n t hr e e d at as ets. T h e d at a fr o m t h e Mi n n es ot a C a vi n g Cl u b w o ul d 

b e n efit fr o m m or e fr e q u e nt a n d c o nsist e nt c oll e cti o ns, r at h er t h a n b ei n g li mit e d t o t w o or t hr e e 

c oll e cti o ns a y e ar i n s o m e c as es. I d e all y M C C v ol u nt e ers w o ul d c oll e ct nitr at e c o n c e ntr ati o ns at 

e v er y i d e ntifi e d c a v e f or m ati o n o n c e or t wi c e a m o nt h. Aft er t hr e e y e ars of c oll e cti o n , a f airl y 

r o b ust d at as et w o ul d st art t o t a k e s h a p e. T hi s l e v el of d et ail is ess e nti al i n k arst l a n ds c a p es d u e t o 

t h e irr e g ul arit y of w at er m o v e m e nt fr om si n k h ol es, c a v es, a n d c o n d uits . A tr a diti o n al w ell 

s a m pl e m a y miss l o c ali z e d c o nt a mi n ati o n , es p e ci all y cl os er t o t h e s urf a c e.   

S c ali n g u p s u bs urf a c e s a m pli n g eff orts c o ul d e n h a n c e o ur u n d erst a n di n g of nitr at e 

tr a ns p ort a n d i nf or m p oli c y t o pr ot e ct w at er q u alit y. T h e Mi n n es ot a C a vi n g Cl u b’s v ol u nt e er-

c oll e ct e d d at a gi v e i nsi g ht i nt o t h e i m p ort a n c e of s m all i niti ati v es , a n d h o w t h e y c a n h a v e a 
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