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Figure 4.6: Change in correlation over time for the same quality parameters in study area. 
 

4.3.2  Principal component analysis 

Principal component analysis was undertaken to gain insights into the correlation 

structure of the data matrix, including all the independent (predictor) and dependent 

(response) variables (Figure 4.7). The influence of the observations on the variables were 

also evident in this analysis. The first two principal components explained around 60% of 

the total data variance in winter, 61% in spring, 63% in summer, and 62% in fall. It was 

observed that the land use parameters were correlated and formed a group. Distance from 

the coast and groundwater were orthogonal to this group, which indicates they were 

uncorrelated to land use.  The hydrologic parameter of slope was almost orthogonal with 
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distance from the coast , which indicated they were uncorrelated. Among the independent 

variables DO, Chl a and TP showed mutual correlations. TN was uncorrelated to this 

group but correlated to specific conductance. 

Figure 4.7: Principal component analysis for four seasonal analyses. 
 

The Hillsboro canal and the C-11 canal had higher areas of different land uses but 

relatively less slope and imperviousness. The C-13 canal and NNR canal were found to 

have higher hydrologic features (i.e., slope and imperviousness). Groundwater was also 

NNR Canal C-11 Canal C-14 Canal Hillsboro Canal C-13 Canal 

Winter Spring 

Summer Fall 

 

  



 

96 

higher in the Hillsboro canal and the C-11 canal. Since the canals were almost orthogonal 

to the coast, the distance from the coast was contributed almost equally by all the canals.   

From the biplots of the principal component analysis, the first component could be 

interpreted as the land use/cover and hydrologic component, while the second component 

could be interpreted as the coastal and groundwater influenced component. TP and DO 

appeared to be influenced higher by the land use/cover and hydrologic parameters, 

although groundwater (GW) also showed a strong influence on TP. Chlorophyll a was 

influenced by both land use and groundwater parameters. Specific conductance and total 

nitrogen, on the other hand, were less influenced by land use and more influenced by 

distance from the coast. Seasonal variation was also observed in the dependent variables. 

DO was more strongly correlated with the second component in summer, which indicate 

the influence of coast on DO would be stronger in summer. Similar observation was 

applicable for TN. Chl a and TP, on the other hand, showed higher correlation in summer 

with first components, which indicate higher influence of land uses on these two 

variables in summer. 

The spatial dataset for the four and the two (dry and wet) seasonal analyses were same. 

Hence, the biplots for dry and wet period showed similar characteristics as that of four 

seasons. The DO showed stronger correlation to the second component in wet period. 

That indicates less dominance of land use on DO in wet period. Chlorophyll a, on the 

other hand, showed stronger correlation to the first component in wet period, which 

indicates Chlorophyll was dominated by land use more in wet period than in dry period. 
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Although the role of groundwater (GW) did not change much in dry and wet periods, GW 

was more strongly correlated with the second (coastal) component in the dry period. 

Figure 4.8: Principal component analyses for dry and wet period. 

4.3.3  Multiple regression models for four seasons 

The multiple linear regression models for all the quality parameters except chlorophyll a 

were satisfactory (Table 4.3 and Figure 4.9). The seasonal model explained 79%-92% of 

the variance about mean for TN.  The seasonal models for TP (51%-80%), DO (66%-

90%) and conductance (74%-84%) were satisfactory as well.  

Except for few seasonal models (winter and spring model for TP, spring model for DO), 

the RSR value for all the models are in the “very good” range. For chlorophyll a, none of 

the seasonal models were satisfactory, which shows that chlorophyll a at a particular 

section of the stream is more influenced by the in-stream processes and factors than land 

use and hydrologic stressors of the watershed. 

 

NNR Canal C-11 Canal C-14 Canal Hillsboro Canal C-13 Canal 
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Table 4.3: Summary of multiple linear regression model performances 
Quality 
parameter 

Temporal 
scale 

R2 
Adjusted 
R2 

Standard 
error 

RSR 

TN 

Winter 0.905 0.858 0.043 0.377 

Spring 0.812 0.789 0.045 0.459 

Summer 0.869 0.818 0.038 0.428 

Fall 0.948 0.922 0.037 0.278 

TP 

Winter 0.790 0.685 0.153 0.561 

Spring 0.592 0.510 0.175 0.700 

Summer 0.861 0.772 0.144 0.477 

Fall 0.865 0.798 0.112 0.449 

DO 

Winter 0.897 0.857 0.023 0.378 

Spring 0.719 0.663 0.037 0.581 

Summer 0.918 0.867 0.032 0.365 

Fall 0.936 0.895 0.023 0.325 

CON 

Winter 0.877 0.816 0.347 0.430 

Spring 0.830 0.745 0.401 0.505 

Summer 0.900 0.836 0.282 0.406 

Fall 0.836 0.753 0.383 0.497 

Chl A 

Winter 0.327 0.135 0.286 0.930 

Spring 0.546 0.319 0.221 0.825 

Summer 0.560 0.435 0.248 0.752 

Fall 0.540 0.362 0.193 0.798 
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Figure 4.9: Observed vs. predicted values for four seasonal analyses 
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4.3.3.1  Total nitrogen 

The multiple linear regression models of total nitrogen (TN) explained the variability of 

corresponding stressors that differ from season to season (Table 4.4). Overall, the 

distance from the coast and characteristics length are the major dominant hydrologic 

predictors of TN in this study area. The land use contributions vary in different seasons. 

In general, upstream contributions play the most significant role for the TN 

concentrations in a watershed and role of the groundwater is less significant and variable 

with time.  

Table 4.5: Multiple log-linear regression models description of total nitrogen. 

Eqn’s 
inter-
cept 

Dc LC I AC AI AOL AF CUS GW 

W
in

te
r 

C
oe

ff
 

0.969 0.306 -1.176 0.218 -0.261 1.074 -0.089 

S
E

 

1.452 0.051 0.603 0.114 0.128 0.470 0.043 

S
p

ri
n

g C
oe

ff
 

-0.947 0.188 1.130 

S
E

 

0.140 0.035 0.285 

S
u

m
m

er
 

C
oe

ff
 

-3.930 0.317 0.729 0.015 -0.133 0.748 

S
E

 

0.550 0.036 0.121 0.005 0.026 0.247 

F
al

l 

C
oe

ff
 

-3.599 0.471 0.978 -0.883 0.015 -0.212 0.169 

S
E

 

0.825 0.040 0.200 0.258 0.006 0.042 0.067 
(Dc=distance from coast, Lc =characteristics length, I=imperviousness, Ac=commerciall area AI=industrial 
area, AOL= open lands and parks, AF= forests, GW=groundwater level, Cus= upstream concentrations)  
 
The two important natural processes in which nitrogen (N2) is converted into ammonia 

(nitrogen fixation) and organic nitrogen is produced (assimilation) are adversely affected 

with an increase in salinity (Silveira et al., 2001; Cordovilla et al., 1994). Greater the 

distance from the coast, higher TN generation is thus expected. On the other hand, greater 

the characteristics length, higher the time of concentration is and more accumulation of 
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pollutants are allowed. Thus, a positive correlation with characteristics length is also 

expected.  

The forests can either have additive effects on the nutrient concentration in stream as a 

source of leafs and other organic N-bound components or negative effect, due to nutrient 

uptakes for their growth based on the plant profiles of the watersheds. In the study area of 

Broward, TN was seen to have a negative effect which means nutrient uptake dominates 

in this area and an increase in forests resulted in a decrease in TN. The open land and 

parks also found to have a negative effect on TN concentration of the stream. This 

indicates that these areas also work as an uptake of TN in the watersheds. The industrial 

areas can produce N-rich effluents and was found to be significantly contributing in 

summer and fall. However, the contribution is relatively weaker compared to other land 

use contributions.  

The negative coefficients of parks and open lands and forests and the positive coefficients 

of upstream contribution showed that the TN concentrations in the watersheds are 

dominated by their upstream contributions. The surface runoff dilutes the concentration 

in the watersheds. Groundwater, which may also be an important source of nitrogen, can 

either have positive or negative effects based on its relative concentration to upstream 

and surface runoff concentrations. For TN, groundwater had a negative effect in winter 

when surface runoff is expected to be lower due to less precipitation and upstream 

contribution was found to have highest coefficient. Groundwater in winter thus brings 

less TN and dilutes the overall concentration in winter. In fall, when the upstream 
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contribution was not significant, groundwater increased the TN concentration. In general, 

the annual profile of TN is more dominated by its summer and fall profile. 

4.3.3.2  Total phosphorus 

The hydrologic parameters that were significant for TP were slope and characteristics 

length (Table 4.5). It is understandable that, with an increase of slope, runoff is quicker 

and the accumulation of pollutants is less. Hence, an increase in slope is expected to 

decrease the surface runoff TP concentration.  

Table 4.6: Multiple log-linear regression models description of total phosphorus. 
  
Eqn 

inter-
cept S Lc I ARS ARM AC AI AOL AF Cus GW 

W
in

te
r 

C
oe

ff
 

-15.77 -1.81 3.960 
  

-0.49 
   

-0.289 -1.378 1.182 

SE
 

4.161 0.483 1.075 
  

0.172 
   

0.157 0.515 0.403 

S
p

ri
n

g 

C
oe

ff
 

-2.532 -1.87 1.412 
 

-
0.498        

SE
 

1.419 0.454 0.583 
 

0.302 
       

Su
m

m
er

 

C
oe

ff
 

12.506 -3.12 1.424 -3.53 -1.45 
 

0.924 
 

-1.365 0.484 
  

SE
 

5.433 0.672 0.532 1.934 0.692 
 

0.404 
 

0.537 0.190 
  

F
al

l C
oe

ff
 

-5.312 
 

1.952 
 

-1.01 
 

0.691 0.024 
  

1.384 0.692 

SE
 

1.016 
 

0.562 
 

0.258 
 

0.199 0.016 
  

0.208 0.175 

(S=slope, Lc =characteristics length, I=imperviousness, ARS =single family residential, ARM multifamily 
residential, AC=commercial, Ai=industrial, AOL=parks and open lands, AF= forests, GW=groundwater level 
and Cus= upstream concentrations)  
 

The role of characteristics length in TP is similar to that of TN and was discussed in the 

previous section. Comparing with the hydrologic parameters retained in the TN models, 
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we can hypothesize that retention time is very important for nutrients as nutrients cannot 

be readily up taken by runoff as it moves over the surface.  

It was observed that residential areas and open land and parks were negatively correlated 

to TP concentration in the streams. That confirmed that plants in the lawn areas, as well 

as, in parks and open lands retained TP for their growth and these areas act as a sink for 

TP concentrations. The upstream inflow that passed through Everglade area was also 

found to be negatively correlated in winter as plants retained TP in this area, as well, 

which produced a low concentration upstream in winter. Interestingly, forest areas in the 

watersheds, followed similar behaviors in winter but acted as a source in summer. In a 

previous study, it was observed that TP is released from wetland soils during the summer 

and fall, when relatively low stream flow rates (compared with spring) and warm 

temperatures (compared with winter) result in stagnant conditions that promote oxygen 

limitation and the release of soluble Fe2+ and associated P (O’Brien et al., 2013; Carlyle 

& Hill, 2001; Roden & Edmunds, 1997).  We hypothesize that forests in this watersheds 

also act a source in summer under favorable conditions.  

Total phosphorus in this zone is much dominated by groundwater, which is apparent in 

the models. In general, the summer model is dominated by land use and the fall-winter 

models are dominated by either groundwater or upstream. The spring model for TP has 

high RSR and low adjusted R2. The relatively higher standard error (compared to 

coefficient) shows that the spring model is probably influenced by unknown aspects not 

considered in this study. 
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4.3.3.3  Dissolved oxygen 

Dissolved oxygen (DO) which is also a measure of water aeration and photosynthetic 

activity, showed highest dependence on land use ( compared to other quality parameters 

considered) and relatively low or no dependence on groundwater and upstream (Table 

4.6).  

Table 4.7: Multiple log-linear regression models description of dissolved oxygen. 

Equation 
inter-
cept S Dc I ARS ARM AC AI AOL AF GW 

W
in

te
r 

C
oe

ff
 

1.115 -0.219 0.093 -0.461   0.273     -0.243     

S
E

 

0.742 0.091 0.029 0.285   0.030     0.041     

S
pr

in
g C
oe

ff
 

-0.030 0.301       0.272 -0.194         

S
E

 

0.271 0.091       0.048 0.055         

S
um

m
er

 

C
oe

ff
 

0.747 0.330 -0.316   0.598 0.380 -0.79 -0.009 
 

-0.091   

S
E

 0.865 0.135 0.056   0.134 0.063 0.139 0.004 
 

0.044   

F
al

l C
oe

ff
 

-0.863   -0.066 
 

0.344 0.157 -0.172     -0.146 0.162 

S
E

 

0.766   0.041 0.154 0.058 0.086     0.048 0.050 

(S=slope, Dc=distance from coast, I=imperviousness, ARS =single family residential, ARM multifamily 
residential, AC=commercial, AOL=parks and open lands, AF= forests, GW=groundwater level)  
 

Among the hydrologic parameters, distance from the coast and slope are the major 

dominant parameters. It was observed that in winter when stream flow is low, DO 

increased as the distance from the coast increased but in summer and fall DO decreased 

as the distance from the coast increased. We hypothesize that in winter, due to low flow 

sea water dominates and intrusion of seawater forces the stream flow. Hence, higher the 

distance from coast, less the salinity and higher DO is expected. But in summer and fall, 

when stream flow was high, sea water intrusion was minimum. So, closer to the coast, 
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higher the dissolved oxygen was found. The results were in line with the initial 

observations of spatial distribution of DO, where DO was found higher in downstream 

direction before reaching the brackish region. These two observations lead to hypothesize 

that DO in the urban part of the study area increased relative to its forest and agricultural 

upstream portion. The hypothesis is supported by the coefficients as DO increased with 

an increase in residential areas and decreased with an increase in agricultural and forest 

areas. It was observed in a previous study that the concentration of DO was lower in old 

forests relative to young forests and agricultural areas (Uriarte et al., 2011). In our study, 

we found negative correlation between forests and DO in the streams. Both forests and 

agricultural and open lands produce litters and other organic contents that decrease 

stream DO concentration. 

The positive correlation of residential areas can be explained by two observations. Firstly, 

the conversion of most open lands in this area was used for development of residential 

areas. Hence higher residential area also signifies higher conversion of open lands which 

is a major source of litters that lower DO in streams. Also, in the TP model, we found 

that residential areas retain nutrients which enhance stream DO due to lower possibility 

of eutrophication. Commercial areas have less nutrient generation and higher runoff due 

to higher impervious areas. So, eventually commercial areas have low concentration high 

volume runoff that enhanced DO of the streams, as well.  In general, the DO models are 

urban land use and watershed hydrology dominated.  Groundwater was important only in 

some seasons, when overland flows were low. 
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4.3.3.4  Specific conductance 

Specific conductance increases with an increase in salinity. Distance of the stream point 

from the coast is therefore the most important factor for specific conductance of the 

corresponding stream points. From surface runoff perspective, specific conductance is 

more triggered by solids for which accumulation time is less likely to be important. 

Instead a high retention time might cause re-suspension of the dissolved particles. 

Therefore a quicker runoff might have positive effect on stream specific conductance as 

seen in the models (Table 4.7).  

Table 4.8: Multiple log-linear regression models description of specific conductance. 

Equation 
inter-
cept S Dc Lc ARS AC AI AOL AF Cus GW 

W
in

te
r Coeff 42.212 2.229 -3.852 

 
5.124 -4.164 

  
-0.92 -9.67 

 

SE 14.994 1.135 0.542 1.419 0.853 0.451 3.283 

S
p

ri
n

g Coeff 3.557 7.163 -4.079 
 

4.996 -5.356 
 

2.948 -1.40 
  

SE 10.433 2.605 0.696 1.673 1.213 1.345 0.527 
 

S
u

m
m

er
 Coeff 20.809 3.066 -3.591 -4.83 5.203 -3.077 

-
0.09    

-1.48 

SE 
4.859 1.215 0.652 1.905 1.350 0.845 0.04 

   
0.409 

F
al

l 

Coeff 7.230 6.031 -3.980 
 

4.388 -4.831 
 

2.316 -1.05 
  

SE 9.978 2.492 0.665 1.600 1.160 1.286 0.504 
 

(S=slope, Dc=distance from coast, Lc=characteristics length, ARS=single family residential, 
AC=commercial, Ai=industrial, AOL=parks and open lands, AF= forests, GW=groundwater level and Cus= 
upstream concentrations)  
 

For specific conductance groundwater, is significant only in summer, when precipitation 

is higher. Upstream contribution was found significant in winter, when there was less 
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flow in the streams. The upstream contribution was negative, as it carried freshwater 

flows. 

Among the different types of land uses, residential areas and parks, agricultural areas and 

open lands were positively correlated with specific conductance, as they are the primary 

source of solids. Commercial areas are expected to produce less solids (compared to 

residential) due to lower impervious areas. On the contrary, forests work as retention of 

solids and decrease the specific conductance in the stream, as well.   

4.3.3.5  Chlorophyll a 

For chlorophyll a, the models (Table 4.8) did not show a satisfactory goodness of fit. The 

adjusted R2 value ranged from 0.13 to 0.44 and the RSR was higher than 0.75. This 

indicates that chlorophyll a cannot be adequately modeled by considering the hydrologic 

and land use details of the watershed only. Chlorophyll a is an indication of 

photosynthetic activities in the stream and depends largely on the algal growth profile 

and in-stream dynamics. Temperature and lights are two important factors, as well. 

However, within the scope of the models, chlorophyll a showed some resemblance to TP 

and TN models. As in case of TN and TP, DO also showed correlated to retention time 

by retaining slope and characteristics length. 
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Table 4.9: Multiple log-linear regression models description of chlorophyll a. 

(S=slope, Dc=distance from coast, Lc=characteristics length, I=imperviousness, ARS =single family 
residential, AC=commercial, AI= industrial, AF= forests, CUS= upstream concentrations, GW=groundwater 
level)  
 

It is understood from the models that greater the distance from the coast and the higher 

the concentration of chlorophyll a in the streams. Salinity decreased with an increase in 

distance from coast. As DO have a negative correlation with salinity, DO increased as the 

distance from the coast increased. Chlorophyll a is therefore higher in distant sites from 

the coast. Groundwater, which has higher nutrient and DO concentration was found to be 

positively correlated with chlorophyll a, also. 

4.3.4  Multiple regression models for dry and wet periods 

The four seasonal analyses revealed similarities in contributory parameters in different 

seasons for the same water quality parameter. Based on this observation, we developed 

multiple linear regression models for the water quality parameters by dividing the year in 

Equation 
inter-
cept 

S Dc Lc I ARS AC AI AOL AF Cus GW 
W

in
te

r 

C
oe

ff
 

-8.582 -1.999 0.629 2.135 
     

-0.302 
  

S
E

 

4.568 0.903 0.296 1.085 
 

0.185 

S
pr

in
g 

C
oe

ff
 

0.809 
 

-0.746 3.079 
  

-1.399 0.073 
  

-1.563 2.103 

S
E

 

3.476 
 

0.303 1.420 0.554 0.031 
  

0.812 0.858 

S
um

m
er

 

C
oe

ff
 

7.196 
    

-1.273 
   

0.579 0.571 
 

S
E

 

5.768 
  

0.904 
 

0.310 0.382 

F
al

l 

C
oe

ff
 

19.769 
   

-6.038 -1.593 0.981 
 

-0.740 0.429 
  

S
E

 

7.205 
  

2.568 0.777 0.511 0.533 0.250 
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two seasons, i.e., dry (November 01 to April 30) and wet  (May 1 to October 30) period. 

The dry and wet period models (Table 4.9 and Figure 4.10) explained 93% and 88% of 

the variance about the mean for TN. For DO (91% and 90%) and specific conductance 

(88% and 84%) the model performance was satisfactory as well.  

Table 4.10: Multiple linear regression model performances for dry and wet periods. 

Quality 
parameter 

Temporal 
scale 

R2 Adjusted R2 
Standard 
error 

RSR 

TN 
Dry period 0.949 0.917 0.031 0.286 
Wet period 0.876 0.841 0.037 0.399 

TP 
Dry period 0.663 0.595 0.167 0.636 
Wet period 0.704 0.645 0.155 0.596 

DO 
Dry period 0.911 0.885 0.019 0.339 
Wet period 0.906 0.869 0.026 0.362 

CON 
Dry period 0.876 0.796 0.354 0.451 
Wet period 0.836 0.754 0.375 0.496 

Chl a 
Dry period 0.293 0.091 0.248 0.953 
Wet period 0.452 0.343 0.230 0.811 

 

For TP (60% and 65%) and chlorophyll a (9% and 34%) the model was not successful in 

explaining variance. For specific conductance, similar to four seasonal analyses, two 

distinct regimes were visible for freshwater and seawater, which indicates that two 

separate models would be more appropriate for specific conductance. 



 

110 

Figure 4.10: Observed vs. predicted values for dry and wet period 

4.3.4.1  Total nitrogen 

The dry and wet period model for TN was consistent with the seasonal models previously 

described (Table 4.10). Distance from the coast and the characteristics length appeared to 

be significant hydrologic parameters for TN in this case as well. Among the land use 

parameters, commercial and industrial areas were found to be positively and open lands 

and forests were found to be negatively correlated. 

 
Table 4.11: Multiple log-linear regression models description of Total nitrogen. 

Equation 
inter-
cept 

Dc L I ARM AC AI AOL AF CUS 

D
ry

 
p

er
io

d
 Coeff 0.630 0.307 

 
-1.154 0.096 0.224 0.010 -0.346 

 
1.494 

SE 1.082 0.035 0.413 0.052 0.078 0.005 0.089 0.315 

W
et

 
p

er
io

d
 Coeff -1.609 0.275 0.495 -0.655 

 

   
-0.09 

 

SE 0.682 0.034 0.117 0.239  0.023 
 
(Dc=distance from coast, Lc =characteristics length, I=imperviousness, Ac=commercial area AI=industrial 
area, AOL= open lands and parks, AF= forests, Cus= upstream concentrations)  
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The only major difference with the seasonal models was the role of groundwater. Unlike 

four seasonal analyses, groundwater didn't retain in any of the models as a significant 

contributor for TN. In general, upstream contribution was dominant for TN in dry periods 

and the relative role of land use and upstream could not be revealed due to dominance of 

hydrologic parameters in wet periods. 

4.3.4.2  Total phosphorus 

For total phosphorus, the dry and wet period models (Table 4.11) were dominated by two 

hydrologic parameters as well. The models were, however, consistent as slope was 

negatively and characteristics length was positively correlated to TP in four seasons, as 

well. Similar to the wet period model of TN, in both dry and wet period models for TP, 

none of the land use, groundwater and coastal parameter retained due to dominance of the 

two hydrologic parameters. We hypothesize that, for nutrients, the seasonal classification 

solely based on rainfall increases the explanatory power of hydrologic parameters. The 

high RSR values (0.64 for dry and 0.6 for wet period) for TP model need careful 

consideration for application of the models.  

Table 4.12: Multiple log-linear regression models description of total phosphorus. 
 
Equation intercept S Lc AOL 

D
ry

 P
er

io
d 

C
oe

ff
 

-3.218 -2.432 1.394 -0.404 

S
E

 1.426 0.623 0.464 0.251 

W
et

 P
er

io
d 

C
oe

ff
 

-2.618 -2.586 1.310 -0.414 

S
E

 

1.319 0.576 0.429 0.232 

(S=slope, Lc =characteristics length, , AOL= open lands and parks) 
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4.3.4.3  Dissolved oxygen 

The dry and wet period models (Table 4.12) for dissolved oxygen were consistent with 

the four seasonal models, as well. Distance from the coast was positively correlated in the 

dry period and was negatively correlated in the wet period. Residential areas were found 

to be positively correlated and commercial areas and open lands and parks were 

negatively correlated, as previous. The dry and wet period model supports our 

assumption that urban DO increased in the residential area dominated urban part relative 

to its agricultural and forest upstream parts in wet seasons. The dry period was dominated 

by seawater intrusion, as previous, too. 

 
Table 4.13: Multiple log-linear regression models description of dissolved oxygen. 

Equation intercept S Dc ARS ARM AC AOL 

D
ry

 p
er

io
d 

C
oe

ff
 

0.187 -0.245 0.109 
 

0.225 
 

-0.189 

S
E

 0.225 0.060 0.020 0.022 
 

0.020 

W
et

 p
er

io
d 

C
oe

ff
 

1.186 0.393 -0.181 0.181 0.383 -0.564 
 

S
E

 0.323 0.097 0.041 0.069 0.049 0.109 
 

(S=slope, Lc =characteristics length, I=imperviousness, ARS =single family residential, ARM multifamily 
residential, AC=commercial, Ai=industrial, AOL=parks and open lands, AF= forests, GW=groundwater level 
and Cus= upstream concentrations)  
 

4.3.4.4  Specific conductance 

For the specific conductance model (Table 4.13) for dry period, upstream contribution 

was a significant contributor. The observation was consistent with the four seasonal 

model where upstream contribution was significant in winter model only. The major 

difference with the four seasonal model was the absence of GW as a significant predictor 

in wet period, unlike in summer model. Relative roles of different land uses were 
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consistent with the four seasonal models, as well. For specific conductance, similar to 

four seasonal analyses, two distinct regimes were visible for freshwater and seawater, 

which indicates that two separate models would be more appropriate for specific 

conductance. 

Table 4.14: Multiple log-linear regression models description of specific conductance. 
Equation intercept S Dc ARS AC AI AOL AF Cus 

D
ry

 p
er

io
d

 

C
oe

ff
 

82.594 3.245 -4.605 8.287 -6.423 -0.128 
 

-1.095 -25.481 

S
E

 28.364 1.225 0.707 1.777 1.317 0.068 
 

0.464 9.065 

W
et

 p
er

io
d

 

C
oe

ff
 

5.108 6.271 -3.891 4.561 -4.884 
 

2.510 -1.185 
 

S
E

 9.762 2.438 0.651 1.565 1.135 1.259 0.493 

(S=slope, Lc =characteristics length, I=imperviousness, ARS =single family residential, ARM multifamily 
residential, AC=commercial, Ai=industrial, AOL=parks and open lands, AF= forests, GW=groundwater level 
and Cus= upstream concentrations)  
 

4.3.4.5  Chlorophyll a 

For chlorophyll a, the dry and wet season models (Table 4.14) did not show a satisfactory 

goodness of fit, as well. The adjusted R2 value in this cases were 0.09 (dry) and 0.34 

(wet).  The RSR values were 0.95 and 0.81 accordingly. This lead to conclude that 

chlorophyll a cannot be adequately modeled by considering the hydrologic and land use 

details of the watershed only. The algal growth profile and in-stream dynamics should be 

carefully considered, too.  
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Table 4.15: Multiple log-linear regression models description of chlorophyll a. 
Equation intercept S Dc Lc ARS AOL AF 

W
in

te
r 

C
oe

f f
 

-1.428 -2.146 0.388 1.340 
 

-0.565 
 

S
E

 

2.397 1.057 0.220 0.817 
 

0.420 

S
p

ri
n

g C
oe

f f
 

8.897 
   

-1.460 
 

0.630 
S

E
 

4.935 0.783 
 

0.263 

(S=slope, Lc =characteristics length, I=imperviousness, ARS =single family residential, ARM multifamily 
residential, AC=commercial, Ai=industrial, AOL=parks and open lands, AF= forests, GW=groundwater level 
and Cus= upstream concentrations)  
 

4.4  DISCUSSION 

Linking land use to stream water quality using spatial data has been an area of active 

research. Kang et al. (2010) developed regression models linking land use types for urban 

watershed and predicted bacterial and metal concentrations with reasonable goodness of 

fit (Adjusted R2 from 0.5 to 0.83 for dry weather and 0.67-0.95 for wet weather). In our 

study, we also found a statistically significant linkage between watershed land use and 

corresponding stream water quality. The inclusion of upstream, coastal and groundwater 

contribution added more explanatory power to the models with reasonable goodness of 

fit. 

For total nitrogen (TN), in our study we found stronger contribution of upstream than that 

of watershed land uses. It was observed in a previous study (Swaney et al., 2012) that 

75% or so of net anthropogenic nitrogen inputs of watershed is not exported in rivers 

which explains the  reason for weaker correlations with the watershed land use 

(compared to upstream). The study (Swaney et al., 2012) also suggested that forests act 
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as retention sites for nutrients, which is supported in our findings. Mayer et al. (2010) 

showed optimal conditions for nitrogen removal in urban streams probably occur when 

groundwater residence time is long. In our study, we also found negative correlation 

between groundwater and TN concentration of stream in winter, when stream flow is low 

and groundwater residence time is possibly high.  

According to the literature (Drolc & Koncan, 2002; Mainstone & Parr, 2002), the major 

anthropogenic sources for total phosphorus (TP) include wastewater treatment plants, 

animal excreta, point sources and agriculture. In our study, we could not establish any 

such relationships. However, according to Mainstone and Parr (2002), sub-surface 

drainage and leaching may be important pathways for phosphorus under certain 

conditions, particularly if the soil is overloaded with phosphorus. Sandy soils and 

underlying sandstone geology are particularly vulnerable since they have a very low 

adsorption capacity for phosphorus. Geological formation of Broward County suggests 

most of the study area has well or excessively drained sandy soil. We hypothesize that, 

subsurface flow is the major source for total phosphorus in Broward, which is evident in 

the models due to its geological formation. For TP, distance from the coast was not 

significant which indicates less influence of seawater in comparison to surface runoff, 

groundwater and upstream contribution. The initial findings of correlation analysis that 

suggested that total phosphorus is the limiting nutrient in this zone is strengthened as TP 

is less affected by salinity in this coastal watersheds.  

Dissolved oxygen has been suggested to be used as a natural tracer (Sklash et al., 1976) 

of watershed pollution (Sanchez et al., 2007). We also found stronger influence of land 
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use components (compared to nutrients) on dissolved oxygen (DO) concentration in a 

complex urban watershed compared to upstream, coastal and groundwater.  It was 

interesting to observe that residential areas were not significant in total nitrogen models 

as they were in DO models. We hypothesize that the relative dominance of upstream 

contribution limited the significance in case of total nitrogen. In a watershed, receiving 

little or no TN from upstream, the significance of residential areas will be higher.  

Specific conductance in the streams were influenced both by their distance from the coast 

and corresponding land uses. This was expected as the majority of the sites were 

freshwater sites for which watershed disturbance is a major source of solids. The term 

‘‘watershed disturbance’’ refers to alteration of natural lands for urban development and 

should be differentiated from ‘‘watershed pollution’’ as the first term refers mostly to 

generation of solids. According to literature (Dow & Zampella, 2000; Zampella et al., 

2007), specific conductance can be used as an indicator of watershed disturbance. We 

also found good correlations between land use and stream specific conductance.  

Chlorophyll a in a stream largely depends on DO and nutrients, which in turn are affected 

by watershed land use and hydrology. A correlation of watershed response to stream 

chlorophyll a is thus expected. However, to develop a predictive model for chlorophyll a, 

in-stream details of zooplankton abundance, hydrologic flushing rate (Hoyer & zones, 

2011), biomass, substratum are to be considered. In our study however, we found 

reasonable correlations of watershed land use and hydrology parameters. But the model 

lacks predictive power and goodness of fit, as the stream and flow characteristics are not 

considered. 
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The empirical predictive models we have developed can significantly explain the relative 

role of watershed land use and hydrology to groundwater, coastal and upstream 

contribution. The consistency of variables in four seasonal models to dry and wet period 

models showed that the technique can be useful in understanding dominating stressors for 

in-stream water quality parameters. However, the models are climate implicit, which 

means they can interpret the effect of changing climate in terms of the parameters 

considered but climatic details are not incorporated in the model. The limited spatial 

dataset might also affect the results and the models need to be validated with a larger 

dataset. A climate implicit model may be useful in predicting stream water quality, 

however the parameterization of the model should carefully consider the risk of 

multicolinearity. 

4.5  CONCLUSIONS 

The research broadens the perspective of traditional empirical modeling of urban water 

quality by comparing internal (i.e., land use and hydrology) and external components 

(i.e., seawater, groundwater, upstream input) of a watershed simultaneously. It can 

provide insight into the stream water quality by considering the concurrent dataset of 

spatially variable stressors and correlating each water quality parameter with the 

dominant ones. 

From the analysis and results, it is evident that internal components were more dominant 

for dissolved oxygen and specific conductance (in non-coastal areas) and external 

components were more dominant for total nitrogen (upstream contribution) and total 

phosphorus (Subsurface flow) in the watershed of Broward County. For chlorophyll a, in-
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stream variables and flow characteristics should be considered for more insightful and 

explanatory model development. The dry and wet period analysis showed that hydrologic 

parameters gain higher explanatory powers in purely rainfall based seasonal divisions. 

The dry and wet period analysis was consistent with the four seasonal analysis, which 

shows potential of multiple regression analysis in robust explanatory stream water quality 

model developments.  

The results recommend a holistic watershed approach for appropriate empirical modeling 

and predictions of stream water quality in complex urban watersheds. The temporal 

validity of these models would require careful consideration of the changing pattern of 

land use and climate. Appropriate scaling technique, for incorporating temporal 

variability, might be useful for developing a robust model for stream water quality with 

respect to spatio-temporal variables. 
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

5.1  CONCLUSIONS 

The research broadens the perspective of traditional stormwater modeling by resolving 

stormwater runoff as a component of the total watershed water budget, incorporating all 

the important processes (i.e., groundwater, sea level, in addition to climatic drivers and 

land use features) using both the mechanistic and empirical approaches. The results 

recommend a holistic watershed approach for appropriate modeling and predictions of 

stream water quality in complex urban watersheds. 

The sensitivity analysis using rainfall-runoff model showed that stormwater runoff and 

quality has the greatest sensitivity to rainfall between the climate parameters and 

imperviousness among the hydrologic parameters. Higher increase in runoff and 

pollutants was also found for conversion of open lands and agricultural areas. The study 

quantified seasonal as well as annual sensitivity coefficients for runoff and six major 

quality parameters (TSS, TN, TP, BOD, Cu and Zn). The quantified climate and land use 

sensitivity would be useful for appropriate management of stormwater quantity and 

quality in complex urban watersheds under a changing climate, sea level, hydrology, and 

land use/cover. 

The empirical models quantitatively explained stream water quality by considering the 

concurrent dataset of spatially variable stressors. In-stream dissolved oxygen and total 
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phosphorus in the coastal urban watersheds were dictated by internal stressors, while 

external stressors were dominant for total nitrogen and specific conductance. Statistically 

significant spatio-temporal empirical models were developed for the five quality 

parameters (TN, TP, DO, chlorophyll a and specific conductance) that can be used to 

predict seasonal stream water quality profiles under similar hydro-climatic and land use 

conditions. 

5.2  LIMITATIONS OF THE STUDY 

Due to the limitations in the parameterization of Storm Water Management Model (EPA 

SWMM 5), the variation of important climate parameters (i.e., radiation, temperature) 

could not be included in this study. The lack of climate data at appropriate temporal and 

spatial scale for stormwater modeling also affected the analysis results.  Although the 

model was developed on historical event mean concentrations of quality parameters, a 

site specific water quality measurement would be more appropriate for the analysis. 

The regression models are climate implicit which means they can interpret the effect of 

changing climate in terms of the parameters considered, but climatic details are not 

incorporated in the model. The limited spatial dataset might also affect the results and the 

models need to be validated with a larger dataset. 

5.3  RECOMMENDATIONS  

For the sensitivity analysis using rainfall-runoff model, a comparison with similar 

watershed scale models, developed in different hydro-climatological regimes, will be 

helpful for comparing the robustness of the model prediction. It will be interesting to see 
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the model response in connection with some of the regional climate models (RCM) for 

assessing future stormwater runoff and quality under changing climate and land use 

scenarios (Rehfeldt et al., 2012; Terando et al., 2012). A comprehensive uncertainty 

analysis of the parameters will provide more insights on sensitivities in changing hydro-

climatic and land use conditions. 

For the spatio-temporal regression model, a climate-explicit scheme may be useful in 

predicting stream water quality. However, the parameterization of the model should be 

carefully considered to avoid the risk of multicolinearity. Appropriate scaling techniques 

for incorporating spatio-temporal variability can be useful for developing a robust model 

for stream water quality analysis and predictions. 
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APPENDIX  

Table 1: Principal components table (upto component 4) for winter season 
Variable PC1 PC2 PC3 PC4 

TN -0.091 -0.442 0.063 0.216 

TP 0.279 -0.004 -0.317 -0.283 

DO -0.119 0.141 0.458 -0.329 

CON 0.045 0.377 -0.398 0.083 

Chl a 0.102 -0.192 -0.296 -0.235 

S -0.214 0.039 0.135 0.576 

DC -0.126 -0.472 0.047 0.106 

L 0.33 0.053 -0.067 0.377 

I -0.249 0.339 0.113 0.162 

ARS 0.373 -0.102 0.094 0.229 

ARM 0.196 0.303 0.387 -0.132 

AC 0.307 0.233 0.241 0.198 

AI 0.285 0.086 -0.001 -0.021 

AOL 0.39 -0.085 0.046 -0.047 

AF 0.371 -0.162 0.09 0.163 

GW 0.108 -0.257 0.418 -0.23 
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Table 2: Principal components table (upto component 4) for spring season 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Variable PC1 PC2 PC3 PC4 
TN -0.025 -0.379 -0.224 -0.354 
TP 0.3 0.017 0.344 -0.223 
DO -0.107 0.361 0.232 -0.067 

CON 0.074 0.359 -0.075 -0.429 
Chl a 0.246 -0.149 0.284 -0.203 

S -0.217 0.021 -0.542 0.092 
DC -0.11 -0.466 -0.103 0.113 
L 0.31 0.076 -0.372 -0.166 
I -0.256 0.314 -0.16 0.102 

ARS 0.36 -0.065 -0.263 0.065 
ARM 0.184 0.342 0.029 0.381 
AC 0.287 0.259 -0.26 0.214 
AI 0.286 0.062 0.012 -0.068 

AOL 0.378 -0.057 0 0.059 
AF 0.365 -0.13 -0.176 0.088 
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Table 3: Principal components table (upto component 4) for spring season 
 
 
 
 
 
 
 

 

 

 

 

 

  

 

 

 

 

 

 

 

Variable PC1 PC2 PC3 PC4 
TN -0.099 -0.43 0.02 -0.17 
TP 0.271 0.079 0.39 0.23 
DO -0.086 0.294 -0.417 0.243 

CON 0.04 0.309 0.405 -0.296 
Chl a 0.203 -0.049 0.284 0.351 

S -0.218 0.102 -0.286 -0.361 

DC -0.146 -0.445 -0.152 -0.05 
L 0.313 0.048 -0.063 -0.429 
I -0.232 0.372 -0.102 -0.021 

ARS 0.357 -0.112 -0.181 -0.239 

ARM 0.219 0.316 -0.274 0.214 

AC 0.312 0.237 -0.245 -0.123 

AI 0.295 0.067 0.046 0.031 

AOL 0.38 -0.117 -0.044 -0.022 

AF 0.356 -0.172 -0.164 -0.143 
GW 0.12 -0.242 -0.332 0.438 
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Table 4: Principal components table (upto component 4) for fall season 
 

 
 
 
 
 
 
 

 

 

 

 

 

  

 

 

 

 

 

 

 

Variable PC1 PC2 PC3 PC4 
TN -0.15 -0.414 0.067 0.154 
TP 0.245 0.127 0.192 -0.39 
DO -0.143 0.308 -0.436 -0.047 

CON 0.095 0.35 0.402 -0.106 
Chl a 0.181 -0.234 -0.043 -0.33 

S -0.205 0.055 0.09 0.582 
DC -0.155 -0.444 -0.039 0.149 
L 0.334 0.028 0.232 0.298 
I -0.229 0.358 -0.041 0.219 

ARS 0.362 -0.119 -0.009 0.264 
ARM 0.21 0.292 -0.371 0.092 
AC 0.319 0.203 -0.126 0.291 
AI 0.278 0.03 -0.053 0.034 

AOL 0.378 -0.121 -0.059 -0.013 
AF 0.357 -0.181 -0.051 0.184 

GW 0.044 -0.148 -0.615 -0.079 
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Table 5: Principal components table (upto component 4) for dry period 
Variable PC1 PC2 PC3 PC4 

TN -0.097 -0.431 -0.041 0.264 
TP 0.282 -0.005 -0.235 -0.366 
DO -0.192 0.188 0.455 -0.11 

CON 0.081 0.35 -0.41 -0.056 
Chl a 0.12 -0.226 -0.201 -0.316 

S -0.207 0.077 -0.034 0.557 

DC -0.146 -0.458 0.054 0.155 
L 0.34 0.045 -0.126 0.337 
I -0.236 0.371 0.004 0.149 

ARS 0.364 -0.109 0.095 0.25 

ARM 0.187 0.307 0.404 -0.034 

AC 0.306 0.234 0.21 0.221 

AI 0.285 0.054 0.07 -0.044 

AOL 0.379 -0.112 0.134 -0.031 

AF 0.358 -0.169 0.108 0.18 
GW -0.063 -0.214 0.507 -0.252 
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Table 6: Principal components table (upto component 4) for wet period 
Variable PC1 PC2 PC3 PC4 

TN -0.105 0.417 0.19 -0.072 
TP 0.29 -0.022 -0.262 -0.369 
DO -0.066 -0.382 -0.221 0.17 

CON 0.078 -0.319 0.18 -0.443 
Chl a 0.24 0.133 -0.252 -0.281 

S -0.216 -0.069 0.463 0.225 

DC -0.155 0.439 0.063 0.159 
L 0.321 -0.028 0.397 -0.01 
I -0.229 -0.358 0.126 0.079 

ARS 0.353 0.117 0.226 0.18 

ARM 0.208 -0.316 -0.149 0.366 

AC 0.308 -0.217 0.168 0.281 

AI 0.292 -0.036 -0.055 -0.001 

AOL 0.374 0.119 -0.033 0.103 

AF 0.35 0.178 0.14 0.166 
GW -0.037 0.162 -0.484 0.435 

 
 

 

 

 

 

 

 

 

 



 

139 

 
Figure 1: Residual plots for four seasonal analyses. 
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Figure 2: Residual plots for dry and wet period analyses. 
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